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Summary

Neurons have long been at the center of our definition of the brain. Nonetheless, for the past thirty years, more and more effort has turned to the investigation of other cells of the central nervous system, particularly glial cells, to try to uncover their role in physiology and behaviour.

Our laboratory works on the relationship between astrocytes and other cells of the nervous system, particularly at the interface with blood vessels and neurons. Astrocytes display a highly complex morphology. They extend processes towards blood vessels where they regulate blood brain barrier integrity, immune properties, metabolic shuttle and vessel contractility in response to neuronal activity. They also send processes towards synapses where they regulate their formation, maturation and activity. The molecular mechanisms underlying the maintenance of those polarized functions remain elusive. Importantly, alterations in the polarity of astrocytes have been observed in a number of brain pathologies associated with memory impairment, such as Alzheimer's disease.

We recently identified a repertoire of locally translated mRNAs in perivascular astroglial endfeet [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF], raising the question of a potential involvement of local translation in the maintenance of functional polarization in astrocytes. A similar study characterized a pool of locally translated transcripts in perisynaptic processes of astrocytes (PAPs) in the cortex [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF], suggesting that these cells, akin to neurons, developed ways to transport and compartmentalize specific mRNA transcripts in order to rapidly respond to local extracellular cues. However, both studies presented limitations in the isolation of transcripts, with strong contamination from non-astroglial mRNAs, forcing them to restrain their analysis to astrocyte-specific or -enriched markers in both endfeet and perisynaptic processes. My PhD aimed to characterize the full complexity of local translation events and machinery in perisynaptic processes of hippocampal astrocytes, and to understand the role this local protein synthesis may play in astroglial functions underlying memory. I therefore participated in the optimization of the translating ribosome affinity purification (TRAP) technique [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF] to assess the entire repertoire of polysomal mRNAs in perisynaptic processes of astrocytes, focusing on the dorsal hippocampus to limit the differences arising from astroglial heterogeneity across brain regions. I also contributed to the elaboration of a new technique aiming at quantifying the localization of mRNAs in astrocytes, combining fluorescent in situ hybridization with an in-house ImageJ plugin [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. Using these techniques, we first investigated the subcellular organization of PAPs.

We confirmed the presence of RNA, ribosomes and translation events at this location. Using astrocyte-specific viral methods, we also showed the presence of Golgi and ER particles in PAPs, suggesting for local protein maturation. We then characterized the specific repertoire of polysomal mRNAs in PAPs of the mouse dorsal hippocampus, a region critical for contextual memory formation. To achieve this goal, we used our refined TRAP protocol combine with synaptogliosome preparations to specifically isolate polysomal mRNAs from this perisynaptic compartment of astrocytes. We discovered that 82 polysomal mRNAs were more enriched in PAPs than whole astrocytes in the hippocampus, mainly coding for proteins involved in processes such as translation, cytoskeleton dynamics and iron homeostasis.

Astrocytes have been described to play a role in learning and memory. Since several PAPenriched polysomal mRNAs encode for proteins related to memory, we exposed mice to contextual fear conditioning and studied the distribution of those proteins and their associated mRNA transcripts in both control and fear conditions. Significant redistribution of mRNAs throughout the astrocyte structure was observed following fear training. We then performed comparative TRAP and qPCR analysis for those transcripts in both PAPs and whole astrocytes.

While we observed a drastic decrease in their expression 24 hours after training in PAPs, no global changes were observed in whole astrocytes for most markers, suggesting for local translation regulatory mechanisms near synapses.

Altogether, this thesis exposes a repertoire of locally translated mRNAs at the perisynaptic interface of hippocampal astrocytes encoding for translation, iron homeostasis, and cytoskeletal proteins and opens possibilities for new and unexpected properties of this astroglial compartment. It also provides the first in vivo evidence for neuronal activity-induced local translation changes in PAPs, suggesting for a link between PAP local translation and regulations of synaptic functions underlying complex behaviours.

Introduction ______________________________________________________

Astrocytes: millenniums of evolution and centuries of human discoveries 1. Historical context

In 1858, Rudolf Virchow, a German physician, was the first to promote the concept of neuroglia. He characterized it as the "glue" of the brain, a substance that filled the space between neurons, holding them in place and providing a support to shape their structure [START_REF] Virchow | Die Cellularpathologie in ihrer Begründung auf physiologische and pathologische Gewebelehre[END_REF]. Although this description was a rather reductive view of the role of astrocytes in the brain, it was not entirely far-fetched. Indeed, we now know that astrocytes organize into distinct domains and contribute to the organization of neuronal networks over the course of development [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF]. Furthermore, alterations in the structure and polarity of astrocytes can lead to severe physiological impairment, as is observed in pathologies such as epilepsy. Before Virchow, several types of glia had already been described, particularly glial cells of the retina, discovered by Heinrich Müller in 1851 [START_REF] Müller | Zur histologie der netzhaut[END_REF], and radial glia in the cerebellum, a type of unipolar cells identified by Karl Bergmann in 1858, later called Bergmann glia. Astrocytes were then divided into subtypes based on their morphology: fibrous astrocytes, found in the white matter and displaying long unbranched processes, and protoplasmic astrocytes, found in the grey matter and presenting a more bushy, spongiform morphology with many branches extending into an intricate structure of fine processes [START_REF] Andriezen | The neuroglia elements in the human brain[END_REF].

The expansion of histological techniques over the second part of the 19 th century gave rise to more detailed descriptions of glial cells and different forms of astrocytes were identified, notably by the famous biologist Camillo Golgi [START_REF] Golgi | Opera Omnia[END_REF]. He developed black staining allowing for visualization of glial cells in 1872. He was the first to report the ensheathment of blood vessels by what we now call astroglial "endfeet". From these observations, he hypothesized the role of astrocytes in providing metabolic support to neuronal cells, mediating the connection between blood and parenchyma. In 1893, von Lenhossek coined the term "astrocyte", in reference to the apparently stellate structure of these cells (particularly applicable to fibrous astrocytes) (von [START_REF] Lenhossék | Der feinere Bau des Nervensystems im Lichte neuester Forschung[END_REF].

The first technique to specifically stain astrocytes, independently of other cells, appeared with the invention of sublimated gold chloride technique by the histologist Ramon y Cajal. These discoveries earned Camillo Golgi and Ramon y Cajal a Nobel prize in 1906. This new tool enabled him to observe protoplasmic astrocytes, notably in the pyramidal layer of the hippocampus (Figure 1, left panel). Today, we know that this staining technique targets the intermediate filament protein GFAP, which only covers about 15% of the astrocyte structure, giving it a star-like structure. Transgenic tools now allow us to appreciate the complexity of astrocytic arborization, which resembles more a bush than a star (figure 1, middle and right panel). Confocal plane of an astrocyte (green) from the same region as left panel, from a hGfap:eGFP transgenic mouse, co-labeled with pre and post synaptic markers VGlut1 (red) and Homer1 (red) respectively and visualized using confocal microscopy. Scale bar: 10 µm. Right panel. Protoplasmic astrocyte of CA1 stratum radiatum iontophoretically filled with the fluorescent dye Alexa 488. Optical slice reveals the dense spongiform processes of these astrocytes. Scale bar: 10 µm. Adapted from [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF] Thanks to his revolutionary technique, Cajal was able to study the fine organization of astrocytes and established hypotheses on their functions very early on [START_REF] Freire | Cajal ' s contributions to glia research[END_REF].

He observed the presence of astrocytes whose cell bodies were found adjacent to one another in a mirror fashion, which he called "twin astrocytes", in the dentate gyrus and suggested these were the result of recently divided cells. This led him to the conclusion that astrocytes retained the ability to divide in the mature brain. A couple of decades ago, a study corroborated that idea that astrocytes in the subgranular layer of the dentate gyrus can indeed de-differentiate to neural precursors, divide and give rise to granule neurons under basal conditions [START_REF] Seri | Astrocytes give rise to new neurons in the adult mammalian hippocampus[END_REF].

While histological findings had just started to provide a new understanding of the structure and possible functions of astroglia, the first recording of the neuronal action potential by Julius Bernstein in 1865 oriented the global neuroscience research field towards the study of neurons, the only electrically excitable cells of the nervous system, although morphological studies on neurons and glia continued. Physiologists started to focused on how neurons communicate to form networks and mediate brain activity underlying behaviour. This led to an explosion in the development of tools and technologies to study their workings, such as voltage-clamp in the 1940s and later, single-cell patch-clamp recordings developed by [START_REF] Neher | Single-channel currents recorded from membrane of denervated frog muscle fibres[END_REF]. Meanwhile, astrocytic contribution to brain function did not seem to fit into this scheme and astroglia were downgraded to the mere support siblings of neurons. It took more than half a century for people to start growing interest into these cells again.

Despite the seemingly passive state of astroglia in the brain, an interesting property of these cells was highlighted in the 1980s. A research group injected the fluorescent dye Lucifer yellow into an astrocyte of a neocortical brain slice and observed the spread of the dye to other nearby cells, seemingly astrocytes [START_REF] Gutnick | Dye-coupling between glial cells in the guinea pig neocortical slice[END_REF]. This was the first evidence that astrocytes form a syncytium of cells, which we now know is connected by gap junctions allowing the transport of small molecules. Around the same period, molecular biology studies revealed the presence of several receptors for neurotransmitters at the cell surface of astrocytes, suggesting an involvement of these cells in signalling throughout the brain [START_REF] Verkhratsky | Ion channels in glial cells[END_REF].

In 1987, the first real-time recording of calcium transients occurred in cardiac cells using fluorescent calcium imaging [START_REF] Cannell | Intracellular calcium in cardiac myocytes: calcium transients measured using fluorescence imaging[END_REF], leading way to a whole new field of research. Indeed, although astrocytes do not elicit an electrical response to stimulus, in the 1990s, a research group demonstrated that astrocyte could communicate through the means of calcium waves in vitro [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: Long-range glial signalling[END_REF]. It is now established that astrocytes' excitability relies on intracellular changes in calcium concentration triggered either spontaneously or as a response to neuronal activity. This increase in calcium levels can spread throughout the astrocytic network in the form of a wave. Over fifteen years later, this mechanism was observed in vivo in the barrel cortex in response to whisker stimulation [START_REF] Wang | Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo[END_REF] and there is now a great body of evidence supporting this concept and suggesting its implication in physiology [START_REF] Kuga | Large-scale calcium waves traveling through astrocytic networks in vivo[END_REF][START_REF] Poskanzer | Astrocytes regulate cortical state switching in vivo[END_REF].

Hence, almost two centuries of research, with its ups and downs, have provided a better understanding of the most numerous glial cells in the central nervous system (CNS). However, many questions still remain about the exact mechanisms underlying the intricate dialogue between astrocytes, neurons, blood vessels and other glia, necessary to modulate brain functions and control behaviour.

Evolutionary origins: from insects to higher primates

The brain is the most complex organ of the body. Up to now, the oldest fossil found to possess a complex brain structure dates back to 520 million years ago (Tanaka et al., 2013a).

Millions of years of evolution have led to the emergence of the human brain, containing about 200 billion neurons and glia, interconnected via a complex and finely-tuned network of around 15 trillion synapses [START_REF] Verkhratsky | The homeostatic astroglia emerges from evolutionary specialization of neural cells[END_REF] interacting in chemical and electrical ways. This mode of communication is incredibly energy consuming and requires constant supply of ATP molecules: although it represents only 2% of our body mass, the brain consumes 20% of our resting metabolism [START_REF] Attwell | An energy budget for signaling in the grey matter of the brain[END_REF]. Brain cellular networks are extremely plastic, changing in morphology and connectivity over time and thereby contributing to plasticity underlying cognitive functions such as memory and learning.

Over the course of evolution, neuroglia makes its first appearance with the first organisms with centralized nervous systems, that is, species such as C. elegans that possess neurons organized into several ganglia. In these organisms, neuroglia contribute to the maintenance of the homeostatic state (green in Figure 2) [START_REF] Oikonomou | The glia of caenorhabditis elegans[END_REF]. In insects, such as the Drosophila, the structure of the brain complexifies, with astrocyte-like cells presenting similarities to mammalian astrocytes (yellow in Figure 2). For instance, they develop into distinct territories to tile the brain [START_REF] Peco | Drosophila astrocytes cover specific territories of the CNS neuropil and are instructed to differentiate by Prospero, a key effector of Notch[END_REF], and molecular signalling pathways mediating glial cell proliferation and migration, such as Sonic hedgehog (Shh) secretion from neurons, a pathway essential for ocular formation, are conserved in both flies and mammals [START_REF] Wallace | A role for Sonic hedgehog in axon-to-astrocyte signalling in the rodent optic nerve[END_REF][START_REF] Hummel | Temporal Control of Glial Cell Migration in the Drosophila Eye Requires gilgamesh, hedgehog, and Eye Specification Genes[END_REF]. Translating Ribosome Affinity Purification (TRAP) experiments performed on mouse and fly, which consists in isolating polysomal messenger ribonucleic acids (mRNAs) from a specific cell type, and Fluorescence Activated Cell Sorting (FACS) experiments performed on human cells, which aims at isolating a specific cell type based on its fluorescence, allowed for comparison of gene expression between species [START_REF] Morel | Molecular and functional properties of regional astrocytes in the adult brain[END_REF][START_REF] Ng | TRAP-seq Profiling and RNAi-Based Genetic Screens Identify Conserved Glial Genes Required for Adult Drosophila Behavior[END_REF][START_REF] Zhang | Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional and Functional Differences with Mouse[END_REF]. A comparative study showed that over one third of astrocyte-associated genes in Drosophila had orthologs in mouse and human astrocytes, notably genes encoding for glutamate homeostasis, potassium buffering and synaptic formation, such as glutamate transporter GLT-1, inward-rectifying potassium ion channel kir4.1 and cell adhesion protein hevin.

In early vertebrates, such as elasmobranch fish (sharks and rays) whose brains are very thin, the main sort of glial cells are radial ependymoglia (blue in Figure 2), which forms a blood brain barrier made of complex glial sheath [START_REF] Ari | Evolutionary changes of astroglia in Elasmobranchii comparing to Amniotes: A study based on three immunohistochemical markers (GFAP, S-100, and glutamine synthetase)[END_REF]. Interestingly, an electron microscopy study identified the type of barrier (glial or endothelial in different types of fish, and showed that this unusual glial BBB disappears over the course of evolution, to be replaced by an endothelial barrier sealed via tight junctions and surrounded by astroglial endfeet that fully cover the vessel surface. This would suggest that the common ancestor of vertebrates had a glial barrier, which evolved into an endothelial one in most species at different independent branch points along the evolutionary tree, suggesting its advantageous nature in the face of Darwinism [START_REF] Bundgaard | All vertebrates started out with a glial blood-brain barrier 4-500 million years ago[END_REF].

In zebrafish, radial ependymoglia is also predominant and performs main homeostatic functions. However, these cells also display original properties: while in most species, injury leads to an increase in astrocyte reactivity which tends to be deleterious to brain functions, in zebrafish, radial glia induced proliferation 7 days after injury and increased neurogenesis to replace damaged cells and maintain brain integrity [START_REF] Baumgart | Stab wound injury of the zebrafish telencephalon: A model for comparative analysis of reactive gliosis[END_REF]. While turtles and crocodiles possess GFAP-positive astroglia, these astroglia represent a small portion of the brain and radial ependymoglia remains the principal form of glia (mixed blue-red lines in Figure 2) [START_REF] Kálmán | Glial fibrillary acidic protein-immunopositive structures in the brain of a crocodilian, caiman crocodilus, and its bearing on the evolution of astroglia[END_REF]. On the other hand, birds, which belong to the same phylogenetic branch as reptiles, present stellate-shaped astrocytes in most regions of the brain, with varying levels of GFAP, and a global architecture closer to the one found in mammals (red in Figure 2) [START_REF] Kálmán | Distribution of glial fibrillary acidic protein-immunopositive structures in the brain of the domestic chicken (Gallus domesticus)[END_REF]. This suggests birds and mammals have evolved independently to generate a wider variety of astrocytic cells, probably in order to meet specific functions.

Interestingly, the number of glial cells globally increases as one goes up the phylogenetic tree. With a glia-to-neuron ratio of 0.17 in Drosophila, 0.3 in rats, 1.2 in humans and up to 8 in whales, this suggests a link between brain size and number of glia. Moreover, these differences in glial density between species can also be found within the same brain, in different regions: while the cerebellum has densely packed neurons and presents a glia-toneuron ratio of 0.1, the cerebral cortex increases to 1.65 [START_REF] Sherwood | Evolution of increased glia-neuron ratios in the human frontal cortex[END_REF]. Interestingly, astrocytes in humans are larger than in mouse, and display a much more intricate architecture, with an increased number of ramifications, and a wider variety of morphologies across regions.

Each human astrocyte contacts 20 times more synapses than a rodent's: while a rodent astrocyte contacts up to 100,000 synapses, a human astrocyte can reach two million synapses [START_REF] Oberheim | Astrocytic complexity distinguishes the human brain[END_REF]. This increase in complexity suggests a need for higher metabolic support and more developed interactions between neuronal networks, perhaps underlying higher cognition. A famous study by [START_REF] Han | Forebrain engraftment by human glial progenitor cells enhances synaptic plasticity and learning in adult mice[END_REF] showed that engraftment of human progenitor cells in neonatal mice cortex and hippocampus led to differentiation into astrocytes and, while these cells retained their human morphology and faster calcium signals than their mouse counterpart, they connected with host cells via a gap-junction network. These mice performed better in fear conditioning tasks, where the mouse learns to associate an unpleasant stimulus to a specific spatial context or an auditory cue, as well as spatial memory tasks such as the Barnes maze, where the mouse needs to find the location of a hole using visual cues to escape. However, it is important to note that, in order for the engraftment to succeed, immunosuppressed mice were used in these experiments. These mice have more recently been shown to display impairment in fear memory [START_REF] Clark | CD4(+) T cells confer anxiolytic and antidepressant-like effects, but enhance fear memory processes in Rag2(-/-) mice[END_REF] and, although these results suggest astrocytes may play a key role in the evolutionary improvement of the brain that gave rise to higher cognition, they must be taken with caution. A more recent study demonstrated that chemogenetic and optogenetic activation of astrocytes in the hippocampus during the acquisition phase of contextual fear conditioning led to significant improvement in fear memory at recall [START_REF] Adamsky | Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement[END_REF].

Figure 2. Evolution of astrocytes across different species. Phylogenetic tree highlighting the evolutionary relationships between each stated organism. Each colour represents the emergence of a specific glial type in the brain. Astrocyte-like glia (yellow) evolved in Drosophila, while C. elegans retained multifunctional basic neuroglia (green). Radial ependymoglia (blue) emerged in marine vertebrates including Chondrichthyes (sharks) and Actinopterygii such as the zebrafish, and is also found in crocodilians and chelonians (turtles) in great proportion. In both turtles and crocodiles, however, astrocytes (red) have been observed in certain regions of their brain. Astrocytes are the predominant glia in birds and mammals.

Astrocytes have evolved from homeostatic support cells into complex, multifunctional cells over the course of evolution. They sustain neuronal network activity at the macroscopic level but also finely tune synapses at a nanoscopic level, thus intervening in neuronal plasticity underlying learning and memory.

The astrocyte: a multifaceted cell 1. Astrocytes in brain development

Development of astrocytes

During murine development, cortical neurogenesis starts after closure of the neural tube around embryonic day 9.5 (E.5), while astrogenesis begins closer to birth, around E18, coinciding with a peak in synapse formation (figure 3). Neurons and astrocytes originate from neuroepithelial precursor cells located in the ventricular zone, which first differentiate into radial glia. The latter can either produce post-mitotic neurons or give rise to intermediate progenitors, which will in turn transform into either neurons or macroglia (oligodendrocyte and astrocytes) later on [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. Radial glia also serves as a guiding role in the migration of neuronal cells. By birth, neurogenesis is over but neurons continue to migrate to the different layers of the cortex until postnatal day 7 (P7). As newly formed neurons settle into their final destination, they start extending axons towards potential postsynaptic partners, while dendrites develop into protrusions to welcome postsynaptic sites. Remaining radial glia differentiate into astrocytes or intermediate cells. While astrocytes were long thought to arise from radial glia exclusively, a study showed that differentiated astrocytes in the cortex could also undergo symmetric division to create a progeny that directly integrates into the local network and makes contact with blood vessels [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF]. Developing astrocytes keep on dividing until the end of the first month of life and undergo maturation, a process characterized by a change in morphology as well as molecular and electrophysiological identity [START_REF] Yang | Developmental maturation of astrocytes and pathogenesis of neurodevelopmental disorders[END_REF], which greatly differs amongst brain regions.

A recent study revealed multiclonal lineage tracing of cortical astrocytes during development, through the means of multiaddressable genome-integrated color (MAGIC) markers combined with large volume color imaging [START_REF] Clavreul | Cortical astrocytes develop in a plastic manner at both clonal and cellular levels[END_REF]. They showed that clones from the same lineage could display widely different organization, as some clones from the same progenitor would aggregate into clusters while other ones were spatially distant. The volume of each individual clone was found to increase by over 65% between P7 and P21, associated with a development of arborization. A doubling of astrocytic population occurred between P4 and P7, consistent with strong proliferation during the first postnatal week. Interestingly, astrocytes with different morphologies, such as pial astrocytes with a more fibroblast-like shape and protoplasmic astrocytes, could arise from the same progenitor. Overall, this study separated the development of astrocytes into three successive steps: at late embryonic stage, progenitor cells colonize the neocortical wall. Then, they proliferate locally while new progenitors also differentiate into both pial and protoplasmic astrocytes during the first postnatal week. Finally, proliferation stops and already existing astrocytes increase in volume and complexity of their processes (Figure 3) Interestingly, the emergence of astroglial arborization during the first few weeks of life is concomitant with the development of neurons' intricate structure, and coincides with the appearance of astroglial contacts with neuronal synapses. At the end of the third postnatal week, astrocytes refine their structure and give place to a tiled configuration, with each cell occupying a specific non-overlapping domain [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF].

Development of the tripartite synapse

Over the course of development, astrocytes express synaptogenic factors to promote the formation and maturation of synapses. During the first postnatal week, synapses start to appear, while astrocytes are still immature in morphology. At that time, astrocytes express high levels of glypicans and thrombospondins, two synapse-promoting factors, in vivo (Figure 4) [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain development and function[END_REF]. In vitro work demonstrated that immature astrocytes expressed thrombospondins (TSP1 and TSP2), unlike mature astrocytes, and that these molecules promoted synaptogenesis.

These findings were validated in vivo in developing brains of mice deficient for TSP1 and TSP2 [START_REF] Christopherson | Thrombospondins are astrocyte-secreted proteins that promote CNS synaptogenesis[END_REF]. However, while the presynaptic bouton was active, the postsynapse remained silent. Glypican protein Gpc4, expressed in vivo in astrocytes of the hippocampus between P6 and P14, was identified in conditioned medium from cultured astrocytes. These astrocyte-secreted molecules were sufficient to promote functional synapses in retinal ganglion neurons [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF]. Moreover, when astrocyte medium lacking Gpc4 were applied to cultured neurons, the postsynaptic activity of synapses was greatly reduced. Gpc4-deficient mice displayed an impairment in synapse formation in the hippocampus at P12, associated with decreased excitatory synaptic currents resulting from a lack of recruitment of GluA1 AMPA-receptors to postsynapses. It was later found that Gpc4 exerts this effect on neurons via activation of pentraxin, an AMPA receptor clustering factor in vitro and in vivo [START_REF] Farhy-Tselnicker | Astrocyte-Secreted Glypican 4 Regulates Release of Neuronal Pentraxin 1 from Axons to Induce Functional Synapse Formation[END_REF]. Hence, at early stages, both thrombospondins and glypicans contribute to the generation of functional synapses.

Synchronously with the emergence of synapses, the molecular identity of both neurons and astrocytes begin to change. Around P10, astrocytes start secreting hevin, also called SPARCL1, another synaptogenic factor involved in bridging pre-and postsynaptic terminals through binding of neurexins with neuroligins, two cell-adhesion proteins involved in the stabilization of the synaptic cleft, as demonstrated in retinal ganglion cells in vitro [START_REF] Singh | Astrocytes Assemble Thalamocortical Synapses by Bridging NRX1α and NL1 via Hevin[END_REF]. Hevin levels reach a peak at P15 to P25 (Figure 4), correlating with the peak of the synaptogenic period, and remain stably high all through adulthood. On the other hand, Secreted Protein Acidic and Rich in Cysteine (SPARC), a protein which antagonizes the action of hevin on synaptogenesis, peaks at P15 (Figure 4) before being strongly downregulated during adulthood in vivo [START_REF] Kucukdereli | Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins hevin and SPARC[END_REF]. Using knockout animals for either SPARC or hevin, their involvement in synapse number regulation was confirmed. SPARC-null mice had around 70% increase in excitatory synapses at P14, while hevin-null mice had 35% less excitatory synapses.

Although neuroligins are expressed by both neurons and astrocytes, knocking out neuroligin 2 (NL2) specifically in astrocytes showed that the density of excitatory synapses within the territory of these astrocytes was reduced in half compared to control astrocytes in vivo,

suggesting that astrocytes require NL2 to control the formation of excitatory synapses within their territory [START_REF] Stogsdill | Astrocytic neuroligins control astrocyte morphogenesis and synaptogenesis[END_REF]. In the cortex, synapse maturation is characterized by a switch from calcium-permeable AMPAreceptors to GluA2-containing calcium-impermeable AMPA receptors, which results in limiting synaptic plasticity. Astrocytes have been shown to secrete chordin-like 1 (Chrdl1), a factor that induces the aforementioned switch in AMPA receptor composition at the synaptic membrane in vitro [START_REF] Blanco-Suarez | Astrocyte-Secreted Chordin-like 1 Drives Synapse Maturation and Limits Plasticity by Increasing Synaptic GluA2 AMPA Receptors[END_REF]. In vivo, this factor is restricted to cortical astrocytes and peaks at the time of the AMPA receptor switch between P12 and P14.

Interestingly, four-month-old Chrdl1-knockout mice displayed enhanced plasticity in the visual cortex compared to wild-type mice, although plasticity is known to be very restricted at that age, suggesting this factor is crucial to the maturation of synapses and resulting decline of plasticity.

All in all, these results suggest a fine regulation of synapse formation through distinct steps of initiation, maturation and refinement, involving a specialized and finely-tuned molecular repertoire at each timepoint. Interestingly a study performed FACS analysis using different combinations of antibodies from five different regions of the brain: olfactory bulb, cortex, brainstem, thalamus and cerebellum, and identified five different types of astrocytes based on their molecular identity. Interestingly, astrocytes from different subtypes expressed different levels of synaptogenic factors, and co-cultures with cortical neurons showed that a particular subtype had a strong positive impact on synapse formation compared to other subtypes, suggesting for a specialization of certain astrocytes in the formation of synapses in vitro [START_REF] Lin | Identification of diverse astrocyte populations and their malignant analogs[END_REF]. Importantly, in the adult rat brain, three-dimensional reconstruction of relationships between astrocytes and synapses have shown that the number of synapses contacted by astrocytes is highly variable amongst regions, and corresponds to 60 to 90% of synapses in the CA1 region of the hippocampus [START_REF] Ventura | Three-dimensional relationships between hippocampal synapses and astrocytes[END_REF].

Towards the late stages of development, astrocytes contribute to the refinement of neuronal networks through synaptic pruning. A direct mechanism involves phagocytosis by the astrocyte perisynaptic process via receptors Megf10 and Mertk [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. Indirectly, they can induce the expression of the classical complement cascade through secretion of tumor growth factor β (TGFβ), consequently tagging synapses for recognition and phagocytosis by microglia, a type of brain glia with macrophage properties [START_REF] Bialas | TGF-β signaling regulates neuronal C1q expression and developmental synaptic refinement[END_REF]. It was also shown that the astrocyte-secreted molecule SPARC acts as an inhibitory signal by inducing synaptic elimination in cholinergic neurons in vitro [START_REF] López-Murcia | SPARC triggers a cell-autonomous program of synapse elimination[END_REF].

Development of the gliovascular unit

Although astrocytic regulation of synapse formation is crucial to the establishment of neural networks, astrocytes also play a role in postnatal angiogenesis and blood brain barrier formation. Angiogenesis begins around E9.5, before the initiation of astrogenesis, but vessel development and branching continue well after the differentiation of the first astrocytes. It was shown that, by conditional deletion of orc3, a gene involved in DNA replication, inhibition of astrogenesis resulted in a drastic decrease in the branching and density of blood vessels in the cortex [START_REF] Ma | A Functional Requirement for Astroglia in Promoting Blood Vessel Development in the Early Postnatal Brain[END_REF]. Retinal astrocytes were also shown to express angiogenic molecules, such as the vascular endothelial growth factor (VEGF) during development and, although it is not crucial for retinal vascularization, it seems necessary to protect vessels from the effects of hyperoxia in vivo [START_REF] Scott | Astrocyte-derived vascular endothelial growth factor stabilizes vessels in the developing retinal vasculature[END_REF]. However, the direct consequence of these secreted molecules on blood vessels remains to be investigated, as well as their region-specificity.

Astrocytes also contribute to the formation of the blood-brain barrier (BBB), an interface required to protect the brain from pathogens and variations in plasma concentrations which could alter the integrity of neural functions. The BBB is formed by endothelial cells connected through tight junctions, which makes them selectively permeable to certain molecules.

Astrocytes cover blood vessels with extensions called "endfeet" and mediate the diffusion of soluble molecules from the blood to the parenchyma [START_REF] Kacem | Structural organization of the perivascular astrocyte endfeet and their relationship with the endothelial glucose transporter: A confocal microscopy study[END_REF]. Early in vitro studies have suggested a role for astrocyte-secreted soluble factors in the formation of the BBB, as bovine endothelial cells co-cultured with rat astrocytes exhibited higher trans-endothelial resistance without requiring cell-to-cell contact [START_REF] Neuhaus | Induction of Blood-Brain Barrier Characteristics in Bovine Brain Endothelial Cells by Rat Astroglial Cells in Transfilter Coculture[END_REF]. A later study demonstrated that applying glial-derived neurotrophic factor (GDNF), a molecule secreted by astrocytes, to cultured porcine capillary endothelial cells induced barrier properties through increase of transendothelial electrical resistance and changes in tight junctions [START_REF] Igarashi | Glial cell line-derived neurotrophic factor induces barrier function of endothelial cells forming the blood-brain barrier[END_REF]. Finally, a last study demonstrated that the src-suppressed C kinase substrate found in astrocyte conditioned media triggered blood-brain barrier maturation in vitro in human brain microvascular endothelial cells. This was mediated by an increase of angiopoitenin-1 resulting in reduced permeability of the BBB [START_REF] Lee | SSeCKS regulates brain angiogenesis and tight junction formation in blood-brain barrier[END_REF]. Astrocytes overexpressing this kinase were applied to chick embryos and this resulted in reduction of angiogenesis. Using immunostaining, the localization of this enzyme in perivascular astrocytic endfeet in rat brain sections was determined. While the role of astrocytes in synaptogenesis has been well described, most work concerning the vascular involvement of astrocytes was performed in vitro and much remains to be discovered in this field.

Astrocytes appear relatively late over the course of brain development, but their involvement in the maturation and organization of both vascular and neuronal circuits through highly polarized signalling cues is vital to the proper functioning of the brain. As they develop, they give rise to distinct populations in different brain regions, adjusting their morphology and molecular identity to the requirements of their environment.

Astrocyte heterogeneity

The brain is the most evolutionarily developed organ of the body, characterized by an intricate architecture rich in cellular diversity. Indeed, the central nervous system is composed of a multitude of cell types working in synchrony to provide fine signalling and connectivity giving rise to complex behaviour. While neurons have long been studied and the variety in their functions and properties are now well established, astrocytes are known to be different across brain regions but the characterization of these subpopulations is still hazy.

Morphological diversity

Earlier studies by Golgi and Ramon y Cajal suggested a wide diversity of astrocyte subtypes in the brain, based on morphological studies. However, new research has shown that astrocytes differ not only in morphology, but also in molecular identity, excitable responses and physiology amongst subtypes and brain areas. Importantly, the brain is divided into regions defined by specific organization of neural circuits. As previously described, astrocytes differentiate from radial glia at later stages than neurons and blood vessels, and start acquiring their morphology as neurons and the vasculature are already settling into networks. As a result, astrocytic structure might be shaped by environmental signals and restraints provided by complementary cell types in the brain. This leads to a multitude of astrocyte identities among brain regions, from Bergmann glia in the cerebellum and Müller cells in the retina resembling radial glia, to protoplasmic astrocytes with fine branches and bushy morphology (Figure 5).

Due to the complexity of their structure and diversity of their functions, astrocytes display a wide array of molecules localized at specific sites within their processes that sustain their polarity. Taking protoplasmic astrocytes as an example, they are characterized by their complex bushy morphology, contacting both blood vessels where they contribute to the gliovascular unit, and synapses. They can have a diameter of up to 60 µm and 95% of their volume is composed of processes. In the stratum radiatum of the hippocampus, astrocytes can contact over 100,000 synapses [START_REF] Chai | Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence[END_REF][START_REF] Ventura | Three-dimensional relationships between hippocampal synapses and astrocytes[END_REF] and extend, on average, 3.5 individual endfeet towards blood vessels, although this number ranges from 1 to 7 [START_REF] Bindocci | Three-dimensional Ca2+ imaging advances understanding of astrocyte biology[END_REF].

Some molecules have been suggested to be involved in maintaining the morphology of single astrocytes. It has been shown that knocking out connexin 30 (Cx30), which is one of the components of gap junctions connecting astrocytes to each other, but also intervenes in a channel-independent manner, alters the morphology of perisynaptic processes of astrocytes [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Moreover, another study showed that silencing neuroligins with short hairspin RNA in vitro and in vivo via postnatal astrocyte labelling electroporation (PALE) significantly reduced astrocytic arborization, impaired synaptic functions and decreased the territory size of astrocytes [START_REF] Stogsdill | Astrocytic neuroligins control astrocyte morphogenesis and synaptogenesis[END_REF]. 

Molecular diversity

Astrocytes amongst regions display variable molecular repertoires. Hence, it is difficult to find a universal promoter to label all astrocytes without also tagging other cells. While most astrocytes express Aldh1l1, this marker is also expressed by precursors in the brain [START_REF] Zhang | An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex[END_REF]. The intermediate filament GFAP is expressed at high levels in the hippocampus region and in radial glia, but at much lower levels in the cortex [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF]. Therefore, studies have focused efforts on combining markers to characterize astrocyte subpopulations.

New techniques such as the in utero electroporation of Brainbow transgenes which enables the labelling and tracing of multiple neural progenitors has allowed the visualization of individual astroglial clones from different lineages [START_REF] Loulier | Multiplex Cell and Lineage Tracking with Combinatorial Labels[END_REF], as previously described. This revolutionary tool has begun to further our understanding of astrocyte network organization, individual cell identity and developmental origins [START_REF] Clavreul | Cortical astrocytes develop in a plastic manner at both clonal and cellular levels[END_REF].

Interestingly, the identity of astrocytes, akin to that of neurons, is very plastic. A study demonstrated that 24h whisker stimulation induced an increase in the expression of glutamate transporter 1 (GLT-1) and glutamate-aspartate transporter (GLAST), both enriched in perisynaptic astrocytic processes (PAPs), and altered the morphology of PAPs, which coverage of the synapse was significantly higher after stimulation [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF]. Another study performed in the cerebellum [START_REF] Farmer | Neurons diversify astrocytes in the adult brain through sonic hedgehog signaling[END_REF], showed that the highly specialized Bergmann glia depend of Shh signalling from neurons to maintain their complex molecular identity. This suggests that, not only do astrocytes display an array of molecular and morphological identities across and among brain regions, but their nature is also shaped by environmental cues from neighbouring cells.

More global studies have compared the molecular signatures of astrocytes from different regions. Using the TRAP technique and RNA sequencing, [START_REF] Morel | Molecular and functional properties of regional astrocytes in the adult brain[END_REF] isolated polysomal mRNAs from six different regions of the brain and highlighted the molecular heterogeneity of astrocytes. Co-culture studies further showed that astrocytes selectively support neurite growth and synaptic function of neurons from the same region, suggesting that molecular disparities account for independent specific functions. Another study compared astrocytes from the hippocampus and the thalamus and characterized several properties of these cells, ranging from morphology to functionality [START_REF] Chai | Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence[END_REF]. They exposed similarities between brain regions, such as complexity of arborization. Notably, using patch-clamp biocytin dialysis, a technique relying on the spread of a fluorescent molecule through gap junctions to visualize astrocytic networks, they showed that astrocytic coupling was more important in the hippocampus. The two populations also differed in territory size and number of synapses contacted within each territory. In 2018, Zeisel et al. performed single-cell RNA sequencing on half a million cells to obtained a detailed description of independent cell types in the mouse nervous system. They identified seven subpopulations of astrocytes with defined spatial distribution and distinct molecular signatures. More recently, the organization of astrocytes into layers in the mouse cerebral cortex was also demonstrated by single-cell transcriptomics [START_REF] Bayraktar | Astrocyte layers in the mammalian cerebral cortex revealed by a single-cell in situ transcriptomic map[END_REF].

Finally, as previously brought to light, astrocytes mature over the course of development to acquire specific states. However, their identity also varies over time, as a study demonstrated that astrocytes across all brain regions displayed a molecular repertoire more enriched in genes involved in synapse elimination and inflammation upon ageing, creating an environment prone to neuronal damage which could underlie cognitive decline [START_REF] Boisvert | The Aging Astrocyte Transcriptome from Multiple Regions of the Mouse Brain[END_REF].

It is relevant to note that local diversity in astrocyte populations also exists within a single brain region. Using FACS, a study showed that the same five distinct subpopulations, expressing differential levels of genes involved in synapse formation, could be found across five different brain regions, and that the relative proportion of each of these astrocyte subsets varied greatly across regions, potentially providing integrity to specific neuronal networks through interactions [START_REF] Lin | Identification of diverse astrocyte populations and their malignant analogs[END_REF].

Functional diversity

Considering the variety in morphology and molecular identity of astrocytes, one could hypothesize that each subtype may fulfil different functions in the brain.

In terms of connectivity, astrocytes display different patterns of expression of gap-junction proteins, which are necessary to create an astrocytic syncytium. Connexin 43 tends to be more expressed in the hippocampus while connexin 30 is more expressed in the thalamus. Deletion of either one results in decreased astroglial coupling in the respective region [START_REF] Griemsmann | Characterization of panglial gap junction networks in the thalamus, neocortex, and hippocampus reveals a unique population of glial cells[END_REF]. Differential expression patterns of connexins could affect both potassium spatial buffering and metabolic support to neurons, two processes dependent on astrocytic networks.

Since astroglial coupling is involved in the synchronization of neuronal networks, it could also affect neuronal transmission at the network level.

Astrocytes are able to store energy in the form of glycogen and can break it down to lactate and shuttle it to neurons to sustain energy-consuming functions. Almost all studies in this field have been performed on the hippocampus but, recently, a study investigated the distribution of glycogen throughout the brain and found that it is predominantly expressed in astrocytic processes, but varies greatly across brain regions, with higher levels in the hippocampus and cerebellum, and lower levels in the thalamus [START_REF] Oe | Glycogen distribution in the microwavefixed mouse brain reveals heterogeneous astrocytic patterns[END_REF]. Even within the hippocampus, glycogen levels were highly variable from one astrocyte to another, suggesting the lactate shuttle is not necessary in all brain regions and some astrocytes may be more specialized to sustain this type of energy transfer to neurons.

The expression levels of inward-rectifying potassium channel kir4.1 are also variable across brain regions, with high expression in the hypothalamus and low levels in cerebellar astrocytes, as demonstrated by RNASeq performed on astrocytic polysomal mRNAs across brain regions [START_REF] Boisvert | The Aging Astrocyte Transcriptome from Multiple Regions of the Mouse Brain[END_REF]. Different potassium channels were identified in astrocytes of different brain regions, and four were differentially expressed between the thalamus and the hippocampus [START_REF] Chai | Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence[END_REF]. Interestingly, while deletion of kir4.1 leads to neuronal hyperactivity resulting from excess extracellular potassium in the hippocampus [START_REF] Sibille | Astroglial potassium clearance contributes to short-term plasticity of synaptically evoked currents at the tripartite synapse[END_REF], upregulation of the same astrocytic kir4.1 induces bursting of neurons of the lateral habenula as a result of increased potassium clearance leading to hyperexcitability [START_REF] Cui | Astroglial Kir4.1 in the lateral habenula drives neuronal bursts in depression[END_REF]. This suggests that a same astrocytic channel can have differential functions in different parts of the brain.

Astrocytes are also involved in synaptogenesis during development, as previously mentioned.

A study investigated the levels of synaptogenic markers expressed by astrocytes from different brain regions (cortex, hippocampus, midbrain and cerebellum) cultured in vitro [START_REF] Buosi | Heterogeneity in Synaptogenic Profile of Astrocytes from Different Brain Regions[END_REF]. They observed significant differences in expression levels, as well as the effect of conditioned media from these astrocytes on cultured neurons: while all conditions induced synapse formation, conditioned medium from cortical and hippocampal astrocytes increased the number of synapses in cultured neurons. Another in vitro study demonstrated that neurons cultured with astrocytes from the same brain region developed more functional synapses than neurons cultured with astrocytes from different regions [START_REF] Morel | Molecular and functional properties of regional astrocytes in the adult brain[END_REF].

