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Astrocytes become reactive in response to pathological conditions in the CNS including neurodegenerative diseases (ND) such as Alzheimer's (AD) and Huntington's (HD) diseases. Reactive astrocytes (RA) are identified by morphological changes but their functional features and influence on neuronal survival are poorly understood. They have mainly been studied in acute injuries, but less is known for chronic diseases like ND. In this context, we aimed at 1) identifying the signaling cascades involved in astrocyte reactivity in ND conditions, 2) evaluating RA contribution to chronic neuronal dysfunction in ND models and 3) deciphering RA functional features. The JAK2/STAT3 pathway is a known trigger of astrocyte reactivity in many CNS acute injury models. Here, we show that this pathway is a universal inducer of astrocyte reactivity in several ND mouse models of both AD and HD. We developed new viral vectors that target the JAK2/STAT3 cascade in vivo, in astrocytes of the adult rodent brain, to selectively modulate astrocyte reactivity. Using these original tools, we were able to investigate the contribution of RA to disease progression and neuronal dysfunction in two different models of HD: the lentiviral-based model of HD and the N171-82Q HD mice. Our results show that RA do not primarily influence disease phenotype in these models. Finally, we manipulated the JAK2/STAT3 pathway to activate astrocytes in WT mice in order to characterize the functional features of RA in vivo. We show that astrocyte activation through the JAK2/STAT3 pathway triggers transcriptional changes of numerous genes involved in important cellular functions such as metabolism, protein degradation pathways and immune response. Furthermore, we show that astrocyte reactivity alters synaptic plasticity in the mouse hippocampus. Our results identify the JAK2/STAT3 pathway as a central cascade for astrocyte reactivity. The viral vectors developed in this project represent powerful tools to 1) manipulate this pathway and decipher RA contribution to chronic neuronal dysfunction in various ND models and 2) characterize RA functional features in vivo. Better understanding RA functions may eventually lead to the identification of new therapeutic targets for ND.

Résumé

Les astrocytes deviennent réactifs en réponse à toute situation pathologique dans le SNC, en particulier dans les maladies neurodégératives (MND) comme la maladie d'Alzheimer (MA) et de Huntington (MH). Les astrocytes réactifs (AR) sont identifiés par des changements morphologiques bien caractérisés mais les conséquences fonctionnelles de leur réactivité sont peu connues, notamment dans les MND. La contribution des AR dans les situations pathologiques a principalement été étudiée dans des modèles de lésions aigües mais leur rôle dans les MND est peu connu. Dans cette étude, nous avons évalué 1) les voies de signalisation impliquées dans la réactivité astrocytaire, 2) la contribution des AR à la dysfonction neuronale dans des modèles de MND et 3) les caractéristiques fonctionnelles des AR. La voie JAK2/STAT3 est une voie de signalisation impliquée dans la réactivité astrocytaire, dans des conditions pathologiques aigües. Dans cette étude, nous avons montré que cette voie universelle induit également la réactivité astrocytaire des modèles murins de MA et MH. Nous avons développé de nouveaux vecteurs viraux permettant de cibler la voie JAK2/STAT3, in vivo, sélectivement dans les astrocytes, dans le cerveau de rongeur adulte. A l'aide de ces outils, nous avons étudié la contribution des AR à la dysfonction neuronale observée dans deux modèles murins de la MH. Nos résultats suggèrent que les AR ne jouent pas un rôle central dans la dysfonction neuronale et la progression de la maladie dans ces deux modèles. Enfin, nous avons induit la réactivité dans les astrocytes de souris sauvages, en ciblant la voie JAK2/STAT3. L'activation de la voie JAK2/STAT3 dans les astrocytes du striatum module très fortement l'expression de gènes impliqués dans des fonctions cellulaires importantes comme le métabolisme oxydatif, les voies de dégradation des protéines ou la réponse immunitaire. De plus, nous avons observé que l'induction de la réactivité astrocytaire dans l'hippocampe de souris sauvage conduit à une diminution de la plasticité synaptique. En conclusion, nous avons montré que la voie JAK2/STAT3 est une voie centrale et conservée dans les AR. Les vecteurs viraux développés au cours de ce projet représentent des outils innovants pour évaluer 1) la contribution des AR à la dysfonction neuronale dans de nombreux modèles de MND et 2) caractériser les propriétés fonctionnelles des AR in vivo. L'étude des AR pourra permettre d'identifier de nouvelles cibles moléculaires pour manipuler ces cellules pléiotropes à des fins thérapeutiques. 1.Transgenic and lentiviral-based models of ND Table 2. Anesthetic and injection settings used for stereotaxic injections of viral vectors in the rodent brain Table 3. List of experiments with stereotaxic injections of lentiviral and AAV vectors Table 4. List of antibodies and their concentrations for different applications 
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I. GENERAL INTRODUCTION