Altogether, the development of new strategies and the combination of complementary techniques to study astrocyte heterogeneity have brought to light an array of physiological and phenotypical differences between subsets of astrocytes. New tools need to be developed to target specific astroglial subpopulations and further understand their functional properties in the mammalian brain.

The astrocytic syncytium

Astrocytes organize into networks mediated by gap junctions. Gap junctions are composed of two hemichannels, which each represent a connexon and originate from two adjacent cells. Each connexon is formed by six transmembrane proteins called connexins.

Connexins are found in 20 different isoforms, but the most expressed ones in astrocytes are Cx30 and Cx43 [START_REF] Rash | Cell-specific expression of connexins and evidence of restricted gap junctional coupling between glial cells and between neurons[END_REF]. Small molecules up to 1.2 kDa can be transported through gap junctions, including potassium, sodium and calcium ions [START_REF] Venance | Gap junctional communication and pharmacological heterogeneity in astrocytes cultured from the rat striatum[END_REF], intracellular second messengers such as inositol triphosphate, as well as energy substrates such as glucose and lactate [START_REF] Harris | Connexin channel permeability to cytoplasmic molecules[END_REF]. Using small fluorescent dyes or biocytin, which are able to pass through gap junctions, dye-filling assays showed that each astrocyte is coupled to 18 ± 13 other astrocytes in the CA1 region of the mouse hippocampus [START_REF] Bedner | Astrocyte uncoupling as a cause of human temporal lobe epilepsy[END_REF] (Figure

6)

Astroglial networks have many properties. First, they can buffer potassium ions and redistribute them to specific regions to ensure proper neuronal function and to prevent excitotoxicity, as evidenced by experiments on mice lacking Cx30 and deficient for Cx43 [START_REF] Wallraff | The impact of astrocytic gap junctional coupling on potassium buffering in the hippocampus[END_REF].

Second, astroglial networks provide metabolic support by shuttling glucose and its metabolites to sustain glutamatergic transmission [START_REF] Rouach | Astroglial Metabolic Networks Sustain Hippocampal Synaptic Transmission[END_REF]. Third, astroglial networks easily propagate calcium signals, also called calcium waves [START_REF] Cornell-Bell | Glutamate induces calcium waves in cultured astrocytes: Long-range glial signalling[END_REF]. This aspect of astroglial network properties will be later discussed in chapter II.4: "Calcium transients: the language of astrocytes". Finally, evidence suggests that this astroglial syncytium is involved in the synchronization of neuronal population activity underlying the maintenance of biological rhythms [START_REF] Chever | Astroglial networks promote neuronal coordination[END_REF] and is fundamental to physiological functions of the brain, such as regulating the sleep-wake cycle [START_REF] Clasadonte | Connexin 43-Mediated Astroglial Metabolic Networks Contribute to the Regulation of the Sleep-Wake Cycle[END_REF]. In the 1990s, intracellular calcium signalling was discovered in astrocytes of hippocampal organotypic slices. This calcium signal was observed with a latency of 2 seconds in response to glutamate release and was capable of propagation from one astrocyte to the other [START_REF] Dani | Neuronal activity triggers calcium waves in hippocampal astrocyte networks[END_REF]. It is now known that this calcium signal is initiated in peripheral processes and propagates to the soma, thus inducing a delay in visual response [START_REF] Bindocci | Three-dimensional Ca2+ imaging advances understanding of astrocyte biology[END_REF]. The development of calcium imaging brought to life a number of studies describing astroglial calcium dynamics in response to sensory and motor inputs, providing a physiological role for astrocytic calcium [START_REF] Wang | Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo[END_REF][START_REF] Schummers | Tuned responses of astrocytes and their influence on hemodynamic signals in the visual cortex[END_REF][START_REF] Nimmerjahn | Motor Behavior Activates Bergmann Glial Networks[END_REF]. This unravelled widely diverse physiological roles for astrocyte activation in response to neuronal activity, as astrocytes responded through calcium increase to a number of different neurotransmitters. In addition, activation of astrocyte calcium signalling was reported to trigger the release of "gliotransmitters", a set of molecules that can modulate the activity and plasticity of neurons at synapses. Indeed, a first study reported glutamate release from astrocytes cocultured with neurons, which in turn induced N-methyl-D-aspartate (NMDA) receptor activation and calcium elevation in neurons [START_REF] Parpura | Glutamate-mediated astrocyteneuron signalling[END_REF]. A later study confirmed this phenomenon of astrocytic glutamate release in hippocampal brain slices [START_REF] Bezzi | Prostaglandins stimulate calcium-dependent glutamate release in astrocytes[END_REF].

Other neuromodulators such as ATP [START_REF] Pryazhnikov | Sub-micromolar increase in [Ca(2+)](i) triggers delayed exocytosis of ATP in cultured astrocytes[END_REF], as well as D-serine, an NMDA-receptor agonist, have been reported to be released by astrocytes. Particularly, astrocyte-released D-serine was shown to contribute to long-term potentiation (LTP) in hippocampal slices, a mechanism underlying synaptic plasticity and memory formation, [START_REF] Henneberger | Long-term potentiation depends on release of d-serine from astrocytes[END_REF].

Other studies, focusing on the vascular interface of astrocytes, suggested that calciumevoked astrocyte signalling was involved in neurovascular coupling, through which astrocytes could transfer energy from blood vessels to neurons. Indeed, evidence put forward a control of cerebral blood flow by astrocytes, as a rise in astroglial calcium in response to glutamate drove blood flow towards regions of higher neuronal activity: a mechanism called functional hyperaemia (reviewed in depth in [START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF]. Moreover, a recruitment of glucose transporters at the membrane of astrocytes was observed upon glutamate-induced calcium increase in astrocytes, suggesting astrocytes could control metabolic shuttling through calcium signalling [START_REF] Loaiza | Glutamate triggers rapid glucose transport stimulation in astrocytes as evidenced by real-time confocal microscopy[END_REF]. Spontaneous calcium waves in astrocytes of the retina were also shown to result in vasoconstriction when they propagated along an arteriole both in isolated retinas and in vivo [START_REF] Kurth-Nelson | Spontaneous glial calcium waves in the retina develop over early adulthood[END_REF]. However, some controversy rose from evidence that the onset of arteriolar dilation preceded the onset of calcium increase in astrocytes in vivo in wild-type mice [START_REF] Nizar | In vivo stimulus-induced vasodilation occurs without IP3 receptor activation and may precede astrocytic calcium increase[END_REF]. Using mice genetically engineered to express calcium indicators, a team detected a threshold at which vasodilation occurred without requiring astrocytic calcium transients but rather as a response to neuronal calcium transients. Stronger stimulation, however, induced vasodilation that was preceded by a calcium increase in astrocytic processes [START_REF] Institoris | Arteriole dilation to synaptic activation that is subthreshold to astrocyte endfoot Ca2+ transients[END_REF]. This suggests that initiation and maintenance of neurovascular coupling might be regulated via different mechanisms involving both direct signals from neurons and calcium-dependent astrocyte signalling. Another study used genetically-encoded calcium sensors to understand the link between neurovascular coupling and astrocyte calcium transients in the olfactory bulb of anaesthetized adult mice in vivo [START_REF] Otsu | Calcium dynamics in astrocyte processes during neurovascular coupling[END_REF]. They showed that physiological activation of olfactory sensory neurons triggered calcium transients in astrocyte processes and resulted in functional hyperaemia. This dissention stems from the location of calcium measurements within the astrocyte structure: while calcium elevations in the astrocyte soma may not be observed preceding dilation, local calcium domains within the astrocyte endfeet are detected [START_REF] Bindocci | Three-dimensional Ca2+ imaging advances understanding of astrocyte biology[END_REF]. However, most in vivo experiments performed so far used anaesthetized animals, in which calcium transients and, consequently, cerebral blood flow is known to be altered. This could have an impact on the results obtained, both in terms of blood flow response and timescale of that response [START_REF] Thrane | General anesthesia selectively disrupts astrocyte calcium signaling in the awake mouse cortex[END_REF].

From the beginning of calcium signalling characterization in astrocytes, it seemed obvious that this process was crucial for astrocytes to respond to both neuronal and vascular cues underpinning neuronal processing. Interestingly, over the course evolution, the speed of calcium waves increased severalfold from mice to humans, which is perhaps an indicator of higher computing power [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF]. This finding further highlights the implication of astrocytic calcium signalling in brain function.

However, while our understanding of astrocyte communication through calcium and gliotransmitter release grew, other studies reported conflicting results, which quickly asked for re-evaluation of the role of astrocytic calcium in physiology. Particularly, the McCarthy group developed a transgenic mouse line expressing a non-endogenous G protein coupled receptor (GPCR) which is usually expressed in nociceptive sensory neurons, under a GFAP promoter to drive its expression in hippocampal astrocytes. Activation of this receptor induces IP3-mediated release of calcium from intracellular stores. They showed that increasing calcium in astrocytes through release from internal stores did not increase neuronal calcium levels nor neuronal activity [START_REF] Fiacco | Selective Stimulation of Astrocyte Calcium In Situ Does Not Affect Neuronal Excitatory Synaptic Activity[END_REF]. Using IP3R2-knockout mice, in which IP3-induced calcium release from intracellular stores, but not local elevations in calcium stemming from other sources, is abolished, they confirmed that obliteration of global calcium dynamics in astrocytes did not affect LTP [START_REF] Agulhon | Hippocampal short-and long-term plasticity are not modulated by astrocyte Ca2+ signaling[END_REF].

Many studies were criticized due to the fact that the methods used to alter astrocytic calcium were far from physiological. Indeed, they involved either mechanical stimulation, pharmacological induction, alteration of signalling pathways or genetic modification. Most importantly, early studies focused on altering calcium transients from the soma of astrocytes, as they were the most visible ones and produced propagating waves throughout the syncytium, even though these transients only respond to intense and sustained neuronal activity. However, astrocytes are highly polarized cells composed of fine processes that constitute 95% of their total surface and come in direct contact with synapses, suggesting that the regulation of synaptic activity occurs in distal compartments rather than the soma.

Microdomains: quiet conversations with synapses and blood vessels

Contradictory findings on astrocytic calcium made it difficult to put together the pieces of the puzzle. However, high-resolution microscopy enabled the visualization of much more furtive, faster calcium transients in fine processes of astrocytes in the hippocampus [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]. Unlike somatic calcium transients that can take up to 2 seconds, calcium transients in what we call "microdomains" occur in response to spontaneous synaptic release through brief (about 0.7 s) and very localized events (Figure 7A) [START_REF] Castro | Local Ca2+ detection and modulation of synaptic release by astrocytes[END_REF]. Moreover, work on IP3R2-knockout mice showed that somatic calcium transients were preferentially abolished by this deletion, while only around 5% of microdomain transients were affected and the amplitudes of the remaining ones were significantly increased [START_REF] Srinivasan | Ca2+ signaling in astrocytes from Ip3r2 -/-mice in brain slices and during startle responses in vivo[END_REF]. This study also brought to light that calcium fluxes in astroglial processes were sustained not only by calcium release from internal stores, but also by extracellular calcium entry. Fast (around 120 ms) calcium transients induced independently of IP3 signalling were also observed in astrocyte perivascular endfeet following whisker stimulation in the barrel cortex [START_REF] Stobart | Cortical Circuit Activity Evokes Rapid Astrocyte Calcium Signals on a Similar Timescale to Neurons[END_REF]. This highlights another characteristic calcium response that could underlie neurovascular coupling.

Interestingly, calcium rises in microdomains can also come from mitochondrial release. A study on hippocampal brain slices showed that neuronal activity induced a positioning of mitochondria at sites of glutamate uptake near synapses, possibly for metabolic support [START_REF] Jackson | Neuronal activity and glutamate uptake decrease mitochondrial mobility in astrocytes and position mitochondria near glutamate transporters[END_REF]. Recently, another team showed that mitochondria localize to calcium microdomains and can release calcium through transient opening of its mitochondrial permeability transition pore, either spontaneously or in response to neuronal activity [START_REF] Agarwal | Transient Opening of the Mitochondrial Permeability Transition Pore Induces Microdomain Calcium Transients in Astrocyte Processes[END_REF]. It is now clear that astrocytes exhibit distinct types of calcium signals differing in amplitude and latency, from global intercellular calcium waves requiring strong neuronal activation and higher latency to small, fast microdomain transients induced by the activity of a single synapse.

Importantly, most experiments were performed on either co-cultures of astrocytes with neurons or brain slices, in which physiological alterations are expected. On the other hand, most in vivo studies were performed on anaesthetized animals, a condition which is known to alter calcium signalling in astrocytes [START_REF] Thrane | General anesthesia selectively disrupts astrocyte calcium signaling in the awake mouse cortex[END_REF]. The current rise in non-invasive optogenetic tools and designer receptors exclusively activated by designer drugs (DREADDs) to study astrocytes will be crucial to further our understanding of the role of astrocytes in tuning neuronal networks.

DREADDs are genetically engineered GPCRs that respond to specific exogenous ligands and allow for temporal control of G-protein signalling in vivo. For instance, the use of a Gq-DREADD and optogenetic tools to induce calcium signalling in CA1 astrocytes enhanced memory formation in a task of contextual fear conditioning [START_REF] Adamsky | Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement[END_REF]. Another recent study used melanopsin, a photoactivated GPCR expressed in retinal ganglion cells and inducing predominantly Gq signalling. After viral injection of the melanopsin transgene under an astrocyte-specific promoter, they exposed transfected astrocytes to low-frequency light pulses which triggered LTP and enhanced episodic memory [START_REF] Mederos | Melanopsin for precise optogenetic activation of astrocyte-neuron networks[END_REF], confirming previous results obtained with DREADDs tools. Finally, the development of three-dimensional calcium imaging now allows the precise mapping of astrocytic microdomains [START_REF] Bindocci | Three-dimensional Ca2+ imaging advances understanding of astrocyte biology[END_REF]) (Figure 7B), and emerging computational tools are now able to quantify spatio-temporal calcium patterns in whole astrocytes [START_REF] Wang | Accurate quantification of astrocyte and neurotransmitter fluorescence dynamics for single-cell and population-level physiology[END_REF], predicting a promising future in the field. 

Polarized functions of astrocytes

Astrocytes are highly polarized cells. They extend processes towards both neurons and the vasculature and therefore mediate bidirectional communication between the blood and neuronal networks. They play a crucial role early on during development in the organization of neuronal networks, axon guidance and synapse maturation. Astrocytes also contribute to the maturation of the blood brain barrier, by which they insulate and protect the brain from external threats. At each of their vascular and neuronal interface, they display a specific, compartmentalized molecular repertoire which enables them to respond quickly to incoming signals from either vessels or synapses. Interestingly, and despite the very "bi-polarized" representations of astrocytes, the perivascular and perisynaptic interfaces are often combined into one process, as astrocyte perivascular endfeet also contact a number of synaptic terminals [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF]. Hence, while some astrocytic processes are exclusively specialized in the regulation of neuronal inputs, other ones have a directly bivalent role in the regulation and integration of both vascular and synaptic functions.

The perivascular interface

1.1. Regulation of the blood-brain-barrier

The brain is the most energy-consuming organ in the brain. It requires high influx of oxygen and nutrients to sustain metabolic activity with precise spatiotemporal resolution. Blood vessels are crucial pipelines to transport oxygen and nutrients to all tissues in the body, but also to clear carbon dioxide and metabolic waste, carry hormonal and immune signals. The brain microvasculature is composed of arteries that divide into arterioles, which supply the brain with blood from the heart. Arteries then spread into small vessels called capillaries, which are characterized by a small diameter (less than 10 µm), and finally veins and venules, which carry the blood out of the brain and back to the heart [START_REF] Aird | Phenotypic heterogeneity of the endothelium: II. Representative vascular beds[END_REF]. Interestingly, the microvasculature of the brain displays unusual properties to respond to particular energetic needs and confers the brain with remarkable protection compared to the rest of the body, through a physiological wall:

the blood-brain-barrier (BBB). Importantly, the BBB interface is very heterogenous throughout the brain. At the level of meninges and the choroid plexus, penetrating arterioles are separated from the cerebrospinal fluid (CSF) by epithelial cells, which mediate the transport of molecules from one fluid to another. At the level of the CNS capillaries however, blood is separated from the brain parenchyma by endothelial cells, which are surrounded by a complex assembly of cells.

The unique characteristics of the BBB are achieved through intercellular communication and intricate organization of different types of cells including endothelial cells, pericytes and smooth muscles cells (also gathered under the name "mural cells") and astrocytes (figure 9).

Together, they form the gliovascular unit.

1.1.1.

Endothelial cells

Endothelial cells are very thin cells that make up the wall of the blood vessels. In the smallest capillaries, the lumen can be formed by a series of individual endothelial cells folded onto themselves [START_REF] Aird | Phenotypic heterogeneity of the endothelium: II. Representative vascular beds[END_REF]. In the CNS, endothelial cells are less permeable than in other organs of the body: they actively regulate the movement of ions and molecules, thanks to distinct repertoires of transporters at the luminal and parenchymal membranes of the cell [START_REF] Betz | Polarity of the blood-brain barrier: neutral amino acid transport into isolated brain capillaries[END_REF]. They are connected together via tight junctions, formed by a complex between endothelial-specific proteins including occludin and claudin-5 (among others), as well as Junction Adherent Molecules (JAMs) [START_REF] Furuse | Molecular basis of the core structure of tight junctions[END_REF]. These transmembrane proteins are connected to the cytoskeleton via zona occludens proteins ZO-1, 2 and 3. This structure greatly limits the passage of solutes from the blood to the parenchyma, as shown by early experiments where intravenous injection of horseradish peroxidase in mice did not lead to peroxidase leakage into the cerebral cortex [START_REF] Reese | Fine structural localization of a blood-brain barrier to exogenous peroxidase[END_REF]. Moreover, deletion of claudin-5 specifically induces a leakage of the BBB to molecules under 800 D but not larger ones, suggesting a role for tight junction proteins in the selective integrity of the BBB [START_REF] Nitta | Size-selective loosening of the blood-brain barrier in claudin-5-deficient mice[END_REF]. Endothelial cells of the BBB also contain twice as much mitochondria as other endothelial cells in the body [START_REF] Oldendorf | The large apparent work capability of the blood-brain barrier: A study of the mitochondrial content of capillary endothelial cells in brain and other tissues of the rat[END_REF]. These unique characteristics of brain endothelial cells suggest a requirement for an intricate, energy-consuming metabolic control of the flux of nutrients and metabolites from the blood to the brain.

Mural cells

Another type of cell essential to the control of the BBB are mural cells, including pericytes and smooth muscle cells (SMCs). These cells surround blood vessels and confer contractile properties essential for the control of blood flow to specific brain regions. While SMCs are found around arterioles and completely sheath the vessel surface, pericytes are found on smaller capillaries and post-capillary venules in a sparser organization. It is important to note that the definition of a pericyte is not fully set, and that these cells display gradual changes in morphology and molecular identity from SMCs to pericytes as they progress from arterioles to the capillary bed (figure 8) [START_REF] Hartmann | Pericyte structure and distribution in the cerebral cortex revealed by high-resolution imaging of transgenic mice[END_REF] Pericytes were originally described as displaying a "bump on a log" morphology on the outside of capillaries. They can present a complex morphology, extending processes around blood vessels with different coverage depending on the location. They form more englobing processes around pre-capillary arterioles and finer, more stellate ramifications towards post-capillary venules. Most pericytes express the platelet-derived growth factor receptor β (PDGFRβ) and neuronglial antigen 2 (NG2), a proteoglycan and co-receptor of PDGF. These markers were therefore used to develop tools to visualize pericytes in the brain and study their structure and functions [START_REF] Hartmann | Pericyte structure and distribution in the cerebral cortex revealed by high-resolution imaging of transgenic mice[END_REF]. Considering the spectrum of different morphologies and protein expression of these cells, the precise definition of the pericyte is still under debate [START_REF] Attwell | What is a pericyte?[END_REF]. Indeed, some of them express smooth muscle actin (SMA), a marker usually known to characterize SMCs [START_REF] Nehls | Heterogeneity of microvascular pericytes for smooth muscle type alphaactin[END_REF]. Recent transcriptomic studies have revealed the molecular identity of these cells. Combining two distinct transgenic reporters for mural cells, NG2-DsRed and Pdfgrb-eGFP, a team isolated brain mural cells using FACS and performed RNA sequencing to determine the set of genes expressed in these cells. 260 genes were identified as enriched in mural cells, revealing novel markers such as vitronectin [START_REF] He | Analysis of the brain mural cell transcriptome[END_REF]. Another study went further and compared the transcriptome of vascular SMCs to the one of mid-capillary pericytes from the rat cerebral cortex. They isolated SMA-positive vascular SMCs from SMA-negative pericytes using cell sorting with specific antibodies on isolated brain microvessels [START_REF] Chasseigneaux | Isolation and differential transcriptome of vascular smooth muscle cells and mid-capillary pericytes from the rat brain[END_REF]. As expected, different molecular signatures were observed for these two types of isolations, with some transcripts highly specific for vascular SMCs, such as Acta2, and other transcripts restricted to mid-capillary pericytes, like Kcnj8. These findings provide us with a better understanding of the distinct natures of these vascular cells.

In terms of function, pericytes were found to regulate capillary diameter in response to neuronal excitation and glutamate release in several regions of the brain, particularly in the cerebral cortex [START_REF] Hall | Capillary pericytes regulate cerebral blood flow in health and disease[END_REF], while it was long thought that SMCs were the only contributors to blood flow regulation. In vivo experiments have shown that capillary dilation precludes arteriolar dilation and contributes to 84% of blood flow increase, suggesting that relaxation of pericytes plays a crucial role in increasing blood flow, rather than acts passively as a response to SMC relaxation. Pericytes have also been described as key players in BBB formation. In fact, pdgfrβ-null and hypomorphic mice, which fully or partially lack pericytes, have an increased permeability of the BBB, present structural abnormalities in tight junctions and increased vesicle trafficking in endothelial cells, as observed by electron microscopy on CNS vessels from E18 mice. This demonstrates a need for crosstalk between endothelial cells and pericytes to ensure the downregulation of molecules responsible for vascular permeability [START_REF] Daneman | Pericytes are required for blood-brain barrier integrity during embryogenesis[END_REF]. On the other hand, pericytes also communicate with astrocytes to induce endfeet polarization around blood vessels [START_REF] Armulik | Pericytes regulate the blood-brain barrier[END_REF]. In pericyte-deficient mice, typical markers of astrocyte endfeet, meaning proteins that are known to be enriched at this interface, were lower than in wildtype mice. Particularly, the water channel Aquaporin 4 (Aqp4), which is strongly localized in the endfoot under normal condition, lost its polarity and was redistributed through the astrocyte [START_REF] Armulik | Pericytes regulate the blood-brain barrier[END_REF]. Hence, the BBB requires strong cellto-cell communication via different pathways to ensure its integrity and protect the brain from invasive events.

Interestingly, pericytes secrete an array of extracellular matrix proteins at the gliovascular interface, which contribute to the composition of the basal lamina, also called basement membrane. The latter can be divided into two: the inner basement membrane, also called basal lamina, which is secreted by endothelial cells and pericyte, and the outer parenchymal basement membrane which is mainly secreted by astrocytes [START_REF] Yurchenco | Basement membrane assembly, stability and activities observed through a developmental lens[END_REF]. These cells express both receptors and adhesion proteins, such as dystroglycans and integrins, which are essential in anchoring cellular membranes at the BBB interface, making a physical link with the cytoskeleton and ensuring the stability of the BBB [START_REF] Moore | Dystroglycan versatility in cell adhesion : a tale of multiple motifs[END_REF]. Both endothelial cells and pericytes secrete structural proteins such as collagen IV [START_REF] Tilling | Basement Membrane Proteins Influence Brain Capillary Endothelial Barrier Function In Vitro[END_REF] and specialized proteins such as fibronectin and laminins [START_REF] Van Horssen | Basement membrane proteins in multiple sclerosis-associated inflammatory cuffs: potential role in influx and transport of leukocytes[END_REF], while astrocytes secrete different isoforms of laminin as well as proteoglycans such as agrin and perlecan [START_REF] Agrawal | Dystroglycan is selectively cleaved at the parenchymal basement membrane at sites of leukocyte extravasation in experimental autoimmune encephalomyelitis[END_REF]. This complex ensemble of molecules is fundamental to maintain BBB functions, provide physical support to cellular partners, and can also participate in inflammatory signalling [START_REF] Van Horssen | Basement membrane proteins in multiple sclerosis-associated inflammatory cuffs: potential role in influx and transport of leukocytes[END_REF].

Astrocytes

The last actors of the BBB are astrocytes. They send processes towards blood vessels, which we previously described as "endfeet". Those processes almost entirely sheath the brain vascular system and express a specific repertoire of molecules, including the aforementioned dystroglycans and aqp4, which are critical for anchoring the endfoot and maintaining water homeostasis respectively [START_REF] Noell | Evidence for a role of dystroglycan regulating the membrane architecture of astroglial endfeet[END_REF][START_REF] Wolburg | Structure and functions of aquaporin-4-based orthogonal arrays of particles[END_REF]. The inward-rectifying potassium channel kir4.1 is also enriched in endfeet of astrocytes during adulthood, suggesting a need for potassium buffering at this interface. A recent study from our lab [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF] confirmed the presence of these proteins at the perivascular interface and showed that local translation of their associated transcripts occurred on-site in endfeet. The molecular cues inducing the polarization of both protein and mRNA are poorly understood, but in vitro experiments have shown that extracellular matrix proteins fibronectin and laminin-1 induced polarization of astrocytic proteins at the endfeet [START_REF] Tham | Regulation of Kir4.1 and AQP4 expression and stability at the basolateral domain of epithelial MDCK cells by the extracellular matrix[END_REF]. This suggests once again a crosstalk between all elements of the BBB.

Astrocytes have a strategic position between blood vessels and neurons, and therefore mediate signals from one interface to the other in order to adjust blood flow in response to neuronal activity. Notably, they secrete factors that contribute to BBB formation and maintenance. For instance, astrocytes generate angiotensin-converting enzyme 1 (ACE-1), which converts the hormone angiotensin I into angiotensin II and in turn binds to its receptor at the surface of endothelial cells. This interaction induces vasoconstriction, as well as stabilization of junctional proteins, particularly occludin [START_REF] Wosik | Angiotensin II controls occludin function and is required for blood-brain barrier maintenance: Relevance to multiple sclerosis[END_REF]. Most experiments regarding the effects of astrocytes on BBB development and maintenance have been performed in vitro, and we now know that astrocytes in culture display a very different repertoire of molecules than in vivo, making these results difficult to interpret in the physiological context of the BBB. One example of this challenge is a study highlighting the role of Shh secretion by astrocytes on transendothelial electrical resistance in endothelial cells in vitro [START_REF] Alvarez | The hedgehog pathway promotes blood-brain barrier integrity and CNS immune quiescence[END_REF]¸ when transcriptomic study have later highlighted the absence of Shh in astrocytes in vivo (Zhang et al., 2016). It is important to note the heterogeneity in astrocytic contact with blood vessels:

while some can display seven different endfeet [START_REF] Bindocci | Three-dimensional Ca2+ imaging advances understanding of astrocyte biology[END_REF], other ones do not enter in direct contact with blood vessels. These morphological differences probably underlying functional heterogeneity.

Overall, the BBB is a unique interface engaging many cellular actors (Figure 9), each one playing a crucial role in the maintenance of a tight microenvironment to ensure brain protection and proper neuronal functions. Understanding BBB physiology is crucial, firstly because impairment is observed in most brain pathologies, including ischemia, Alzheimer's disease (AD) and epilepsy; and secondly because finding molecules that can cross this barrier is essential for the development of therapeutic treatments for neurological disorders. From previously published works, the contribution of astrocytes to BBB integrity appears obvious.

Yet the complex interactions between astrocytes and other cells at this interface require to be further studied to help our understanding of brain physiology. 

Immune quiescence and neuroinflammation

The brain displays a unique immune quiescent environment, meaning that very few immune-competent cells are activated within the CNS. Instead, the brain relies on anatomical barriers, such as the aforementioned BBB, for protection against external pathogens. Under healthy conditions, circulating leukocytes rarely penetrate the BBB and the immune surveillance is kept at low levels. As a matter of fact, unlike other endothelial cells in the body, the ones constituting the BBB express very low levels of leukocyte adhesion molecules, such as selectins and immunoglobulin family proteins, required for leukocyte migration through the BBB. However, in neuroinflammatory diseases characterized by immune cell penetration in the brain, such as stroke and multiple sclerosis, these leukocyte adhesion molecules are expressed at a much higher level [START_REF] Cayrol | Activated leukocyte cell adhesion molecule promotes leukocyte trafficking into the central nervous system[END_REF]. While immune cell invasion in the CNS usually results in deleterious effects, interestingly, invasion of some immune cells, such as T cells, can also have advantageous cognitive effects, as brought to light by the memory impairment observed in immune-deficient mice [START_REF] Kipnis | T cell deficiency leads to cognitive dysfunction: Implications for therapeutic vaccination for schizophrenia and other psychiatric conditions[END_REF].

Astrocytes play a crucial role in immune responses in the brain. Indeed, they express molecules that induce apoptotic programming in leukocytes [START_REF] Wang | Astrocytic Fas ligand expression is required to induce T-cell apoptosis and recovery from experimental autoimmune encephalomyelitis[END_REF]. Astrocyte endfeet are placed strategically at the interface with blood vessels to ensure protection through a specialized molecular repertoire. Upon inflammatory conditions, however, immune cells induce cleavage of β-dystroglycan, a glycoprotein responsible for anchoring the endfeet to the basal lamina [START_REF] Agrawal | Dystroglycan is selectively cleaved at the parenchymal basement membrane at sites of leukocyte extravasation in experimental autoimmune encephalomyelitis[END_REF]. Disruption of basal lamina and anchoring molecules quickly leads to impaired polarization of astrocyte perivascular proteins, such as Aqp4 and kir4.1, which can result in the formation of oedema and an opening of the BBB [START_REF] Lien | Absence of glial α-dystrobrevin causes abnormalities of the blood-brain barrier and progressive brain edema[END_REF]. Interestingly, Cx43, another astrocyte-specific protein enriched at the perivascular interface, plays a crucial role in the maintenance of immune quiescence at the BBB [START_REF] Boulay | Immune quiescence of the brain is set by astroglial connexin 43[END_REF]. As a matter of fact, in the absence of Cx43, leukocytes infiltrate the brain (Figure 10). Interestingly, this penetration of immune cells in the CNS does not trigger a reactive response from either astrocytes or microglia and does not induce BBB breakdown. Hence, Cx43 located at perivascular endfeet seems to operate immune surveillance through crosstalk with the peripheral immune system. Astrocytes present alterations in morphology and molecular identity in all CNS neuroinflammatory diseases, they are said to enter a "reactive" state. For instance, upon CNS injury, astrocytes produce a glial scar: they adopt a reactive form, in which they secrete inflammatory molecules and increase their expression of GFAP. Interestingly, GFAP-knockout animals display more severe symptoms than their wildtype littermate upon infection by Toxoplasma encephalitis or experimental autoimmune encephalitis (EAE), an acute model of multiple sclerosis [START_REF] Liedtke | Experimental autoimmune encephalomyelitis in mice lacking glial fibrillary acidic protein is characterized by a more severe clinical course and an infiltrative central nervous system lesion[END_REF][START_REF] Stenzel | The intermediate filament GFAP is important for the control of experimental murine Staphylococcus aureus-induced brain abscess and Toxoplasma encephalitis[END_REF]. Moreover, the development of conditional GFAP-knockout mice showed that inhibiting astrocyte reactivity upon induction of EAE led to dramatic deterioration of symptoms, including motor deficits and invasion by immune cells [START_REF] Anderson | Astrocyte scar formation aids central nervous system axon regeneration[END_REF][START_REF] Toft-Hansen | Inhibition of reactive astrocytosis in established experimental autoimmune encephalomyelitis favors infiltration by myeloid cells over T cells and enhances severity of disease[END_REF]. This suggests GFAP plays a protective role in response to neuroinflammation. Transcriptomic studies in astrocytes from a mouse model of AD, a disease also associated with astrocyte reactivity, revealed hundreds of genes, including Gfap, whose expression was altered, either increasing or decreasing [START_REF] Orre | Isolation of glia from Alzheimer's mice reveals inflammation anddysfunction[END_REF]. Among downregulated genes were glutamate transporters such as GLAST, but also potassium transporters and the water channel Aqp4, which results in homeostatic impairments and alters synaptic transmission. The Barres team reported that a few proinflammatory factors released from microglia were sufficient to trigger reactivity in astrocytes. They called these reactive astrocytes "A1 astrocytes" and showed that they produced neurotoxic molecules. [START_REF] Liddelow | Neurotoxic reactive astrocytes are induced by activated microglia[END_REF]. They extracted polysomal mRNAs from mouse astrocytes in different brain regions (cortex, hippocampus, striatum) at different ages from P7 to 2 years-old to observe the molecular consequences of ageing in astrocytes across brain regions [START_REF] Clarke | Normal aging induces A1-like astrocyte reactivity[END_REF].

In old mice, astrocytes tended to adopt an A1 phenotype, with upregulation of many genes associated with reactivity. Moreover, aged mice produced much more reactive astrocytes than young mice in response to lipopolysaccharide (LPS)-induced inflammation, suggesting that reactive astrocytes may contribute to the deleterious effects of ageing and AD on cognition.

The molecular pathways used by astrocytes to regulate immune responses are numerous.

Importantly, the cytokine TGFβ is expressed by astrocytes and is known to be involved in cell growth, apoptosis as well as immunomodulation. Expression of TGFβ is higher upon brain injury and mice lacking TGFβ signalling specifically in astrocytes present stronger gliosis, infiltration of immune cells and production of proinflammatory cytokines resulting in neuronal damage [START_REF] Cekanaviciute | Astrocytic TGF-β Signaling Limits Inflammation and Reduces Neuronal Damage during Central Nervous System Toxoplasma Infection[END_REF]. As a matter of fact, the TGFβ pathway has an inhibitory effect on the nuclear entry of transcription factor NFκB, known to induce transcription of proinflammatory genes. Notably, mice lacking TGFβ signalling displayed a higher proportion of astrocytes with nuclear NFκB, suggesting neuroinflammation might be reduced via inhibition of NFκB by TGFβ signalling (Figure 11).

Astrocytes express an array of other transcription factors in response to inflammatory cytokines.

Notably, signal transducer and activator of transcription 3 (STAT3) is expressed in both neurons and astrocytes and is characterized by phosphorylation-induced activation upon injury.

Interestingly, many diseases have been associated with activation of the STAT3 pathway, suggesting it may be a major regulator of astrocyte reactivity [START_REF] Ceyzériat | The complex STATes of astrocyte reactivity: How are they controlled by the JAK-STAT3 pathway?[END_REF]. Studies on spinal cord injury showed that conditional knockout of STAT3 gene impaired glial scar formation [START_REF] Herrmann | STAT3 is a critical regulator of astrogliosis and scar formation after spinal cord injury[END_REF].

Moreover, astrocytes also produce chemokines, such as monocyte chemoattachment protein 1 (MCP-1), which is interestingly critical for induction of EAE, as MCP-1 deficiency renders mice resistant to the disease and reduced the recruitment of immune cells to the CNS [START_REF] Huang | Absence of monocyte chemoattractant protein 1 in mice leads to decreased local macrophage recruitment and antigen-specific T helper cell type 1 immune response in experimental autoimmune encephalomyelitis[END_REF]. Interestingly, depending on the context, astrocytes can have deleterious or beneficial effects on the neuroinflammatory phenotype. For example, upon axotomy of motor neurons, STAT3mediated expression of thrombospondin 1 (TSP1) in astrocytes reduces axon degeneration and promotes synapse maintenance [START_REF] Tyzack | Astrocyte response to motor neuron injury promotes structural synaptic plasticity via STAT3-regulated TSP-1 expression[END_REF]. Reactivity induced by ciliary neurotrophic factor (CNTF) gene delivery in astrocytes of the rat striatum leads to enhanced uptake of glutamate which protects neurons against excitotoxicity [START_REF] Escartin | Ciliary neurotrophic factor activates astrocytes, redistributes their glutamate transporters GLAST and GLT-1 to raft microdomains, and improves glutamate handling in vivo[END_REF]. On the other hand, the JAK-STAT3 pathway activation in astrocytes also upregulates many genes leading to impairments in synaptic transmission and plasticity in the hippocampus of AD mice, and altering this pathway leads to cognitive improvement in these mice [START_REF] Ceyzériat | Modulation of astrocyte reactivity improves functional deficits in mouse models of Alzheimer's disease[END_REF] (Figure 11).

Overall, a number of pathways mediated by interaction between astrocytes and their cell partners at the perivascular interface contribute to processes underlying neuroinflammation.

Astrocytes seem to play an ambivalent role in neuroinflammation, and new studies are starting to sharpen our understanding of the molecular pathways underlying these unique immune properties of astrocytes.

Energy metabolism

The brain is the most energy-consuming organ of the body due to the necessity to constantly modulate and reverse ion concentrations that underlie synaptic and action potentials.

To ensure that neurons receive the energy supply necessary to their highly demanding functions, a coupling between blood vessels and neurons is set to provide increased blood flow to regions of higher neuronal activity on a specific spatiotemporal window, a process defined as functional hyperaemia. Glucose is channelled by the blood to the brain where it undergoes either conversion into ATP, to provide a direct source of energy to neurons, or transformation into other energy substrates such as lactate or glutamate, the principal excitatory neurotransmitter of the CNS. Glucose can also be converted into glycogen to be stored in astrocytes and used at later stages [START_REF] Waitt | Emerging roles for glycogen in the CNS[END_REF]. Astrocytes are located at the interface between blood and neurons and can therefore bridge the way for glucose to reach neurons. However, the active role of astrocytes in providing energy supply to neurons is still under debate.

Glucose crosses the BBB through glucose transporter type 1 (GLUT1) in endothelial cells before uptake by astrocytes or neurons through GLUT1 or GLUT3 respectively, where they can be metabolised for direct energy use or stored in astrocytes. Due to their enwrapping structure around blood vessels, researchers hypothesized that astrocytes mediated the transport and supply of glucose to neurons. Early work showed that glutamate release induced glycolysis in astrocytes, thus leading to lactate production [START_REF] Pellerin | Glutamate uptake into astrocytes stimulates aerobic glycolysis: A mechanism coupling neuronal activity to glucose utilization[END_REF]. It was therefore hypothesized that uptake of glutamate by astrocytes upon neuronal activity induced glycolysis in astrocytes. The resulting lactate obtained from conversion of pyruvate by lactate dehydrogenase (LDH) would be exported into neurons through monocarboxylate transporters (MCTs), converted back to pyruvate by neuronal LDH and used for oxidative phosphorylation in mitochondria to produce ATP to support activity. This concept was termed the astrocyte-toneuron lactate shuttle (ANLS). However, this model is still under debate. Indeed, in vitro experiments have shown that neurons could uptake glucose directly from the extracellular medium [START_REF] Bak | Glucose is necessary to maintain neurotransmitter homeostasis during synaptic activity in cultured glutamatergic neurons[END_REF]. Furthermore, using a fluorescent analog of glucose, it was shown that direct uptake in neurons was more significant than uptake by astrocytes in vivo [START_REF] Patel | Direct evidence for activity-dependent glucose phosphorylation in neurons with implications for the astrocyte-toneuron lactate shuttle[END_REF]. Whether astroglial lactate supply to neurons is essential to neuronal functions has therefore yet to be demonstrated conclusively. Astrocytes and neurons express different isoforms of MCTs (MCT1 and MCT4 in astrocytes, MCT2 in neurons) and LDHs (LDH5 in astrocytes, LDH1 in neurons), which exhibit different kinetic properties. Researchers hypothesized that these differences influenced the direction of the lactate shuttle from astrocytes to neurons but this is still under investigation.

Interestingly, another study demonstrated that the lactate shuttle between astrocyte and neurons was necessary for long-term memory formation, but not for induction of short-term memory nor long-term potentiation. Impairment in the expression of astrocytic MCTs led to amnesia, and this phenotype was rescued by administration of L-lactate. However, MCT deletion specifically in neurons also led to amnesia but could not be rescued by L-lactate nor glucose.

This implies that lactate entry in neurons was necessary for memory, and that the source of lactate originated from astrocytes [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF] (Figure 12). This study suggested that the mechanisms underpinning early stages of memory onset can be fuelled in an astrocyteindependent manner, but astroglial lactate production seemed necessary to maintain neuronal activity supporting long-term memory. Overall, these data suggest a certain role for astrocytes in the regulation of blood flow, while its involvement in the metabolic support of neurons through lactate shuttle remains more controversial. It is clear that astrocytes play a role in brain energetics through the uptake and recycling of 90% of glutamate, which would otherwise be sent away in the blood. If this glutamate was not recycled, it would require double the amount of glucose to generate it de novo [START_REF] Sibson | Stoichiometric coupling of brain glucose metabolism and glutamatergic neuronal activity[END_REF]. Concerning the astrocyte-to-neuron lactate shuttle, however, evidence suggests that it is not the primary source of energy for neurons to sustain basal functions in the brain. However, this mechanism might be essential in cases of increased and prolonged glutamatergic activity such as long-term memory formation. Other evidence, however, point to another possible role of lactate as a gliotransmitter, which would bind to membrane receptors at the synaptic surface and thereby modulate mechanisms of synaptic plasticity (Bozzo et al., 2013;reviewed in detail in Magistretti and Allaman, 2018).

Identification of the molecular pathways through which lactate may exert this function are, however, still at an early stage.

The perineuronal interface

Interactions between astrocytes and neurons have long been studied. Since synapses are considered to be the principal site of information transmission and plasticity, most studies have focused on the intricate relationship between synapses and the perisynaptic astrocytic processes (PAPs) that surround them, what we call today the tripartite synapse. However, astrocytes interact with neurons at other sites, sometimes contacting the cell body, and often making connections with the axons at nodes of Ranvier. Nodes of Ranvier are small uncovered sites of the axon in between myelin sheaths, which are highly enriched in voltage-gated sodium channels and thereby ensure the propagation of the action potential along the axon.

The perinodal interface

Neurons display a highly complex morphology, with, on one side, dendrites that receive inputs from other neurons via connections called synapses, and, on the other side, an axon through which they can relay information to other neurons via an all-or-none electrical signal called "action potential". Axons can reach a length of up to one meter in motor neurons; it is therefore crucial for action potentials to travel fast to reach their target. Myelin is a lipid-rich sheath composed of stacks of plasma membranes wrapped around the axon. Each myelin sheath is smaller than the length of the axon: several subsequent sheaths are therefore required to cover the entire length of the axon.

Myelin insulates axons and thereby drastically increases conduction velocity. The thicker the myelin sheath is, the faster the conduction velocity. Myelin is produced by multipolar glial cells called oligodendrocytes. Between each sheath are electrogenic gaps of about 1 μm called nodes of Ranvier, where a high density of voltage-gated sodium channels ensures propagation of the action potential along the axon (Figure 13).

Early electron microscopic studies demonstrated the presence of contacts between astrocyte processes and nodes of Ranvier in the feline spinal cord [START_REF] Hildebrand | Ultrastructural and light-microscopic studies of the developing feline spinal cord white matter. I. The nodes of Ranvier[END_REF] as well as in the rabbit corpus callosum [START_REF] Waxman | Ultrastructure of visual callosal axons in the rabbit[END_REF]. A study in the rat optic nerve showed that cell adhesion molecules and extracellular matrix proteins such as cytotactin were highly enriched at the perinodal interface of astrocytes to contribute to the stabilization of this connection [START_REF] Black | The perinodal astrocyte[END_REF]. This suggests that, akin to the perivascular and perisynaptic interface, a specific molecular repertoire might be set at the periaxonal interface of astrocytes. Moreover, by filling the astrocytes with horseradish peroxidase in the intact optical nerve, the three-dimensional structure of astrocyte-axon interactions was assessed [START_REF] Butt | Astrocyte associations with nodes of Ranvier: ultrastructural analysis of HRP-filled astrocytes in the mouse optic nerve[END_REF]. They discovered that a single process could almost completely envelop the node, while in some places, multiple processes from different astrocytes could be found at the same node, and sometimes astrocytes even made direct contact with the neuron cell body. Overall, 95% of nodes are contacted by astrocytes, and some even share this space with processes from oligodendrocyte progenitor cells (OPCs) [START_REF] Serwanski | Heterogeneity of astrocyte and NG2 cell insertion at the node of ranvier[END_REF]. Calcium imaging on excised optic nerves showed that non-synaptic signalling in axons induced astrocyte calcium increase [START_REF] Kriegler | Calcium signaling of glial cells along mammalian axons[END_REF], suggesting a crosstalk between axons and astrocytes at nodes of Ranvier.

Figure 13. Perinodal astrocyte. Neuron (blue), oligodendrocyte (yellow), astrocyte (green). Voltagegated sodium channels are clustered at nodes of Ranvier (pink). Little is known about the exact protein composition of perinodal astrocyte processes, but Aquaporin 4 (Aqp4) is enriched at this interface, and mGluR activation is believed to induce BDNF signalling to promote myelin protein production.

Astrocytic functions at this interface are poorly understood. However, some studies have proposed a role for astrocytes in myelination. A first study showed that, in a model of demyelination, astrocyte activation via metabotropic glutamate receptors (mGluRs) induces an increase in production of brain-derived neurotrophic factor (BDNF) that resulted in an increase in myelin proteins, suggesting a potential role of astrocytes in promoting myelination (Figure 13) [START_REF] Fulmer | Astrocyte-Derived BDNF supports myelin protein synthesis after cuprizone-induced demyelination[END_REF]. Another study using a model of axonal injury suggests that astrocyte swelling, mediated by Aqp4, which is enriched in perinodal processes, could help postpone axonal degradation by maintaining potassium homeostasis [START_REF] Volman | Perinodal glial swelling mitigates axonal degradation in a model of axonal injury[END_REF]. Finally, a more recent study showed that nodal gap length and myelin thickness around axons was regulated by astrocytes through exocytosis of thrombin protease factors. Thrombin promotes the degradation of a cell adhesion protein responsible for attachment of the myelin sheath to the axon, therefore inducing demyelination. They showed that animals with a 50% reduction of exocytosis in astrocytes exhibited thinner myelin sheaths, increased nodal gap length and significant diffusion of voltage-activated sodium channels. This lead to an impairment in conduction velocity in the mouse optic nerve and loss of visual acuity [START_REF] Dutta | Regulation of myelin structure and conduction velocity by perinodal astrocytes[END_REF].

Overall, little research has investigated the role of astrocytes at the perinodal interface, but the few published studies suggest a crucial role of astrocytes in potassium buffering, sodium channel density regulation and structural rearrangement of the nodal gap as well as myelin regulation. Furthermore, interactions between astrocytes and oligodendrocytes through gapjunctions have also been reported [START_REF] Fasciani | Directional coupling of oligodendrocyte connexin-47 and astrocyte connexin-43 gap junctions[END_REF], adding a layer of complexity in the multicellular interactions of this interface. Considering the unusual role that astrocytes might play at this location, a unique repertoire of molecules must be necessary to maintain these functions, and has yet to be described.

The perisynaptic interface: the tripartite synapse

The last and most studied interaction between astrocytes and neurons occurs at the synapse. Synapses were long thought to be the stage of communication between two neurons exclusively. The general view consisted of a presynaptic terminal from one neuron releasing neurotransmitter vesicles into the synaptic cleft in response to an action potential, which results in neurotransmitter binding to the post-synaptic terminal of another neuron. Binding of the neurotransmitter opens ion channels, enabling the signal to propagate onwards and potentially providing feedback through release of factors to modulate the activity of the presynaptic bouton.

However, the presence of astroglial processes at the interface between pre-and postsynaptic terminals in many regions of the brain raised some questions about the involvement of these astrocytic compartments in synaptic function. In 1999, Araque et al.. put forward the concept of "tripartite synapse", where astrocytes, instead of being passive elements, were actively involved in synaptic communication, detaining the ability to control synaptic microenvironment and even to modulate synaptic plasticity.

Morphology and molecular identity of PAPs

Astrocytes do not contact the same proportion of synapses in different regions of the brain. For example, in the cerebellum, Bergmann glia contact more than 90% of synapses [START_REF] Grosche | Bergmann glial cells form distinct morphological structures to interact with cerebellar neurons[END_REF], while in the CA1 of the hippocampus, electron microscopy revealed that they cover about 60% of synapses, and this number can vary within the same region depending on the size of the synapse [START_REF] Witcher | Plasticity of Perisynaptic Astroglia During Synaptogenesis in the Mature Rat Hippocampus[END_REF]. PAPs vary greatly in size within the CA1 region: electron microscopic studies show that they can occasionally be as big as 1 µm in diameter, but most frequently less than 100 nm [START_REF] Reichenbach | Morphology and dynamics of perisynaptic glia[END_REF]. On average, PAPs represent 70-80% of the astrocyte cell membrane [START_REF] Wolff | Quantitative aspects of astroglia[END_REF].

Considering their small size, PAPs have not been reported to contain endoplasmic reticulum or Golgi apparatus. However, they have been shown to contain mitochondria in large quantity, although they tend to be smaller than in larger processes and display a more spherical shape [START_REF] Derouiche | Fine Astrocyte Processes Contain Very Small Mitochondria: Glial Oxidative Capability May Fuel Transmitter Metabolism[END_REF]. Moreover, mitochondria tend to be much more static in astrocytes than in neurons. Particularly, neuronal activity induced immobilization of astrocytic mitochondria proximal to GLT-1 in perisynaptic processes [START_REF] Jackson | Neuronal activity and glutamate uptake decrease mitochondrial mobility in astrocytes and position mitochondria near glutamate transporters[END_REF]. The presence of mitochondria in PAPs underlines the high energetic demand of PAP functions, both in terms of fast cytoskeleton remodelling and uptake of neurotransmitters.

Since PAPs make up the majority of the astrocyte's surface, it would seem logical that most of the cell's functions rely on those peripheral processes. Astrocytic processes are highly mobile and can undergo dynamic changes in morphology driven by extracellular cues. Interestingly, in monocultures, astrocytes display a very regular, non-polarized shape. However, when grown with neurons, astrocytes develop a much more ramified morphology, making direct contacts with neighbouring neurons (Figure 14). A study on hippocampal brain slices using time-lapse confocal imaging showed that astrocytes engage in fast remodelling of their PAPs at dendritic spines [START_REF] Haber | Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses[END_REF], and astrocyte motility tends to be faster and more dynamic than neuronal remodelling of spines, likely underlying divergent molecular mechanisms for cytoskeleton reorganization. Importantly, this specific astroglial ensheathing of synapses is crucial to maintain proper synaptic transmission.

Electron microscopy studies showed that PAPs tend to englobe a larger portion of the postsynaptic bouton than the presynaptic terminal, making glutamate spillover from the synaptic cleft 2 to 4 times more likely to activate presynaptic receptors than postsynaptic ones in the in hippocampal stratum radiatum and cerebellar parallel fiber synapses [START_REF] Lehre | Asymmetry of glia near central synapses favors presynaptically directed glutamate escape[END_REF]. This would allow for rapid feedback while maintaining synaptic transmission at the postsynaptic bouton (Figure 15A). However, this coverage is highly variable across regions and type of synapses, as opposite findings were reported around assymetric synapses of the dentate gyrus [START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF]. This protective astroglial sheath prevents spillover from one synapse to trigger activation of the neighboring synapse, but PAPs also express neurotransmitter receptors, allowing for fast signalling and subsequent release of neuroactive factors to modulate the activity of the synapse. PAP integration of synaptic signals from one synapse has also been shown to influence the activity of relatively distant synapses through astrocyte signalling, a process described as lateral astrocytic synaptic regulation (reviewed in [START_REF] Covelo | Lateral regulation of synaptic transmission by astrocytes[END_REF].

Evidence shows that calcium transients can affect the structural plasticity of PAPs [START_REF] Bernardinelli | Activity-dependent structural plasticity of perisynaptic astrocytic domains promotes excitatory synapse stability[END_REF]. Indeed, a transgenic mouse expressing an IP3 buffer specifically in astrocytes presented a decrease in astrocytic calcium signalling which correlated with a reduced synaptic coverage of PAPs in the CA1 region of the hippocampus [START_REF] Tanaka | Astrocytic Ca2+signals are required for the functional integrity of tripartite synapses[END_REF]. This, in turn, resulted in synaptic glutamate spillover, as glutamate transporters in charge of neurotransmitter homeostasis at the PAP membrane of astrocytes were moved further away from the site of release, leading to increased NMDA-receptor activation and consequent impairment in spatial and contextual fear memory (Figure 15B). Another study confirmed this mechanism in acute hippocampal slices [START_REF] Perez-Alvarez | Structural and functional plasticity of astrocyte processes and dendritic spine interactions[END_REF]. They showed that induction of LTP provoked an increase in the motility of PAPs within 5 minutes of stimulation via G-protein-mediated IP3 pathway, which in turn modulated synaptic transmission. In the barrel cortex, a sensory region responding to whisker afferents, whisker stimulation resulted in increased astrocytic coverage of synapses, concomitant with an elevation of expression of glutamate transporters GLT-1 and GLAST in astrocytes [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF]. The molecular mechanisms underlying this reorganization of the PAP structure remain poorly understood, although a few key players have been identified.

A study suggested that the dynamic motility of PAPs was dependent on ezrin [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. Ezrin belongs to the ERM family of proteins, which includes ezrin, radixin and moesin.

These proteins are involved in the crosslinking of actin cytoskeleton to the plasma membrane.

Ezrin and radixin are particularly clustered in distal processes of astrocytes, while the intermediate filament protein GFAP is instead more restricted to the soma and large processes.

Notably, ezrin and radixin can be found in inactive form and become activated upon phosphorylation. It was shown that stimulation of metabotropic glutamate receptors mGluR3 and mGluR5, which are also localised at the perisynaptic interface, induces PAP dynamics in culture through activation of ezrin [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. Ezrin has also been suggested to participate in the anchoring of GLAST in the plasma membrane at perisynaptic sites through an indirect mechanism [START_REF] Sullivan | Cytoskeletal anchoring of GLAST determines susceptibility to brain damage: An identified role for GFAP[END_REF] (Figure 15)

Another key actor in PAP remodelling is the gap-junction protein Cx30. A study showed that transgenic mice lacking this protein displayed an altered morphology of PAPs in the hippocampus [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. In these animals, perisynaptic astrocytic processes invaded the synaptic cleft, resulting in reduced synaptic transmission as synaptic glutamate was directly taken up by astrocytic glutamate transporters before being able to reach postsynaptic terminals (Figure 15C). Cx30 contributes to different functions in the astrocyte. It is involved in gap-junction formation, as previously mentioned in chapter II.3, but it also possesses channel-independent functions. The use of a transgenic mouse line in which only the channel function of Cx30 is impaired showed that mechanisms involved in synapse invasion were independent of channel functions. Moreover, the morphological changes induced by the lack of Cx30 resulted in impaired LTP and contextual fear memory [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. It was also suggested that Cx30 interacts with actin filaments [START_REF] Qu | The role of the cytoskeleton in the formation of gap junctions by Connexin 30[END_REF] and could therefore mediate remodelling through these interactions.

Finally, a last example of protein involved in the structural plasticity of PAPs is the cell adhesion molecule Ephrin-A4 (EphA4), a receptor tyrosine kinase expressed at the spine membrane (Figure 15). Its ligand Ephrin-A3 (EphA3) is highly expressed in PAPs. Binding of these two molecules is necessary for spine stability. Indeed, inhibition of their interaction leads to distorted spine shape and network disorganization in hippocampal slices [START_REF] Murai | Control of hippocampal dendritic spine morphology through ephrin-A3/EphA4 signaling[END_REF].

Lack of EphA4 in neurons or EphA3 in astrocytes generates an increase in glial glutamate transporters which impaired LTP, while overexpression of EphA3 induced a loss of glial glutamate transporters which resulted in swelling of the spines, potentially due to glutamate excitotoxicity [START_REF] Filosa | Neuron-glia communication via EphA4/ephrin-A3 modulates LTP through glial glutamate transport[END_REF]. Overall, a very specific repertoire of enriched proteins orchestrates the maintenance and modulation of neuroglial interactions to ensure the precise tuning of synapses. Notably, this requires fine regulation of protein content, likely involving trafficking and local synthesis.

Combined with morphogenesis, these mechanisms all contribute to the rearrangement of PAP structure, by optimizing the localization and efficacy of glutamate clearance and gliotransmitter release necessary to support synaptic plasticity.

Neurotransmitter and ion clearance

Astrocytes play a crucial part in regulating synaptic homeostasis, through morphological rearrangement with regards to the synapse, as previously stated, but also via an array of neurotransmitter and ion transporters which clear the synaptic cleft and protect neurons from oxidative stress or excitotoxicity. One of the most important functions at the synapse is to remove excess neurotransmitters from the synaptic cleft, particularly glutamate, to avoid excess activation of postsynaptic receptors and prevent neuronal death.

Glutamate is the most widespread excitatory neurotransmitter in the CNS, but its concentration in different compartments varies enormously. Indeed, its extracellular concentration lies below 100 nM [START_REF] Herman | Extracellular glutamate concentration in hippocampal slice[END_REF], but its intracellular concentration is much more important.

As no extracellular enzyme can regulate the metabolism of glutamate, important transport mechanisms must be set to remove excess glutamate from the extracellular space after release from synaptic terminals. Two of the five brain glutamate transporters are highly expressed in astrocytes, the aforementioned GLT-1 and GLAST (Figure 16), while the three other ones are exclusively neuronal. Deletion of GLT-1 in astrocytes by a tamoxifen-inducible GFAP-CreERT2 strategy revealed the importance of this transporter in the regulation of glutamate homeostasis at the synapse [START_REF] Petr | Conditional deletion of the glutamate transporter GLT-1 reveals that astrocytic GLT-1 protects against fatal epilepsy while neuronal GLT-1 contributes significantly to glutamate uptake into synaptosomes[END_REF]. Indeed, it resulted in a loss of about 80% of GLT-1 protein and glutamate uptake activity, which lead to an epileptic phenotype and increased mortality in these mice, while neuronal knockout for this protein only slightly reduced the synaptosomal glutamate uptake capacity without inducing any major phenotypic impairment.

As previously mentioned, the motility of PAPs containing glutamate transporters around the synapse and the precise organization of these transporters in PAP membranes plays a crucial role in facilitating the uptake of neurotransmitters and modulating synaptic transmission [START_REF] Bernardinelli | Activity-dependent structural plasticity of perisynaptic astrocytic domains promotes excitatory synapse stability[END_REF]. Notably, GLT-1 transporters are highly mobile and surface diffusion of these transmembrane proteins has been reported in response to neuronal activity.

Particularly, uncaging glutamate at the synapse induced a displacement of GLT-1 away from the synapse, and blocking the motility of those transporters resulted in decreased synaptic activity in rat hippocampal slices [START_REF] Murphy-Royal | Surface diffusion of astrocytic glutamate transporters shapes synaptic transmission[END_REF]. Astrocytes also retain the ability to recycle glutamate: after uptake from the synapse, it can be converted into glutamine and transported back to neurons via the extracellular space, where it can be converted back to glutamate (Figure 16). This process is much less energy-costly for neurons than to produce glutamate through the Krebs cycle, as neurons do not possess the enzyme, pyruvate carboxylase, necessary to produce it from glucose [START_REF] Shank | Pyruvate carboxylase: an astrocytespecific enzyme implicated in the replenishment of amino acid neurotransmitter pools[END_REF]. This glutamineglutamate shuttle is essential to maintain a releasable pool of neuronal glutamate and sustain neurotransmission at those synapses. Importantly, it is triggered by activity-induced glutamate release from neurons [START_REF] Uwechue | Activation of glutamate transport evokes rapid glutamine release from perisynaptic astrocytes[END_REF].

Thus, astrocytes play a vital role in maintaining glutamate homeostasis within the synaptic microenvironment via glutamate transporter uptake, recycling into glutamine and subsequent release of glutamine into the extracellular space to replenish the stock of glutamate available for release in neurons.

Astrocytes are also essential to maintain the extracellular concentrations of a number of ions. Notably, they are crucial for potassium homeostasis (Figure 16). Potassium is released from neurons upon action potential firing, and accumulates in the extracellular space. Under basal conditions, a sodium/potassium ATPase pump uptakes potassium back into neurons, in order to avoid hyperexcitability, which can result in seizures. However, upon increased activity, the kinetics of this pump are too slow to keep up with the amount of potassium released and astrocyte intervention is crucial. Astroglial potassium uptake is achieved through a number of channels, including the inward-rectifying potassium channel kir4.1. Mice lacking this channel specifically in astrocytes die prematurely due to stress-induced seizures. In these mice, astrocytes display an altered morphology and high-frequency stimulation on hippocampal slices results in hyperexcitability, highlighting the essential role for astrocytic potassium buffering at the synapse [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]. Moreover, astroglial currents, in part due to potassium entry via kir4.1, have been shown to down-regulate short-term potentiation (STP) in the hippocampus, suggesting for a role of spatial buffering of potassium in synaptic plasticity [START_REF] Sibille | Astroglial potassium clearance contributes to short-term plasticity of synaptically evoked currents at the tripartite synapse[END_REF]. Potassium ions accumulated in astrocytes can then be redistributed across the astrocytic syncytium to areas where it is most needed. Astrocytes are also responsible for the homeostasis of other ions to prevent oxidative stress in neurons. For instance, neurons require iron ions to restore their pool of iron-sulphur clusters necessary for energy metabolism, but also for neurotransmitter synthesis. Iron has also been implicated as a contributor of LTP. As a matter of fact, iron chelation in hippocampal slices leads to decreased synaptic transmission and impairs sustained LTP induced by strong stimulation [START_REF] Muñoz | Iron mediates N-Methyl-D-aspartate receptor-dependent stimulation of calcium-induced pathways and hippocampal synaptic plasticity[END_REF]. Unfortunately, as the ferrous ions (Fe 2+ ) enter neurons, they can undergo the Fenton reaction and create highly toxic free radicals [START_REF] Halliwell | Oxidative stress and neurodegeneration: Where are we now?[END_REF].

Therefore, upon high extracellular iron concentration, concomitant entry of iron through calcium-permeable channels can result in iron-dependent oxidative death, also called ferroptosis. Astrocytes detain the ability to buffer iron at the synapse to preserve the integrity of synaptic environment. Indeed, astrocytes are far more resistant to reactive oxygen species (ROS) than their neuronal counterpart [START_REF] Pelizzoni | Iron handling in hippocampal neurons: Activity-dependent iron entry and mitochondria-mediated neurotoxicity[END_REF]. They possess high levels of ferritins, proteins that can form a complex to encapsulate iron ions and keep them in an inactive state to prevent the formation of ROS (Figure 16) [START_REF] Dringen | The pivotal role of astrocytes in the metabolism of iron in the brain[END_REF]. Particularly, under inflammatory conditions such as in models of multiple sclerosis (EAE) , or when cultured in a medium with proinflammatory cytokines, astrocytes become reactive and induce a much higher protection against oxidative stress [START_REF] Macco | Astrocytes acquire resistance to iron-dependent oxidative stress upon proinflammatory activation[END_REF][START_REF] Zarruk | Expression of iron homeostasis proteins in the spinal cord in experimental autoimmune encephalomyelitis and their implications for iron accumulation[END_REF].

To conclude, astrocytes intervene in a multitude of homeostatic functions to ensure neuronal survival and the integrity of synaptic signalling. Particularly, they prevent the formation of ROS, perform spatial buffering of potassium ions to prevent excitotoxicity and express glutamate transporters in a highly plastic manner to mediate glutamate clearance and recycling (Figure 16). Impairment in these mechanisms can be highly detrimental, resulting in neuronal death, impairment in neurotransmission and epileptic phenotypes.

Gliotransmission

To support synaptic plasticity, astrocytes release factors which will interact with receptors at neuronal membranes and modulate the transmitted signal. These neuroactive factors are called "gliotransmitters" and, as of today, the list is long and keeps expanding. This chapter will only provide a few examples, describing the mechanisms to which they participate.

For more comprehensive reviews, please refer to [START_REF] Santello | Astrocyte function from information processing to cognition and cognitive impairment[END_REF].

One of the most controversial gliotransmitters is D-serine. D-serine is a co-agonist of NMDA receptors and its release from astrocytes is believed to be crucial for induction of LTP (Figure 17), as evidenced by studies clamping astrocytic calcium to prevent D-serine release and resulting in abolition of LTP, which was rescued by exogenous application of D-serine [START_REF] Henneberger | Long-term potentiation depends on release of d-serine from astrocytes[END_REF]. D-serine facilitates the activation of NMDA receptors and thereby activates the downstream signalling pathway required for LTP. Since neurons also produce Dserine and could therefore be the only mediators of this plasticity, the specific role of astrocytes in these mechanisms is still controversial, as is the general concept of gliotransmission (for detailed reviews on this debate, please refer to Fiacco andMcCarthy, 2018 vs. Savtchouk and[START_REF] Savtchouk | Gliotransmission: Beyond black-and-white[END_REF].

Evidence also put forward a potential mechanism of astrocytic release of glutamate in the synaptic cleft to directly affect presynaptic inhibition of inhibitory neurons in the hippocampus (Figure 17) [START_REF] Liu | Astrocyte activation of presynaptic metabotropic glutamatereceptors modulates hippocampal inhibitory synaptictransmission[END_REF]. Immunogold staining combined with electron microscopy showed the presence of both glutamate and D-serine in microvesicles located in PAPs [START_REF] Bergersen | Immunogold detection of L-glutamate and D-serine in small synaptic-like microvesicles in adult hippocampal astrocytes[END_REF]. Another study showed that local application of glutamate in hippocampal slices induced the fusion of large astrocytic vesicles containing glutamate at the PAP membrane [START_REF] Xu | Glutamate-induced exocytosis of glutamate from astrocytes[END_REF]. Numerous studies have thus demonstrated that astrocytes can release glutamate to modulate synaptic activity. However, the strong density of glutamate transporters GLT-1 and GLAST at PAP membranes could provide a direct competition with release of glutamate from PAPs, as their affinity to glutamate is similar to the ones of NMDA receptors and mGluRs present at synaptic membranes, suggesting the released neurotransmitter could directly be uptaken by the cell it originated from. Mechanisms for tight temporal control of release and uptake events and spatial distribution of transporters are therefore needed to palliate this discrepancy. EM studies at perforant path-granule cell excitatory synapses of the mouse hippocampus have highlighted the presence of GLUN3a-containing NMDARs at distal location from the synaptic cleft on the presynaptic terminal, facing the astroglial membrane of the PAP. These NMDARs were shown to display a high affinity to glutamate and, thanks to their unusual GLUN3a subunit, unique properties enabling their activation without prior depolarization [START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF][START_REF] Savtchouk | Circuit-specific control of the medial entorhinal inputs to the dentate gyrus by atypical presynaptic NMDARs activated by astrocytes[END_REF].

The aforementioned energy metabolite L-lactate (see chapter III.1.3 on energy metabolism) also acts as a gliotransmitter upon high energetic demands, as it gets shuttled from astrocytes to neurons via MCTs (Figure 17). It has also been shown to play a role in long-term memory formation, but not short-term memory, suggesting it comes to play over long periods of activity upon which neurons cannot sustain their energy supply anymore [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF]. As previously stated, however, lactate has also been shown to bind to receptors at the neuronal membrane, suggesting it may modulate synaptic activity independently of its metabolic function (Bozzo et al., 2013;reviewed in Magistretti and Allaman, 2018).

Cytokines like TNFα can also be released from PAPs at basal levels. Early evidence showed that it contributed to insertion of AMPA-receptor subunits at the membrane (Figure 17), therefore increasing synaptic activity in cultured neurons [START_REF] Beattie | Control of synaptic strength by glial TNFα[END_REF]. Interestingly, transgenic mice lacking TNFα do not display impaired LTP nor LTD. However, they lack homeostatic scaling, a process consisting in the simultaneous adjustment of synaptic strengths for all synapses of a cell upon sustained changes in network activity [START_REF] Stellwagen | Synaptic scaling mediated by glial TNF-α[END_REF]. This mechanism is required for neural networks to perform properly. In wild-type animals, astroglial P2Y1 receptor activation induces calcium elevations in astrocytes. This in turn leads to a release of glutamate and activation of presynaptic NMDARs. However, in TNF-Knockout mice, calcium increase are still observed but the glutamate release from astrocyte is impaired and therefore fails to modulate synaptic transmission [START_REF] Santello | TNFα Controls Glutamatergic Gliotransmission in the Hippocampal Dentate Gyrus[END_REF]. Reducing glutamate uptake from astrocytes, however, rescues this phenotype, suggesting TNFα contributes to the tight control of the glutamatergic astroglial system in the mouse dentate gyrus.

Finally, other astrocytic molecules also play a role in synaptic transmission. Notably, secretion of the extracellular matrix protein SPARC from astrocytes is triggered by neuronal activity, and experiments on SPARC-Knockout mice suggest that this protein regulates the accumulation of surface AMPA-receptors at synapses [START_REF] Jones | Astrocytes control glutamate receptor levels at developing synapses through SPARC -β-integrin interactions[END_REF]. However, these experiments need to be assessed with caution as the causal effect of DREADD activation on synaptic transmission via calcium signalling in astrocytes cannot be directly confirmed. Furthermore, it is important to note that DREADD temporal dynamics are very slow, requiring 10 minutes for activation and lasting up to several hours, which questions its physiological mimetics [START_REF] Yu | Improved tools to study astrocytes[END_REF]. The rapid development of new tools to study astrocytic involvement in synaptic plasticity and behaviour will hopefully give us a better understanding of those mechanisms in the near future.

Lipid regulation

We have now established that astrocytes secrete factors that modulate pre-and postsynaptic functions. Interestingly, the lipid compositions of the pre-and post-synaptic membranes determines their capability for exocytosis and endocytosis, thus greatly affecting neurotransmission. Little is known about the regulation of lipid layer composition in synaptic and astrocytic membranes. However, recent research points towards a role for astrocytes in regulating the lipid composition of synaptic membranes.

The lipid configuration of astrocyte and neuronal membranes have been demonstrated

to affect neurotransmission [START_REF] Puchkov | Greasing the synaptic vesicle cycle by membrane lipids[END_REF]. Fatty acids obtained from the food can cross the BBB and be taken up by neurons and astrocytes via fatty acid transporters.

Recently, the fatty acid binding protein 7 (FABP7), which is predominantly expressed in astrocytes, has been shown to play a role in dendritic complexity, as transgenic mice lacking this gene displayed alterations in spine morphology and functions as well as cognitive deficits [START_REF] Ebrahimi | Astrocyte-expressed FABP7 regulates dendritic morphology and excitatory synaptic function of cortical neurons[END_REF]. Moreover, neurons cannot store energy as well as astrocytes do: they do not possess a significant pool of lipid droplets nor undergo glycolysis, hence relying on astrocytes for metabolic support (see chapter III.1.2 on energy metabolism for more details).

Indeed, periods of high electrical stimulation cause an increase in the level of ROS in neurons, leading to high levels of peroxidated fatty acids, which are extremely harmful to neurons. On the other hand, astrocytes can store energy in the form of lipid droplets and are much more resistant to oxidative stress. Therefore, they serve as buffer cells to protect neurons from ROS.

Astrocytes secrete lipoprotein such as Apolipoprotein E (ApoE). A recent study showed that, upon neuronal hyperactivity, neurons release excess peroxidated fatty acids in lipid particles associated with ApoE, which are uptaken by neighboring astrocytes where they can be processed by mitochondrial oxidation [START_REF] Ioannou | Neuron-Astrocyte Metabolic Coupling Protects against Activity-Induced Fatty Acid Toxicity[END_REF], suggesting for a directional shuttle of peroxidated fatty acids from vulnerable neurons to protective glial cells.

The most studied lipid molecule, produced both in neurons and astrocytes, is cholesterol. It plays important roles at the synaptic membrane, contributing to endo-and exocytosis, and the formation of lipid rafts, which are cell membrane domains implicated in the distribution of receptors and signalling molecules across the membrane. The synthesis of cholesterol in astrocytes is dependent on a protein called sterol regulatory element binding protein (SREBP) [START_REF] Camargo | High-fat diet ameliorates neurological deficits caused by defective astrocyte lipid metabolism[END_REF]. Mice with a deleted gene coding for a protein in the SREBP pathway specifically in astrocytes had reduced secretion of cholesterol from astrocytes, and displayed a reduced number of synaptic vesicles suggesting an impairment of the presynaptic terminal. This resulted in impaired LTP in these mice [START_REF] Van Deijk | Astrocyte lipid metabolism is critical for synapse development and function in vivo[END_REF].

Overall, this suggests that astrocytic regulation of lipid composition at synaptic membranes is essential to ensure vesicle fusion and proper synaptic transmission.

Synapse elimination

Finally, astrocytes have also been reported to actively eliminate synapses, in a complementary way to microglia, the macrophages of the brain. Particularly, phagocytic activity of astrocytes has been observed in the optic nerve where they can internalize large portions of axons and neuronal organelles [START_REF] Nguyen | Myelination transition zone astrocytes are constitutively phagocytic and have synuclein dependent reactivity in glaucoma[END_REF]. A more recent study confirmed these results as they observed that a large number of neuronal mitochondria was phagocytosed by astrocytes in the optic nerve head [START_REF] Davis | Transcellular degradation of axonal mitochondria[END_REF]. These data suggest a role for astrocytes in the clearance of debris and damaged organelles within the optic nerve. Moreover, in vitro and in vivo assays in the mouse somatosensory cortex also demonstrated that astrocytes can engulf debris and refine synapses during adulthood via MEGF10 and MERTK phagocytic pathways [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. Since most studies have been performed in visual pathways, little is known about the phagocytic activity of astrocytes in other regions of the healthy brain.

However, some evidence suggests that in pathological conditions such as Alzheimer's disease, reactive astrocytes trigger phagocytic mechanisms and engulf dystrophic pre-synapses near amyloid plaques in the hippocampus [START_REF] Gomez-Arboledas | Phagocytic clearance of presynaptic dystrophies by reactive astrocytes in Alzheimer's disease[END_REF]. Another study demonstrated that astrocytes contain myelin debris in human tissue of patients with multiple sclerosis, suggesting another role for astrocytic phagocytosis in pathology [START_REF] Ponath | Myelin phagocytosis by astrocytes after myelin damage promotes lesion pathology[END_REF].

mRNA localization and local translation 1. A conserved mechanism

Gene information requires two consequent steps to be manufactured into a protein, which then needs to undergo posttranslational changes in order to be incorporated at a specific The first evidence for RNA localization stemmed from a study in the 1980s, which showed that actin mRNA was differentially distributed within different regions of the ascidian egg, with a majority of these transcripts found in the myoplasm. During embryogenesis, actin mRNA was then preferentially distributed to mesodermal cell lineages [START_REF] Jeffery | Localization of actin messenger RNA during early ascidian development[END_REF]. Further work also demonstrated that cytoskeletal transcripts are differentially distributed in migratory fibroblasts, with β-actin transcripts found at the leading edge of the cell, while vimentin mRNAs tend to stay close to the nucleus (Figure 18A) [START_REF] Lawrence | Intracellular localization of messenger RNAs for cytoskeletal proteins[END_REF]. A more recent study also identified actin mRNA enrichment at focal adhesion points of fibroblasts, suggesting transcript localization plays a role in the motility of cells via making strong connections between actin filaments and adhesions [START_REF] Katz | β-actin mRNA compartmentalization enhances focal adhesion stability and directs cell migration[END_REF]. This mechanism can be found in other types of cells, such as epithelial cells, in which both β-actin and E-cadherin mRNAs localize at adherens junctions, while ZO-1 transcripts are more enriched at the apical surface of these cells near tight junctions (Figure 18B) [START_REF] Kentaro | CPEB mediated ZO-1 mRNA Localization is Required for Epithelial Tight Junction Assembly and Cell Polarity Kentaro[END_REF]. Interestingly, intracellular polarization of specific mRNAs to the apical or basal part of the mouse intestinal epithelium was also observed (Figure 18D). Particularly, transcripts coding for ribosomal proteins were more translated at the basal side, and refeeding fasted mice induced a shift of those transcripts towards the apical side, linked with a consequent increase in translation rates, suggesting local translation and RNA polarization are plastic and respond to extracellular cues [START_REF] Moor | Global mRNA polarization regulates translation efficiency in the intestinal epithelium[END_REF]. RNA localization and local translation are particularly important for cells with complex morphologies. The best and most studied example is neurons, which can send axons up to one meter away from their cell bodies (Figure 18C). It was observed in Aplysia, at activated synapses, where it contributes to long-term facilitation [START_REF] Si | A Neuronal Isoform of CPEB Regulates Local Protein Synthesis and Stabilizes Synapse-Specific Long-Term Facilitation in Aplysia[END_REF]. In Drosophila, ribosomes can be observed in axons [START_REF] Singh | Visualisation of ribosomes in Drosophila axons using Ribo-BiFC[END_REF], and RNA isoforms with long 3' untranslated region (UTR), such as the one for Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), are preferentially localized in synapses, where they regulate synaptic plasticity [START_REF] Kuklin | The long 3′UTR mRNA of CaMKII is essential for translation-dependent plasticity of spontaneous release in Drosophila melanogaster[END_REF]. Local protein translation and incorporation in the membrane was also assessed in dissected squid giant axon via in vitro application of a transcript coding for an ion channel, which functionality was tested via electrophysiological recordings [START_REF] Mathur | Demonstration of ion channel synthesis by isolated squid giant axon provides functional evidence for localized axonal membrane protein translation[END_REF]. Overall, the diversity of animal models studied shows that local translation is an evolutionarily conserved mechanism used for energy-saving compartmentalization of needed sequences at sites of action in order to respond to environmental cues in a timely manner. In the mouse, over the past thirty years, numerous studies have been performed, highlighting the localization of different RNAs in dendrites, axons and growth cones of neurons, and the complexity of local translation regulation.

In neurons

Neurons are highly polarized cells, composed of a cell body, which contains the nucleus of the cell, a single axon that projects towards target neurons, and, for the great part, an arborized set of dendrites. Of note, however, some neurons display a single dendrite, such as bipolar cells in the retina. In the hippocampus, the axon and dendrites of a neuron make up to 99% of its cytoplasm, and the average dendritic length of a pyramidal neuron in the CA1 region of the rat hippocampus is 13.5 mm [START_REF] Ishizuka | A quantitative analysis of the dendritic organization of pyramidal cells in the rat hippocampus[END_REF]. Neurons are composed at 75% of dendrites, where they form several thousand synaptic contacts with neighbouring neurons.

Considering the structure of neurons, intrinsic compartmentalization of proteins is required to ensure information processing. Presynaptic boutons contain neurotransmitter vesicles, scaffolding proteins, regulatory molecules and organelles that, together, orchestrate the release of neurotransmitters in the synaptic cleft. Synapses thus contain up to 3000 specialized proteins [START_REF] Pielot | Synprot: A database for proteins of detergent-resistant synaptic protein preparations[END_REF] responsible for maintaining the integrity and functions of these highly specialized compartments. Each of these proteins can be found at varying copy numbers, from 80 to 26,000 in cultured rat hippocampal neurons. The copy number of several synaptic proteins has been identified, varying greatly depending on the protein type. For example, 8,200 copies were found for vesicular transporter protein VGlut1; 1,500 for scaffolding protein PSD95 and around 80 copies for glutamate receptors [START_REF] Richter | Comparative synaptosome imaging: a semi-quantitative method to obtain copy numbers for synaptic and neuronal proteins[END_REF]. Two independently published studies identified the half-lives of a few thousand proteins, both in vitro and in vivo, in rat hippocampal neurons and mouse cortices. They showed that, overall, the pool of synaptic proteins displayed shorter half-lives than their somatic counterparts in vitro, with an average of 5 days [START_REF] Dörrbaum | Local and global influences on protein turnover in neurons and glia[END_REF]. Interestingly, synaptic proteins found at low copy number, such as glutamate receptors, displayed an exceptionally long half-life of about 20 days. In mouse synaptosomes in vivo, however, most proteins tended to be more stable when present in synapses than that same protein in the rest of the neuron, at the exception of proteins known to be involved in synaptic plasticity [START_REF] Fornasiero | Precisely measured protein lifetimes in the mouse brain reveal differences across tissues and subcellular fractions[END_REF]. Hence, experience-dependent changes in neuronal connectivity seem to require a high protein turnover, and, considering the differences in half-lives between in vitro and in vivo studies, protein turnover might display different kinetics depending on experimental conditions.

Changes in protein content upon neuronal activity occur in a matter of minutes at synapses.

However, for proteins to be transported from the cell body to their site of action, considering the transport time measured in axons is around 1 µm per second in cultured hippocampal neurons [START_REF] Kaether | Axonal membrane proteins are transported in distinct carriers: A two-color video microscopy study in cultured hippocampal neurons[END_REF], it would take 3 hours and 45 minutes for a protein to reach the tip of the aforementioned rat hippocampal neuron's dendritic tree (13.5 mm). This timeframe seems much too slow to sustain local changes in synaptic strength, considering the added time for anterograde signalling to reach the neuron's soma and trigger protein synthesis and transport back to the synapse. Therefore, local mechanisms for on-site protein synthesis are required to sustain specific vital functions of the synapse.

2.1. mRNA localization to distal compartments

2.1.1. Localization
Early experiments using in situ hybridization brought to light the presence of some mRNAs in dendrites [START_REF] Berry | CaM I mRNA is localized to apical dendrites during postnatal development of neurons in the rat brain[END_REF]. Ten years later, the development of microarray studies revealed the presence of 154 different mRNAs in dendrites of hippocampal neurons by dissecting the stratum radiatum of the CA1 region, where dendrites of pyramidal neurons are located. They observed expected transcripts such as Map2 and transcripts for proteins involved in synaptic plasticity, but also more unexpected ones such as transcripts involved in translation machinery [START_REF] Zhong | Dendritic mRNAs encode diversified functionalities in hippocampal pyramidal neurons[END_REF]. In 2012, a whole transcriptome of the rat CA1 neuropil was published by the Schuman team, using high-throughput RNA sequencing [START_REF] Cajigas | The Local Transcriptome in the Synaptic Neuropil Revealed by Deep Sequencing and High-Resolution Imaging[END_REF].