Astrocytes are now recognized as essential participants of in many brain functions. They are pleiotropic cells responsible for the maintenance of the cellular environment for neurons to function properly. Astrocytes regulate ionic and water homeostasis, they participate in the formation and maintenance of the blood-brain barrier (BBB), they provide neurons with trophic, metabolic support as well as antioxidant defense. Astrocytes display a strategic anatomical location as they contact blood vessels as well as ensheath synapses. They reuptake glutamate from the synaptic cleft through specific glutamate transporters and thus prevent excitotoxicity. Astrocytes also modulate synaptic transmission and release synaptically active molecules called gliotransmitters.

Because of their close interactions with neurons as well as other glial cells, astrocytes are key sensors of brain homeostasis. Indeed, they detect and react to pathological conditions in the CNS in a phenomenon called astrocyte reactivity (Sofroniew, 2009). It occurs in a variety of pathological conditions, both acute (trauma, ischemia, infection…) and chronic (neurodegenerative diseases (ND)).

Reactive astrocytes are mainly identified by morphological changes ranging from hypertrophy and upregulation of intermediate filaments to the formation of a glial scar (Sofroniew, 2009).

Astrocyte reactivity is a complex phenomenon, involving multiple extracellular triggers (cytokines, nucleotides, aggregated proteins…) that may activate different intracellular pathways (JAK/STAT, NF-κB, MAPK) (Kang and Hebert, 2011). However, the functional changes that are elicited by these signaling cascades in reactive astrocytes are poorly understood. One of the reasons is the lack of appropriate tools to evaluate the consequences of reactive astrocyte functions and neighboring neurons study the causal link between these pathways and astrocyte reactivity, particularly in chronic pathological conditions such as in ND.

Astrocyte reactivity and its impact on neurons has mainly been studied in acute injuries, involving glial scar formation (Sofroniew, 2009). By contrast, neuronal dysfunction in ND does not involve external stimulus such as a mechanical lesion and thus, are most likely to involve different pathological mechanisms. ND such as Alzheimer's (AD), Huntington's (HD), Parkinson's (PD) diseases or amyotrophic lateral sclerosis (ALS) are characterized by the selective loss of vulnerable neurons in specific regions of the CNS. ND are characterized by common cellular alterations, including apoptosis, mitochondrial dysfunction, oxidative stress, protein aggregation or inflammation (Burda and Sofroniew, 2014). Interestingly, many of these functions involve neuron-astrocyte interactions in the healthy brain.

It is widely debated whether reactive astrocytes can influence neuron survival and disease phenotype, especially in ND. Evidence suggests that reactive astrocytes play a pivotal role and can exert both beneficial and detrimental effects on neurons according to the pathological situation. This work is centered on reactive astrocytes and ND. Specifically, we aimed to investigate: 1) the signalling pathways involved in astrocyte reactivity in the context of ND, 2) the contribution of astrocyte reactivity to neuronal dysfunction in HD, a prototypic ND, and 3) to model and study the functional changes occurring in reactive astrocytes.

II. INTRODUCTION A. Astrocytes are pleitropic cells essential for brain functions 1) General characteristics of astrocytes a) What is an astrocyte?

In 1846, Virchow first described that nerve cells were embedded in a connective tissue that he called 'nervenkitt' or nerve glue. In 1909, Ramón y Cajal used gold impregnation to reveal the morphology of star-shaped cells called astrocytes [START_REF] Garcia-Marin | Cajal's contributions to glia research[END_REF]. He identified two main types of astrocytes that are distinguished according to their morphology and anatomical localization. Fibrous astrocytes are found in the white matter, they display an elongated morphology with thin and long processes. By contrast, protoplasmic astrocytes are found in the grey matter, they have more numerous and irregular processes than fibrous astrocytes [START_REF] Garcia-Marin | Cajal's contributions to glia research[END_REF].