They micro-dissected the CA1 neuropil and pyramidal layer independently and analysed all mRNAs present in each group. They identified over 8,000 mRNAs in the neuropil, and filtered them to remove all glial, vascular and nuclear transcripts. They obtained a refined list of 2,500 mRNAs present in dendrites and axons of the hippocampus. Importantly, the final list of transcripts was mainly neuron-specific as the cellular origin of ubiquitous mRNAs could not be discriminated from other cell types present in this region. Significant variations in the abundance of each transcript was observed using fluorescent in situ hybridization, although most protein families were represented.

Regarding mRNA localization in axons, early evidence suggested the presence of mRNAs in olfactory neurons [START_REF] Mohr | Diversity of mRNAs in the axonal compartment of peptidergic neurons in the rat[END_REF], although electron microscopy studies failed to detect the presence of ribosomes in this compartment, thus casting doubt on the possibility of their translation (Stewart and Levy, 1982), despite early studies demonstrating local translation events in cranial nerve axons (Koenig et al., 1965a;Koenig et al., 1975b). More recently, mRNA localization and translation was highlighted in retinal ganglion cells [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]. Advances in RNASeq techniques, such as the development of Axon-Seq, which combines compartmentalized microfluidic in vitro neuronal cultures with deep sequencing on human and mouse cultured motor neurons, have shown the presence of specific mRNA repertoire in axons from these neurons [START_REF] Nijssen | Axon-Seq Decodes the Motor Axon Transcriptome and Its Modulation in Response to ALS[END_REF]. A more recently published study used a combination of fluorescence-based sorting and biochemical fractionation to purify mouse forebrain VGlut1-positive synapses that were labelled with GFP [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-And postsynaptic compartments[END_REF].

Over 75% of presynaptic terminals contained mRNAs and translation machinery, and about 450 transcripts were enriched in presynaptic terminals compared to the whole synaptosome.

Many of them coded proteins directly involved at the synaptic active zone such as the scaffold protein Bassoon, but also cytoskeletal proteins such as β-actin and signalling proteins such as glutamine synthetase, as well as ribosomal proteins. Revolutionary advances in single-cell

RNASeq have allowed for identification of neuronal subtypes, and combining this technique with microdissection of dendrites or axons could provide new insight into compartmentalized translation [START_REF] Lovatt | Single-neuron isolation for RNA analysis using pipette capture and laser capture microdissection[END_REF].

mRNA targeting sequences and RBPs in neurons

For mRNAs to end up localized at synapses, transport mechanisms must be organized to shuttle mRNAs from the cell body to active sites of translation. RNA-binding proteins (RBPs) play a crucial role in regulating the transport of those transcripts. They bind to specific elements in the mRNA sequence and mediate the link with cytoskeletal proteins for transport or anchoring at a specific location. The transport of mRNAs depends on microtubules, as demonstrated by β-actin mRNA association with microtubules in growth cones [START_REF] Bassell | Sorting of β-actin mRNA and protein to neurites and growth cones in culture[END_REF]. RBP binding sequences are usually found in the 3'UTR of the mRNA, and one gene can give rise to different 3'UTR isoforms through alternative polyadenylation, therefore modulating the ability of an mRNA to bind to an RBP or microRNA. This will in turn determine its spatial localization and translation efficiency. The length of the mRNA's 3'UTR can thus directly affect the localization of its associated protein [START_REF] Berkovits | Alternative 3′ UTRs act as scaffolds to regulate membrane protein localization[END_REF]. Interestingly, neuronal mRNAs display a larger number of isoforms for a same mRNA than in other tissues, suggesting an additional layer of post-transcriptional regulation is required in these highly complex cells [START_REF] Miura | Widespread and extensive lengthening of 39 UTRs in the mammalian brain[END_REF]. Although many motifs have been identified as determinants of localization, no canonical sequence has been found to underlie these addressing properties.

A study analysed the differences in 3'UTR between mRNAs from neuronal cell bodies and the CA1 neuropil and showed that dendritic and axonal isoforms had significantly longer 3'UTRs and longer half-lives than their somatic counterparts. Moreover, they were often related to proteins known to play a role in axonal and synaptic functions [START_REF] Tushev | Alternative 3′ UTRs Modify the Localization, Regulatory Potential, Stability, and Plasticity of mRNAs in Neuronal Compartments[END_REF].

Lengthening the 3'UTR results in an increase in binding partners and further opportunities for complex regulation.

Furthermore, synaptic activity has been reported to alter the structure of 3'UTRs (Figure 19) [START_REF] Fontes | Activity-Dependent Regulation of Alternative Cleavage and Polyadenylation during Hippocampal Long-Term Potentiation[END_REF][START_REF] Tushev | Alternative 3′ UTRs Modify the Localization, Regulatory Potential, Stability, and Plasticity of mRNAs in Neuronal Compartments[END_REF]. Experiments treating hippocampal slices with GABAA receptor antagonist bicuculine, or inducing LTP, both resulted in shortening of 3'UTRs in the soma and neuropil. Blocking transcription resulted in a diminution of these newly observed transcripts, but about 23% of them seemed to be formed independently of transcription, suggesting for local remodelling of 3'UTRs within the neuropil. This global trend of 3'UTR shortening upon neuronal activity raises questions as to how it affects mRNA transport, stability and translation efficiency. Since long 3'UTRs seem to be essential to the binding of RBPs involved in both transport, anchoring and stability of these mRNAs in specific compartments, a remodelling of these untranslated regions could be a way to free these mRNAs from RBP repression and therefore increase their translation efficiency. Therefore, it seems that the fate of an mRNA depends on a crosstalk between the composition of its 3'UTR sequence and RBPs. A number of RBPs have been identified in dendrites and axons of neurons, the most famous probably being Zipcode Binding Protein 1 (ZBP-1). Early findings using a neuroblastoma cell line showed that ZBP-1 associates with βactin mRNA in the nucleus of the cell and blocks its translation initiation to avoid premature translation. The mRNA is then transported to the leading edge of the cell where protein kinase Src phosphorylates ZBP-1, which forces it to release the mRNA, thereby promoting translation [START_REF] Hüttelmaier | Spatial regulation of β-actin translation by Src-dependent phosphorylation of ZBP1[END_REF]. It thus seems ZBP-1 acts both as a localizing agent and a translational repressor for mRNAs. Moreover, it was demonstrated that extracellular cues such as BDNF could induce phosphorylation of ZBP-1 and initiate translation of β-actin in growth cones of cultured neurons, suggesting that the repressor effect of ZBP-1 on local translation is regulated by external cues [START_REF] Sasaki | Phosphorylation of zipcode binding protein 1 is required for brain-derived neurotrophic factor signaling of local β-actin synthesis and growth cone turning[END_REF]. Recently, Shh signalling from neurons during development was demonstrated to induce β-actin translation in growth cones of axons separated from the cell body. The mechanism under this phenomenon was shown to involve local release of ZBP-1 from β-actin mRNAs via phosphorylation in vitro. These results were validated in vivo as disruption of ZBP-1 induced commissural axon guidance impairment in the spinal cord of both mouse and chick [START_REF] Lepelletier | Sonic hedgehog guides axons via zipcode binding protein 1-mediated local translation[END_REF]. Some RBPs have also been linked to neurological diseases, such as Fragile X mental retardation protein (FMRP) and TAR DNA binding protein 43 (TDP-43). Mutation in the Fmr1 gene coding for FMRP leads to Fragile X syndrome, a neurodevelopmental disorder resulting in intellectual disability and autism [START_REF] Penagarikano | The Pathophysiology of Fragile X Syndrome[END_REF]. FMRP appears to be a repressor of translation, as Fmr1 knockout mice display excessive levels of protein synthesis under basal conditions [START_REF] Huynh | eIF4E/Fmr1 double mutant mice display cognitive impairment in addition to ASD-like behaviors[END_REF]. Using high-throughput RNA sequencing combined with crosslinking immunoprecipitation to study RNA-protein interaction, a team determined that FMRP was associated with a whole set of mRNAs coding for synaptic proteins [START_REF] Darnell | FMRP stalls ribosomal translocation on mRNAs linked to synaptic function and autism[END_REF]. FMRP stalls ribosomes on its target mRNAs in a reversible manner, therefore repressing translation. A later study demonstrated that FMRP also interacts directly with ribosomes to prevent the binding of tRNA and elongation factors [START_REF] Chen | Fragile X mental retardation protein regulates translation by binding directly to the ribosome[END_REF].

TDP-43, on the other hand, is associated with amyotrophic lateral sclerosis, a neurodegenerative disease affecting motor neurons [START_REF] Renton | State of play in amyotrophic lateral sclerosis genetics[END_REF]. A proteomic study investigated the proteins interacting with TDP-43 in HeLa cells transfected with a TDP-43 plasmid. It revealed many proteins involved in RNA metabolism [START_REF] Freibaum | Global analysis of TDP-43 interacting proteins reveals strong association with RNA splicing and translation machinery[END_REF].

Particularly, the most enriched groups were related to RNA splicing and translational regulation. Moreover, a study in Drosophila suggested that TDP-43 affects the fly analog of FMRP (dFMRP) by increasing its association with stress granules. On the other hand, dFMRP overexpression results in translation of TDP-43 target mRNAs, suggesting for a neuroprotective property of dFMRP interaction with TDP-43 [START_REF] Coyne | Fragile X protein mitigates TDP-43 toxicity by remodeling RNA granules and restoring translation[END_REF]. This interaction was later confirmed in mouse hippocampal neurons in culture, as FMRP and TDP-43 were shown to corepress the translation of a set of mRNAs including Rac1 encoding for Ras-related C3 botulinum toxin substrate 1 and Gria1 encoding for glutamate receptor subunit GluR1 [START_REF] Majumder | Co-regulation of mRNA translation by TDP-43 and Fragile X Syndrome protein FMRP[END_REF]. TDP-43 binds to a specific sequence in the RNA and recruits a complex composed of FMRP to induce repression. To sum up, these findings highly suggest that TDP-43 and FMRP form a complex to repress and transport RNAs, perhaps in the form of granules, to their site of action.

Many RBPs intervene in the transport and translational regulation of RNAs in neurons.

Interestingly, mutations in some of the genes coding for these RBPs result in deleterious phenotypes such as ALS and autism, highlighting the importance of a tight control over local translation mechanisms to ensure proper synaptic function.

Machinery for translation and maturation

The localization of mRNAs in dendrites and axons was a first hint that translation could be taking place in these compartments. However, for protein synthesis to occur, a whole set of elements are required.

Ribosomes

The presence of ribosomes in axons and dendrites has long been controversial. Using electron microscopy, polysomes, which are defined as several ribosomes clustered onto a same mRNA, were observed in dendrites and dendritic spines of the rat hippocampus [START_REF] Ostroff | Polyribosomes redistribute from dendritic shafts into spines with enlarged synapses during LTP in developing rat hippocampal slices[END_REF]. Interestingly, tetanic stimulation in hippocampal slices induced a significant increase in the number of polysomes in spines, suggesting a role for local translation in stabilization of spines upon stimulation. A study using transgenic mice expressing GFP-tagged ribosomes in retinal ganglion cells showed that ribosomes are transported to axon endings in both developing and mature neurons of the optic nerve [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF]. Interestingly, ribosomes in distal compartments rarely seem to assemble into polysomes, but rather act as monosomes on single mRNAs, as observed in axons of the Xenopus retinal ganglions cells [START_REF] Koppers | Receptor-specific interactome as a hub for rapid cue-induced selective translation in axons[END_REF].

Hypothetically, creating monosome complex would enable the translation of a larger number of different proteins with a restricted number of ribosomes available on site, as observed in yeast [START_REF] Heyer | Redefining the Translational Status of 80S Monosomes[END_REF].

Ribosomes are known to be assembled "for life" in the nucleolus before becoming competent after translocation to the cytoplasm, where they are transported to distal compartments. However, as previously stated, a number of mRNAs coding ribosomal proteins were found to be localized in dendrites and axons of neurons [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-And postsynaptic compartments[END_REF][START_REF] Zhong | Dendritic mRNAs encode diversified functionalities in hippocampal pyramidal neurons[END_REF]. Their presence in distal compartments rose the question of whether ribosomes could be assembled, or at least repaired, in distal regions of the cell rather than the nucleus. Interestingly, the half-lives of ribosomal proteins differ greatly from one to another, between 4 and 10 days in vitro [START_REF] Dörrbaum | Local and global influences on protein turnover in neurons and glia[END_REF]. This suggests that on-site ribosome remodelling may occur: a hypothesis is that newly synthesized ribosomal proteins integrate into damaged ribosomes for repair, ensuring the maintenance of the translation machinery. A recent study found that ribosomal protein translation in axons is mediated by a specific motif in their RNA sequence located at the 5'UTR and newly synthesized proteins integrate into already formed ribosomes (Shigeoka et al., 2019a) (Figure 20, left). Netrin-1 was shown to trigger the translation of ribosomal proteins and inhibiting the production of these ribosomal proteins by removing the mRNA sequence motif leads to the reduction of axon branching in vivo in mouse retinal ganglion cells. Interestingly, the ribosomal proteins translated on-site were located in the outer surface of the ribosome (Shigeoka et al., 2019b). Another hypothesis is that the ribosomal protein composition of a ribosome may determine the set of specific mRNAs it targets for translation (Figure 20, right). Indeed, a study on vertebrate tissue patterning showed that knocking out one specific ribosomal protein selectively affected the translation of set of homeobox genes [START_REF] Kondrashov | Ribosome-mediated specificity in Hox mRNA translation and vertebrate tissue patterning[END_REF]. Further research is required to fully understand the translational regulation at the level of the ribosome. 

Maturation organelles

While only ribosomes and a few chaperone proteins are required to properly mature cytoplasmic proteins, secreted and membrane proteins require specific post-translational modifications in order to become functional. These modifications are achieved via a journey through a continuous network starting at the endoplasmic reticulum (ER), followed by the ER-Golgi intermediate compartment (ERGIC), the Golgi apparatus and the trans-Golgi network.

There, proteins are folded and glycosylated before release and integration in the plasma membrane.

A smooth ER has been described in dendrites and axons, but whether ribosomes do translate mRNAs on the surface of the ER remains unknown. Some proteins of the Golgi have also been detected in vitro [START_REF] Horton | Dual modes of endoplasmic reticulum-to-Golgi transport in dendrites revealed by live-cell imaging[END_REF][START_REF] Merianda | A functional equivalent of endoplasmic reticulum and Golgi in axons for secretion of locally synthesized proteins[END_REF]. However, the full Golgi apparatus wasn't observed in small neuronal processes. Interestingly, a recent study has developed plasmids to visualize fluorescently-labelled ERGIC and pGolt, a protein of the Golgi apparatus which targets what they refer to as "Golgi satellites", in hippocampal neurons in vitro (Figure 21B). Unlike Golgi outposts, which are much larger and have not been described in fine processes of neurons, Golgi satellites are detected in apical dendrites and contain glycosylation machinery (Figure 21A) [START_REF] Mikhaylova | A Dendritic Golgi Satellite between ERGIC and Retromer[END_REF]. However, in vivo evidence for this kind of microsecretory pathway is still lacking, and electron microscopy studies found no trace of either ER nor Golgi apparatus. Another study showed that many neuronal membrane proteins, particularly synaptic proteins, displayed unusual patterns of glycosylation, characteristic of immature intracellular proteins, suggesting these proteins bypass the Golgi apparatus and undergo minor post-translation modifications to be integrated at the membrane [START_REF] Hanus | Unconventional secretory processing diversifies neuronal ion channel properties[END_REF]. 

Local translation in neurons

Considering the presence of mRNA and protein synthesis machinery in neuronal processes, it is very likely that translation occurs locally. However, the presence of an mRNA does not necessarily mean it is translated. Indeed, local protein expression depends on two major factors: mRNA localization and protein synthesis. Understanding how these mechanisms act together to mould the local proteome, and determining which mRNAs are constitutively translated in neuronal processes compared to those translated in response to specific cues is crucial to better grasp the role of local translation in polarized cells.

Tools to study local translation

Local translation was first described in isolated axons from rabbit and cat cranial nerves (Koenig, 1965a;Koenig, 1965b;Koenig, 1967a;Koenig, 1967b). More work focused on the study of these mechanisms in recent yearsnotably after the development of a number of techniques for tracking local translation events in vitro and in vivo [START_REF] Holt | Local translation in neurons: visualization and function[END_REF]. Local protein synthesis was assessed in hippocampal slices, which structure allows the separation of the neuronal cell body, located in the pyramidal layer, from the synaptic neuropil [START_REF] Huber | Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-term depression[END_REF]. Through electrophysiological recordings and the use of translation inhibitor anisomycin, they indirectly showed that glutamate-receptor-induced local protein synthesis in dendrites of the CA1 region resulted in long-term depression. More recently, the development of the TRAP technique led to significant advances in the field [START_REF] Shigeoka | Axon-TRAP-RiboTag: Affinity purification of translated mrnas from neuronal axons in mouse in vivo[END_REF]. This protocol consists in using a transgenic mouse expressing GFP on a ubiquitous ribosomal protein under a cellspecific promoter, so that ribosomes from a specific subtype of neuron, for example, are fluorescently tagged. GFP immunoprecipitation on either brain extracts or excised axons from these mice thus allow for purification of all ribosome-bound mRNAs present on site, presumably undergoing translation (Table 1). It therefore provides a snapshot of the local polysomal transcriptome at a specific timepoint. This tool combined with RNA sequencing was utilized to map the changes in mRNA translation in growth cones, then axons of retinal ganglion cells in vivo over the course of development, from E17.5 to adulthood [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF].

A gradual evolution in the axonal polysomal transcriptome was observed, corresponding to sequential steps of axonal growth, wiring and maturation. Perhaps unsurprisingly, enriched transcripts were involved in functions like axon survival and neurotransmission. More recently, a new method was introduced combining pulse stable isotope labelling of amino acids (pSILAC), a metabolic labelling technique, with in vitro compartmentalized chamber technology enabling the culture of whole eye preparation from Xenopus embryos (Table 1) [START_REF] Cagnetta | Rapid Cue-Specific Remodeling of the Nascent Axonal Proteome[END_REF]. This setup allows for labelling and analysis of nascent proteome in axons on a timescale of 5 minutes. They identified 350 locally translated proteins under basal conditions, and observed rapid, significant changes in translation upon exposure to guidance cues such as netrin-1 and BDNF.

More traditionally, people have been using the antibiotic puromycin, a tRNA analog which integrates into the nascent protein chain. After incubation of brain slices with puromycin, tissue can be labelled using specific antibodies [START_REF] Smith | Dopaminergic stimulation of local protein synthesis enhances surface expression of GluR1 and synaptic transmission in hippocampal neurons[END_REF]. Using this technique together with transmission electron microscopy, Hafner et al. determined that newly synthesized protein chains were present in 60% of spines [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-And postsynaptic compartments[END_REF]. A more recent method enables the visualization of cell-type specific newly translated proteins in vivo. This group designed a transgenic mouse line that expresses a mutated version of the enzyme methionyl-tRNA synthetase, which enables tRNA to incorporate the methionine analog azidonorleucine (ANL) into nascent protein chains, under a neuron-specific promoter (Table 1). ANL can be fed to mice, then brain slices can be tagged by Click-it chemistry to visualize or purify new protein chains [START_REF] Alvarez-Castelao | Cell-type-specific metabolic labeling of nascent proteomes in vivo[END_REF]. This method, called fluorescent non-canonical amino-acid tagging (FUNCAT), if applied to compartment-specific studies, could enable the precise identification of local proteomes.

In order to differentiate local from global translation, studies focused on neuronal projections that extended far away from the cell soma in vivo and could easily be isolated, as is the case for cranial nerve axons (Koenig et al., 1965a;Koenig et al., 1965b), retinal ganglion cells, which project into the superior colliculus [START_REF] Shigeoka | Dynamic Axonal Translation in Developing and Mature Visual Circuits[END_REF], or hippocampal neurons, for which the pyramidal layer of soma can be isolated from the neuropil [START_REF] Huber | Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-term depression[END_REF]. In vitro culture devices are also great tools to differentiate local from global translation, such as microfluidic systems in which neuronal processes develop axons through microgrooves in response to a gradient of trophic factors into a compartmentalized chamber [START_REF] Nijssen | Axon-Seq Decodes the Motor Axon Transcriptome and Its Modulation in Response to ALS[END_REF], or even whole-organ explants combined with compartmentalized chambers, as performed with intact whole-eye primordia from Xenopus [START_REF] Cagnetta | Rapid Cue-Specific Remodeling of the Nascent Axonal Proteome[END_REF]. Finally, isolation of synaptosomes, containing pre-and post-synaptic compartments, from whole brains on a sucrose gradient can also allow the specific detection of local translation in pre-and postsynaptic compartments [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-And postsynaptic compartments[END_REF].

Other studies have focused on tracking the synthesis of specific proteins in axons and dendrites. For instance, the Venus fluorescent reporter protein allowed for direct visualization of PSD-95 mRNA translation in dendrites and spines of live neurons in vitro (Table 1) [START_REF] Ifrim | Single-molecule imaging of PSD-95 mRNA translation in dendrites and its dysregulation in a mouse model of fragile X syndrome[END_REF]. Using a similar technique, Ströhl et al. revealed the distribution of β-actin mRNA translation in growth cones of developing retinal ganglion cells in vitro [START_REF] Ströhl | Single Molecule Translation Imaging Visualizes the Dynamics of Local β-Actin Synthesis in Retinal Axons[END_REF].

The combination of puromycin labelling with proximity ligation assay (puro-PLA), a technique consisting in the production of a fluorescent signal if two antibodies targeting proteins of interest are close enough to each other (Table 1), also allows for single-molecule tracking. For example, a study demonstrated the local synthesis of SNAP25, a protein involved in vesicle fusion, at synapses in hippocampal neuron cultures via puro-PLA [START_REF] Batista | Intra-axonal Synthesis of SNAP25 Is Required for the Formation of Presynaptic Terminals[END_REF], while another study showed the translation of Bassoon and CamKIIa in dendrites in vitro using the same technique [START_REF] Tom Dieck | Direct visualization of newly synthesized target proteins in situ[END_REF]. Other methods such as fluorescent recovery after bleaching (FRAP) allow live tracking of translational events. Notably, it was used to quantify translation kinetics in dendrites of cultured neurons [START_REF] Wu | Translation dynamics of single mRNAs in live cells and neurons[END_REF]. It also showed that, although a number of mRNAs are present in dendrites, many of them seem to be in a repressed state as translation tends to occur in "bursts" rather than in a continuous fashion. More detailed information can be found about the different techniques used and the aims they have been developed for in Table 1.

Table 1. Tools to study local translation in neurons and the discoveries associated to them. Each figure was adapted from their respective reference (except for [START_REF] Huber | Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-term depression[END_REF].

Overall, a number of ingenious tools have been developed over the past couple of decades to visualize and understand the wheelwork underlying local translation in neuronal processes and its functions. The hippocampus being one of the most accessible regions of the brain to study local translation, due to its well-organised architecture and its relevance in cognitive processes, was the scene of many experimental advances in the field of neuronal local protein synthesis. Neurons projecting over large distances, such as retinal ganglion cells and motor neurons, have also been investigated. However, these studies remain tricky in many parts of the brain, where neuronal processes are more difficult to extract. Nevertheless, as genetic advances develop faster and faster, there is no doubt that the physiological relevance of local translation in other parts of the brain, as well as other brain cells, will be uncovered.

Roles for local translation in neurons

Many studies regarding the role of local translation in physiological brain functions have been performed in the hippocampus since, as previously described, the structure of this region is ideal for dissociation of neuronal processes from the cell body. Somatic translation can therefore be ruled out to focus only on local translation in processes. The hippocampus is also known to be involved in learning and memory processes, and global de novo translation has already been shown to play a role in memory formation [START_REF] Jones | Rapid, experience-dependent translation of neurogranin enables memory encoding[END_REF]. Although the particular role of dendritic or synaptic translation in these in vivo cognitive functions has not yet been addressed and proves to be challenging, some clues point towards it. Indeed, involvement of dendritic translation in synaptic plasticity, a physiological process underlying memory formation, has been widely investigated.

Studies on hippocampal brain slices in which the neuropil was isolated from cell body have demonstrated a role for local translation in long-term depression and was shown to be triggered by metabotropic glutamate receptor activation [START_REF] Huber | Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-term depression[END_REF]. An early study using the same model showed that application of neurotrophins such as BDNF and neurotrophin-3, which are known to enhance synaptic transmission in the hippocampus, do so via stimulation of protein synthesis in axons or dendrites [START_REF] Kang | A requirement for local protein synthesis in neurotrophin-induced hippocampal synaptic plasticity[END_REF]. Still using physical isolation of the hippocampal neuropil as a model, two studies showed the involvement of local protein synthesis in the late-phase of LTP [START_REF] Bradshaw | A role for dendritic protein synthesis in hippocampal late LTP[END_REF][START_REF] Vickers | Induction and maintenance of late-phase long-term potentiation in isolated dendrites of rat hippocampal CA1 pyramidal neurones[END_REF].

LTP is composed of two distinct phases, the first lasting 1 to 2 hours, which relies on modification of pre-existing proteins, and the second ("late") phase starting 4 hours after induction, lasting for weeks, and known to require de novo translation [START_REF] Lynch | Long-Term Potentiation and Memory[END_REF]. Vickers et al. showed that late-phase LTP is maintained in slices lacking neuronal cell bodies and application of cycloheximide (CHX), a protein synthesis inhibitor, impairs late-phase LTP in these isolated slices. Bradshaw et al. showed that local application of emetine, an irreversible protein synthesis inhibitor, at either apical or basal dendrites in the CA1 region resulted in impairment of late-phase LTP selectively at the site of emetine application. Using paired wholecell patch-clamp recordings in rat hippocampal slices and applying protein synthesis inhibitor either in bath or via direct postsynaptic loading of the drug, another study showed that translation was necessary for inhibitory LTD via cannabinoid receptor activation in interneurons [START_REF] Younts | Presynaptic Protein Synthesis Is Required for Long-Term Plasticity of GABA Release[END_REF]. To show that this effect was due to local translation in axons, they loaded interneurons with a ribosome-inactivating toxin via patch-clamp on the cell body, and showed its diffusion was restricted to the soma and nearby dendrites, but not distal axon terminals, therefore inhibiting somatic, but not axonal translation. Further metabolic labelling (FUNCAT) demonstrated that somatic translation was indeed drastically reduced. Under these conditions, inhibitory LTD was maintained, suggesting local axonal translation near presynaptic terminals was responsible for this mechanism.

A third type of synaptic plasticity (previously mentioned in chapter III.2.2.3 on Gliotransmission) is called homeostatic scaling, and consists in the global adjustment of synaptic strength in a neuron to stabilize specific networks in response to changes in activity.

This process has also been shown to depend on local protein synthesis, as blockade of NMDAreceptor activated miniature synaptic events induces rapid synaptic scaling, which is mediated by an increased expression of AMPA-receptors at the synaptic membrane resulting from local translation within dendrites [START_REF] Sutton | Miniature Neurotransmission Stabilizes Synaptic Function via Tonic Suppression of Local Dendritic Protein Synthesis[END_REF]. This effect was inhibited by local perfusion of anisomycin or emetine on dendrites of cultured hippocampal neurons, suggesting translation occurred in dendrites, although diffusion of the drug to the soma was not directly assessed.

Focusing on a different region this time, another group used the calyx of Held synapse as a model to study local translation in synapses [START_REF] Scarnati | Active presynaptic ribosomes in the mammalian brain, and altered transmitter release after protein synthesis inhibition[END_REF]. The calyx of Held is located in the auditory brainstem and forms a very large glutamatergic monosynaptic connection with principal cells of the auditory brainstem, where it is involved in the relay of sound localization.

This synapse is 3 mm away from its cell body, making it likely to require local translation to sustain its activity. The presence of translating events in presynaptic terminals was first observed using puromycin. Blocking this local translation using anisomycin increased the frequency of spontaneous release events, as assessed by measuring miniature excitatory postsynaptic currents (mEPSCs). This was due to increased vesicle replenishment during long bouts of stimulation as well as reduced probability of release, suggesting protein synthesis in presynaptic terminals of this interface plays a role in limiting excessive vesicle release to maintain the integrity of synaptic transmission.

Other experiments have aimed at targeting the long 3'UTR isoform of the importin β1 mRNA, which is responsible for the axonal compartmentalization of this mRNA, in transgenic mice [START_REF] Perry | Subcellular Knockout of Importin β1 Perturbs Axonal Retrograde Signaling[END_REF]. This genetic modification led to loss of importin β1 mRNA and protein in axons, but did not affect its level of expression in the cell body. Interestingly, after sciatic nerve injury, the transcriptional response from the cell body was drastically reduced in knockout mice, and therefore resulted in delayed recovery in vivo. Hence, it seems the retrograde signalling function of importin β1 relies on the localization and local translation of its mRNA in axons.

The Holt team developed many studies on Xenopus retinal ganglion cells both in vivo and in cultures, where axons can be sectioned and studied separately from the soma. Using Venus-βactin reporter strategy combined with live imaging, they showed that de novo β-actin protein synthesis occurs in axons and showed that axon branching and arborization depends on these local translation events [START_REF] Wong | RNA Docking and Local Translation Regulate Site-Specific Axon Remodeling In Vivo[END_REF]. Both in vivo and in vitro, they also demonstrated the local translation of lamin B in axons and showed that lamin B2-deficient axons display impaired axonal transport and mitochondrial dysfunction, suggesting a role for its local translation in axon maintenance [START_REF] Yoon | Local translation of extranuclear lamin B promotes axon maintenance[END_REF].

Finally, local translation has also been suggested to be involved in neurodegenerative processes.

Alzheimer's disease, for instance, is characterized by accumulation of amyloid-β plaques in the brain. Amyloid-β (Aβ) was applied to hippocampal neuron cultures placed in a multicompartment device, and induced local translation of a set of proteins in axons [START_REF] Baleriola | Axonally synthesized ATF4 transmits a neurodegenerative signal across brain regions[END_REF]. Particularly, locally translated transcription factor 4 (ATF4) upon Aβ exposure was transported back to soma and induced gene expression which lead to retrograde somatic degeneration. Both ATF4 mRNA and protein were found in axons of human AD brains, suggesting a role for local translation of this transcription factor in the neurodegenerative consequences of this disease. A more recent study showed a deregulation in local protein synthesis in brain synaptosomes of TgCRND8 transgenic mice, which overexpress a mutant version of human amyloid β precursor (APP), an AD model [START_REF] Cefaliello | Deregulated Local Protein Synthesis in the Brain Synaptosomes of a Mouse Model for Alzheimer ' s Disease[END_REF]. Mutant APP was shown to be locally synthesized in synaptosome preparations, suggesting a participation of local translation in the development of the disease. Moreover, following fear conditioning, de novo synthesis of specific proteins was observed in synaptosomes from control mice, while this upregulation was not observed in AD mice, demonstrating a potential impairment in local translation that correlated with decreased learning performance. A detailed summary of these findings and their associated models can be found in Table 2.

Altogether, these experiments show that local translation in synaptic compartments is crucial to many physiological processes, including axonal guidance and development, different types of synaptic plasticity and the regulation of release probability at synapses in order to ensure proper synaptic transmission. Local translation also seems to play a role in pathology, as it contributes to faster retrograde signalling in response to injury, and is altered in neurodegenerative diseases such as Alzheimer's.

Table 2. Known roles for neuronal local translation in brain physiology (black) and pathology (red).

In oligodendrocytes

Oligodendrocytes have the same cellular origin as astrocytes during development. Each cell sends numerous individual processes towards axons to make discrete myelin internode segments along axons. Loss of myelin results in axonal degeneration and has been associated with many neurodegenerative diseases such as multiple sclerosis. Although most studies have focused on the crucial developmental function of oligodendrocytes, which contribute to fully myelinate newly formed axons, oligodendrocytes can also play a crucial role in providing metabolic support for axons by mediating metabolic shuttle of lactate, alike astrocytes [START_REF] Fünfschilling | Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity[END_REF]. Indeed, they have been shown to recruit glucose transporter at their membrane in response to glutamate-mediated activation of NMDA-receptors at their cell surface, favouriting the uptake of glucose to better control the supply to neurons [START_REF] Saab | Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism[END_REF]. A recent study also demonstrated that oligodendrocytes form after the fourth month of age in mice and can integrate and myelinate neuronal networks in a dynamic way. Particularly, they undergo enhanced myelin remodelling patterns in the somatosensory cortex in response to sensory enrichment [START_REF] Hughes | Myelin remodeling through experience-dependent oligodendrogenesis in the adult somatosensory cortex[END_REF].

The localization of some mRNAs has been assessed early on in oligodendrocyte processes. The mRNA coding for myelin binding protein (MBP), a protein crucial to the integrity of myelin sheaths, was observed using in situ hybridization in spinal cord sections of mice infected by a demyelinating virus as early as 1986 [START_REF] Kristensson | Increased levels of myelin basic protein transcripts gene in virus-induced demyelination[END_REF]. This was confirmed by a later study which demonstrated the presence of carbonic anhydrase II (CAII) mRNA in processes of primary cultured oligodendrocytes [START_REF] Ghandour | Double-labeling in situ hybridization analysis of mRNAs for carbonic anhydrase II and myelin basic protein: Expression in developing cultured glial cells[END_REF]. Studies also showed that mRNA transcripts for βAPP and Tau, two proteins implicated in the pathology of Alzheimer's disease, displayed many different isoforms in oligodendrocytes in vitro and spread throughout their processes [START_REF] Garcia-Ladona | Oligodendrocytes express different isoforms of β-amyloid precursor protein in chemically defined cell culture conditions: In situ hybridization and immunocytochemical detection[END_REF][START_REF] Lopresti | Functional implications for the microtubule-associated protein tau: Localization in oligodendrocytes[END_REF].

The transport and regulation of these mRNAs by RBPs has been studied in co-cultures in vitro and several signals from neurons have been shown to trigger local translation in oligodendrocytes. For instance, the activation of Fyn kinase by binding of the neuronal adhesion molecule L1 to oligodendrocytes increases the phosphorylation of an RBP, which in turn releases MBP mRNA, enabling its translation. It suggests this process is involved in local translation of MBP at sites of axon-glia connection, and neuronal signalling may induce production of myelin through this mechanism [START_REF] White | Activation of oligodendroglial Fyn kinase enhances translation of mRNAs transported in hnRNP A2-dependent RNA granules[END_REF]. Using reporter constructs with different 3'UTRs allowing or not the binding of RBPs, it was also shown that integrin activation could promote the local translation of MBP [START_REF] Laursen | Translation of myelin basic protein mRNA in oligodendrocytes is regulated by integrin activation and hnRNP-K[END_REF]. Finally, an in vitro study brought to light the control of local translation underlying myelination by neuronal activity [START_REF] Wake | Control of local protein synthesis and initial events in myelination by action potentials[END_REF]. Electrical impulse was found to trigger the vesicular release of glutamate and non-vesicular release of ATP from neurons. Blockage of this vesicular release followed by addition of OPCs to neuronal cultures resulted in suppression of myelination. The pathways mediating these mechanisms were investigated, and it appeared that glutamate release activated the previously mentioned integrin and Fyn kinase pathways (Figure 22).

A genetic construct to label MBP with a fluorescent tag that changes colour after exposure to ultraviolet (UV) light was designed, in order to track newly synthesized proteins and discriminate them from already present ones. Through this mean, it was identified that local translation of MBP occurred at the axon-OPC interface in vitro within 40 minutes following neuronal stimulation (Figure 22). Despite the fact that all of these studies were performed in vitro, mRNA localization in oligodendrocytes was already observed in spinal cord tissue [START_REF] Kristensson | Increased levels of myelin basic protein transcripts gene in virus-induced demyelination[END_REF], suggesting these mechanisms may also occur in vivo. Further studies are needed to confirm these processes considering the crucial role of oligodendrocytes in neurotransmission and their known involvement in a number of neurodegenerative diseases, such as ALS. Interestingly, oligodendrocytes have also been reported to transfer RNA and protein cargos to axons via exosomes upon glutamate-induced NMDA-receptor activation at their cell surface in vivo [START_REF] Frühbeis | Neurotransmitter-Triggered Transfer of Exosomes Mediates Oligodendrocyte-Neuron Communication[END_REF]. This brings to light another function for mRNA localization at this interface which, instead of being locally translated in oligodendrocytes, could be transferred to neurons to contribute to axon maintenance. 

In astrocytes and radial glia

Little research has been published on mRNA localization and local translation in astrocytes. The differential localization of GFAP isoforms has been reported in cultured astrocytes, where mRNA encoding the GFAP α isoform tends to localize to cell protrusions while the mRNA encoding the GFAP δ isoform remains confined to the cell body [START_REF] Thomsen | Alternative mRNA Splicing from the Glial Fibrillary Acidic Protein (GFAP) Gene Generates Isoforms with Distinct Subcellular mRNA Localization Patterns in Astrocytes[END_REF]. Moreover, a recent study from our lab confirmed this specific localization in vivo [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. Further work on primary astrocyte cultures confirmed this differential distribution at the protein level, and suggested a differential role for these two isoforms in the regulation of the intermediate filament network in astrocytes [START_REF] Moeton | GFAP isoforms control intermediate filament network dynamics, cell morphology, and focal adhesions[END_REF]. The presence of Fabp7 mRNA has also been detected in mouse brain synaptosomes in vivo [START_REF] Gerstner | Time of day regulates subcellular trafficking, tripartite synaptic localization, and polyadenylation of the astrocytic Fabp7 mRNA[END_REF]. Most work in the field was performed in vitro and, in such conditions, astrocytes do not display the usual polarized morphology they present in vivo, unlike neurons which maintain their highly ramified structure in culture. This probably explains the lack of publications regarding astrocytes in this field, since it is much easier to study cellular processes such as mRNA transport and local translation in vitro than it is in in vivo models.

Local translation in radial glial endfeet

A first study on radial glia paved the way to the discovery of local translation in astrocytes. As previously described, radial glia are the progenitors for both neurons and astrocytes in the central nervous system. In the mouse, radial glial cells possess a basal process emanating from the cell body and extending up to 450 µm away, terminating in a basal endfoot contacting the meninges. This basal process serves as a scaffold for the migration of excitatory neurons during early development. Some studies demonstrated that extracellular cues from meninges signal radial glia to promote neuron generation, suggesting some retrograde signalling must occur in radial glia [START_REF] Siegenthaler | Retinoic Acid from the Meninges Regulates Cortical Neuron Generation[END_REF]. These processes could potentially require local translation to be set in the endfoot compartment of these cells. Using live-imaging in organotypic brain slices from embryonic mice, the active transport of mRNAs and their translation were visualized (Figure 23A) [START_REF] Pilaz | Dynamic mRNA Transport and Local Translation in Radial Glial Progenitors of the Developing Brain[END_REF]. In utero electroporation was performed to express a construct containing a fluorescent tag on the MS2 loop of the 3'UTR of Ccnd2 mRNA (Figure 23B,C). The movement of this mRNA was then tracked via high-speed live imaging at different stages of development, demonstrating that 85% of movement was basally directed at E14.5 while this movement was reduced at later stages. This suggested that active transport of mRNAs occurred in a developmentally regulated manner. The radial glia endfeet were microdissected and the use of a photoconvertible reporter enabled visualization of local translation of Ccnd2 transcripts (Figure 23D). Upon UV exposure, the already present proteins were converted from green to red. Time-lapse imaging over the following 45 minutes showed a steady increase in green fluorescence in endfeet, suggesting de novo synthesis.

Anisomycin, a protein synthesis inhibitor, blocked this effect.

Moreover, a strong enrichment of the RBP FMRP was observed in radial glia endfeet, suggesting it is involved in the regulation of translation of some transcripts. To identify the pool of mRNA FMRP is bound to in radial glial endfeet, the FMRP-bound transcriptome was extracted (Figure 23E). 115 mRNAs bound to FMRP were identified in endfeet, mostly enriched in signalling and microtubule-associated molecules. The translation of one of these mRNAs, Kif26a, was verified in radial glial endfeet. Interestingly, a significant reduction of Kif26a mRNA was detected in radial glia endfeet of Fmr1 knockout mice, which lack FMRP, suggesting the transport of this mRNA to distal endfeet depends on this RBP.

Overall, this study demonstrated for the first time that mRNA localization and translation occurred in radial glia endfeet at embryonic stages. It also highlighted that at least part of this local transcriptome was transported and regulated by FMRP, a protein whose impairment results in fragile X syndrome, a pathology linked to aberrant prenatal development. Two more recent studies highlighted the occurrence of local translation in mature astrocytes at both the perivascular [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF] and perisynaptic interface [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF].

Local translation in perivascular astrocyte endfeet

The perivascular study, performed in our lab, brought to light a repertoire of astrocyte-specific mRNAs at the vascular interface in the whole brain of two-month-old mice. Using highresolution in situ hybridization, the presence of Aqp4 and Gfap mRNAs was detected in GFAPpositive processes surrounding blood vessels in the hippocampus. Microvessels were mechanically isolated using a protocol in which the endfeet of astrocytes remains attached to the vessel via the basal lamina, while the rest of the cell is eliminated. Importantly, this microvessel isolation conserves the integrity of the protein and mRNA contents of the astroglial endfeet. Adding an enzymatic digestion step results in detachment of the endfeet from the vessels (Figure 24A). Using these two independent preparations combined with microarray analysis, the most depleted mRNAs in the "digested basal lamina" condition compared to the undigested vessels were identified, allowing for extraction of the astrocyte-specific local transcriptome at the gliovascular unit (Figure 24A). mRNAs depleted upon basal lamina digestion, so supposedly enriched in endfeet, coded mostly membrane, cytoskeleton and secreted proteins involved in metabolism, signalling, cell adhesion and development.

The pool of ribosome-bound mRNAs in these perivascular endfeet was then assessed using the TRAP technique on transgenic mice expressing eGFP on the ribosomal protein L10A under the Aldh1l1 (astrocyte-specific) promoter in order to characterize the specificity of local translation in this compartment (Figure 24B). eGFP-labeled ribosomes were present in endfeet of astrocytes in these mice, giving a positive indication that translation could occur at this interface. The repertoire of locally translated mRNAs was called the "endfeetome", and contained a variety of transcripts coding for proteins involved in vascular functions, extracellular matrix and cell adhesion. Amongst those transcripts were those coding for the glutamate transporter GLT1, the water channel Aqp4 and the inward-rectifying potassium channel Kir4.1, three transmembrane proteins known to play a vital role in BBB homeostasis.

Ribosome-bound mRNAs are not always in a state of translation, as ribosome can be stalled at specific sites on mRNA transcripts. To confirm the occurrence of translation events in endfeet, Click-IT Homoproparglyglycine (HPG) protein synthesis assay was performed on freshly isolated blood vessels. HPG is an analog of amino-acid methionine that inserts into the nascent protein chain and can later be tagged through Click-IT reaction. A strong signal was observed in endfeet after 1h of treatment with HPG, which was blocked by protein synthesis blocker CHX. This confirmed the presence of local translation events in perivascular endfeet of astrocytes.

Importantly, the majority of identified transcripts translated in endfeet coded either secreted or membrane proteins, suggesting that a local machinery for protein maturation must be present at this interface to allow their incorporation in the membrane or secretion. Using transmission electron microscopy, the endoplasmic reticulum was observed in most perivascular processes and endfeet, while the Golgi apparatus spread through perivascular processes in 72% of astrocytes and was present in 7% of endfeet (Figure 24C). This study was the first to highlight local translation in a distal compartment of astrocytes, and the nature of the endfeetome suggests that this mechanism may play a crucial role in maintaining the vascular functions of astrocytes, although the direct physiological relevance of this repertoire has yet to be assessed.

Local translation in perisynaptic astrocyte processes (PAPs)

The second study on local translation in astrocytes focused on the perisynaptic interface.

Unlike perivascular endfeet, which are pretty large structures surrounding blood vessels, PAPs are much smaller in size, respective to the small dimensions of synapses. Sakers et al.'s approach was very similar to the one in Boulay et al., making it an interesting twin study. Using the same transgenic mouse expressing eGFP on RPL10A specifically in astrocytes, they showed the presence of eGFP-labeled ribosomes in GFAP-negative astrocytic processes. These findings were complemented by stochastic optical reconstruction microscopy (STORM) to further visualize eGFP-labeled astrocytic ribosomes in PAPs with a co-staining of synapses using antibodies against Homer1 and Bassoon, which label post-and pre-synaptic compartments respectively (Figure 25A). The presence of Slc1a2 mRNA in distal processes of astrocytes was identified, although the localization with respect to the synapse was not assessed. Once the localization of both mRNAs and ribosomes in distal processes was established, puromycin assay was performed to label newly synthesize proteins in brain slices ex vivo. They assessed the distance of puromycin puncta from the soma and found that, on average, 73% of puncta were found more than 9 µm away from the nucleus center, suggesting that translation tends to occur more in distal processes than in the soma.

Using the TRAP technique combined with purification of cortical brain synaptoneurosomes from P21 mice, which are composed of both pre-and post-synaptic compartments along with the PAP that still contains mRNAs and ribosomes, the pool of ribosome-bound mRNAs in PAPs was extracted. RNA sequencing was performed on both total synaptoneurosomes and synaptoneurosomes-TRAP (PAP-TRAP) (Figure 25B). Similarly, transcriptomes for total cortex and cortex-TRAP were obtained. However, due to background noise from the TRAP protocol arising from neuronal transcripts, the cortex-TRAP could not be directly compared to the PAP-TRAP, an issue that was also faced by Boulay et al. They therefore compared their total synaptoneurosome sequencing to the cortex one in order to enrich for transcripts present at the synaptic interface compared to the whole cortex, hence getting an idea of the transcripts from all cell types (mainly neurons and astrocytes) present at this interface. The intersection of this purified total synaptoneurosome with the TRAP-synaptoneurosome was used to extract the locally translated mRNAs from PAPs exclusively (Figure 25B,C). This way, any contamination from neuronal transcripts was removed. However, the cost of this analysis is that only astrocyte-enriched and astrocyte-specific transcripts could be detected robustly, at the expense of ubiquitously expressed transcripts that could be present in both the neuronal and astroglial compartments.

By means of these criteria, they identified 224 transcripts bound to ribosomes in PAPs coding for proteins involved in glutamate and GABA metabolism, biosynthesis of unsaturated fatty acids, as well as cytoskeletal proteins, which could play a role in remodelling of the PAP, as well as synaptogenic factors such as Sparc, suggesting for a role of local translation in the regulation of synapse number. Overall, this study brought to light the presence of local translation in PAPs, and characterized the repertoire of astrocyte-enriched ribosome-bound mRNAs at the perisynaptic interface of astrocytes in the cortex. Interestingly, and as for the perivascular interface, enriched transcripts seem to code for proteins directly related to astrocytic functions at the synapse, such as neurotransmitter homeostasis and remodelling. Moreover, a recurrent motif was identified in PAP-enriched mRNA sequences, which could potentially contribute to the regulation of their localization at the synaptic interface and their translation efficiency.

Very recently, the same team released a new study on BioRχiv showing that translation in astrocytes was activity-dependent [START_REF] Sapkota | Activity dependent translation in astrocytes Abbreviated[END_REF]. Mice were injected with epileptic agent, pentylenetetrazol (PTZ) and TRAP was performed 8 to 10 minutes after seizure onset to extract polysomal mRNAs in whole brain astrocytes. The short timescale in which these experiments were performed allowed for observation of mechanisms exclusively involving translational rather than transcriptional changes. Indeed, only a few genes displayed changes in transcriptional status 8 minutes after injection, suggesting the early response to seizure results from translation rather than transcription. 417 transcripts were either up-or downregulated in this condition compared to mice injected with saline, suggesting astrocytes display a fast translation response to neuronal stimulation in vivo. While many metabolic pathways were downregulated, ion transport and cytoskeleton proteins were upregulated, suggesting translation sustains fast remodelling and maintenance of ion homeostasis, two already described roles of astrocytes. Although this study does not address local translation in PAPs, it reveals that astrocytes react rapidly to network hyperexcitability in a translation-dependent manner.

Despite these promising results at both the gliovascular and neuroglial interface of astrocytes, further work is required to assess the entire local pool of mRNAs present at both of these interfaces, as identification of ubiquitous mRNAs enriched in these compartments could be crucial to our understanding of their physiological function. Moreover, these studies pave the way to further our understanding of the role of astrocytic local translation in both physiology and pathology.

Astrocytes in memory and learning

After thirty years of extensive study, astrocytes have now been established as essential actors in brain function and development, at both cellular and network levels. Their resulting involvement in information processing underlying behaviour has been addressed extensively, particularly regarding cognitive processes, but also in emotions, sleep and sensory processing.

We will focus more particularly on learning and memory in this chapter. In fact, the observation that astrocyte integrity and function go awry in many neurodegenerative and neurodevelopmental diseases associated with cognitive impairment, such as AD, autism or ischemic brain damage, has reinforced the idea that these cells act in the regulation of mechanisms involved in learning and memory. The fast emergence of new tools to control astrocytic activity on a fine spatiotemporal timescale in vivo is improving our understanding of these intricate inner workings day by day.

In physiology

Astrocytic modulatory events at synapses are believed to modulate plasticity at synapses through neurotransmitter clearance and gliotransmission, as previously discussed in chapter III.2.2. on the tripartite synapse. Synaptic plasticity is the principal mechanism through which new information can be processed and stored. Early evidence highlighted the existence of longterm potentiation following stimulation in the hippocampus of anesthetised rabbits [START_REF] Bliss | Long-lasting potentiaition of synaptic transmission in the dentate area of the anaesthetized rabbit following stimulation of the perforant path[END_REF]. This finding, reinforced by the discovery, a couple of decades before, that bilateral lesions of the hippocampus resulted in anterograde amnesia [START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF], as embodied by the famous patient HM, gave a first hint at the mechanisms implicated in memory formation. Half a century later, astrocytes have been added to the equation.

In 2013, a study performed engraftment of glial progenitor cells obtained from human fetal brains into the forebrain of neonatal immunodeficient mice [START_REF] Han | Forebrain engraftment by human glial progenitor cells enhances synaptic plasticity and learning in adult mice[END_REF]. These progenitor cells migrated throughout the cortex and hippocampus and matured into functional astrocytes displaying hominoid characteristics, such as a more complex morphology, larger size and faster calcium waves than their murine counterpart. The effects of this engraftment were assessed in hippocampal slices ex vivo and longer-lasting LTP was observed in response to high-frequency stimulation. They then assessed changes in cognitive performance by submitting chimeric mice to a set of hippocampus-related learning tests. These included contextual fear conditioning, in which the mouse is placed in a specific, unknown environment where it receives footshocks, therefore associating this new context to an aversive stimulus. Learning is assessed the next day by placing the mouse in the "fear" environment and determining the time of freezing in the absence of footshocks, an indicator of fear behaviour in rodents, over a certain period of time (Figure 26A). The Barnes maze, which evaluates spatial memory using visual cues for mice to remember a target zone (Figure 26B), and the novel-object recognition test, during which the mouse is first exposed to two identical objects, then one object is replaced by a new one and the time spent exploring the novel object is assessed (Figure 26C). Chimeric mice performed better and faster than control mice, suggesting that the morphological complexity of human astrocytes confer a higher ability for learning associated with enhanced synaptic plasticity, although the molecular determinants of this enhancement remain unknown. It is important to note, however, that the use of immunodeficient mice may have brought a bias into this study, as they display impairments in cognition compared wild-type mice [START_REF] Clark | CD4(+) T cells confer anxiolytic and antidepressant-like effects, but enhance fear memory processes in Rag2(-/-) mice[END_REF].

Many astrocytic pathways and molecules have been reported to intervene in the processes of learning and memory under physiological condition and here is a review of the recent findings concerning this topic.

The role of astrocytic calcium in cognition

A study hinted at a role for astroglial calcium signalling in memory spatial and contextual fear memory in 2013. Using an "IP3 sponge", which is, a genetically encoded buffer of IP3 fused with glutathione-S-synthetase under a GFAP promoter, they observed the consequences of astroglial calcium buffering on behaviour in mice [START_REF] Tanaka | Astrocytic Ca2+signals are required for the functional integrity of tripartite synapses[END_REF].

While memory acquisition upon contextual fear conditioning was not impacted 1 to 2 days after training in these mice, remote fear conditioning, tested 30 days post-training, was significantly impaired in transgenic mice compared to controls, suggesting astrocytic activity is necessary for long-term retrieval of fear memories. Similarly, while spatial memory did not seem affected in the Morris water maze test, which consists in the mouse having to find its way to a hidden platform underwater (Figure 26D), their spatial reference memory seemed impaired as they spent less time in the target quadrant of the water maze (Figure 26D). However, this model raised some issues as the GFAP promoter is active in neuroblasts at early stages of development and therefore could induce the expression of the "IP3 sponge" in immature neurons, which was not tested for. The mouse is placed on a platform with 20 circular holes, visual cues are placed in plain sight around the room. Under one of the holes is a box which the mouse needs to find to escape. C. Novel object recognition. On day 1, the mouse is exposed to two similar objects (yellow circles), which it can explore and identify. On day 2, the mouse is exposed to one of the same objects as the previous day, as well as one new object (green triangle). The time spent around the new object is recorded as a measure of reference memory. Since mice are curious animals, they tend to spend more time around objects they have never been exposed to. D. Morris water maze. The mouse is placed in a pool filled with water. It needs to swim to a hidden submerged platform to be able to rest. The more times the mouse is trained on this test, the faster it gets to the platform.

More recently, a study used both chemogenetic and optogenetic approaches to induce activation of astrocytes via Gq signalling in the CA1 region of the hippocampus and observed the resulting effects on memory acquisition [START_REF] Adamsky | Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement[END_REF]. Interestingly, while chemogenetic activation of astrocytes greatly improved contextual fear learning, similar activation of neurons drastically impaired this cognitive function. Moreover, optogenetic activation of astrocytes during the five-minute training of contextual fear conditioning resulted in 89% increase in freezing time when the mouse was placed back in the conditioning cage the next day, while no real-time effects were observed. These results suggest that astrocyte activation through Gq pathway-mediated calcium release results in enhanced memory performance. However, as previously discussed, chemogenetic and optogenetic stimulation do not reflect the physiological state of astrocytes. While it is interesting to note that astrocytes can, upon external activation, induce an improvement in memory performance, whether they mediate this process in physiological conditions remains unknown.

Gliotransmission and memory

Astroglial calcium release has been shown to trigger the release of gliotransmitters in a number of reports. Furthermore, astrocytes are believed to release gliotransmitters via exocytosis of vesicles at the synapse. Transgenic tools that block vesicle release have been used

to determine the contribution of gliotransmission to synaptic plasticity and memory formation [START_REF] Oliveira | Do stars govern our actions? Astrocyte involvement in rodent behavior[END_REF][START_REF] Santello | Astrocyte function from information processing to cognition and cognitive impairment[END_REF].

A study developed an inducible transgenic model in which tetanus toxin, which blocks calcium-dependent vesicle release, was expressed exclusively in astrocytes [START_REF] Lee | Astrocytes contribute to gamma oscillations and recognition memory[END_REF].

They showed that these mice displayed impaired long-term memory at the novel object recognition test but did not present any impairment in contextual fear memory. A later study also observed cognitive decline in a mouse model lacking SNARE-mediated vesicular release in astrocytes [START_REF] Sardinha | Astrocytic signaling supports hippocampal-prefrontal theta synchronization and cognitive function[END_REF]. They observed a desynchronization of theta rhythms in the hippocampus of these mice, which was associated with reduced reference memory with regards to the Morris water maze. Indeed, mice needed to swim for longer before finding the hidden submerged platform and did not improve as fast as control mice over consecutive days. These mice also failed at the novel-object recognition test, as they did not explore the new object more than the already exposed one. Interestingly, D-serine administration rescued these cognitive deficits, suggesting it might be a crucial gliotransmitter involved in the cognitive function of astrocytes.

D-serine is a multifaceted transmitter. Co-agonist of glutamate at NMDA-receptors, which are known to mediate synaptic plasticity underlying learning and memory, the cellular origin of D-serine release at synapses was long debated, as some argued it was released from neurons while others classified it as a gliotransmitter. Interestingly, D-serine levels in the hippocampus were shown to oscillate over a 24-hour period, with an increase during the dark phase and a rapid decline at the beginning of the light phase [START_REF] Papouin | Septal Cholinergic Neuromodulation Tunes the Astrocyte-Dependent Gating of Hippocampal NMDA Receptors to Wakefulness[END_REF]. It was determined that D-serine levels depended on wakefulness, as mice placed in enriched environment, therefore enabling increased exploratory behaviours, displayed an accelerated Dserine accumulation over dark-phases. Importantly, this fluctuation in D-serine availability had a strong impact on learning and memory: testing mice at different timepoints over the lightdark cycle showed differential performance at contextual fear conditioning, and intraperitoneal administration of D-serine induced a shift towards a better performance. In dnSNARE transgenic mice, which lack astrocytic vesicle exocytosis, and thereby astroglial release of Dserine, light-dark oscillations were abolished, suggesting the cognitive effect observed over the light-dark cycle is mediated by astroglial D-serine release specifically [START_REF] Papouin | Septal Cholinergic Neuromodulation Tunes the Astrocyte-Dependent Gating of Hippocampal NMDA Receptors to Wakefulness[END_REF].

Another study showed that cannabinoid receptor 1 (CB1) activation resulted in calcium-induced D-serine release from astrocytes, which in turn had a direct impact on memory [START_REF] Robin | Astroglial CB1 Receptors Determine Synaptic D-Serine Availability to Enable Recognition Memory[END_REF]. Astrocyte-specific CB1 receptor knockout mice present an impairment in novel-object recognition memory associated with decreased LTP in vivo, which is dependent on D-serine release. Moreover, intraperitoneal and intrahippocampal injections of a D-serine immediately after training rescued the memory phenotype in CB1-Knockout mice, suggesting the decline in cognitive abilities in these mice is linked to hippocampal astroglial release of D-serine coupled to CB1 receptor activation.

D-serine is one example of gliotransmitter that has been reported as a key regulator of memory and learning. However, many other molecules may be involved, Notably, ATP release from astrocytes has been suggested to activate adenosine A1 receptors and thereby mediate the deleterious effects of sleep deprivation on cognition [START_REF] Florian | Astrocyte-derived adenosine and A1 receptor activity contribute to sleep loss-induced deficits in hippocampal synaptic plasticity and memory in mice[END_REF].

Connexins and memory

Astrocyte coupling has also been suggested to play a part in the mechanisms of cognition. As previously described the astroglial network is connected via gap-junctions (composed of Cx30 and Cx43) that allow the spread of small molecules throughout astroglial networks, providing a larger spatial field for astrocyte intercommunication.

Cx30-deficient mice were first reported to display impaired short-term spatial memory using a spatial object recognition test, which consists in relocating an object to a different location and assessing the mouse exploratory behaviour towards that object compared to one that has not been moved [START_REF] Dere | Connexin30-deficient mice show increased emotionality and decreased rearing activity in the open-field along with neurochemical changes[END_REF]. More recently, Pannasch et al. demonstrated a strong reduction in contextual fear memory 24 hours after training in Cx30-deficient animals, which was associated with a 60% decrease in LTP following tetanic stimulation in the hippocampus [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF]. Although Cx30 is a component of gap-junctions, it also displays other functions in astrocytes, namely regulating the invasion of PAPs at the synapse through which it modulates transmission. This alternative cellular function of Cx30 might be a more feasible explanation to its involvement in memory formation. As expected, double knockout mice for both Cx30 and Cx43 also displayed cognitive impairment, particularly in spatial object recognition test, as well as alterations in myelination and swelling of astrocytes in the CA1 region of the hippocampus [START_REF] Lutz | Deletion of astrocyte connexins 43 and 30 leads to a dysmyelinating phenotype and hippocampal CA1 vacuolation[END_REF]. Interestingly, however, early findings showed that Cx43 deletion in astrocytes did not affect spatial reference memory [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],

suggesting the involvement of Cx43 in memory processes was not relevant. Nonetheless, a later study demonstrated that pharmacological selective blockade of Cx43 hemichannel function in the rat basolateral amygdala induced a failure of auditory fear conditioning, which could be rescued by administration of a cocktail of gliotransmitters [START_REF] Stehberg | Release of gliotransmitters through astroglial connexin 43 hemichannels is necessary for fear memory consolidation in the basolateral amygdala[END_REF].

These data suggest that the answer to what role astroglial connexins play in memory and learning might be more complicated than diffusion of transmitters and ions through gapjunctions. Indeed, Cx43 and Cx30 seem to display independent and different parts in these processes. Considering that the precise non-channel functions of these proteins remain quite elusive, more work needs to be undertaken to unravel these issues. Nevertheless, astroglial coupling is intimately linked to another physiological pathway believed to be crucial to memory processes: the astrocyte-neuron lactate shuttle.

The lactate-shuttle and memory

The lactate shuttle, which was previously described in chapter III.1.3 on energy metabolism, is a pathway consisting in astrocytes uptaking glucose from the blood and storing it into glycogen, to be able to break it down into lactate upon high energy demands and shuttle it to neurons to sustain their activity (figure 12) .

Two parallel independent studies have highlighted a role for astrocyte-neuron transfer of lactate in memory formation in vivo in rats. Suzuki et al. used a contextual inhibitory avoidance test after intrahippocampal injection of DAB, an inhibitor of glycogen phosphorylation, to assess the impact of astrocyte-mediated glycogenolysis on long-term memory formation [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF]. The inhibitory avoidance test consists in placing the rat in a two-compartment cage, in which the two compartments present distinctly different features. This task depends on dorsal hippocampus activation. In one of the compartments, the mouse will receive footshocks and learn to associate the aversive stimulus to the specific compartment. Two days later, it is placed in the same cage and time spent in each of the compartments is assessed as an indication of learning. In control mice, this behavioural experiment led to an increase in extracellular Llactate concentrations up to 50 minutes after training, while in injected mice it was completely abolished, and could be rescued by intrahippocampal injection of L-lactate. This procedure blocked long-term but not short-term memory for inhibitory avoidance, suggesting that the astrocyte lactate shuttle might be required for the longer, more sustained phase of memory consolidation. Newman et al., on the other hand, focused on a ventral-hippocampus behaviour called spontaneous alternations, in which the rats are placed in a four-arm plus-shaped maze and alternations in exploration of the different arms of the maze are recorded [START_REF] Newman | Lactate produced by glycogenolysis in astrocytes regulates memory processing[END_REF]. In control animals, L-lactate levels were shown to rise in the hippocampus after the task while glucose decreases. Similar to Suzuki et al., this team injected DAB in the ventral hippocampus and observed a decline in memory performance, which was rescued by L-lactate injection.

Both teams proceeded to similar experiments to determine the specific astrocytic involvement of this effect, as neurons have also been reported to uptake glucose directly. Blocking MCT-2, the main neuronal transporter of lactate, via pharmacological blockade [START_REF] Newman | Lactate produced by glycogenolysis in astrocytes regulates memory processing[END_REF] or antisense oligonucleotides [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF], resulted in profound impairment of memory retention. This alteration could not be rescued by administration of glucose, suggesting lactate conversion by astrocytes was necessary. Similar results were obtained with blockade of astroglial lactate transporters MCT-1 and MCT-4. These results were consolidated by the fact that LTP was impaired in hippocampal slices of DAB-injected mice following tetanic stimulation. Indeed, while the induction of LTP still occurred, it rapidly decayed, and was rescued by co-injection of DAB with L-lactate before LTP induction [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF].

Interestingly, increased mRNA levels for MCT-1 and MCT-4, as well as GLUT1, have been observed in the hippocampus following inhibitory avoidance, further suggesting that astroglial metabolic regulation is important for memory [START_REF] Tadi | Learning-Induced Gene Expression in the Hippocampus Reveals a Role of Neuron -Astrocyte Metabolic Coupling in Long Term Memory[END_REF]. Moreover, a recent study suggested that lactate from astrocytes was necessary for learning-induced de novo translation in neurons, as blocking lactate production with DAB injection reduced the puromycin signal observed in the dorsal hippocampus of mice as a response to the inhibitory avoidance test [START_REF] Descalzi | Lactate from astrocytes fuels learning-induced mRNA translation in excitatory and inhibitory neurons[END_REF].

Overall, these data bring to light the necessity for astroglial shuttle of lactate to neurons in the consolidation, if not the formation, of memory. Whether lactate serves as a glucose metabolite or, as suggested more recently, acts as a signalling molecule through activation of neuronal receptors, however, remains to be fully determined.

Additional remarks on astrocytes in memory

Of note, astroglial morphology has also been reported to change upon learning, specifically as a result of fear conditioning. An electron microscopy study revealed that the number of synapses without PAPs increased in the amygdala one hour after auditory fear conditioning in rats, suggesting for a retraction of PAPs from the synapse during memory consolidation [START_REF] Ostroff | Synapses lacking astrocyte appear in the amygdala during consolidation of pavlovian threat conditioning[END_REF]. However, the number of astrocyte-synapse contacts 24 hours after training, over the long-term memory phase, was restored to basal levels. Changes were also observed in the morphology of hippocampal astrocytes one hour after contextual fear conditioning [START_REF] Choi | Hippocampus-based contextual memory alters the morphological characteristics of astrocytes in the dentate gyrus[END_REF]. Astrocytes displayed an increased ramification, as assessed by Sholl analysis, which counts the number of intersections between GFAP-stained astrocyte processes and concentric circles emanating from the cell body. These two studies converge towards a structural organization of astrocytes after a fear conditioning task, although they were performed in different brain regions and using slightly divergent paradigm. This suggests a remodelling of astroglial processes may be necessary for the onset of memory formation, although it may not be sustained in the long-term, as suggested by the retrieval of the number of astrocyte-synapse contacts 24 hours post-training [START_REF] Ostroff | Synapses lacking astrocyte appear in the amygdala during consolidation of pavlovian threat conditioning[END_REF].

From these few examples of astrocyte contribution to memory, it seems obvious that these cells intervene in at least some of the mechanisms underlying learning and memory. The discovery of LTP, and synaptic plasticity as a whole, placed neurons at the center of cognitive research. More recently, however, astrocytic modulation of neuronal inputs, at both the network and synaptic scale, has greatly improved our knowledge of those mechanisms. As astroglial research becomes more and more popular, the emergence of cutting-edge tools to study in vivo functions of astrocytes will surely reveal a number of additional pathways through which astrocytes exert an impact on memory. Moreover, a lot of our understanding stems from the study of disorders involving memory loss combined with altered neuroglial interactions, emphasizing the importance of pathological models in the study of cognitive functions.

In pathology

Astrocytes are known to contribute to a number of neurodevelopmental and neurodegenerative pathologies. Considering the large amount of literature on the topic, this chapter will only focus on astroglial contribution to three of these pathologies: Alzheimer's disease (AD), ischemic brain damage and Autism Spectrum Disorder. In these conditions, astrocytes seem to display altered molecular identity and function at both the perivascular and perisynaptic interfaces. However, emphasis will be made on the perisynaptic outcomes.

Alzheimer's disease

Alzheimer's disease is a neurodegenerative disorder associated with progressive cognitive decline, particularly memory loss, thought to arise from accumulation of neurofibrillary tangles inside neural cells and amyloid-β (Aβ) plaques in the extracellular space.

Reduction in dendritic spines has also been detected in AD brains prior to the onset of Aβ plaques and neuronal death [START_REF] Moolman | Dendrite and dendritic spine alterations in Alzheimer models[END_REF]. Importantly, this pathology has been associated with disruption of glutamate transmission as Aβ induces long-term depression via internalization of AMPA-receptors at the postsynapse in organotypic hippocampal slices [START_REF] Hsieh | AMPAR Removal Underlies Aβ-Induced Synaptic Depression and Dendritic Spine Loss[END_REF].

In AD mice and patients, astrocytes have been reported to become reactive, with overexpression of GFAP, particularly around Aβ plaques [START_REF] Vanzani | Immunochemical and morphometric features of astrocyte reactivity vs. plaque location in Alzheimer's disease[END_REF]. Additionally, glutamate uptake in primary astrocytes in culture is altered as glutamate transporters GLT-1 and GLAST are inhibited by Aβ. In vitro studies have shown that Aβ induces glutamate release from both astrocytes [START_REF] Talantova | Aβ induces astrocytic glutamate release, extrasynaptic NMDA receptor activation, and synaptic loss[END_REF] and neurons [START_REF] Li | Soluble a β oligomers inhibit long-term potentiation through a mechanism involving excessive activation of extrasynaptic NR2Bcontaining NMDA receptors[END_REF]. This results in activation of extrasynaptic NMDA-receptors due to glutamate spillover and consequent synaptic damage.

These findings were consolidated by the fact that loss of GLT-1 is a common feature in AD patients and mouse models, and overexpression of GLT-1 resulted in cognitive improvements in mouse models, suggesting astroglial glutamate transporters play a crucial role in maintaining the integrity of glutamate transmission [START_REF] Takahashi | Restored glial glutamate transporter EAAT2 function as a potential therapeutic approach for Alzheimer's disease[END_REF].

Astroglial calcium alterations have also been observed in AD. Particularly, multiphoton fluorescent imaging in vivo revealed that calcium transients in AD mice were much more frequent and uncoupled with neuronal activity, and astrocytes close to Aβ plaques generated calcium waves that spread through the network [START_REF] Kuchibhotla | Synchronous Hyperactivity and Intercellular Calcium Waves in Astrocytes in Alzheimer Mice[END_REF]. Specific receptors have been identified as contributors of this calcium hyperactivity in response to Aβ. It was found that Aβ activates nicotinic acetylcholine receptors, which are highly permeable to calcium, thereby inducing strong calcium elevations resulting in astroglial release of glutamate [START_REF] Pirttimaki | α7 nicotinic receptor-mediated astrocytic gliotransmitter release: Aβ effects in a preclinical Alzheimer's mouse model[END_REF]. Astrocytes surrounding Aβ plaques also strongly express adenosine receptor P2Y1, and pharmacological blockade of this receptor alleviates the calcium hyperexcitability of astrocytes observed in AD mice [START_REF] Delekate | Metabotropic P2Y1 receptor signalling mediates astrocytic hyperactivity in vivo in an Alzheimer's disease mouse model[END_REF]. A later study from the same group demonstrated that blockade of P2Y1 receptors re-established astroglial and neuronal network synchronization in vivo, as well as preserved synapses and LTP. Interestingly, AD mice treated with antagonists of this receptor or lacking somatic calcium transients (IP3R2-Knockout mice) were protected from spatial memory loss [START_REF] Reichenbach | P2Y1 receptor blockade normalizes network dysfunction and cognition in an Alzheimer's disease model[END_REF]. While the exact pathways involved in astroglial impairment over the course of this disease are still under examination, it is clear that astrocytes contribute greatly to the deleterious phenotype observed in AD, as demonstrated by in vitro and in vivo studies.

Stroke

Another debilitating neurological impairment is ischemic brain damage, also called ischemic stroke. It arises from a sudden loss of blood flow to either the whole brain (global ischemia) or a specific area of the brain (focal ischemia). This leads to a lack of glucose and oxygen supplies to cells located in the affected area, and often leads to severe cognitive and/or motor impairment, depending on which parts of the brain are affected. Importantly, a hallmark of this pathology is also glutamate-associated excitotoxicity [START_REF] Mayor | Neurotransmitters in the mediation of cerebral ischemic injury[END_REF].

Astrocytes have been described as important actors during and in response to ischemic brain damage, via an increase in their inflammatory response, alterations of glutamate uptake, bloodbrain barrier and blood vessel restoration, as well as glial scar formation [START_REF] Gleichman | Astrocytic therapies for neuronal repair in stroke[END_REF].

Considering the implication of glutamate overflow in stroke, studies have addressed the uptake of this neurotransmitter by astrocytes as a potential therapeutic target. It has been demonstrated

that overexpression of GLT-1 had a neuroprotective effect on ischemia in rat hippocampal slice cultures [START_REF] Weller | Selective overexpression of excitatory amino acid transporter 2 (EAAT2) in astrocytes enhances neuroprotection from moderate but not severe hypoxia-ischemia[END_REF]. Similarly, overexpression of GLT-1 via in vivo viral injection in a rat model of stroke lead to a reduction of glutamate overflow associated with decreased cell death and improvement in behavioural recovery [START_REF] Harvey | Targeted over-expression of glutamate transporter 1 (GLT-1) reduces ischemic brain injury in a rat model of stroke[END_REF]. This suggests that astroglial regulation of glutamate homeostasis could be directly involved in preventing stroke.

Astrocyte-expressed thrombospondin-1 and -2, known to play a role in synaptogenesis, are upregulated upon ischemia [START_REF] Liauw | Thrombospondins 1 and 2 are necessary for synaptic plasticity and functional recovery after stroke[END_REF]. Following focal ischemia, a drastic reduction in the density of spines is observed in the affected area, which is progressively recovered over time. In TSP1/2 knockout mice, this synaptic recovery was greatly reduced, suggesting these two molecules are crucial to post-ischemic recovery of synapse number and network integrity [START_REF] Liauw | Thrombospondins 1 and 2 are necessary for synaptic plasticity and functional recovery after stroke[END_REF].

A characteristic molecular consequence of ischemia is the alteration of AMPA receptor subunits at the neuronal membrane, as observed in neuronal cultures under oxygen and glucose deprivation [START_REF] Blanco-Suarez | Distinct subunit-specific α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor trafficking mechanisms in cultured cortical and hippocampal neurons in response to oxygen and glucose deprivation[END_REF]. This impaired composition and distribution of AMPA receptors leads to alterations in calcium permeability, potentially resulting in neuronal death. It has been demonstrated that several astrocyte-secreted molecules, such as glypicans, are involved in the recruitment of AMPA-receptor subunits to the postsynaptic density [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF] and could be explored as potential therapeutic targets to prevent excitotoxicity.

A recent study suggested a role for the Swell1 astroglial channel in promoting brain damage during stroke [START_REF] Yang | Glutamate-Releasing SWELL1 Channel in Astrocytes Modulates Synaptic Transmission and Promotes Brain Damage in Stroke[END_REF]. Upon ischemic brain damage, astrocytes have been reported

to swell, which potentially triggers the activation of glutamate-permeable volume-regulated anion channel (VRAC) and subsequent non-vesicular release of glutamate. Swell1 is a major subunit of this VRAC. Astrocyte-specific Swell1 knockout animals displayed lower extracellular glutamate levels resulting in impaired glutamatergic transmission. This was associated with impaired synaptic plasticity, as well as learning and memory deficits in the Morris water maze test [START_REF] Yang | Glutamate-Releasing SWELL1 Channel in Astrocytes Modulates Synaptic Transmission and Promotes Brain Damage in Stroke[END_REF]. Importantly, deletion of this channel, as well as pharmacological inhibition in mice, provided neuroprotection and improved behavioural outcomes in a mouse model of stroke.

Considering the importance of astrocytes in brain homeostasis, it is perhaps unsurprising that they act as regulators in pathologies such as ischemia. However, the bivalent role of this cell, displaying both deleterious and beneficial factors that contribute to either worsening or improving the outcome of the disease, is quite an interesting field to explore, especially in the development of novel therapeutic tools. Moreover, the involvement of astrocytes in stroke also revealed novel pathways by which they seem able to modulate learning and memory processes.

Autism and Fragile X syndrome

Autism is a neurodevelopmental disorder characterized by social anxiety, repetitive behaviours and cognitive impairments, including learning deficits. A hypothesis suggests this pathology results from an imbalance in inhibition/excitation ratio in the brain. Rats exposed to valproate prenatally develop autistic-like behaviours. In this model, the glutamate transporter GLT-1 was strongly downregulated 15 to 120 days after birth, suggesting a dysregulation of glutamate clearance from the synapse [START_REF] Bristot Silvestrin | Animal model of autism induced by prenatal exposure to valproate: Altered glutamate metabolism in the hippocampus[END_REF]. Inducible astrocytespecific GLT-1 knockout mice exhibit autistic-like behaviours associated with repetitive movements, such as excessive self-grooming and tic-like headshakes [START_REF] Aida | Astroglial glutamate transporter deficiency increases synaptic excitability and leads to pathological repetitive behaviors in mice[END_REF].

Fragile X syndrome is an X-linked genetic disorder and a leading cause of autism. It is caused by a mutation in the Fmr1 gene coding for FMRP [START_REF] Yudkin | Chromosome fragility and the abnormal replication of the FMR1 locus in fragile X syndrome[END_REF]. Post-mortem evaluation of brains from Fragile X patients have demonstrated unusual spine morphology, characterized by long, immature-looking spines [START_REF] Hinton | Analysis of neocortex in three males with the fragile X syndrome[END_REF]. Similar features are observed in brains from Fmr1 knockout mice [START_REF] Nimchinsky | Abnormal development of dendritic spines in FMR1 knock-out mice[END_REF], associated with impairments in learning and memory. Importantly, FMRP is highly expressed throughout the brain, in both astrocytes and neurons [START_REF] Pacey | Developmental expression of FMRP in the astrocyte lineage: Implications for fragile X syndrome[END_REF], and is an RNA binding protein, as previously stated in chapter IV.4. It binds to ribosomes and is involved in mRNA transport and translational repression in neuronal dendrites [START_REF] Ifrim | Single-molecule imaging of PSD-95 mRNA translation in dendrites and its dysregulation in a mouse model of fragile X syndrome[END_REF] as well as radial glia endfeet [START_REF] Pilaz | Dynamic mRNA Transport and Local Translation in Radial Glial Progenitors of the Developing Brain[END_REF].

Fmr1 knockout mice present excessive protein synthesis in neurons, and have been reported to display excessive mGluR signalling at synapses, which was directly linked to the abnormal morphology of spines [START_REF] Berry-Kravis | Mechanism-based treatments in neurodevelopmental disorders: fragile X syndrome[END_REF]. Recent studies have developed astrocyte-specific Fmr1 knockout mice to investigate the contribution of astrocytes to this pathology [START_REF] Higashimori | Selective deletion of astroglial FMRP dysregulates glutamate transporter GLT1 and contributes to fragile X syndrome phenotypes in vivo[END_REF][START_REF] Hodges | Astrocytic Contributions to Synaptic and Learning Abnormalities in a Mouse Model of Fragile X Syndrome[END_REF]. In these mice, impaired motor learning was observed, associated with an increased spine density in the motor cortex, and a greater density of spines displaying an immature morphology [START_REF] Hodges | Astrocytic Contributions to Synaptic and Learning Abnormalities in a Mouse Model of Fragile X Syndrome[END_REF]. This suggests that astrocytes play a significant part in the pathology of Fragile X syndrome. Astrocyte-specific rescue of FMRP expression in global knockout mice, however, did not improve learning abilities nor spine morphology, suggesting that a crosstalk between different cell types might be necessary to maintain the integrity of spine and proper behaviour. Astrocyte-specific Fmr1 knockout mice also present a 40% decrease in GLT-1 in astrocytes of the somatosensory cortex, resulting in impaired extracellular glutamate uptake and enhanced neuronal excitability [START_REF] Higashimori | Selective deletion of astroglial FMRP dysregulates glutamate transporter GLT1 and contributes to fragile X syndrome phenotypes in vivo[END_REF]. Since FMRP is a translational repressor, its deletion results in abnormally high levels of protein synthesis in global Fmr1 knockout mice. The levels of translation in astrocyte-specific knockout mice were thus investigated. A 19% increase in basal levels of protein synthesis was observed in these mice, compared to 26% in global knockout mice. Interestingly, restoring FMRP exclusively in astrocytes significantly reduced basal protein synthesis levels [START_REF] Higashimori | Selective deletion of astroglial FMRP dysregulates glutamate transporter GLT1 and contributes to fragile X syndrome phenotypes in vivo[END_REF]. Very recently, a new study by the same team was released on BioRxiv, in which astrocyte-specific Fmr1 knockout mouse were subject to an inhibitory avoidance test to assess their cognitive abilities. These animals were shown to display deficits in memory acquisition, suggesting the lack of astroglial FMRP alone was sufficient to induce memory impairment [START_REF] Jin | Astroglial FMRP modulates synaptic signaling and behavior phenotypes in FXS mouse model[END_REF].

As scientists start to unravel the molecular bases of various neurological diseases affecting cognition, the role of astrocytes in these pathologies becomes more and more obvious.

As the spotlight turns to astrocytes, understanding the molecular mechanisms underlying their functions will enable the identification of novel therapeutic targets and perhaps new treatments for some of these disorders.

Objectives

The main objective of this PhD work was to characterize the properties of local translation in perisynaptic processes of the dorsal hippocampus and assess the changes in local translation in the physiological context of contextual fear conditioning. My PhD can be divided into four major aims:

Aim 1: Identification of a subtype of brain pericytes expressing Connexin 30

Connexin 30 is a protein believed to be exclusively expressed by astrocytes in the brain. Yet, over the course of our experiments, we observed a number of Cx30-positive cells adjacent to blood vessels and negative for typical astroglial markers such as GFAP. We thus investigated their molecular identity and determined that these Cx30-expressing cells represented a so-far undescribed subtype of pericytes. The detailed results related to this work are described in a short-communication article published in Brain Structure and Function in 2018 [START_REF] Mazaré | Connexin 30 is expressed in a subtype of mouse brain pericytes[END_REF].

Aim 2: Characterization of local translation in hippocampal PAPs

Previous work has evidenced the presence of local translation in specialized compartments of astrocytes, at both the perivascular and perisynaptic interface. However, due to experimental obstacles, astrocyte-specific or -enriched polysomal mRNAs in these astroglial processes could only be identified indirectly using substractive approaches, thus overshadowing ubiquitous transcripts that could play an essential role at this interface. Our goal was first to provide a detailed description of the subcellular organization of PAPs in the dorsal hippocampus, then to characterize the entire pool of polysomal mRNAs in this perisynaptic compartment. To overcome these issues, we developed a refined TRAP protocol to eliminate background noise and extracted the first complete polysomal transcriptome of PAPs from the mouse dorsal hippocampus. The results related to this work are included in an article now in revision at Cell

Reports and available on BioRxiv, and the optimised TRAP protocol has been published in Methods Molecular Biology in 2019 [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF]. The article, protocol and additional results related to this topic will be combined to allow a better understanding of these results.