The number of astrocytes and its relation to the brain complexity is controversial. In the literature, authors often refer to astrocytes as the most abundant cell type in the brain or that the number of astrocytes per neuron (glia/neuron ratio) is drastically increased in high-order primates. In fact, a recent study showed that the glial/neuron ratio varies consistently across brain structures in a variety of mammalian species (rodents, insectivores, non-human and human primates) [START_REF] Herculano-Houzel | The glia/neuron ratio: How it varies uniformly across brain structures and species and what that means for brain physiology and evolution[END_REF]. In addition, another study determined that astrocytes only represent approximately 20% of the total glial cells in the human neocortex [START_REF] Pelvig | Neocortical glial cell numbers in human brains[END_REF]. Thus, it appears that astrocyte complexity rather than number increases with brain size, especially in humans [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF].

b) Functional and anatomical organization

Astrocytes display a star-shaped morphology and can be identified by the expression of several markers including glial fibrillary acid protein (GFAP), an intermediate filament protein and the Ca 2+binding protein B (S100β). More recently, aldehyde dehydrogenase 1 family, member L1 (Aldh1L1) has been identified as a new marker for astrocytes and allows the labeling of most astrocytes in the rodent brain [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF][START_REF] Yang | Molecular comparison of GLT1+ and ALDH1L1+ astrocytes in vivo in astroglial reporter mice[END_REF].

Interestingly, dye-filling experiments and more recently, reporter mice with fluorescent astrocytes, have allowed the visualization of the real morphology of these cells. In fact, astrocytes have a complex morphology, with highly ramified processes [START_REF] Wilhelmsson | Absence of glial fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration[END_REF]) (Figure 1A). Indeed, the GFAP labeling only represents approximately 15% of the total volume occupied by an astrocyte [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF]. In addition, astrocytes are organized in separate, non-overlapping spatial domains [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF] (Figure 1C).

Both protoplasmic and fibrous astrocytes display a unique anatomical localization. Fibrous astrocytes contact nodes of Ranvier and blood vessels in the white matter. Protoplasmic astrocytes ensheath synapses and contact blood vessels in the grey matter (Figure 1B, E and F) [START_REF] Barres | The mystery and magic of glia: a perspective on their roles in health and disease[END_REF]. Each astrocyte encompasses 300-600 neuronal dendrites [START_REF] Halassa | Synaptic islands defined by the territory of a single astrocyte[END_REF] and 140 000 hippocampal synapses [START_REF] Bushong | Protoplasmic astrocytes in CA1 stratum radiatum occupy separate anatomical domains[END_REF] in the mouse brain. Astrocyte processes also contact blood capillaries through their perivascular endfeets (Figure 1E,F). This anatomical particularity allows astrocytes to control water and ion homeostasis [START_REF] Alvarez | Glial influence on the blood brain barrier[END_REF]. Furthermore, astrocytes are organized as a network, coupled by gap-junctions channels [START_REF] Giaume | Astroglial networks: a step further in neuroglial and gliovascular interactions[END_REF] (Figure 1D). Gapjunction channels are formed by the apposition of two connexons, each resulting of the assembly of six connexins. The main astroglial connexins are the connexins 43 and 30. These channels are permeable to small molecules (<1.2kDa) including ions (Ca 2+ , K + …), second messengers (cyclic adenosine monophosphate (AMP), inositol-3-phosphate (IP 3 ) or ATP…), energy substrates (glucose, glycogen…) or amino acids (glutamate) [START_REF] Giaume | Astroglial networks: a step further in neuroglial and gliovascular interactions[END_REF][START_REF] Escartin | Astroglial networking contributes to neurometabolic coupling[END_REF].

This peculiar organization allows astrocytes to maintain a tight homeostasis for neuron to function properly. Very interestingly, Lugaro has already suggested, more than a century ago, most of these roles for astrocytes uniquely based on the observation of their morphology. He hypothesized that astrocytes were able to uptake metabolites and release toxic molecules in the blood flow through their endfeets [START_REF] Somjen | Nervenkitt: notes on the history of the concept of neuroglia[END_REF]. Remarkably, he also proposed that astrocytes were able to take-up molecules that were released at the synapse during neuronal communication [START_REF] Somjen | Nervenkitt: notes on the history of the concept of neuroglia[END_REF]. 

c) Astrocyte-like cells and radial glial cells share common features with mature astrocytes

Invertebrates such as Caenorhabditis elegans (C.elegans) and Drosophila melanogaster have astrocyte-like glial cells suggesting that specialized glia appeared very early in evolution [START_REF] Freeman | Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years[END_REF]. C.elegans cephalic sheath glia is necessary for nerve ring formation, are closely associated with synapses and support neuronal functions [START_REF] Oikonomou | The glia of Caenorhabditis elegans[END_REF].