Aim 3: Comparison of mRNA expression for some PAP-enriched transcripts between the perivascular and perisynaptic compartments of hippocampal astrocytes

Considering the very different functions of astrocytes at the perivascular and perisynaptic interface, we hypothesize that the molecular enrichment of these two compartments differed.

Our next objective was thus to investigate the differential expression of a chosen set of polysomal mRNAs in the perivascular and perisynaptic interface of hippocampal astrocytes.

Some of the results from this study are included in our article now in revision at Cell Reports (Mazaré et al., in revision), but will be presented separately here with additional data for a more comprehensive analysis.

Aim 4: Assessment of changes in local translation upon contextual fear conditioning: a dorsal-hippocampus related behaviour.

As previously stated, astrocytes have been shown to play a crucial role in memory and learning processes. Neuronal local translation, on the other hand, has been associated with synaptic plasticity in the hippocampus, a mechanism underlying memory and learning. We therefore investigated whether local translation in perisynaptic astroglial processes of the hippocampus underwent significant changes following contextual fear conditioning, a task involving the dorsal hippocampus. Some of the results from this study are included in our article now in revision at Cell Reports (Mazaré et al., in revision), but we will provide more details here. We also developed a semi-automated analysis protocol to study mRNA distribution in astrocytes, which was published in Journal of Cell Science [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. This article was added to the Appendix.

In sum, this PhD aimed at providing, for the first time, the complete repertoire of polysomal mRNAs in PAPs of the hippocampus and opening up new avenues on the potential role for local translation at this interface.

Experimental results

______________________________________________________

Cx30 is expressed in a subtype of mouse brain pericytes

Summary

Pericytes are mural cells which surround blood microvessels in the brain. They regulate vessel contractility to provide the adequate supply of blood flow in response to neuronal activity. They also play a crucial role in angiogenesis and the formation of the BBB over the course of development and produce factors to generate the basement membrane which surrounds blood vessels. Interestingly, the morphological features of pericytes gradually change depending on the type of blood vessel they are found on. This morphological diversity is associated with a wide molecular heterogeneity, which has resulted in much debate in the scientific community over the exact definition of a pericyte and has called for a better classification of these cells. In this study, using transgenic tools combined with immunohistochemistry and fluorescent in situ hybridization, we identified a subtype of pericytes expressing Cx30 in the mouse brain. We extracted microvessels from the entire brain and identified cells which co-expressed Cx30 protein, its associated mRNA, along with Pdgfrβ mRNA, a marker of pericytes. Cx30-Pdgfrβ-double-positive cells were found in all brain regions and represented 4.9±0.5% of the entire Pdfrβ-positive population of pericytes. Using a transgenic mouse line in which the unique Cx30 coding exon is replaced by a lacZ reporter gene, we assessed the distribution of lacZ-positive pericytes on different types of brain vessels and found that they were equally present on arterioles, capillaries and venules. Until now, Cx30 was thought to be exclusively expressed by astrocytes in the brain. This protein is a major component of gap-junctions allowing cell-to-cell communication, and can form hemichannels.

It has also been reported to act in a channel-independent manner to regulate PAP remodelling.

Although the function of Cx30 in pericytes has not been assessed, it could perhaps be a molecular candidate for the already described gap-junctions observed between endothelial cells and pericytes, or could play a role in the regulation of these cells' morphology, as observed in astrocytes. Overall, this study brings to light a new subtype of pericytes characterized by their expression of Cx30 (Figure 27). The article related to this work can be found in the Appendix section [START_REF] Mazaré | Connexin 30 is expressed in a subtype of mouse brain pericytes[END_REF].

Local translation in hippocampal perisynaptic astrocytic processes is specific

Summary

Local translation is a conserved molecular mechanism conferring cells the ability to quickly respond to local stimuli. In the brain, local translation has been recently reported in astrocytes, whose fine processes contact both blood vessels and synapses. Yet the specificity and regulation of astrocyte local translation remains unknown. Here, we studied hippocampal perisynaptic astrocytic processes (PAPs) and show that they contain the machinery for translation. Using our recently refined polysome immunoprecipitation technique, we then characterized for the first time the entire pool of polysomal mRNAs in PAPs and compared it to the one expressed in the whole astrocyte. We found that a specific pool of astrocytic polysomal mRNAs was highly polarized at the synaptic interface. Furthermore, these PAPenriched transcripts encoded an unexpected molecular repertoire, mostly composed of proteins involved in iron homeostasis, translation, cell cycle and cytoskeleton. We observed a differential distribution of some of these transcripts in the PAP compartment compared to perivascular endfeet, while other ones were equally present, suggesting for specific sets of mRNAs fulfilling specialized functional requirements. Remarkably, we observed alterations in global RNA distribution and local translation of some PAP-enriched transcripts after fear conditioning, indicating the physiological role of astrocytic local translation in memory and learning.

Introduction

Astrocytes constitute the most abundant population of glial cells in the mammalian brain. They are morphologically complex cells, with many ramifications extending towards both blood vessels and neurons [START_REF] Verkhratsky | Neuronal-glial networks as substrate for CNS integration[END_REF]. Specific processes called endfeet contact the blood vessels and thus enable astrocytes to modulate important vascular functions, such as blood-brain barrier integrity [START_REF] Alvarez | Glial influence on the blood brain barrier[END_REF], immunity and cerebral blood flow [START_REF] Iadecola | The Neurovascular Unit Coming of Age: A Journey through Neurovascular Coupling in Health and Disease[END_REF]. The perisynaptic astrocytic processes (PAPs) interact with both synapses and dendrites, and regulate synaptic transmission [START_REF] Ghézali | Perisynaptic astroglial processes: dynamic processors of neuronal information[END_REF]. Furthermore, PAPs can sense changes in the composition of the perisynaptic extracellular space produced by active neurotransmission [START_REF] Dallérac | Versatile control of synaptic circuits by astrocytes: where, when and how?[END_REF]. PAPs actively contribute to the clearance of ions and neurotransmitters from the synaptic cleft, thereby preventing prolonged neuronal activation and excitotoxicity. Astroglial processes are indeed equipped with transporters and channels, such as glutamate transporters and inward rectifying potassium channels, which tightly control the level of perisynaptic glutamate [START_REF] Yang | Presynaptic regulation of astroglial excitatory neurotransmitter transporter GLT1[END_REF] and potassium respectively [START_REF] Sibille | Astroglial potassium clearance contributes to short-term plasticity of synaptically evoked currents at the tripartite synapse[END_REF]. Perisynaptic astrocytic processes have also been reported to release neuroactive factors such as ATP and D-serine through various pathways including connexin hemichannels [START_REF] Chever | Astroglial connexin43 hemichannels tune basal excitatory synaptic transmission[END_REF] or vesicles [START_REF] Sultan | Synaptic Integration of Adult-Born Hippocampal Neurons Is Locally Controlled by Astrocytes[END_REF]. Astrocytes also influence synaptic function by dynamically modulating their synaptic coverage [START_REF] Bernardinelli | Activity-dependent structural plasticity of perisynaptic astrocytic domains promotes excitatory synapse stability[END_REF][START_REF] Pannasch | Astroglial networks scale synaptic activity and plasticity[END_REF]. Lastly, these cells eliminate weak synapses and actively refine neuronal circuits during development, and orchestrate synaptogenesis in the mature brain [START_REF] Allen | Cell Biology of Astrocyte-Synapse Interactions[END_REF][START_REF] Chung | Astrocytes Control Synapse Formation, Function, and Elimination[END_REF].

Understanding how astrocytes control this wide variety of synaptic functions is crucial, as aberrant communication between neurons and astrocytes is known to contribute to several brain diseases. Characterizing the underlying molecular mechanisms may not only reveal the brain's fundamental workings but also facilitate the development of new therapeutic tools. While specialized cell polarity is a hallmark of astrocytes, the molecular actors maintaining this polarity are still poorly understood. Compartmentalization of mRNAs in distal regions of the cytoplasm and local translation allowing finely regulated spatiotemporal regulation of protein delivery are evolutionarily conserved cellular strategies known to sustain functional polarization [START_REF] Besse | Translational control of localized mRNAs: Restricting protein synthesis in space and time[END_REF]. In the brain, both processes have been described in oligodendrocytes [START_REF] Wake | Control of local protein synthesis and initial events in myelination by action potentials[END_REF] and have been extensively studied in neurons -the cytoplasmic processes of which may be more than 1000 times longer than the cell body [START_REF] Biever | Local translation in neuronal processes[END_REF]. It has been shown that local translation provides synapses with a rapid access to new proteins, and has a crucial role in synaptic function and plasticity [START_REF] Glock | mRNA transport & local translation in neurons[END_REF][START_REF] Holt | Local translation in neurons: visualization and function[END_REF]. Importantly, the impairment of local translation in neurons has been implicated in several neuropathological diseases, such as fragile-X syndrome [START_REF] Kao | Altered mRNA transport, docking, and protein translation in neurons lacking fragile X mental retardation protein[END_REF] and amyotrophic lateral sclerosis (ALS) [START_REF] Alami | Axonal Transport of TDP-43 mRNA Granules Is Impaired by ALS-Causing Mutations[END_REF].

We recently showed that local translation occurs in perivascular astrocyte processes (PvAP), and characterized the locally translated molecular repertoire [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF]. Two other studies have also highlighted local translation in radial glia during brain development (Pilaz et al., 2016) and in PAPs from P21 mouse cortices [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. It has been suggested that impaired local translation in astrocytes and oligodendrocytes is involved in ALS [START_REF] Barton | Could an impairment in local translation of mRNAs in glia be contributing to pathogenesis in ALS? Front[END_REF].

In the present study, we characterized local translation in PAPs in the dorsal hippocampus, a region of the brain involved in memory and learning. We first checked for the presence in PAPs of mRNAs, ribosomes, local translation, the endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC), and elements of the Golgi apparatus that might be crucial for local translation and protein maturation. We then used our recently refined translating ribosome affinity purification (TRAP) protocol [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF] to characterize for the first time the global polysomal mRNA repertoire in PAPs, and notably mRNAs present at higher levels in the processes than in the astrocyte as a whole. As astrocytes fulfill independent specialized functions at the vascular and synaptic interface, we performed a comparative analysis for a set of mRNAs between the perivascular and perisynaptic compartments of hippocampal astrocytes.

Lastly, we probed the physiological relevance of local translation in PAPs by characterizing changes in levels of memory-related, PAP-enriched polysomal mRNAs after contextual memory acquisition.

labeling (Figure 28E) divides it into: soma, large processes, fine processes. It adds a quantification of GFAP-negative processes if the mRNA is specific to astrocytes. Dots belonging to one of these areas are attributed a specific color and quantified (Figure 28F). AstroDot dialogue box for the definition of fluorescence channels, the nucleus and astrocyte parameters, the threshold method for FISH dots and the choice of the "Specific mRNA" option. D. Detection of the astrocyte nucleus (green) and other nuclei (red). E. Heatmap of GFAP immunofluorescence, used to calculate the process diameter. F. AstroDot interpretation of the results for Gfapα and Gfapδ mRNAs, with the "Specific mRNA" option active. Green dots are located in the soma or large GFAP-labelled processes. Yellow dots are located in fine processes. Scale bars: 10 µm.

The publication related to this method can be found in the Appendix. The Bacillus subtilis dihydrodipicolinate reductase (dapB) gene was used as a negative control. The probes are listed in Table S1 in the Supplementary methods and data section. Independent experiments were performed on three animals and two brain slices per animal.

Viral vectors and stereotaxic injection

Two independent transgenes (composed of ERGIC-53 and pGolt cDNAs fused with GFP or mCherry respectively) were inserted under the control of the gfaABC1D synthetic promoter [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF]. (to drive their expression in astrocytes) in an AAV shuttle plasmid containing the inverted terminal repeats of AAV2. Pseudotyped serotype 9 AAV particles were produced by transient co-transfection of HEK-293T cells, as described previously (Fol et al., 2016). Viral titles were determined by quantitative PCR amplification of the inverted terminal repeats on DNase-resistant particles, and expressed in vector genomes (vg) per ml.

Two-to five-month-old mice were anesthetized with a mixture of ketamine (95 mg/kg; Merial) and xylazine (10 mg/kg; Bayer) in 0.9% NaCl and placed on a stereotaxic frame with constant body temperature monitoring. Adeno-associated viruses were diluted in PBS with 0.01% Pluronic F-68 at a concentration of 9x10 12 vg/ml and 1 µl of virus was injected unilaterally into the right hippocampus at a rate of 0.1 μl/min, using a 29-gauge blunt-tip needle linked to a 2 µl Hamilton syringe (Phymep). The stereotaxic coordinates relative to the bregma were:

anteroposterior, -2 mm; mediolateral: +1.5 mm; and dorsoventral, -1.5 mm. The needle was left in place for 5 min and was then slowly removed. The skin was glued back in place, and the animals' recovery was checked regularly for the next 24 h. After 3 weeks, the mice were sacrificed and processed for immunostaining (see below). To determine the number of astrocytic pGolt and ERGIC-53 particles within 1µm of synapses, we developed an ImageJ plugin. We first defined a synapse as a VGluT1 particle sharing at least one common voxel with a Homer1 particle. The synapse location was calculated as the half distance between the VGluT1 and Homer1 particle centers. The inverted distance map of the ERGIC-53-GFP or pGolt-mCherry channel allowed to measure the distance from a synapse to the astrocyte compartment. We used a range between 0 and 1 µm to define a PAP.

Immunohistolabeling, puromycylation and confocal imaging

Brain sections were fixed in PBS/PFA 4% for 15 min, rinsed in PBS, incubated for 1 h at room temperature in blocking solution (2% goat serum, 0.2% Triton X-100 in PBS). Next, the sections were incubated with primary antibodies diluted in the blocking solution for 12 h at 4 °C, rinsed for 5 min in PBS three times, incubated with secondary antibodies diluted in blocking solution for 2h at room temperature, rinsed for 5 min in PBS three times, and mounted in Fluoromount (Southern Biotech, Birmingham, AL). Brain sections were imaged on X1 and W1 spinning-disk confocal microscopes (Yokogawa). Images were acquired with a 63X oil immersion objective (Zeiss). Synaptogliosomes were immobilized on a glass slide coated with Cell-Tak (Corning) and immunostained as described previously.

For puromycylation, transverse slices of 150µm from the hippocampi of a P17 mouse were prepared using a vibrating blade microtome (Leica) in cold (4°C) Artificial cerebrospinal fluid (aCSF) containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26.2

NaHCO3 and 11 glucose saturated with 95% O2 and 5% CO2. Slices were left to rest in storage chamber for 1h at room temperature, then incubated at 32°C for 1h. Half of the slices were placed in a chamber with 91µM puromycin (Sigma) at 32°C for 10min. The other half was left untouched and used as negative control. Slices were then washed out for 2 min in fresh aCSF, fixed in PBS/PFA 4% overnight at 4°C, rinsed for 3min in PBS three times and permeabilized and blocked in 4% goat serum, 0.5% Triton X-100 in PBS overnight at 4°C. Next, slices were incubated overnight at 4°C with primary antibodies in the blocking solution without Triton, rinsed 3 times in PBS for 20 min, and incubated with secondary antibodies for 3h at room temperature. Slices were rinsed again with PBS and mounted in Fluoromount (Southern Biotech, Birmingham, AL) on glass cover slips. Images were acquired using Zeiss LSM 980

Confocal -Airyscan 2, with a 63X oil immersion objective (Zeiss). Antibodies and applications are listed in Table S1 in the Supplementary methods and data section below.

Preparation of synaptogliosomes

Synaptogliosomes were prepared from the dorsal hippocampi of 2-month-old mice. All steps were performed at 4°C. Dorsal hippocampi were dissected and homogenized with a tight glass homogenizer (20 strokes) in buffer solution (0.32 M sucrose and 10 mM HEPES in diethyldicarbonate-treated water, with 0.5 mM DTT, Protease Inhibitors (Complete-EDTA free) 1 mini tablet/10 mL, RNasin1μL/mL, CHX 100μg/mL added extratemporaneously). The 

Quantitative RT-PCR

RNA was extracted using the Rneasy Lipid tissue mini kit (Qiagen, Hilden, Germany). cDNA was then generated using the Superscript™ III Reverse Transcriptase kit and pre-amplified with a mixture of the tested TaqMan® probes (Table S1) using the SsoAdvanced™ PreAmp Supermix (Biorad). Differential levels of cDNA expression were measured using the droplet digital PCR (ddPCR) system (Biorad) and TaqMan® copy number assay probes. Briefly, cDNA and 6-carboxyfluorescein (FAM) probes and primers were distributed into approximately 10,000 to 20,000 droplets. The nucleic acids were then PCR-amplified in a thermal cycler and read (as the number of positive and negative droplets) with a QX200 Droplet Digital PCR System. The ratio for each tested gene was normalized against the total number of positive droplets against 45S RNA.

Western blots

Synaptogliosome pellets were sonicated three times for 10 s at 20 Hz (Vibra cell VCX130) and boiled in Laemmli loading buffer. Protein content was measured using the Pierce 660 nm protein assay reagent (Thermo Scientific, Waltham, MA, USA). Equal amounts of proteins were separated by denaturing electrophoresis in Mini-Protean TGX stain-free gels (Biorad) and then electrotransferred to nitrocellulose membranes using the Trans-blot Turbo Transfer System (Biorad). Membranes were hybridized as previously described [START_REF] Ezan | Deletion of astroglial connexins weakens the blood-brain barrier[END_REF].

Aldh1l1:L10a-eGFP TRAP

The TRAP experiments were performed on male mice only since hippocampal astrocytes display sex-difference [START_REF] Conejo | Evidence for sexual difference in astrocytes of adult rat hippocampus[END_REF]. Two dorsal hippocampi were used for whole astrocyte polysome extraction (n=3 libraries). For PAP polysome extraction, synaptogliosomes were isolated from dorsal hippocampi pooled from two mice (n=3 libraries). Polysomes were extracted using our recently published TRAP protocol, as follows [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF].

Previous astroglial TRAP publications have shown an important part of polysomal mRNAs originating from neurons, endothelial cells and other types of neural cells [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF][START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. This led us to improve our TRAP protocol in order to get rid of any background noise arising from non-specific binding during immunoprecipitation. Shortly, Protein G magnetic Dynabeads were washed with a buffer containing 0.15M KCl, then split into three different columns: one was used as a pre-clean column, IgG were added to the second one to provide an additional preclean column, and the third one was incubated in yeast tRNA and 2% BSA to block non-specific binding sites, before being coated with GFP antibodies for immunoprecipitation (Figure 30A). In order to avoid non-specific binding of the mRNAs to the beads or to IgG, and in contrast to the initial TRAP protocol [START_REF] Heiman | Cell type-specific mRNA purification by translating ribosome affinity purification (TRAP)[END_REF], the cytosolic extracts were pre-cleaned more extensively prior to immunoprecipitation. Lysates were first placed on the antibody-free pre-clean column for 1 h, then on a column with bound non-specific mouse IgGs for an additional hour, and finally on the GFP column for immunoprecipitation for 30 min. Beads were then collected and washed with a buffer containing 0.35M KCl then incubated in RLT (lysis buffer) for 5 min at room temperature to extract all elements bound to the beads. The supernatant was collected and subjected to RNA extraction, while beads were discarded (Figure 30B). 

RNA extraction, sequencing and analysis

Polysomal mRNAs were purified using the RNeasy Lipid tissue kit (Qiagen). Ten nanograms of total RNA were amplified and converted into cDNA using a SMART-Seq v4 Ultra Low Input RNA kit (Clontech). Next, an average of 150 pg of amplified cDNA was used per library, with a Nextera XT DNA kit (Illumina). Libraries were multiplexed on two high-output flow cells and sequenced (75 bp reads) on a NextSeq 500 device (Illumina). The mean ± standard deviation number of reads per sample meeting the Illumina quality criterion was 23 ± 6 million.

The data were analyzed (read filtering, mapping, alignment filtering, read quantification, normalization and differential analysis) using the Eoulsan pipeline [START_REF] Jourdren | Eoulsan: A cloud computing-based framework facilitating high throughput sequencing analyses[END_REF].

Before mapping, adapters were removed (using TrimGalore [START_REF] Dobin | STAR: Ultrafast universal RNA-seq aligner[END_REF] version 0.4.1), poly N read tails were trimmed, reads ≤ 40 bases were removed, and reads with a mean quality score ≤ 30 were discarded. The reads were then aligned against the Mus musculus genome (Ensembl version 84) using STAR (version 2.5.2b) [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF]. Alignments from reads matching more than once on the reference genome were removed using a Java version of samtools [START_REF] Anders | HTSeq-A Python framework to work with high-throughput sequencing data[END_REF]. The annotated Mus musculus gene transfer format file (Ensembl version 84) was used to compute gene expression. The regions in which alignments and referenced exons overlapped were counted using HTSeq-count (version 0.5.3) [START_REF] Anders | HTSeq-A Python framework to work with high-throughput sequencing data[END_REF].

The RNA-seq gene expression data and raw fastq files are available on the GEO repository (www.ncbi.nlm.nih.gov/geo/) under the accession number GSE143531. The sample counts were normalized using DESeq2 (version 1.8.1) [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. Statistical processing including a hierarchical clustering and differential analyses were also performed using DESeq2

(version 1.8.1). The presence of an mRNA in whole astrocytes or in PAPs was defined by a read count ≥ 500 and ≥ 70% exon coverage. Enrichment in PAPs was defined as a log2 foldchange ≤ -1 and a p-value ≤ 0.05, whereas depletion was defined as a log2 fold-change ≥1 and a p-value ≤ 0.05.

Gene ontology (GO) analyses

We used the text-mining Pathway Studio ResNet database (Ariadne Genomics, Rockville, MD)

and the gene set enrichment analysis (GSEA) tool [START_REF] Subramanian | Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles[END_REF] in Pathway Studio (version 12.1.0.9) [START_REF] Nikitin | Pathway studio -The analysis and navigation of molecular networks[END_REF]. to identify signaling pathways and biological processes that were overrepresented in our list of differentially expressed genes. To determine pathways for PAPs and whole astrocytes, we used the GO tool (categories: Biological Processes and Cellular Components; p-value threshold: 0.01; percentage overlap: >15%). To compare the lists from PAPs vs. whole astrocytes, we selected the Kolmogorov-Smirnov test in the GSEA tool (p-value threshold: 0.05).

Results

Hippocampal PAPs contain protein synthesis and maturation organelles

To test for the existence of local translation in PAPs from the hippocampus, we first characterized the mRNA distribution in astrocytes. We performed a FISH experiment on adult mouse CA1 hippocampal sections in order to detect Slc1a2 mRNA, a transcript coding for the astrocyte-specific glutamate transporter GLT1. The samples were co-immunostained for the astrocyte-specific intermediate filament glial fibrillary acidic protein (GFAP) [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. As shown in Figure 31A, Slc1a2 mRNA FISH dots appeared to be distributed throughout the astrocyte. We used our recently developed AstroDot ImageJ plugin to characterize the mRNA distribution by counting the number of FISH dots localized on GFAPimmunolabeled intermediate filament in the somata and the large and fine processes (Figure 28, also see Appendix for full publication) [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. Since Slc1a2 is specifically expressed by astrocytes in the CA1 region, we approximated that mRNA FISH dots localized outside GFAP-immunolabeled processes could be attributed to PAPs, where GFAP is known to be less present [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF]; The estimated mean ± standard error (SEM) proportion of Slc1a2 mRNAs was 7.2 ± 0.4% in the astrocyte somata, 6.7 ± 1.3% in GFAP-positive large processes, 59.6 ± 1.0% in GFAP-positive fine processes, and 26.5 ± 1.1% in GFAP-negative areas (Figure 31B). Overall, these results indicate that Slc1a2 mRNAs are preferentially distributed in distal areas of astrocytes that probably include PAPs. We next sought to localize astroglial ribosomes by studying the Aldh1l1:L10a-eGFP transgenic mouse line, which expresses the eGFP-tagged ribosomal protein Rpl10a specifically in astrocytes [START_REF] Heiman | A Translational Profiling Approach for the Molecular Characterization of CNS Cell Types[END_REF]) (Figure 31C), by looking for eGFP-labeled ribosomes in mouse hippocampal sections.

To visualize synapses, the presynaptic VGluT1 protein and the postsynaptic Homer1 protein were co-immunolabeled. Astrocyte ribosomes were present in somata and distal processes, including PAPs (Figure 31C). In parallel, we detected local translation events (ribopuromycylation of nascent chains) in hippocampal CA1 PAPs [START_REF] Bastide | The RiboPuromycylation Method (RPM): an Immunofluorescence Technique to Map Translation Sites at the Sub-cellular Level[END_REF].

Puromycin (PMY) is an aminoglycoside antibiotic that mimics charged tRNA-Tyr and is incorporated into the ribosome A site. It induces premature translation termination by ribosomecatalyzed covalent incorporation into the nascent carboxy-terminal chain [START_REF] Pestka | Studies on the Formation Complexes of Transfer Ribonucleic[END_REF]. Freshly prepared hippocampal sections from Aldh1l1:L10a-eGFP mice were incubated in the presence or absence (negative control, not shown) of PMY. PMY was detected by immunofluorescence (Figure 31C); it co-localized with eGFP, and was found to be proximal to VGluT1/Homer1 immunolabeling -indicating the presence of local translation in PAPs. expressing AAV (red). Synapses were immunolabeled for VGluT1 (green) and Homer1 (blue). In (F) and (G), the astrocyte domain and its nucleus are indicated by a dotted line. H. Quantification of the percentage of synapses within 1 m of ERGIC or pGolt particles in (F) and (G). n=20 cells from three mice per condition. The values were normalized against the total number of cytosolic eGFP-labeled PAPs within 1 m of a synapse in mice infected with a gfaABC1D-eGFP expressing AAV in control experiments (E).

Perisynaptic astrocytic processes are extremely thin structures (<50 nm) [START_REF] Reichenbach | Morphology and dynamics of perisynaptic glia[END_REF], the subcellular organization of which has not been substantially addressed. Nevertheless, were a membrane protein such as GLT1 to be translated inside a PAP, it would have to pass through the ER and Golgi to be properly folded and functional at the plasma membrane. Here, we addressed the presence of these organelles in PAPs. We used an adeno-associated virus (AAV) bearing the gfaABC1D synthetic promoter (derived from Gfap [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF]) to drive the expression of the Golgi tracker pGolt and ERGIC-53 (an integral membrane protein localized in the ERGIC) [START_REF] Ben-Takaya | Live imaging of bidirectional traffic from the ERGIC[END_REF]. These proteins were tagged with mCherry and GFP, respectively. The AAVs were injected separately into the CA1 region of the dorsal This control cytosolic eGFP also enabled us to quantify the amount of VGluT1/Homer1immunolabeled synapses within 1 µm of a GFP-positive site (48.8%), corresponding to the total amount of glutamatergic synapses contacted by PAPs (Figure 31E). Interestingly, this number was slightly under the previously reported electron microscopy results showing that 60% of synapses were contacted by PAPs in the CA1 region. However, this study quantified all synapses in this region, while we only focused on glutamatergic synapses. We then quantified VGlut1/Homer1-immunolabeled synapses within 1 m of ERGIC-53-GFP and pGolt-mCherry-positive PAPs. ERGIC-53-GFP was detected homogeneously throughout astrocytessuggesting the presence of a continuous ERGIC network -and was present in 27 ± 3% of PAPs (Figure 31F,H). In contrast, pGolt-mCherry fluorescence was discontinuous, and positive puncta were detected in 38 ± 3% of the PAPs (Figure 31G,H). Thus, it appeared that some PAPs contain ERGIC and elements of the Golgi apparatus. Taken as a whole, these results

indicate that local translation and possibly post-translational modifications occur in hippocampal PAPs.

Identification of the pool of polysomal mRNAs in PAPs of the dorsal hippocampus (the PAPome)

To further study local translation in PAPs, we next characterized the pool of polysomal mRNAs inside these processes. It has been shown that synaptogliosome preparations, consisting of apposed pre-and post-synaptic membranes, contain PAPs that remain attached to synaptic neuronal membranes [START_REF] Carney | Proteomic analysis of gliosomes from mouse brain: identification and investigation of glial membrane proteins[END_REF]. Here, we purified synaptogliosomes from the dorsal hippocampus of Aldh1l1:L10a-eGFP mice and characterized the various fractions of our preparation by Western blots (Figure 29;Figure 33A). Compared with the first supernatant obtained from hippocampal homogenate (S1), the synaptogliosome fraction (P3) contained low levels of GFAP, high levels of the postsynaptic protein PSD95 and the cytoskeletal PAP protein

Ezrin [START_REF] Derouiche | Peripheral astrocyte processes: Monitoring by selective immunostaining for the actin-binding ERM proteins[END_REF][START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. Rpl10a-eGFP was also detected in this fraction (Figure 33A). These results indicated that the P3 fraction comprised ribosomecontaining PAPs. We also checked for the presence of astrocyte ribosomes in the P3 fraction via the immunofluorescent detection of eGFP, VGluT1 and Homer1 (Figure 33B). As we previously observed Slc1a2 mRNA in fine astrocyte processes (Figure 31A), we used TRAP and qRT-PCR (see below) to test for the presence of Slc1a2 polysomal mRNAs in PAPs in the P3 fraction (Figure 33C). Taken as a whole, these results indicate that PAPs co-purify with hippocampal synapses and contain polysomal mRNAs.

We next aimed at purifying and characterizing polysomal mRNAs present in PAPs. To preclude the copurification of mRNAs from brain cells other than astrocytes (which would result from non-specific affinity of mRNAs to the TRAP column), we added pre-cleaning and blocking steps to the TRAP protocol [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF]) (Figure 33D). Indeed, the previous attempt to characterize PAP polysomal mRNAs used indirect subtractive approaches to remove contaminating neuronal mRNAs, which implicated that only astrocyte-enriched or -specific transcripts were considered [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. We then immunoprecipitated GFP-tagged ribosomes from PAPs sampled from the dorsal hippocampus of adult Aldh1l1:L10a-eGFP mice. After reverse transcription, cDNA libraries were sequenced and the reads were aligned against the Mus musculus genome, in order to identify the corresponding genes. We first checked that our libraries were enriched in astrocyte-specific genes and depleted in genes specific to neurons, myeloid cells, oligodendrocytes, mural cells (vascular smooth muscle cells and pericytes), and endothelial cells [START_REF] Clarke | Normal aging induces A1-like astrocyte reactivity[END_REF] (Figure 33E). The raw list was then refined by filtering for mRNAs with ≥500 reads and an exon coverage ≥70%; this selected the most highly represented, complete mRNAs corresponding to potential translational events (for an exhaustive list, see supplementary files Table S2). A total of 844 mRNAs were detected in PAPs. This set included most of the known astrocyte-specific and astrocyte-enriched mRNAs (e.g. Slc1a2, Slc1a3, Mlc1, Hepacam, Gfap, Ezr, Gjb6, Gja1 and Gpr37l1) (Table S2). These results were validated by FISH experiments evidencing the distal distribution of some of these mRNAs (Gfap and Gjb6) (Figure 33F). Interestingly, a number of astrocyte-specific mRNAs (Sox9, Aldh1l1, Slc25a18 and Ptprz1) were not found -suggesting that mRNAs are selectively distributed in PAPs (Table S2). A GO analysis indicated that most of the dorsal hippocampal PAP mRNAs encode cytosolic (32%) and intracellular organelle (44%) proteins. Large proportions are involved in protein synthesis (27%), metabolism (35%), and cell signaling (12%) (Figure 33G). Consistently, some of the most abundant mRNAs in PAPs coded for ribosomal proteins (such as Rpl4 and Rplp1) or proteins involved in mRNA stability and translation (such as the elongation factors eEF1A1 and eEF2 and the Poly(A) binding protein PABPC1) (Table S2). This indicates that the molecular machinery for translation itself might be translated in PAPs. Lastly, mRNAs encoding the two ferritin isoforms Ftl1 and Fth1 were also highly represented, suggesting that local translation has a role in local iron storage and reduction [START_REF] Dringen | The pivotal role of astrocytes in the metabolism of iron in the brain[END_REF].

After characterizing the pool of polysomal mRNAs present in dorsal hippocampal PAPs, we decided to refer to it as the "PAPome", by analogy to our recent description of the "endfeetome", the polysomal transcriptome found in perivascular astrocyte endfeet [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF]. S1. E. Purity heat map of the RNA-seq data for a selection of mRNAs specific for each type of brain cell. The null level corresponds to mRNAs with 500 mean normalized reads and 70% exon coverage (our selected detection threshold). The tails of the heatmap represent the lowest and highest mean normalized reads out of all selected markers. Each column represents an independent cDNA library (n=3). F. Confocal microscopy images (FISH detection) of Gfap and Gjb6 mRNAs (red dots) in dorsal hippocampal astrocytes immunolabeled for GFAP (green). Nuclei were stained with DAPI. White arrowheads indicate FISH dots in fine astrocytic processes. G. Gene Ontology analysis of the PAPome.

Polysomal mRNAs are differentially distributed in hippocampal PAPs

After having characterized the PAPome, we determined which of its mRNA components were enriched in the PAP relative to the astrocyte as a whole. After homogenizing dorsal hippocampus tissue from Aldh1l1:L10a-eGFP mice, we used TRAP to purify all the polysomal mRNAs in astrocytes (Figure 34A). As described above, three independent cDNA libraries were synthesized and sequenced. Astrocyte-specific mRNAs were highly enriched, whereas other brain cell-specific RNAs were depleted [START_REF] Clarke | Normal aging induces A1-like astrocyte reactivity[END_REF] (Figure 34B).

Application of the criteria used in the previous experiment ( ≥ 500 reads and ≥ 70% exon coverage) to the raw list gave a refined list of 2,545 mRNAs, including those coding for most of the known astrocyte-specific or -enriched proteins such as Sox9, Aldh1l1, Slc25a18 or Ptprz1, which were not present in the PAPome (Table S2). The distribution of polysomal mRNAs within the astrocyte was then analyzed by comparing the PAPome with the wholeastrocyte repertoire (Table S2). We found that 557 mRNAs were significantly enriched in whole astrocytes (p value ≤ 0.05; log2 fold-change ≥ 1) and 82 were enriched in PAPs (p value ≤ 0.05; log2 fold-change ≤ -1). The astrocyte-specific transcripts Gfap, Slc1a2, Slc1a3, Mlc1, Hepacam, Ezr, Gjb6, Gja1 and Gpr37ll1 were all equally detected in PAPs and whole astrocytes, indicating that they are probably homogeneously translated in hippocampal astrocytes. The PAP-enriched mRNAs had an unexpected profile; a GO analysis indicated that most of them encoded cytosolic proteins involved in metabolism (24%), cell signaling (23%), development (15%) or protein synthesis (13%) (Figure 34C). Twenty-seven of the transcripts coded for ribosomal proteins, such as Rplp1or Rpl4 (Figure 34D). We also noted the presence of the two ferritin-subunit-encoding mRNAs Fth1 and Ftl1, as well as mRNAs related to cell cycle mechanisms (e.g. Ccnd2 and Mdm2) (Figure 34D). The PAPs were also rich in mRNAs coding for cytoskeletal proteins, including not only microtubule-related proteins (Tubb5 and Mapre1), but also the ezrin and radixin proteins involved in linking the cell membrane to the actin cytoskeleton (Figure 34D). The results of qPCRs for a selection of the most abundant PAP-enriched mRNAs validated these findings (Table 4). Overall, our data show that the polysomal mRNA distribution has a highly specific molecular polarity in PAPs compared to the rest of the astrocyte. Moreover, PAP-enriched polysomal mRNAs are involved in specific functions related to protein synthesis, cell cycle regulation, iron homeostasis, and cytoskeleton dynamics. In the present study, we did not look for alternative mRNA isoforms. In fact, our

Illumina sequencing was based on the reconstruction of 75 bp sequences, which is not well suited to isoform analysis. Nevertheless, by comparing the results in PAPs vs. whole astrocytes, we noted that the C-terminal exons of Gfap  and  [START_REF] Kamphuis | GFAP isoforms in adult mouse brain with a focus on neurogenic astrocytes and reactive astrogliosis in mouse models of Alzheimer disease[END_REF] were differentially distributed: Gfap  was more abundant in PAPs, and GFAP  was more abundant in the cell soma (Table 5). These findings corroborate our recent observation (based on FISH) that GFAP  mRNA is more abundant than GFAP  mRNA in the soma [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF], and suggest that alternative splicing may contribute to the PAPs' molecular identity.

Table 5. GFAP exon study: comparison of whole astrocytes/PAPs for each GFAP exon. Id: identity number in Ensembl.org.

Discussion

To study local translation in PAPs, we used TRAP to purify PAP polysomes from synaptogliosomes. A modification of the TRAP protocol developed in our laboratory (the inclusion of cytosolic extract pre-cleaning and column-blocking steps) enabled us to eliminate non-specific mRNA binding events [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF]. As a result, we were not restrained to the analysis of astrocyte-enriched or astrocyte-specific mRNAs only. Instead, we purified for the first time the entire range of astrocytic polysomal mRNAs, without using their cellspecificity or enrichment as a selection criteria like previous studies [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. We were thus also able to directly compare, for the first time, whole astrocytes and PAPs to identify the PAP-enriched polysomal mRNAs. The nature of enriched polysomal mRNAs in dorsal hippocampus PAPs suggests a role for local translation in specific biological processes: (i) The structural plasticity of PAPs: radixin and ezrin are actin-binding proteins that have already been involved in PAP morphology and motility [START_REF] Carney | Proteomic analysis of gliosomes from mouse brain: identification and investigation of glial membrane proteins[END_REF][START_REF] Derouiche | Peripheral astrocyte processes: Monitoring by selective immunostaining for the actin-binding ERM proteins[END_REF][START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. The cytoskeleton-associated protein category contained -tubulin (encoded by Tubb5 mRNA, and which was recently described as being essential for neuronal differentiation and dendritic spine formation in vivo [START_REF] Ngo | TUBB5 and its disease-associated mutations influence the terminal differentiation and dendritic spine densities of cerebral cortical neurons[END_REF] and EB1 (encoded by Mapre1, and which binds to the plusend of microtubules and regulates their dynamics [START_REF] Nehlig | Regulation of end-binding protein EB1 in the control of microtubule dynamics[END_REF]. In vitro, microtubules have been implicated in the regulation of intermediate filament polarization in astrocytes [START_REF] Leduc | Regulation of microtubule-associated motors drives intermediate filament network polarization[END_REF]. Although microtubules have not been observed in PAPs in vivo, microtubule dynamics in these structures might also regulate the polarity. (ii) Iron homeostasis: Ferritin sequesters iron ions and regulates their toxicity through its ferroxidase activity. The local synthesis of ferritin in PAPs might therefore allow astrocytes to locally buffer iron and protect the synaptic environment from oxidative stress [START_REF] Codazzi | Iron entry in neurons and astrocytes: a link with synaptic activity[END_REF][START_REF] Dringen | The pivotal role of astrocytes in the metabolism of iron in the brain[END_REF]. (iii) Translation: A large proportion of PAP-enriched mRNAs is thought to be involved in protein synthesis; these mRNAs code for ribosomal proteins, elongation factors, MDM2 (a ubiquitin E3 ligase that binds to ribosomal proteins [START_REF] Liu | Ribosomal protein-Mdm2-p53 pathway coordinates nutrient stress with lipid metabolism by regulating MCD and promoting fatty acid oxidation[END_REF] and acts as a translational repressor and NPM1 (a nucleolar phosphoprotein that regulates ribosome biogenesis [START_REF] Pfister | Insights into the regulation of neuronal viability by nucleophosmin/B23[END_REF]). Similar observations were previously made in neuronal processes [START_REF] Deglincerti | Insights into the roles of local translation from the axonal transcriptome[END_REF][START_REF] Giustetto | Axonal transport of eukaryotic translation elongation factor 1α mRNA couples transcription in the nucleus to longterm facilitation at the synapse[END_REF][START_REF] Moccia | An Unbiased cDNA Library Prepared from Isolated Aplysia Sensory Neuron Processes Is Enriched for Cytoskeletal and Translational mRNAs[END_REF][START_REF] Si | A Neuronal Isoform of CPEB Regulates Local Protein Synthesis and Stabilizes Synapse-Specific Long-Term Facilitation in Aplysia[END_REF]. Moreover, it was recently reported that newly translated ribosomal proteins in axons of primary cultured neurons incorporate into axonal ribosomes and sustain local translation (Shigeoka et al., 2019a). These convergent results strongly suggest that in astrocytes, as in neurons, local translation is sustained by the local synthesis of translation machinery, with either the de novo assembly of translational complexes or the replacement of damaged proteins.

It is also possible that these proteins display non-canonical functions in PAPs, as has been described for eEF1A1 [START_REF] Abbas | The eEF1A proteins: At the crossroads of oncogenesis, apoptosis, and viral infections[END_REF][START_REF] Migliaccio | Ser/Thr kinases and polyamines in the regulation of non-canonical functions of elongation factor 1A[END_REF]. Overall, our findings provide novel, unexpected insights into the PAP's molecular identity -particularly the preferential translation of mRNAs related to iron homeostasis, cytoskeletal dynamics and the translation machinery in these compartments.

Comparison of the perisynaptic and perivascular compartments in the hippocampus

Methods

Gliovascular unit preparation

Microvessels were mechanically dissociated from adult mouse hippocampi as described in [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF]. Three independent samples were generated, 18 hippocampi were pooled per sample. Briefly, hippocampi were placed in a solution (B1) containing 10mM Hepes in HBSS and cut into small pieces before homogenization with an automized Dounce homogenizer at 400 rpm for 20 strokes. The homogenate was centrifuged at 2000g for 10 min, supernatant was discarded and the pellet containing blood vessels and myelin was resuspended in solution B1 with 18% Dextran (B2), then centrifuged at 4,400g for 15 min. Supernatant containing myelin was discarded and vessel pellet was resuspended in solution B1 with 1% BSA (B3) and filtered with a 20µm-mesh filter. The filter containing blood vessels was then rinsed in B3 and centrifuged at 2000g for 5 min. The pellet contains blood vessels. The TRAP procedure was then performed on those samples, followed by RNA extraction and qPCR analysis, as described in chapter II.3. on "Characterization of local translation in hippocampal PAPs".

Results

We have previously reported that local translation occurs in PvAPs [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF].

Although PvAPs contact synapses and therefore also qualify as PAPs [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF], most PAPs are far from blood vessels and thus are likely to be dedicated to specific neuroglial interactions. We hypothesized that if local translation sustains astrocyte functional polarity, it would differ between PvAPs and PAPs. To address this question, we used qPCR assay to compare the expression of polysomal mRNAs in hippocampal PAPs and PvAPs. Importantly, we chose our PAP-enriched polysomal mRNA list as a reference, and also probed transcripts that had been detected as enriched in PvAPs of the whole brain in our previous study [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF], keeping in mind that the region and analytic method from this study were different, for lack of a better reference. Polysomal mRNAs were extracted from adult Aldh1l1:Rpl10a-eGFP whole hippocampus, using TRAP. For PAPs, we isolated synaptogliosomes (as described in the methods from II.3). For PvAPs, we purified gliovascular units (see methods section, also described in [START_REF] Boulay | Preparing the astrocyte perivascular endfeet transcriptome to investigate astrocyte molecular regulations at the brain-vascular interface[END_REF] (Figure 35A). Interestingly, PAP-enriched transcripts Ezr, Fth1, and Rplp1 were more enriched in PAPs than in PvAPs, while all other mRNAs from our PAP-enriched list were equally detected in PAPs and PvAPs (Figure 35B, Table 6). On the other hand, among other tested transcripts, Serpind1 was completely absent from PAPs, while it was detected in PvAPs. These results demonstrate that local translation differs in PAPs and PvAPs, and may thus sustain distinct molecular identities at each of these astrocytic interfaces. 

Discussion

To establish whether the astrocyte's functional polarity is mediated by local translation, we compared the levels of PAP-enriched polysomal mRNAs in PAPs and in PvAPs. but not Ftl1 polysomal mRNA in PAPs suggests that iron reduction rather than storage prevails in PAPs [START_REF] Dringen | The pivotal role of astrocytes in the metabolism of iron in the brain[END_REF]. Interestingly, Serpind1 mRNAs were completely absent from PAPs, while they were detected, albeit at low levels, in PvAPs. This suggests some mRNAs might be highly specialized to the perivascular interface. Importantly, astroglial endfeet are large structures which can contact several synapses [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF]. This would explain that some transcripts present in PAPs are also detected in endfeet. Another striking difference between PAPs and PvAPs probably relates to their ultrastructure. Although both processes display a continuous ER network, PvAPs (which are much larger than PAPs) can contain a full Golgi apparatus; in contrast, only pGolt-containing Golgi vesicles were observed in PAPs.

Moreover, most of the mRNAs in the previously identified PvAP-enriched translatome code for secreted proteins and membrane proteins, whereas those in the PAP code for cytoplasmic proteins. These results indicate that post-translational protein modifications might be quite different in the two compartments and might again confer different functions to locally translated proteins. were imaged. Homer1 and VGluT1 stainings were acquired in both confocal and STED resolution. The analysis was performed using an in-house developed plugin on ImageJ to analyze the distance from an identified synapse to the closest astrocyte process. In brief, maxima intensities were identified in STED images and compared to the deconvolved confocal images to avoid false positive punctae. A synapse was defined as two punctae from Homer1 and VGluT1 found within 300 nm of each other. Distances were calculated from the center of the synapse to the closest eGFP-labeled astrocyte process.

All other methods used below are described in the methods section of II.3.

Results

Recent studies have shown that astrocytes directly regulate memory formation through their contribution to local synaptic transmission and plasticity via exchange of regulatory signals with synapses [START_REF] Adamsky | Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement[END_REF][START_REF] Martin-Fernandez | Synapse-specific astrocyte gating of amygdala-related behavior[END_REF][START_REF] Santello | Astrocyte function from information processing to cognition and cognitive impairment[END_REF]. Although mRNA distribution and local translation in neurons have already been explored in the context of synaptic plasticity [START_REF] Huber | Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-term depression[END_REF][START_REF] Kang | A requirement for local protein synthesis in neurotrophin-induced hippocampal synaptic plasticity[END_REF] and memory formation [START_REF] Alberini | The role of protein synthesis during the labile phases of memory: Revisiting the skepticism[END_REF][START_REF] Jones | Rapid, experience-dependent translation of neurogranin enables memory encoding[END_REF][START_REF] Miller | Disruption of dendritic translation of CaMKIIα impairs stabilization of synaptic plasticity and memory consolidation[END_REF], these mechanisms have not yet been evaluated in astrocytes. Strikingly, several of the polysomal mRNAs found to be enriched in PAPs (including Flt1, Fth1 [START_REF] Dringen | The pivotal role of astrocytes in the metabolism of iron in the brain[END_REF][START_REF] Zheng | Multi-copper ferroxidase-deficient mice have increased brain iron concentrations and learning and memory deficits[END_REF]), Ccnd2 (Ben Abdallah et al., 2013;[START_REF] Gilani | Interneuron precursor transplants in adult hippocampus reverse psychosisrelevant features in a mouse model of hippocampal disinhibition[END_REF][START_REF] Jedynak | Lack of cyclin D2 impairing adult brain neurogenesis alters hippocampal-dependent behavioral tasks without reducing learning ability[END_REF], Mdm2 [START_REF] Li | MDM2 inhibition rescues neurogenic and cognitive deficits in a mouse model of fragile X syndrome[END_REF][START_REF] Liu | Mdm2 mediates FMRPand Gp1 mGluR-dependent protein translation and neural network activity[END_REF]Tsai et al., 2012a[START_REF] Tsai | FMRP-dependent Mdm2 dephosphorylation is required for MEF2-induced synapse elimination[END_REF][START_REF] Zhu | BAI1 regulates spatial learning and synaptic plasticity in the hippocampus[END_REF], Gnb2l1 [START_REF] Sklan | RACK1 has the nerve to act: Structure meets function in the nervous system[END_REF][START_REF] Yaka | NMDA receptor function is regulated by the inhibitory scaffolding protein, RACK1[END_REF][START_REF] Zhu | Deficit of RACK1 contributes to the spatial memory impairment via upregulating BECLIN1 to induce autophagy[END_REF] and Eef1a1 [START_REF] Blumenstock | Early defects in translation elongation factor 1α levels at excitatory synapses in α-synucleinopathy[END_REF]Giustetto et al., 2003;[START_REF] Tsokas | Local protein synthesis mediates a rapid increase in dendritic elongation factor 1A after induction of late longterm potentiation[END_REF] have been linked to learning, memory or cognitive decline. We therefore investigated whether the local translation of these mRNAs in PAPs might be regulated by learning and memory processes. Hence, we exposed mice to a simple fear conditioning task (Figure 36A): on Day 1, they were placed in a specific context (a new cage with white noise (5000 Hz, 60 dB) and an acetic acid (1%) smell). They were left to explore for three minutes before being exposed to four consecutive foot-shocks. The mice thus learnt to associate the cage with the unpleasant stimulus. On Day 2, the mice were placed in the same cage but did not receive any foot-shock. Re-exposure of the animal to the same aversive context allowed us to check the efficacy of the conditioning-induction, as estimated by the duration of freezing (> 70 s). Before comparing mRNAs in normal vs. conditioned mice, we first checked that the distance between the PAP and the synapse had not been affected by the conditioning protocol (Figure 36B,C). Indeed, it has been reported that the consolidation of fear conditioning induces morphological rearrangements in astrocytes from the lateral amygdala, notably with the emergence of synapses lacking PAPs after training [START_REF] Ostroff | Synapses lacking astrocyte appear in the amygdala during consolidation of pavlovian threat conditioning[END_REF]. Here, using superresolution STED microscopy, we first measured individual PAP-synapse distances (ranging from 0 to 800 nm) in the CA1 region of the dorsal hippocampus from hGfap:eGFP transgenic mice (in which eGFP fills the astrocyte cytoplasm) under control and fear conditions [START_REF] Nolte | GFAP promoter-controlled EGFP-expressing transgenic mice: A tool to visualize astrocytes and astrogliosis in living brain tissue[END_REF]. STED imaging and co-immunostaining of eGFP with the pre-and post-synaptic markers VGluT1 and Homer1 generated data on the cumulative frequency of the distances between eGFP and VGluT1/Homer1 co-labeled synapses (Figure 36B,C).

No significant difference was observed between control and fear-conditioned mice, indicating that the PAP-to-synapse distance was unchanged 24 h after exposure to contextual fear conditioning. Next, we performed Western blot analysis on the S1 (whole dorsal hippocampus) and P3 (synaptogliosome) fractions (see Figure 29) from hGfap:eGFP mice. We did not observe any difference in eGFP content in either fraction, which suggests that the same amount of PAPs was purified from our synaptogliosomes (Figure 36D,E). Lastly, we analyzed Aldh1l1:L10a-eGFP synaptogliosomes, and again did not observe any intercondition differences in the ribosomal content of PAPs (Figure 36F,G). Overall, these results indicate that PAPs from the dorsal hippocampus did not retract, and retained their cytosolic and ribosomal content 24 h after fear conditioning. The signals were normalized against stain-free membrane. The data are presented as the mean ± SEM (n=4); ns: not significant in an unpaired, two-tailed t-test.

We next assessed the impact of learning on local translation of our selected markers in astrocytes (Figure 37A). Firstly, we looked at whether the density and distribution of these mRNAs were modified by fear learning (Figure 37B, C, Table 8). To this end, we used our AstroDot technique (see Figure 28). In contrast to our previous analysis on Slc1a2 mRNA (Figure 31A,B), FISH dots present in GFAP negative processes were not included in this study.

Indeed, analyzed mRNAs are ubiquitous and we therefore could not differentiate mRNAs in GFAP-negative processes from mRNAs in other brain cells. FISH procedure includes a RNAunmasking-protease digestion step, which does not conserve small fluorescent proteins, hence precluding us from using astrocyte reporter mouse strains or viral strategies (see the AstroDot method [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF] in Appendix). Therefore, we restricted our analysis to the distribution of fluorescently labeled mRNAs in astrocytes in GFAP-immunolabeled intermediate filaments in control and conditioned mice [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. With the exception of Fth1 and Ccnd2, the densities of astrocyte mRNA were lower in the fear-conditioned group (Figure 37B, C, Table 8). The distribution differed for almost all the mRNAs, with higher levels in large processes and lower levels in fine processes; the only exceptions were Eef1a1

(no difference in distribution) and Ccnd2 (lower levels in large processes and higher levels in fine processes) (Figure 37D, Table 8). These results suggest that fear conditioning induces changes in the density and/or distribution of these mRNAs in astrocytes. We then determined whether the translation of these mRNAs in PAPs was modified upon fear conditioning. We used TRAP to extract polysomal mRNAs from dorsal hippocampus astrocytes and synaptogliosomes sampled from control and fear-conditioned Aldh1l1:L10a-eGFP mice, and then used qPCR to compare our panel of markers in PAPs and whole astrocytes (Figure 37E, F, Table 9).We first performed RNA sequencing to compare the whole polysomal transcriptome 3 h after fear training and observed no difference between the control and posttraining transcriptomes, suggesting no local translation response to fear conditioning occurred on this timescale. We thus decided to assess changes in a specific set of mRNAs 24 h after training (on Day 2). Importantly, this also allowed us to assess freezing time as an indication of learning and to pool mice with a similar performance (>70s of freezing). In whole astrocytes, levels of all markers were similar with the exception of Eef1a1, which appeared to be slightly downregulated (Figure 37F, Table 9). In marked contrast, the PAP levels of all markers were lower in the fear-conditioned group (Figure 37E, Table 9).

In summary, levels of PAP-enriched transcripts may be regulated in different ways, i.e. mRNA transcription, mRNA redistribution, and ribosome binding for local translation (Table 7). Upon fear conditioning, Eef1a1 (for example) might be less extensively transcribed in whole astrocytes and less extensively translated in PAPs. Taken as a whole, these results suggest for the first time that learning and memory acquisition affects local translation in PAPs from the dorsal hippocampus. These results indicated that fear conditioning influences the translation of these mRNAs specifically in PAPs. We finally analyzed the overall amount of each protein (using Western blots) in fear-conditioned and control synaptogliosomes extracted from the dorsal hippocampus (Figure 37G, H, Table 9). In the fear-conditioned groups compared to controls, levels of RACK1 (encoded by Gnb2l1) and ferritins (although not significantly) were lower, while levels of MDM2 and eEF1A1 were higher and levels of CCND2 were unchanged. These results suggested that the lower translation of RACK1 and the ferritins in PAPs could be responsible for the lower level of these proteins at the neuroglial interface. In contrast, the higher or unchanged level of eEF1A1 MDM2 and CCND2 suggested that opposite process might take place in the synaptic compartment. In complement to this analysis, we recently assessed whether this effect was due to learning or rather to the stress induced by the shock, we subjected a third group of mice to an immediate foot-shock: they were placed in the cage and directly received the aversive stimulus, and were immediately placed back into their homecage. Since these mice were exposed to the environment for a very short amount of time, they did not learn to associate the foot-shock with the cage. We assessed freezing time the next day and all mice froze for less than 30s, suggesting they hadn't learnt. We performed TRAP on these mice and compared PAP polysomal mRNAs for the tested markers. Interestingly, the stress group exhibited a similar pattern to the fearconditioned group, with significantly lower levels of polysomal mRNAs for Fth1, Ftl1, Ccnd2, Mdm2 and Gnb2l1. However, for Mdm2, Ccnd2 and Ftl1, a "gradient" effect was observed, as, although lower than the control group's, the stress group's mRNA levels were significantly higher than the fear-conditioned group (Figure 38). This suggests that there might be two components to the impact of fear on local translation. 

Discussion

Some of the mRNAs that are most highly enriched in PAPs code for proteins involved in learning and memory, namely FTH1, FTL1, eEF1a1, CCND2, MDM2 and RACK1. We therefore investigated the influence of fear conditioning on the translation of the corresponding mRNAs. Importantly, three hours after fear training, no significant changes in global mRNA levels were observed in either PAPs and whole astrocytes. This surprising finding reveals that astrocytes, unlike neurons, do not exhibit a quick response in local translation following fear training. We found that the level of these polysomal mRNAs dropped specifically in PAPs 24 h after fear conditioning, indicating that their local translation might be altered. A similar reduction of mRNA levels in PAPs was observed in mice exposed to the stress stimulus, although the drop was not as drastic as in fear-conditioned mice for three out of five of the tested markers. This suggests that the stress effect of the shock has a significant impact on the changes observed in PAPs following fear conditioning, which might not be a direct consequence of learning. Indeed, mice exposed to the stress stimulus did not freeze when placed into the same cage the next day. However, the fact that fear-conditioned mice displayed a more drastic drop in PAP mRNA levels for Ccnd2, Ftl1 and Mdm2 indicates that two independent components might affect local translation of some transcripts: the "stress" component, and the "learning" component. Interestingly, in fear-conditioned mice, not all studied mRNAs behaved the same way. Some showed a transcriptional effect and in some cases a redistribution in astrocytes; this suggests that mRNA transport in astrocyte processes was also involved. The lower level of polysomal mRNAs in PAPs after fear conditioning was not always accompanied by a lower level of protein in the synaptogliosomes, which indicates the possible presence of opposing mechanisms in synapses. This was particularly striking for Eef1a1, which displayed higher protein levels and lower levels of both total mRNA and polysomal mRNA in the synaptogliosomes after fear conditioning. Remarkably, Eef1a1 mRNA has been detected in axons, where it might be locally translated to maintain synaptic plasticity [START_REF] Giustetto | Axonal transport of eukaryotic translation elongation factor 1α mRNA couples transcription in the nucleus to longterm facilitation at the synapse[END_REF] and long-term potentiation [START_REF] Tsokas | Local protein synthesis mediates a rapid increase in dendritic elongation factor 1A after induction of late longterm potentiation[END_REF]. Its decrease at the synaptic level has been related to -synucleinopathy [START_REF] Blumenstock | Early defects in translation elongation factor 1α levels at excitatory synapses in α-synucleinopathy[END_REF]. Since long-term potentiation and fear conditioning are intimately linked [START_REF] Rogan | Fear conditioning induces associative long-term potentiation in the amygdala[END_REF] opposite changes might occur in neurons and astrocytes (i.e. an increase in Eef1a1 levels on the neuronal side and a decrease on the astrocytic side). Overall, our findings constitute the first evidence of local, neuronal-activityinduced translation changes in PAPschanges that might be linked to the regulation of synaptic and circuit functions underlying complex behaviors.

General discussion

______________________________________________________

The role of mRNA distribution and local translation in establishing cell functional polarity is widely established [START_REF] Besse | Translational control of localized mRNAs: Restricting protein synthesis in space and time[END_REF]). In the central nervous system, these mechanisms contribute to neuronal development and synaptic transmission [START_REF] Holt | Local translation in neurons: visualization and function[END_REF] and are potentially involved in the control of distal synaptic and vascular functions in astrocytes, which are highly ramified cells [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF][START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. In the present study, we focused on the perisynaptic astrocytic interface of the dorsal hippocampus, a region of the brain involved in memory and learning. We identified the pool of polysomal mRNAs in PAPs, as well as the machinery responsible for their translation and possible maturation. We showed that some polysomal mRNAs were preferentially distributed to perivascular or perisynaptic astroglial compartments, suggesting that control mechanisms might be organized to allow the localization and translation of specific sets of mRNAs where they are needed. Finally, we demonstrated that this pool of locally translated mRNAs in PAPs underwent modifications after a behavioral task related to learning and memory.

Characterization of local translation in PAPs

Detection of nascent protein chains in PAPs

Using puromycin assays, we have revealed the existence of translation events in PAPs of the dorsal hippocampus. This technique consists in incubating brain slices with puromycin, a tRNA analog which integrates into nascent protein chains, then wash and fix the tissue before immunolabeling using an antibody against PMY [START_REF] Pestka | Studies on the Formation Complexes of Transfer Ribonucleic[END_REF]. While this technique proved successful, it presents a number of limitations. First, it is extremely difficult to label nascent proteins in adult brain tissue as PMY does not penetrate as easily, thus restricting us to the use of younger mice (P17). Secondly, PMY is not cell-specific, and therefore incorporates into neurons, which display a much stronger signal than astrocytes. This could be due to a difference in the level of translational activity of these two cell types, but could also be an experimental artifact resulting from the higher expression of efflux pumps in astrocytes, which would expulse puromycin out of the cell [START_REF] Kim | Cellular and regional specific changes in multidrug efflux transporter expression during recovery of vasogenic edema in the rat hippocampus and piriform cortex[END_REF]. To overcome these issues, we have recently designed a viral strategy allowing for visualization of astrocyte-specific translation events in vivo. This method was previously developed for neuron-targeted use in a transgenic mouse line. It consists in a transgene coding for a mutated version of the enzyme methonyl-tRNA synthetase, which confers tRNA the ability to take up the methionine analog ANL into nascent proteins during translation [START_REF] Alvarez-Castelao | Cell-type-specific metabolic labeling of nascent proteomes in vivo[END_REF]. We designed a virus expressing this transgene under a Gfap promoter and are planning to perform injections in the dorsal hippocampus of adult mice. Due to the Covid-19 pandemic, however, we had to put these experiments to a halt for a couple of months, but will be resumed soon. Brains can be harvested two weeks post-injection and brain slices incubated in ANL, before staining via Click-It reaction. This will not only enable us to observe translation events more clearly and specifically in astrocytes, but also allow us to study the impact of fear conditioning on levels of local translation events in PAPs.

Localization of mRNAs in PAPs

mRNA localization is one of the most conserved hallmarks of functional polarization. It was detected as early as the 1980s in oligodendrocytes [START_REF] Kristensson | Increased levels of myelin basic protein transcripts gene in virus-induced demyelination[END_REF], and developing tools to study the distribution of mRNA as a mean to understand cell function is now appearing as essential. We developed AstroDot, a plugin which allows for the study and quantification of mRNA distribution in polarized cells, with the objective to study the spatial repartition of different mRNAs within astrocytes [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. One of the major setbacks of this technique is that the FISH procedure requires a mandatory protease digestion of the tissue to unmask mRNAs, which leads to the degradation of many proteins. Attempts at developing this method on transgenic mouse lines expressing endogenous cytosolic GFP in astrocytes, or using viral vectors to induce cytosolic expression of GFP were inconclusive, as cytosolic proteins tend to get degraded very easily during the first steps of our protocol. All synaptic markers tested, including PSD95, Homer1 and VGluT1, were also degraded. We were therefore restrained to the use of GFAP as a marker for astrocytes, although we are aware it only covers 15% of the astrocyte structure [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF]. For astrocyte-specific mRNAs, such as Slc1a2, dots located in GFAP-negative areas can be assumed to belong to astrocytes, and since these cells organize into defined non-overlapping domains, delineating a region of interest can still provide a robust quantification. However, for ubiquitously expressed transcripts, such as Gnb2l1, we are restricted to observing mRNA changes within GFAP staining, which we know does not represent the majority of the PAPs. Overcoming this obstacle is crucial to improve the spatial resolution of mRNA localization in astrocytes.

Subcellular structure of PAPs

The PAPome, which is the pool of polysomal mRNAs present in PAPs, contains a great proportion (32%) of cytosolic proteins. The latter require less post-translational modifications to become functional, and may thus be able to bypass at least part of the complex maturation machinery. However, a high number of transcripts code for transmembrane and secreted proteins, suggesting a requirement for basic post-translational modifications in order to ensure their efficacy. These modifications are usually achieved via a journey through a continuous network from the ER to ERGIC and Golgi apparatus. This suggests that, if not the full machinery, at least some components required for folding and glycosylation might be present in PAPs. Tools have been developed in vitro to study the distribution of ERGIC and pGolt, a particle of the Golgi, in neurons [START_REF] Mikhaylova | A Dendritic Golgi Satellite between ERGIC and Retromer[END_REF]. We modified those constructs to develop astrocyte-specific viral vectors which allowed us to visualize, for the first time, the organization of these organelles in PAPs of the dorsal hippocampus. ERGIC signal formed a continuous network, characteristic of the ER network, emanating from the soma and spreading through processes all the way to about 27% of PAPs, while Golgi particles exhibited a strong signal in the soma but were distributed as puncta along processes, and were found in 38% of PAPs. Importantly, the functional properties of these structures were not assessed and these results must therefore be taken cautiously. It may be possible that a restricted Golgi network, also called Golgi satellites [START_REF] Mikhaylova | A Dendritic Golgi Satellite between ERGIC and Retromer[END_REF], is present in these processes, in order to fulfill the minimum requirements to make a protein functional. In fact, a study in neurons has reported that synaptic proteins displayed unusual patterns of glycosylation, resembling those of immature proteins [START_REF] Hanus | Unconventional secretory processing diversifies neuronal ion channel properties[END_REF]. Treating cultures with Brefeldin A, a drug that disrupts the Golgi apparatus, did not affect the incorporation of these proteins at the neuronal membrane, suggesting that non-canonical pathways for protein processing may occur in dendrites. It is therefore possible that a similar mechanism exists in fine PAPs, with a restricted machinery.

An unbiased PAP polysomal transcriptome

Our work revealed, for the first time, the entire pool of polysomal mRNAs at the perisynaptic interface of astrocytes in the adult mouse dorsal hippocampus. A previous study on local translation in PAPs of the cortex of young mice (P21) revealed very different data from ours [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. While this may seem surprising, it appears that the methods used to isolate these transcripts, as well as the analysis to extract a list of enriched mRNAs in PAPs was entirely different to ours, making the comparison between the two studies impossible. Sakers et al. performed the initial TRAP protocol to purify polysomal mRNAs from both synaptosomes and whole astrocytes. They mention the presence of "clearly spurious" transcripts, which seem to arise from contamination by mRNAs from neuronal origin [START_REF] Sakers | Astrocytes locally translate transcripts in their peripheral processes[END_REF]. This prevented them from directly comparing their whole astrocyte "cortex-TRAP" to their synaptosome-TRAP, since they could not remove the part of neuronal mRNAs enriched alongside astroglial transcripts. They therefore proceeded to sequence all cortex mRNAs and all synaptosome mRNAs, and made a subtractive comparison between cortex and synaptosomes to enrich synaptosome transcripts. They then compared this whole synaptosome enrichment to their synaptosome-TRAP. Importantly, they compared the total pool of mRNAs in synaptosomes, including both neuronal and astroglial transcripts, to polysomal mRNAs in PAPs. This resulted in a list enriched in astrocyte-specific transcripts which, although much more restricted than ours, was a first hint at the nature of the PAP polysomal mRNA repertoire.

We made similar observations regarding neuronal contamination when we first tested our immunoprecipitation protocol, and, after a few tests, concluded it was the result of non-specific binding of "sticky" mRNAs to magnetic beads. We therefore added two pre-cleaning steps to remove all non-specific mRNAs, by incubating the lysate with unbound magnetic beads, as well as IgG-bound beads. We also integrated an incubation of the immunoprecipitation column with yeast tRNA and BSA in order to block non-specific binding sites. These additional steps resulted in a drastic reduction of contaminating mRNA levels. This allowed us to compare the global pool of polysomal transcripts present in astrocytes to polysomal transcripts located in PAPs. This way, we conserved all ubiquitous, yet specific, mRNAs. Despite these analytical and methodological differences, comparison of our list with theirs showed that 52 out of their 224 transcripts were detected in our transcriptome, including transcripts for glutamate transporters GLT-1 and GLAST, as well as Ezrin, Gfap and Sparc.

Another important factor separating these two studies is that they were performed in different brain regions. As previously described, astrocyte heterogeneity has become a popular topic across astroglial research, and it is now evident that astrocytes display molecular specificities, both at a regional level and within a same region [START_REF] Chai | Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence[END_REF][START_REF] Morel | Molecular and functional properties of regional astrocytes in the adult brain[END_REF]. This would mean that isolating PAPs from different brain regions could highlight regional differences at the perisynaptic level, therefore adding a layer of complexity to astroglial molecular identity. While a comparative study through isolation of PAPs from different brain regions would be fascinating, this was not the aim of our study. Moreover, the analytical differences in our work and Sakers' study prevents us from investigating this question by data comparison.

An unexpected PAPome

Overall, our transcriptome sheds light on many new, unexpected transcripts which provide unexplored possible functions of PAPs in the dorsal hippocampus. Interestingly, a wide variety of biological processes are represented in PAPs, with a strong proportion involved in metabolism, but also cell signalling, protein synthesis, and even gene regulation. This suggests that PAPs contain a set of polysomal mRNAs able to self-regulate the major functions of this compartment, rendering it, if not independent from the cell soma, at least partly self-sufficient, and able to initiate retrograde signalling to enable gene regulation. In terms of cellular components, organelles take up 44% of the transcripts, with 42% of them coding for mitochondrial elements, therefore confirming the presence of mitochondria in PAPs [START_REF] Derouiche | Fine Astrocyte Processes Contain Very Small Mitochondria: Glial Oxidative Capability May Fuel Transmitter Metabolism[END_REF]. This would provide energetic substrates to fuel both local translation and the motility of PAPs. Other pathways related to organelles include endosomes, peroxisomes and lysosomes, small organelles involved in the trafficking, recycling and degradation of proteins.

Indeed, in order to maintain adequate levels of proteins in a cellular compartment, local translation must be accompanied with fine regulation of protein degradation and recycling [START_REF] Alvarez-Castelao | The regulation of synaptic protein turnover[END_REF].

Amongst the most enriched transcripts in our PAPome are both radixin and ezrin mRNAs, coding for two proteins of the ERM family responsible for linking the astroglial cytoskeleton to the cell membrane. Local translation of these transcripts could potentially be contributing to the rapid remodelling of PAPs observed in response to neuronal activity [START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF][START_REF] Perez-Alvarez | Structural and functional plasticity of astrocyte processes and dendritic spine interactions[END_REF].

Another important group of transcripts enriched in dorsal hippocampal PAPs code for proteins involved in the translation machinery. In fact, mRNAs for ribosomal proteins alone make up one third of the most enriched transcripts in PAPs. While this may seem surprising, this unusual enrichment has been observed in axons and dendrites of neurons [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-And postsynaptic compartments[END_REF][START_REF] Zhong | Dendritic mRNAs encode diversified functionalities in hippocampal pyramidal neurons[END_REF], and newly synthesized ribosomal proteins have been reported to integrate into ribosomes present on site in axons (Shigeoka et al., 2019a). A similar dynamic remodelling of ribosomes could perhaps occur in PAPs. mRNAs coding for elongation factors eEF1A1 and eEF2 are also highly enriched in PAPs, and have been linked to synaptic function [START_REF] Blumenstock | Early defects in translation elongation factor 1α levels at excitatory synapses in α-synucleinopathy[END_REF][START_REF] Taha | The role of eEF2 pathway in learning and synaptic plasticity[END_REF]. eEF2 has been linked to synaptic plasticity, as mice deficient for eEF2 kinase, the enzyme responsible for phosphorylation and resulting activation of eEF2, display impaired associative learning [START_REF] Gildish | Impaired associative taste learning and abnormal brain activation in kinase-defective eEF2K mice[END_REF]. On the other hand, a reduction in eEF1A1 has been associated with loss of post-synapses and α-synucleinopathy [START_REF] Blumenstock | Early defects in translation elongation factor 1α levels at excitatory synapses in α-synucleinopathy[END_REF]. So far, all studies have been focused on the role of these proteins in neurons.

Interestingly, mRNAs for both of these proteins are also localized at neuronal synapses [START_REF] Cajigas | The Local Transcriptome in the Synaptic Neuropil Revealed by Deep Sequencing and High-Resolution Imaging[END_REF]. Our data therefore adds a layer of complexity, since these factors are most likely locally translated on both sides of the tripartite synapse. Finally, another PAP-enriched protein involved in the regulation of translational machinery is the Receptor for Activated C Kinase 1 (RACK1), encoded by Gnb2l1. RACK1 is a multifunctional protein. It interacts with ribosomes and mRNAs, and has been suggested as an essential ribosomal scaffolding protein for the ZBP-1/β-actin complex in neurons [START_REF] Ceci | RACK1 is a ribosome scaffold protein for β-actin mRNA/ZBP1 complex[END_REF]. RACK1 binding to ribosome has been reported

as essential for translation of capped mRNAs and recruitment of initiation factor eIF4E [START_REF] Gallo | RACK1 Specifically Regulates Translation through Its Binding to Ribosomes[END_REF]. It has also been associated with off-ribosome processes, such as the regulation of intracellular calcium by enhancing the affinity of IP3Rs to IP3 [START_REF] Patterson | RACK1 binds to inositol 1,4,5trisphosphate receptors and mediates Ca 2+ release[END_REF], and interaction with NMDA receptors and Fyn kinase, an enzyme responsible for phosphorylation of NMDA receptor subunits, resulting in decreased NMDA-receptor mediated currents in the CA1 [START_REF] Yaka | NMDA receptor function is regulated by the inhibitory scaffolding protein, RACK1[END_REF]. Local translation of RACK1 in PAPs could therefore provide a regulatory component to the protein synthesis machinery, enabling the translation of specific sets of mRNAs. It could also contribute to the regulation of calcium currents and, as a result, synaptic plasticity.

Interestingly, the final duo of transcripts that raised our attention are Fth1 and Ftl1, which code for the heavy and light chain of ferritin. Ferritins come together to encage iron ions and keep them in a soluble, non-toxic state [START_REF] Arosio | Ferritin, cellular iron storage and regulation[END_REF]. This prevents cell toxicity induced by iron overload, also called ferroptosis. Once trapped, iron ions can get redistributed to areas where they are most needed. Iron can enter neurons via calcium-permeable channels upon synaptic activity, and lead to oxidative stress resulting in neurotoxicity [START_REF] Dixon | Ferroptosis: An iron-dependent form of nonapoptotic cell death[END_REF].

The uptake of iron ions by astrocytes would therefore act as a protective mechanism to preserve neuronal integrity [START_REF] Hohnholt | Uptake and metabolism of iron and iron oxide nanoparticles in brain astrocytes[END_REF], and upregulation of ferritin levels via local translation would enable fast storage of iron ions to prevent the formation of ROS.

Comparison of the perisynaptic and perivascular compartments

Considering the highly polarized functions of astrocytes at the interface with synapses and blood vessels, we hypothesized that their local repertoire of translated mRNAs could differ, to sustain the specialized nature of each of these compartments in the hippocampus. We therefore selected a set of transcripts enriched in our PAPome, and another set identified in our previous study on the endfeetome, keeping in mind that the region and methods used to purify these transcripts were different. Evidently, RNA sequencing would be necessary to assess the full transcriptomic differences between these two subcellular compartments, but our results provide some preliminary information on the differential expression of specific transcripts in endfeet and PAPs.

Most tested markers were equally present in perivascular and perisynaptic processes. We did not expect to observe a drastic difference between the two, as endfeet are rather large structures that can contact many synapses [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF] and therefore likely contain mRNAs necessary to regulate both vascular and synaptic functions. On the other hand, our isolation of synaptosomes precludes the presence of PvAPs, suggesting that this compartment would exclusively contain polysomal mRNAs dedicated to perisynaptic use. It is therefore unsurprising that Serpind1 mRNA, which codes for Heparin cofactor II, a protein acting on the regulation of blood coagulation [START_REF] Kamp | Heparin cofactor II, antithrombin-β and their complexes with thrombin in human tissues[END_REF] is detected in PvAPs but entirely absent from PAPs. Interestingly, the fact that the polysomal mRNA coding for Rplp1 is more enriched in PAPs suggests that ribosomal proteins might be differentially distributed throughout the astrocyte. A possibility is that the ribosomal protein composition of a ribosome is not universal but rather locally determined, and the association of ribosomal proteins could regulate which sets of mRNAs a ribosome will bind to. This phenomenon has been observed during development, as knocking out Rpl38 in mice resulted in impaired translation of a subset of homeobox mRNAs and resulting perturbations of tissue patterning [START_REF] Kondrashov | Ribosome-mediated specificity in Hox mRNA translation and vertebrate tissue patterning[END_REF].

The stronger enrichment of ezrin transcripts in PAPs than in PvAPs also suggests different needs for cytoskeletal remodelling, and probably different cytoskeleton composition in these two compartments. PAPs are known to be highly mobile and respond to synaptic cues in a fast and specific manner, which could be sustained by local translation of ezrin [START_REF] Ghézali | Perisynaptic astroglial processes: dynamic processors of neuronal information[END_REF][START_REF] Lavialle | Structural plasticity of perisynaptic astrocyte processes involves ezrin and metabotropic glutamate receptors[END_REF]. They contain little to no GFAP and display very particular cytoskeletal rearrangements. PvAPs, on the other hand, express important levels of GFAP [START_REF] Boulay | Translation in astrocyte distal processes sets molecular heterogeneity at the gliovascular interface[END_REF] and are much more stable structures, although their dynamics have yet to be properly described.

Finally, the elevated expression of Fth1 mRNA, but not the complementary Ftl1 mRNA in PAPs compared to PvAPs suggests a differential regulation of iron ions in these two compartments. Indeed, it has been shown that FTH1 displays a higher ferroxidase activity and therefore plays a more important role in iron reduction, conferring a protective effect, while FTL1 does not. However, these two subunits are both required to encapsulate iron ions, suggesting that FTL1 participates more in the storage and trafficking of iron ions [START_REF] Arosio | Ferritin, cellular iron storage and regulation[END_REF][START_REF] Li | Systemic and cerebral iron homeostasis in ferritin knockout Mice[END_REF]. This highlights a higher need for protective mechanisms in PAPs to avoid iron-mediated toxicity at the synapse, while endfeet would be more implicated in the storage of these ions.

Altogether, this small study provides a first hint at the differential nature of locally translated repertoires in specialized processes of astrocytes, shedding light on an ensemble of different transcripts required to sustain polarized functions of astrocytes at these two interfaces.

Impact of contextual fear conditioning on local translation of memory-related transcripts in PAPs

Considering the evolutionary conserved nature of local translation mechanisms, and their involvement in a number of functions in neurons, such as synaptic plasticity and axon guidance [START_REF] Holt | Local translation in neurons: visualization and function[END_REF][START_REF] Vickers | Induction and maintenance of late-phase long-term potentiation in isolated dendrites of rat hippocampal CA1 pyramidal neurones[END_REF][START_REF] Wong | RNA Docking and Local Translation Regulate Site-Specific Axon Remodeling In Vivo[END_REF], it is likely that local translation in PAPs sustains important functions of astrocytes at this interface. PAPs have been reported as dynamic modulators of synaptic transmission [START_REF] Allen | Cell Biology of Astrocyte-Synapse Interactions[END_REF][START_REF] Ghézali | Perisynaptic astroglial processes: dynamic processors of neuronal information[END_REF][START_REF] Savtchouk | Gliotransmission: Beyond black-and-white[END_REF], and astrocytes are known to be involved in memory and learning processes [START_REF] Han | Forebrain engraftment by human glial progenitor cells enhances synaptic plasticity and learning in adult mice[END_REF][START_REF] Oliveira | Do stars govern our actions? Astrocyte involvement in rodent behavior[END_REF][START_REF] Santello | Astrocyte function from information processing to cognition and cognitive impairment[END_REF]. Moreover, we identified a subset of PAP-enriched polysomal mRNAs that have been described as playing a role in memory. We thus chose to submit our mice to contextual fear conditioning to assess changes in local translation of these transcripts in the context of learning.

Kinetics of PAPome regulation upon fear

Studies have demonstrated changes in synaptic membrane proteomics as little as 4 hours after contextual fear training in the hippocampus [START_REF] Rao-Ruiz | Time-dependent changes in the mouse hippocampal synaptic membrane proteome after contextual fear conditioning[END_REF], while LTP-induced local translation of CamKII has been shown to occur within 5 minutes in dendrites of hippocampal neurons [START_REF] Ouyang | Tetanic stimulation leads to increased accumulation of Ca2+/calmodulin-dependent protein kinase II via denidritic protein synthesis in hippocampal neurons[END_REF]. We hypothesized that astrocytes would react within a similar timescale to changes in plasticity and performed RNA sequencing on polysomal mRNAs extracted from synaptosomes and whole astrocytes 3 hours after contextual fear training. We compared those results to the ones obtained in control mice. Surprisingly, we did not find a single significant difference between our banks. We concluded that astrocytes do not react as rapidly as neurons to this behavioural learning test in terms of local translation, and that the immediate PAP response associated with increased motility and gliotransmission likely results from rearrangements of proteins already present on site. We thus decided to adopt a more targeted approach, testing a set of specific transcripts known to be related to memory, 24 hours after fear training. Importantly, this also enabled us to perform freezing tests in order to assess learning which, surprisingly, was not homogeneous across tested mice.

Effect of fear conditioning on PAP morphology

Previous reports suggested modifications of astrocyte morphology following fear training [START_REF] Choi | Hippocampus-based contextual memory alters the morphological characteristics of astrocytes in the dentate gyrus[END_REF][START_REF] Ostroff | Synapses lacking astrocyte appear in the amygdala during consolidation of pavlovian threat conditioning[END_REF]. Ostroff et al. described a retraction of PAPs in the lateral amygdala, with a significant reduction of synapses surrounded by PAPs one hour after auditory fear conditioning, which seemed to be restored 24 hours later. Thus, a concern was that modifications in the morphology of PAPs could affect the yield of PAPs in our synaptosome extraction, consequently inducing a bias in our comparison of polysomal mRNA levels. We calculated the PAP to synapse distance in control and fear-conditioned mice and observed no significant change 24 hours after training, which was our timepoint of interest. Threedimensional analysis would be useful as it would provide data on the possible changes in PAP volume near synapses. Indeed, despite the stability of the PAP-to-synapse distance, we cannot exclude the possibility that a "swelling" of processes would induce a relocation of polysomal mRNAs within the astrocyte, with a possible dilution of the most enriched mRNAs on site, and an increase of transcripts that were previously further down astroglial processes. This hypothesis is however challenged by our biochemical analyses showing that the cytosolic content of PAPs in GFP or GFP-tagged ribosomes specifically expressed in astrocytes remained stable in PAPs of control and fear-conditioned mice.

Six PAP-enriched transcripts code for proteins linked to memory and learning

Out of the 82 polysomal mRNAs enriched in our PAPome, six of them have been described as involved in memory and learning in the literature.