Drosophila displays two populations of glial cells analogous to mammalian astrocytes: the cortical glial cells and drosophila astrocytes. Cortical glial cells enwrap neuronal soma while drosophila astrocytes are component of the CNS blood-brain barrier. As their mammalian astrocyte counterparts, glial cells in Drosophila are involved in neurite outgrowth, secrete neuronal trophic factors and express neurotransmitter transporters [START_REF] Freeman | Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years[END_REF].

Neurons and astrocytes are derived from radial glia. Cortical neurogenesis begins at E9-10 in mouse, when radial glia cells divide to generate intermediate progenitor cells (Figure 2). At the end of this developmental period, gliogenesis occurs when radial glia cells lose their ventricle attachment and migrate though the developing cortex [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. In mammals, radial glial cells generate astrocytes and intermediate progenitor cells (Figure 2). The latter proliferate locally in the postnatal brain to expand astrocyte populations [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF][START_REF] Tien | Regulated temporal-spatial astrocyte precursor cell proliferation involves BRAF signalling in mammalian spinal cord[END_REF]. Radial glial cells express several markers such as GFAP, GLAST, GLT-1, sex determining region Y box 2 (Sox2), hairy and enhancer of split 5 (Hes5), Prominin 1 or brain lipid binding protein (BLBP) [START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. Interestingly, some of these markers are expressed also by mature astrocytes in the adult brain and/or are upregulated by astrocytes in pathological conditions.

Furthermore, radial glial cells are maintained during adulthood, in restricted brain areas [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. The subependymal zone (SEZ) located below the ependymal layer of the lateral ventricles is the most active zone of neurogenesis in the adult brain in mice. Radial glial cells in the SEZ give rise to intermediate neural progenitors and to neuroblasts that proliferate and migrate in the rostral migratory stream towards the olfactory bulb [START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. Neuroblasts give rise to different types of neurons in the olfactory bulb. In the subgranular zone (SGZ) of the dentate gyrus, radial glial cells locally proliferate and give rise to new granule cells throughout adult life in mammals including humans [START_REF] Spalding | Dynamics of hippocampal neurogenesis in adult humans[END_REF].

Thus, radial glial cells that give rise to the majority of brain cells and astrocyte-like cells found in invertebrates share common features with mature astrocytes of the mammalian brain. Astrocytes appear as highly conserved through evolution underlying their essential roles for brain functions. Neuroepithelial cells are formed during early embryogenesis and give rise to radial glial cells. These cells perform asymmetric division to generate neural precursor cells that will give rise to neurons. Once neurogenesis is achieved, radial glial cells acquire a glial-restricted potential and differentiate in glial precursors cells of oligodendrocytes and astrocytes. Glial precursors cells are maintained in neurogenic areas of the adult brain in the subependymal zone of the lateral ventricles and in the dentate gyrus of the hippocampus. Adapted from [START_REF] Molofsky | Astrocytes and disease: a neurodevelopmental perspective[END_REF] Astrocytes are involved in a wide variety of functions in the healthy CNS ranging from development to information processing. The following part of the manuscript will highlight the main functions of astrocytes. Appreciating the crucial role of astrocytes is needed to understand how changes in any of these functions may impact CNS and neurons, especially in the context of diseases.

2) Astrocyte are involved in a variety of brain functions a) Astrocytes regulate synapse formation, maturation and elimination

Astrocytes are in contact with thousands of synapses and are able to regulate synapse number during synaptogenesis [START_REF] Ullian | Control of synapse number by glia[END_REF]. A wide body of evidence shows that astrocytes are involved in neural circuit development by regulating the formation, maturation, functionality and elimination of synapses [START_REF] Pfrieger | Roles of glial cells in synapse development[END_REF][START_REF] Clarke | Emerging roles of astrocytes in neural circuit development[END_REF]. Most of these molecules have been primarily