Fth1 and Ftl1 mRNAs code for the heavy and light chains of ferritin, a protein involved in the regulation of iron homeostasis, as previously mentioned. Iron dysregulation and the resulting formation of reactive oxygen species is a hallmark of several neurodegenerative diseases associated with cognitive decline [START_REF] Castellani | Iron: The redoxactive center of oxidative stress in Alzheimer disease[END_REF][START_REF] Wang | Meta-analysis of brain iron levels of Parkinson's disease patients determined by postmortem and MRI measurements[END_REF]. Moreover, mice lacking the ferroxidases hepcidin and ceruloplasmin, in charge of converting the damaging ferrous ions into ferric ions and promoting the efflux of iron ions from the cell through transporters, present increased levels of ferritin protein in the hippocampus [START_REF] Zheng | Multi-copper ferroxidase-deficient mice have increased brain iron concentrations and learning and memory deficits[END_REF].

These molecular changes are associated with an impairment in spatial learning. Iron levels have also been reported to affect synaptic plasticity [START_REF] Codazzi | Iron entry in neurons and astrocytes: a link with synaptic activity[END_REF]. These data suggest that a tight regulation of iron availability is required for proper brain function. Astrocytes are key mediators of iron metabolism [START_REF] Hohnholt | Uptake and metabolism of iron and iron oxide nanoparticles in brain astrocytes[END_REF], and regulating ferritin levels through local translation at the synapse could enable the modulation of synaptic plasticity underlying memory.

Ccnd2 mRNA codes for Cyclin D2, a protein which regulates the cell cycle and found to be involved in adult neurogenesis in the mouse hippocampus [START_REF] Ben Abdallah | Impaired long-term memory retention: Common denominator for acutely or genetically reduced hippocampal neurogenesis in adult mice[END_REF]. Ccnd2knockout mice lack adult neurogenesis and display a reduced hippocampal size. They also show impairments in long-term memory [START_REF] Jedynak | Lack of cyclin D2 impairing adult brain neurogenesis alters hippocampal-dependent behavioral tasks without reducing learning ability[END_REF]. Moreover, these mice present deficits in exploratory behaviour and psychosis-like symptoms characteristic of hippocampal disinhibition, and performed poorly at contextual fear conditioning [START_REF] Gilani | Interneuron precursor transplants in adult hippocampus reverse psychosisrelevant features in a mouse model of hippocampal disinhibition[END_REF]. This suggests a crucial role for CCND2 in hippocampal-related behaviour, although the contribution of astrocytes in these processes has yet to be assessed.

Mdm2 is a E3 ubiquitin ligase which targets proteins for degradation. Particularly, it has been implicated in the regulation of PSD-95 stability and synapse elimination [START_REF] Tsai | Multiple autism-linked genes mediate synapse elimination via proteasomal degradation of a synaptic scaffold PSD-95[END_REF][START_REF] Zhu | BAI1 regulates spatial learning and synaptic plasticity in the hippocampus[END_REF]. Interestingly, Mdm2 mRNA has been reported as one of the target mRNA of FMRP, an RNA-binding protein involved in Fragile X syndrome and autism [START_REF] Li | MDM2 inhibition rescues neurogenic and cognitive deficits in a mouse model of fragile X syndrome[END_REF].

It acts as a translational repressor, interacting directly with ribosomes. Upon mGluR activation in neurons, FMRP induces MDM2 ubiquitination, leading to its degradation, in order to promote de novo translation underlying synaptic plasticity [START_REF] Liu | Mdm2 mediates FMRPand Gp1 mGluR-dependent protein translation and neural network activity[END_REF]. Downregulating FMRP expression therefore leads to increased levels of MDM2, which in turn affects neural stem cell proliferation, resulting in spatial memory deficits [START_REF] Li | MDM2 inhibition rescues neurogenic and cognitive deficits in a mouse model of fragile X syndrome[END_REF]. Fine regulation of MDM2 levels in neurons seems crucial to synaptic plasticity and memory formation.

Considering the important role of MDM2 in regulating protein degradation and translation, it could be a major regulator of local translation regulation in PAPs.

Gnb2l1 mRNA codes for RACK1, which, as previously described, fulfils a number of functions in neurons. Importantly, it is a crucial translational modulator. In neurons, it has been reported to interact with NMDA-receptor subunits to repress their activity. Downregulation of RACK1 thus leads to enhanced potentiation [START_REF] Yaka | NMDA receptor function is regulated by the inhibitory scaffolding protein, RACK1[END_REF]. RACK1 downregulation has also been linked to spatial memory deficits in mice [START_REF] Zhu | Deficit of RACK1 contributes to the spatial memory impairment via upregulating BECLIN1 to induce autophagy[END_REF]. Its involvement in the modulation of calcium release [START_REF] Patterson | RACK1 binds to inositol 1,4,5trisphosphate receptors and mediates Ca 2+ release[END_REF], NMDA-receptors, and regulation of translation makes it a perfect candidate to control PAPs' involvement in learning and memory.

Finally, Eef1a1 mRNA is transported to axons where it is required for the late phase of longterm facilitation in Aplysia neurons in vitro [START_REF] Giustetto | Axonal transport of eukaryotic translation elongation factor 1α mRNA couples transcription in the nucleus to longterm facilitation at the synapse[END_REF]. Local translation of Eef1a1 mRNA has been reported in isolated dendrites from hippocampal brain slices as a result of LTP induction, suggesting a need for increased translational capacity through translation of this transcript [START_REF] Tsokas | Local protein synthesis mediates a rapid increase in dendritic elongation factor 1A after induction of late longterm potentiation[END_REF]. More recently, a deficit in eEF1A1 was observed in isolated synaptosomes from mice overexpressing α-synuclein, a protein which aggregates and results in cognitive decline in Parkinson's disease patients and mouse models. This eEF1A1 deficit was associated with a loss of post-synapses [START_REF] Blumenstock | Early defects in translation elongation factor 1α levels at excitatory synapses in α-synucleinopathy[END_REF]. Reduction of eEF1A1 levels was also observed in the hippocampus of Alzheimer's disease patients, particularly in the CA1 and dentate gyrus [START_REF] Beckelman | Impaired eukaryotic elongation factor 1A expression in Alzheimer's disease[END_REF].

Considering their relevance in cognition, we investigated the impact of fear conditioning on local translation of these six transcripts and observed a significant drop in their levels of polysomal mRNAs in PAPs, while the global level of translation of most of these transcripts in astrocytes remained stable (except for Eef1a1, which was slightly downregulated). This demonstrates that local regulation of protein contents occurs in PAPs as a result of fear conditioning, independently of the rest of the cell.

Ubiquitous transcripts and cumulative effects of several modes of regulation upon fear conditioning

A limitation of our study rises from the fact that the proteins encoded by our six PAP-enriched transcripts are ubiquitously expressed in the brain, and most of them have been reported to be present at synapses, making it impossible to differentiate the neuronal from astroglial part of protein contents in our synaptogliosomes. Hence, we cannot attribute a decrease in protein levels of RACK1 to the sole reduction of local translation of this mRNA in PAPs. Similarly, the increased levels of eEF1A1 and MDM2 may be a result of strong upregulation of these proteins in synapses, which would blunt their downregulation in PAPs. The development of an immunohistochemical approach combined with STED imaging on synaptogliosomes from GFEC mice, which express cytosolic GFP in astrocytes, to determine the colocalization of our proteins of interest with GFP is currently underway.

An additional layer of complexity arises from the fact that not all transcripts respond the same way to a common behavioural paradigm. Changes can occur at the transcriptional, translational and post-translational levels. Indeed, we observed a reduction of the density of FISH dots in astrocytes for Gnb2l1 (RACK1), Mdm2, and Ftl1 mRNAs, suggesting a transcriptional effect of contextual fear conditioning. This could result from the up-or down-regulation of transcription factors implicated in the expression of specific genes. On the other hand, Ccnd2 and Fth1 mRNAs remain transcriptionally stable, but display a redistribution of mRNA throughout the astroglial structure, while Eef1a1 mRNA remains spatially stable. Trafficking of mRNAs depends on multiple factors, including cytoskeletal machinery and RBPs, which bind to specific sets of transcripts to enable their repression and transport. While the function of more and more RBPs are starting to be described in neurons [START_REF] Ceci | RACK1 is a ribosome scaffold protein for β-actin mRNA/ZBP1 complex[END_REF][START_REF] Darnell | FMRP stalls ribosomal translocation on mRNAs linked to synaptic function and autism[END_REF][START_REF] Hüttelmaier | Spatial regulation of β-actin translation by Src-dependent phosphorylation of ZBP1[END_REF][START_REF] Ishiguro | TDP-43 binds and transports Gquadruplex-containing mRNAs into neurites for local translation[END_REF], information on RBPs in astrocytes is still lacking. Investigating how mRNAs are trafficked, repressed and translationally activated by RBPs is crucial to our understanding of local translation processes in astrocytes, and projects in the lab are currently working on unravelling this enigma. Finally, the TRAP technique allows for isolation of all mRNAs bound to ribosomes in a specific cell-type. However, ribosome binding does not necessarily mean mRNAs are being translated at this exact timepoint. In fact, ribosome can be stalled on mRNAs, waiting for the right cue to initiate translation [START_REF] Yan | Dynamics of Translation of Single mRNA Molecules in Vivo[END_REF]. Taking into account all steps from mRNA, to polysomal mRNA to protein is therefore crucial to understand the local translation of a transcript in a specific compartment.

Fear conditioning and stress

We know that contextual fear conditioning, beyond the learning process, presents a stress component, which could also alter the molecular identity of astrocytes. We thus performed preliminary experiments to assess the impact of a single foot-shock, without letting the mouse explore the context of the cage, on the polysomal mRNA levels for five of the tested markers. These mice did not freeze when placed back in the cage the next day, suggesting they had not learnt the association of the context with the stimulus. We observed a significant reduction of polysomal mRNA levels for all markers, resembling the results obtained after the fear conditioning task. Yet, for Ccnd2, Mdm2, Ftl1 mRNAs, the drop was not as drastic as for fearconditioned mice. This could mean that the effect of the task on these markers may be divided into two components: stress and learning. Of note, stress control mice only receive one footshock before immediate return to their home cage, while fear-conditioned animals received four consecutive foot-shocks. The significant difference in the reduction of polysomal mRNAs between the two conditions could simply be a gradient correlated to the number of shocks.

While we originally chose fear conditioning as astrocytes are known to modulate synaptic transmission in this behavioural context [START_REF] Adamsky | Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory Enhancement[END_REF][START_REF] Martin-Fernandez | Synapse-specific astrocyte gating of amygdala-related behavior[END_REF], it would be interesting to perform different tests that require memory but do not present a stressful component, such as novel object recognition test, to overcome this issue.

An open-ended approach to analyse the effect of fear conditioning on local translation in

PAPs

Overall, our data provide, for the first time, evidence that local translation in PAPs is affected by a memory-related behaviour. More experiments are required to assess the full impact of contextual fear conditioning on local translation in PAPs, and to understand how the tight control of protein delivery in this compartment contributes to synaptic plasticity. To provide a broader overview of the state of local translation in dorsal hippocampal PAPs as a result of contextual fear conditioning, it would be best to perform an RNA sequencing study. The modulatory actors involved in local translation mechanisms in PAPs are complex and unravelling this machinery at a molecular level is crucial to our understanding of the polarized functions of astrocytes.
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 1 Figure 1. Methods for representation of astrocytes. Left panel. Cajal's early drawings from observations using a light microscopy in the pyramidal layer of the hippocampus. Middle panel. Confocal plane of an astrocyte (green) from the same region as left panel, from a hGfap:eGFP transgenic mouse, co-labeled with pre and post synaptic markers VGlut1 (red) and Homer1 (red) respectively and visualized using confocal microscopy. Scale bar: 10 µm. Right panel. Protoplasmic astrocyte of CA1 stratum radiatum iontophoretically filled with the fluorescent dye Alexa 488. Optical slice reveals the dense spongiform processes of these astrocytes. Scale bar: 10 µm. Adapted from Bushong et al., 2002.
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 3 Figure 3: Schematic representation of astrocyte development in the mouse cortex, adapted from Clavreul et al., 2019. PiA: pial astrocytes. PrA: protoplasmic astrocytes.
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 4 Figure 4. Timeline of brain development and astrocyte-secreted molecules involved in synaptogenesis. Glypicans, neuroligins and thrombospondins appear during the first postnatal week. They contribute to synapse formation. Hevin's expression starts around P10 and contributes to the bridging of neuroligins. Chrdl1 is secreted by cortical astrocytes during the second postnatal week, and contributes to the switch in AMPA-receptors at the postsynapse, thereby limiting plasticity. Around P15, SPARC peaks, and is involved in the refinement of synapses. Astroglial phagocytosis of synapses via Megf10 and Mertk receptors occurs towards the late stages of development. Secretion of TGFβ, on the other hand, tags synapses for phagocytosis by microglia.
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 5 Figure 5. Morphological heterogeneity of neuroglia in the human foetal cortex, as drawn by Gustav Retsius in 1900. Adapted from Verkhratsky et al., 2018.
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 6 Figure 6. Astroglial coupling in the hippocampus A. Schematic representation of an astroglial network (orange), connected via gap-junctions (green) and contacting blood vessels (red). B. Confocal image of dye-filling of astrocytes with biocytin (red) in a hippocampal slice. Biocytin is injected via patch-clamp to one astrocyte (white arrow) and spreads through the network via gap-junctions. Adapted from Escartin and Rouach, 2013.
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 7 Figure 7. Properties of calcium transients in astrocyte A. Schematic representation of calcium transients in a single astrocyte and their believed functions. B. 3D reconstruction of calcium domains within an astrocyte, adapted from Bindocci et al., 2017. 1. Reconstruction of the astrocyte structure with regards to axons and blood vessels. g: gliapil. c: core 2. 3D calcium imaging reveals different levels of activity within the astrocyte 3. In subdomains including soma and processes, 4. And even variations within the same process. 5. Different calcium levels are also observed across endfeet, 6. And within a unique endfoot. S: soma; P: process; EF: endfoot.
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 8 Figure 8. Representation of mural cell heterogeneity along different types of blood vessels. Adapted from Hartmann et al., 2015.
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 9 Figure 9. Brain vasculature and gliovascular unit (Left) Representation of the brain vascular system, with arterioles and capillaries in red and veins venules in blue. (Right) Representation of the blood-brain barrier with astroglial endfeet (green), pericyte (brown), basal lamina (yellow) and endothelial cell (red).
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 10 Figure 10. The role of Cx43 in immune quiescence. Leukocyte infiltration and altered polarization of proteins kir4.1 and Aqp4, usually enriched in endfeet, is observed in mice lacking Cx43. Astrocytes still form gap-junctions through Cx30.
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 11 Figure11:A few examples of pathways activated in reactive astrocytes and their beneficial (green) and deleterious (red) outcomes. Please note that this is not an exhaustive representation of all pathways involved, but rather an illustration of a few mechanisms underlying reactivity.
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 12 Figure12. The astrocyte-neuron lactate shuttle. Synapse in yellow, astrocyte in green, blood vessel in red. Glucose is uptaken from blood through glucose transporters (GLUT1/3) by endothelial cells then astrocytes. Conversion into Glucose-6-phosphate (G6P) by hexokinase (HK), then stored as glycogen or undergoes glycolysis and resulting conversion into pyruvate, then lactate by lactate dehydrogenase (LDH). It is released by astrocytes through monocarboxylate transporters (MCTs) and uptaken into neurons through MCTs at the neuronal membrane, where it is converted back to pyruvate and undergoes oxidative phosphorylation in the mitochondrion, resulting in production of ATP. Another possible hypothesis is that lactate acts as a signalling molecule though its binding to receptors at the synaptic membrane.
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 14 Figure 14. Comparison of primary astrocytes in culture with and without neurons. Both culture types were obtained from P0 mouse cortices A. Single-plane confocal image of astrocytes in monoculture. B. Single-plane confocal image of an astrocyte in co-culture with neurons.
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 15 Figure 15. Morphological and molecular properties of PAPs. A. Tripartite synapse under basal condition. B. IP3 buffering induces retractions of PAPs from the synapse and glutamate spillover. C. Deletion of Cx30 leads to PAP invasion of the synaptic cleft, enhanced glutamate uptake resulting in decreased synaptic transmission.
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 16 Figure 16. Neurotransmitter and ion clearance.Neuronal synapse (yellow), PAP (green). PAP regulates glutamate clearance through GLT-1 and GLAST. Glutamine synthetase converts glutamate to glutamine, which is then exported to neurons to be converted back to glutamate. PAP also clears excess iron ions from the synapse through calcium-permeable ion channels, and potassium ions via kir4.1. In neurons, iron ions can enter via glutamate-activated calcium-permeable ion channels and undergo the Fenton reaction to create free radicals.
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 17 Figure17. Gliotransmission. Neuronal synapse (yellow) and PAP (green). P2Y1 receptor activation triggers calcium elevation in astrocytes, which in turn induces TNFα-mediated release of glutamate. TNFα can also be secreted by astrocytes to trigger AMPAR recruitment at the postsynaptic membrane. Astrocyte-secreted SPARC also influences AMPAR recruitment. Calcium elevation in astrocytes triggers release of gliotransmitters, such as D-serine (blue) and glutamate (red). Lactate is transported through MCTs from astrocytes to neurons to be converted into ATP, but can also bind to synaptic receptors to modulate activity.Taken as a whole, astrocytes are believed to secrete a wide variety of factors that influence synaptic plasticity. Please note that these examples are not exhaustive as many other secreted molecules are believed to play a role in these mechanisms. The recent use of in vivo, noninvasive techniques such as genetically engineered DREADDs to trigger GPCR-coupled signalling pathways is slowly providing more insight into the physiological bases of neuroglial interactions and seem to point towards the existence of gliotransmission[START_REF] Durkee | G i/o protein-coupled receptors inhibit neurons but activate astrocytes and stimulate gliotransmission[END_REF].

  location and fulfil its function. The first step, transcription, consists in producing singlestranded messenger RNAs (mRNA) from two-stranded genomic DNA in the nucleus of the cell. mRNAs are then translocated from the nucleus to the cytoplasm to undergo the second step, through which they are translated into proteins. While it was long thought that translation occurred in the vicinity of the nucleus, in some cellular models, mRNAs are transported to distal compartments of the cell, or at specific interfaces to enable spatiotemporal regulation of protein delivery in response to particular needs. These mechanisms of RNA localization and local translation are observed in a number of cell types and are highly conserved across species, sustaining various functions.
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 18 Figure 18. A. mRNA localization in different types of cells. Migrating fibroblast expressing actin mRNA at its leading edge and focal adhesion points, while vimentin transcripts are located around the nucleus. B. Epithelial cells expressing actin and E-cadherin mRNAs at adherens junctions, while ZO-1 transcripts are found close to tight junctions. C. Neuron expressing a whole pool of mRNAs in its axon and dendrites. D. Confocal image of the intestinal epithelium expressing Apob-mRNAs towards the apical lumen and Cyb5r3 mRNAs towards the vascular side. Scale: 10 µm. Adapted from Moor et al., 2017.

Figure 19 .

 19 Figure 19. mRNA transport, localization and 3'UTR regulation in neurons. mRNAs are transported on microtubules to distal compartments in axon and dendrites. mRNAs in the neuropil tend to have a longer 3'UTR, which can undergo remodelling to be shortened upon neuronal activation, perhaps to remove repression from RBPs and increase translational efficiency.
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 20 Figure20: Ribosomal protein replacement at synapses. Some ribosomal proteins (RPs) are translated on site (green) and integrate into already formed ribosomes to replace damaged RPs. Some RPs (magenta) may also be specialized in the translation of specific pools of mRNAs (blue).

Figure 21 .

 21 Figure 21. Organization of maturation organelles within dendrites. A. Schematic representation of organelles in dendrites. ERGIC: Endoplasmic reticulum Golgi intermediate compartment; GS: Golgi satellite, GO: Golgi outpost B. Confocal image of dendrites from a hippocampal neuron after plasmid transfection. ERGIC particles tagged with ERGIC53-GFP (green), Golgi particles tagged with pGolt-mCherry (red), adapted from Mikhaylova et al., 2016.
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 22 Figure 22. Local translation of myelin binding protein (MBP) at the neuron-oligodendrocyte interface. MBP's protein synthesis in oligodendrocytes is regulated by neuronal factors binding to receptors at the surface of the oligodendrocyte's membrane, which in turn activate signalling via the Fyn kinase and integrin pathways. This triggers phosphorylation of RBPs bound to the MBP transcript, inducing these RBPs to release the transcript. MBP mRNA is then free to undergo translation and contribute to myelination.
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 23 Figure 23. mRNA transport and local translation in radial glia during development adapted from Pilaz et al. 2016 A. Schematic representation of mRNA transport along microtubules (white dots) and
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 24 Figure 24. Local translation in astrocyte perivascular processes adapted from Boulay et al. 2017. A. Extraction of the astrocyte endfeet transcriptome. B. Extraction of the endfeet polysomal transcriptome (endfeetome) C. Electron microscopy on brain slices with endfeet (green) containing Golgi apparatus (arrows), basal lamina (yellow) and blood vessel (red).
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 25 Figure 25. Local translation in perisynaptic astroglial processes adapted from Sakers et al. 2017. A. STORM imaging of a PAP containing GFP-labelled ribosomes (green) near a synapse labelled with Homer1 (blue) and Bassoon (red). B. Diagram of experimental procedure for TRAP C. Diagram of comparison analysis to extract PAP-enriched and PAP-depleted transcripts. D. Schematic representation of viral constructs with corresponding confocal images of astrocytes in vitro from each condition (with or without QRE). Arrows indicate examples of RNA localized either in the periphery (QRE-containing sequence) or in the soma/nucleus (mRNA without QRE) of the cell. Scale bar: 10 µm
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 26 Figure 26. Behavioural tests to assess memory in mice. A. Contextual fear conditioning. On day 1, the mouse is placed in a specific environment (with associated background noise and smell) and left to explore for a few minutes, then receives a series of footshocks. On day 2, The mouse is placed in the same environment and freezing time is recorded as a measure of fear learning. B. Barnes maze test.The mouse is placed on a platform with 20 circular holes, visual cues are placed in plain sight around the room. Under one of the holes is a box which the mouse needs to find to escape. C. Novel object recognition. On day 1, the mouse is exposed to two similar objects (yellow circles), which it can explore and identify. On day 2, the mouse is exposed to one of the same objects as the previous day, as well as one new object (green triangle). The time spent around the new object is recorded as a measure of reference memory. Since mice are curious animals, they tend to spend more time around objects they have never been exposed to. D. Morris water maze. The mouse is placed in a pool filled with water. It needs to swim to a hidden submerged platform to be able to rest. The more times the mouse is trained on this test, the faster it gets to the platform.
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 27 Figure 27. Cx30 is expressed in a subtype of mouse brain pericytes. A. Confocal image of a blood vessel labelled with IB4 (gray) with pericytes labelled Pdfrβ mRNA (red) and Cx30 mRNA (green). While some pericytes exclusively express Pdfrβ mRNAs, some co-express Pdgfβ and Cx30 transcripts (white arrows). B. Hypothetical functions of Cx30 in pericytes, from what we know of Cx30 functions in astrocytes. Left, Cx30 could form either hemichannels or gap-junctions (red) between pericytes and endothelial cells at contact zones devoid of basal lamina. Right, Cx30 could contribute to the motility of pericyte processes, as observed in astroglial perisynaptic processes.
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 28 Figure 28. AstroDot image processing. All images correspond to a single confocal plane for a CA1 astrocyte. A. Effect of deconvolution on GFAP immunofluorescence. Left panel, raw confocal image;
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 29 Figure 29. Schematic representation of protocol for extraction of synaptogliosomes from Aldh1l1:Rpl10a-eGFP mouse dorsal hippocampus.
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 30 Figure 30. Schematic representation of protocol to isolate astrocyte polysomal mRNAs A. TRAP column preparation. Three types of column are used for TRAP: a preclean column with only washed beads; an IgG column where mouse IgGs are bound to the beads; the GFP immunoprecipitation (IP) column pretreated with yeast tRNAs to block unspecific RNA binding sites. B. TRAP procedure is performed by the sequential incubation of the lysate on the preclean column to remove proteins and RNAs interacting unspecifically to the beads, the IgG preclean to remove proteins interacting with IgGs, and the IP GFP column. Green indicates GFP-tagged ribosomes. Adapted from Boulay et al., 2019.
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 31 Figure 31. Perisynaptic processes of hippocampal astrocytes synthesize proteins and contain protein maturation organelles. All scale bars are 10 µm A. Representative confocal microscopy image of the FISH detection of Slc1a2 mRNAs (red dots) in a dorsal hippocampal CA1 astrocyte immunolabeled for GFAP (green). Nuclei were stained with DAPI (blue). B. AstroDot analysis of the distribution of Slc1a2 mRNA in somata, large (>0.3 m) and fine (<0.3 m) GFAP-immunolabeled processes, and GFAP-negative processes of CA1 astrocytes n=55 in three mice. C. Detection of CA1 astrocyte ribosomes and local translation events in PAPs by puromycylation (+PMY, with puromycin) in Aldh1l1:L10a-eGFP transgenic mice. Astrocyte ribosomes were immunolabeled for GFP (green) and PMY (red). Synapses were co-immunolabeled for VGluT1 (pre-synapse) (grey) and Homer1 (postsynapse) (blue). The white square is a magnified view (x10) of an astrocyte translation event near synapses. PMY labelling is intense in neurons (red cell on the right of the astrocyte) compared to astrocytes. D. gfaABC1D-eGFP-AAV-infected hippocampal astrocytes immunolabeled with Homer1 (blue) and VGluT1 (red). E. Quantification of the percentage of eGFP staining within 1 m of VgluT1/Homer1-labelled synapses, representing the total number of PAPs detected by this technique. n=16 cells in three mice. F. Visualization of ERGIC in CA1 astrocytes infected with a gfaABC1D-ERGIC-GFP-expressing AAV (green). Synapses were immunolabeled for VGluT1 (red) and Homer1 (blue) G. Visualization of Golgi particles in CA1 astrocytes infected with a gfaABC1D-pGolt-Cherry-

  hippocampus of adult mice (Figure31F, G). VGluT1 and Homer1 proteins were coimmunolabeled to visualize the synapses. As a control, adult mice were injected with an AAV driving the expression of eGFP alone in astrocytes (gfaABC1D-eGFP) (Figure31D). Coimmunofluorescent detection of GFAP with gfaABC1D-eGFP demonstrated the astrocytic specificity of infection and transgene expression (Figure32).

Figure 32 .

 32 Figure 32. Specificity of the AAV gfaABC1D-eGFP infection in astrocytes. Hippocampal astrocytes are immunostained with GFP (green) and GFAP (red). Nuclei are stained with DAPI (blue). Scale bar is 40 µm.

Figure 33 .

 33 Figure 33. Identification of the PAPome, the pool of ribosome-bound mRNAs in PAPs from the dorsal hippocampus. A. Western blot comparison of S1 and P3 fractions. *, p ≤ 0.05; **, p ≤ 0.01, and ns: not significant in a two-tailed, paired t-test. The data are presented as the mean ± SEM (n=4) B. A confocal immunofluorescence microscopy image of synaptogliosomes from an Aldh1l1:L10a-eGFP mouse. The ribosomes in PAPs were immunolabeled with eGFP (green). Pre-and post-synaptic areas

Figure 34 .

 34 Figure 34. Identification of polysomal mRNAs enriched in PAPs from the dorsal hippocampus. A. Flowchart for the TRAP and analysis of polysomal mRNAs in astrocytes from the dorsal hippocampus. Sequencing raw data are in Table S1. B. Purity heat map of the RNA-seq data for a selection of mRNAs specific for each type of brain cell. The null level corresponds to mRNAs with 500 mean normalized reads and 70% exon coverage. The tails of the heatmap represent the lowest and highest mean

Figure 35 .

 35 Figure 35. Comparison of enriched polysomal mRNA levels in PAPs vs. PvAPs A. Flowchart for the comparison of a selection of enriched mRNAs in PAPs vs. PvAPs. Polysomal mRNAs were isolated by TRAP from Aldh1l1:L10a-eGFP whole hippocampal synaptogliosomes or purified gliovascular units. The raw qPCR data are given in Table 6. B. qPCR results for Fth1, Rplp1 and Ezr, demonstrating their enrichment in PAPs vs. PvAPs. *, p ≤ 0.05 in a one-tailed Mann-Whitney test. The data are quoted as the mean ± SEM. n=3.

  Interestingly, some mRNAs appeared to be enriched in PAPs compared to PvAPs, indicating that the distribution and local translation of mRNAs differ at these two interfaces. The enrichment of Rplp1 mRNA in PAPs suggests that PvAPs and PAPs have different repertoires of ribosomal proteins and thus may follow different translational rules. The enrichment of Fth1

Figure 36 .

 36 Figure 36. Characterization of the spatial relationship PAP-synapse upon fear conditioning. A. Flowchart for the fear-conditioning protocol, followed by analyses of the PAP-to-synapse distance and PAP proteins in dorsal hippocampus synaptogliosomes. B. Deconvoluted confocal microscopy image of a single plane containing an astrocyte and synapses in the dorsal hippocampus of a control hGfap-eGFP mouse. The astrocyte is immunolabeled for eGFP. Pre-and post-synapses are immunolabeled for VGluT1 (blue) and Homer1 (red), respectively. The magnified area shows the STED image for VGluT1 and Homer1 merged with deconvoluted confocal image for eGFP C. Cumulative frequency of eGFP as a function of the distance to the synapse (from 0 to 800 nm). Solid lines represent the calculated means, and dotted lines represent the SEM for astrocytes from control mice (green) and fear-conditioned (red) mice. n ≥ 270 synapses per cell, three cells per mouse, and three mice per condition. Two-way ANOVA, interaction value, p=0.5 (not significant). D. Western blot analysis of S1 (whole dorsal hippocampus extracts) and P3 (synaptogliosomes) (see Figure 29) from hGfap:eGFP control mice or fear-conditioned mice. E. Analysis of the results in D, indicating that the amount of eGFP in astrocytes and PAPs was stable upon fear conditioning. Signals were normalized against stainfree membranes. The data are presented as the mean ± SEM (n=4); ns: not significant in an unpaired,

Figure 37 .

 37 Figure 37. Fear conditioning regulates local translation in PAPs. A. Flowchart for the fearconditioning protocol, followed by analyses of mRNAs and proteins in astrocytes and PAPs from the

Figure 38 .

 38 Figure 38. Effect of stress vs. fear-conditioning on levels of polysomal mRNAs in PAPs 24h after fear conditioning. While Gnb2l1 and Fth1 polysomal mRNAs are similarly affected by stress and fear

  

  

  

  

4. Calcium transients: the language of astrocytes

  

	4.1. General properties
	Unlike neurons which fire action potentials to propagate signals across networks,
	astrocytes are electrically silent, which led to the belief that they could not encode and mediate
	signals. They therefore appeared irrelevant to neurotransmission for many decades. Thirty years
	ago, the development of calcium imaging techniques gave life to a number of studies that
	brought astrocytes back to the spotlight.

Table 4 : qPCR analysis of polysomal mRNAs in whole astrocytes and PAPs from the dorsal

 4 

	Gene name	extract 1 extract 2 extract 3 Mean SEM extract 1 extract 2 extract 3 Astrocyte polysomal mRNAs PAP polysomal mRNAs Mean	SEM	p-value significance
	Fth1	4,55	1,29	3,45	3,10	0,96	63,67	81,66	19,86	55,06	18,35	0,05	*
	Ftl1	0,13	0,05	0,11	0,10	0,02	95,14	75,54	15,76	62,15	23,87	0,05	*
	Ezr	0,06	0,04	0,2	0,10	0,05	11,78	15,6	3,15	10,18	3,68	0,05	*
	Gnb2l1	0,45	0,58	0,97	0,67	0,16	125,7	87,13	42,08	84,97	24,16	0,05	*
	Rpl8	1,54	0,94	1,72	1,40	0,24	168,06	102,36	48,8	106,41	34,49	0,05	*
	Eef1a1	4,08	3,76	5,19	4,34	0,43	26667,8 309,58 13384,9 13454,10 7609,05	0,05	*
	Eef2	0,92	0,64	1,51	1,02	0,26	120,34	120,7	89,12	110,05	10,47	0,05	*
	Rdx	0	0,03	0,05	0,03	0,01	7,02	9,29	2,51	6,27	1,99	0,05	*
	Rplp1	2,85	3,3	6,61	4,25	1,19	299,1	296,49	72,7	222,76	75,04	0,05	*
	Rpl4	0,82	0,92	1,58	1,11	0,24	257,02	56,67	300	204,56	74,98	0,05	*
	Rps14	0,08	0,06	0,18	0,11	0,04	3,6	2,93	1,8	2,78	0,53	0,05	*
	Rps3	0,9	0,87	1,76	1,18	0,29	220,49	178,38	38,69	145,85	54,94	0,05	*
	Ccnd2	0,08	0,4	0,4	0,29	0,11	74,3	71,71	37,73	61,25	11,78	0,05	*
	Hsp90	1,08	0,75	0,98	0,94	0,10	70,97	48,28	19,9	46,38	14,77	0,05	*
	Mdm2	0,02	0,02	0,01	0,02	0,00	24,36	17,61	9,05	17,01	4,43	0,05	*
	Ncl	0,05	0,15	0,15	0,12	0,03	106,9	92,14	22,74	73,93	25,95	0,05	*
	Npm1	0,6	0,14	0,26	0,33	0,14	95,97	87,93	31,31	71,74	20,35	0,05	*
	hippocampus. SEM: standard error of the mean; *, p ≤ 0.05; n=3; one-tailed Mann-Whitney test.	

Table 6 . qPCR analysis of polysomal mRNAs in PAPs and PvAPs from the hippocampus

 6 . SEM: standard error of the mean; *, p ≤ 0.05, ns: not significant; n=3; one-tailed Mann-Whitney test.

  AstroDot analysis of the density of PAP-enriched mRNAs encoding RACK1 (Gnb2l1), FTL1, FTH1, eEF1A1 MDM2 and CCND2 in GFAP-immunolabeled astrocytic processes in the dorsal hippocampus of control mice and fear-conditioned mice. *, p<0.05; ***, p<0.001; ****p<0.0001 and ns: not significant in an unpaired, two-tailed t-test; n ≥35 cells from three mice per condition. The data are presented as the mean ± SEM, and the raw data are given in Table7. C. FISH detection of Mdm2 mRNAs in dorsal hippocampal astrocytes immunolabeled for GFAP (green) in a control mouse and a fear-conditioned mouse. left panels, confocal microscopy image of the FISH detection of Mdm2 mRNAs (red dots). GFAP-immunolabeled astrocyte processes are in green. Nuclei are stained with DAPI (blue); right panels, AstroDot analysis of the left-panel image for each condition. The green dots were located in the soma or in GFAP-immunolabeled large processes; the yellow dots were located in GFAP-immunolabeled fine processes. GFAP immunostaining is shown in magenta. D. three mice per condition. Data are presented as the mean ± SEM, and the raw data are given in Table7. E. F. qPCR quantification of polysomal mRNAs in dorsal hippocampal PAPs (E) and whole astrocytes (F) from control mice and fear-conditioned mice. Signals are normalized against 45S RNA. *, p ≤ 0.05; ***, p ≤ 0.0001, and ns: not significant in a one-tailed Mann-Whitney test. The data are presented as the mean ± SEM (n=3 to 5 samples per condition), and the raw data are given in Table8. G. Western blots of RACK1, FTH1/FTL1, CCND2, MDM2 and eEF1A1 in dorsal hippocampal synaptogliosomes prepared from control mice and fear-conditioned mice.

	AstroDot analysis of the distribution of PAP-enriched mRNAs encoding RACK1 (Gnb2l1), FTL1,
	FTH1, eEF1A1 MDM2 and CCND2 in somata, large (> 0.3 m) and fine (< 0.3 m) GFAP-
	immunolabeled astrocyte processes from the dorsal hippocampus of control and fear-conditioned mice.
	*, p ≤ 0.05; ***, p ≤ 0.001; ****p ≤ 0.0001, and ns: not significant in a two-tailed, unpaired t-test; n ≥
	35 cells from

H. Analysis of the Western blots in G; signals were normalized against stain-free membranes. *, p ≤ 0.05, **, p ≤ 0.01, ***, p ≤ 0.001, and ns: not significant in an unpaired two-tailed, paired t-test. The data are presented as mean ± SEM (n = 4 to 5). See Table

6

for summary of results.

Table 7 . Impact of fear conditioning on mRNAs and proteins in astrocytes.

 7 Summary of results from Figure35

Table 8 . Analysis of the density and distribution of PAP-enriched mRNAs in control vs. fear- conditioned mice.

 8 AstroDot raw data for the density and distribution of mRNAs Ccnd2, Gnb2l1, Eef1a1, Mdm2, Fth1, and Ftl1 mRNAs. Descriptive statistics: summary of the results for each marker in control mice and fear-conditioned mice. SEM: standard error of the mean; n ≥35 cells for all markers, three mice per condition. Unpaired two-tailed t-test.

Table 9 . qPCR analysis of dorsal hippocampus polysomal mRNAs in PAPs (top) and whole astrocytes (bottom) in control vs. fear-conditioned mice

 9 . SEM: standard error of the mean; *, p ≤ 0.05; ***, p ≤ 0.0001, ns: not significant in a one-tailed Mann-Whitney test; n=3 to 5.
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High-resolution fluorescent in situ hybridization and GFAP co-immunofluorescent detection and analysis

We developed a new Fluorescent in situ hybridization (FISH) protocol on floating brain sections obtained from two-month-old mice perfused with 4% PFA/PBS, using the v2 Multiplex RNAscope technique (Advanced Cell Diagnostics, Inc., Newark, CA, USA). After the FISH procedure, GFAP was immunofluorescently detected. Astrocyte-specific FISH dots were recognized on the base of their localization on the GFAP immunolabeling after deconvolution (Figure 28A), and quantified using our newly developed AstroDot ImageJ plugin [START_REF] Oudart | AstroDot: a new method for studying the spatial distribution of mRNA in astrocytes[END_REF]. Briefly, AstroDot allows the detection of mRNA dots within GFAPlabeled astrocytes, as well as the quantification of the distribution of mRNA dots in different parts of the cell, from the soma to fine processes. Regions of interest are defined around each astrocyte (Figure 28B), analysis parameters are set depending on whether the mRNA is astrocyte-specific or ubiquitous (Figure 28C) and a choice of the right nucleus within the region of interest is required (Figure 28D). The plugin then calculates the distance map of GFAP

Impact of fear conditioning on local translation of a set of astrocytic polysomal transcripts in PAPs

Methods

Mice

hGfap-eGFP mice were obtained from the Max Delbrück Center for Molecular Medicine (Berlin-Buch, Germany) [START_REF] Nolte | GFAP promoter-controlled EGFP-expressing transgenic mice: A tool to visualize astrocytes and astrogliosis in living brain tissue[END_REF]. BacTRAP and C57BL6 mice were obtained as cited in method sections in II.3.

Fear conditioning

Behavioral tests were performed on two-month-old male Aldh1l1:L10a-eGFP, hGFAP-GFP and wild-type mice. On day 1, the fear-conditioning group was placed in a conditioning chamber (characterized by white noise (5000 Hz, 60 dB) and a smell of acetic acid (1%)) and left to explore for 3 min. The mice were exposed to four consecutive 1 s scrambled foot shocks (current: 0.6 mA; inter-shock interval: ~60 s) and then returned to their home cage. On day 2, the mice were put back in the conditioning chamber to assess contextual conditioning. The time spent freezing during a 5 min session was recorded automatically using a camera Sony effio-e 700TVL and the infrared tracking device. It was quantified using the PolyFear Software. The mice were sacrificed shortly after the freezing test. Home-caged animals were used as controls.

STED Imaging and quantification of PAP distance to synapse

Immunostaining was performed as described in the methods section of II.3. In order to measure the distance from the PAP to the synapse, we extracted 40 µm brain slices from control vs. fearconditioned hGfap-eGFP mice. performed super-resolution stimulated emission depletion (STED) microscopy on a home-built, time-gated system. The latter was based on a commercial point scanning microscope (RESOLFT, Abberior Instruments) comprising a microscope frame (IX83, Olympus), 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 were then deconvolved using the Huygens software and combined with the STED images in one file for analysis. For each astrocyte, 4 regions of interest of about 600 µm² Astrocytes are the most numerous glial cells in the central nervous system. They display a highly ramified morphology, with processes extending towards blood vessels, where they regulate vascular functions, and towards neurons where they control the formation, maturation and elimination of synapses. The mechanisms sustaining these polarized functions in astrocytes remain elusive. Local translation was recently identified in astroglial processes, at both the perisynaptic and perivascular interface. We therefore aimed at defining the entire repertoire of polysomal mRNAs translated in perisynaptic processes of the dorsal hippocampus, a region of the brain involved in contextual memory. We then compared the relative distribution of polysomal transcripts between perivascular and perisynaptic processes of hippocampal astrocytes. Finally, as astrocytes are known to contribute to memory and learning, we investigated the physiological implication of perisynaptic astrocytic protein synthesis in these processes by subjecting mice to a contextual fear conditioning paradigm and assessing the resulting changes in local translation. This thesis highlights, for the first time, the presence of activity-dependent local translation in perisynaptic processes of astrocytes. 

Supplementary methods and data
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