identified in retinal ganglion cell (RGCs) culture model, whereby viable RGCs are able to grow and survive without glial environment [START_REF] Pfrieger | Synaptic efficacy enhanced by glial cells in vitro[END_REF]. However, when RGCs are grown in the presence of astrocytes or of astrocyte-conditioned medium, it strongly increases the formation of excitatory synapses [START_REF] Pfrieger | Synaptic efficacy enhanced by glial cells in vitro[END_REF], in an activity dependent manner [START_REF] Ullian | Control of synapse number by glia[END_REF]. Several astrocyte-secreted molecules have been shown to control synapse formation including BDNF, cholesterol, glypicans, hevin, thrombospondins (TSPs) and transforming growth factor beta 1 (TGFβ1) [START_REF] Clarke | Emerging roles of astrocytes in neural circuit development[END_REF]. For example, Mauch and colleagues demonstrated that in RGCs, the formation of numerous and efficient synapses depends on the import of gliaderived cholesterol via apolipoprotein E-containing lipoproteins [START_REF] Mauch | CNS synaptogenesis promoted by glia-derived cholesterol[END_REF]. Further investigations showed that cholesterol is necessary for dendrite differentiation, which limits the formation of synapses in RGCs [START_REF] Goritz | Multiple mechanisms mediate cholesterol-induced synaptogenesis in a CNS neuron[END_REF]. Particularly, cholesterol promotes the differentiation of presynaptic terminals during synaptogenesis, but it is also required for the functional stability of synapses over time [START_REF] Goritz | Multiple mechanisms mediate cholesterol-induced synaptogenesis in a CNS neuron[END_REF]. Interestingly, these changes appear to be mediated by a transcriptional regulation in RGC. Indeed, glia-conditioned medium or cholesterol treatment induces change in the expression of genes involved in the development of dendrites as well as the regulation of cholesterol and fatty acid metabolism [START_REF] Goritz | Glia-induced neuronal differentiation by transcriptional regulation[END_REF].

Besides cholesterol, many other factors have been involved in the regulation of synapse formation.

For example, Hevin and SPARC are secreted by astrocytes and have been shown to control excitatory synapse formation both in vivo and in vitro through antagonistic effects [START_REF] Kucukdereli | Control of excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and SPARC[END_REF]. In addition, other factors such as TSPs bind to a voltage-gated Ca 2+ channel on neurons, which lead to the recruitment at the membrane of scaffolding and adhesion molecules at synaptic sites [START_REF] Sigrist | How to button a bouton with alpha2deltas[END_REF]. However, TSP and Hevin/SPARC-induced synapses are functionally silent and other factors are involved in the conversion of silent to active synapse. For example, glypicans 4 and 6 allow synapse maturation by promoting functional clustering of AMPA receptor subunits at the post-synaptic membrane in RGCs [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF]. In addition, contact interactions are also involved in the astrocyte modulation of synapse formation. For example, in the hippocampus, neuronal Ephrin A4 receptor interacts with Ephrin A3, expressed by astrocytic processes surrounding synapses. Carmona et al. showed that Ephrin A3 is required for maintaining Ephrin A4 receptor activation and spine morphology in vivo [START_REF] Carmona | Glial ephrin-A3 regulates hippocampal dendritic spine morphology and glutamate transport[END_REF].

During development, synapses are made and eliminated to establish neuronal connectivity. In the mature CNS, the refinement of neuronal networks is a dynamic activity-dependent process involving synapse elimination [START_REF] Clarke | Emerging roles of astrocytes in neural circuit development[END_REF]. Evidence from drosophila shows an important role of glial cells in the engulfment of mushrooms body neurons during metamorphosis [START_REF] Awasaki | Orphan nuclear receptors control neuronal remodeling during fly metamorphosis[END_REF]). In addition, several studies have provided evidence for a direct role of astrocytes-secreted molecules in synapse elimination in rodents. Astrocytes induce the expression of C1q, the initiating protein of the complement cascade in RGCs [START_REF] Stevens | The classical complement cascade mediates CNS synapse elimination[END_REF]. In the developing reticulogeniculate system, upregulation of C1q at synapses is necessary for their elimination and the refinement of synaptic connections [START_REF] Stevens | The classical complement cascade mediates CNS synapse elimination[END_REF].

In addition, a recent study showed that astrocytes are able to engulf synapses to mediate synaptic connections refinement in the reticulogeniculate system [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. This mechanism is dependent upon the MEGF10 and MERTK phagocytic pathways in astrocytes as well as neuronal activity. Furthermore, in the mature CNS, astrocytes engulf both excitatory and inhibitory synapses [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF].

Thus, astrocytes have a predominant role in synaptogenesis as well as in the refinement of synaptic connexions to establish viable neuronal networks in the adult brain.

b) Astrocytes reuptake and recycle neurotransmitters

A major role of astrocytes is to reuptake neurotransmitters. Indeed, astrocytes reuptake released glutamate from the synaptic cleft by through specific transporters, apposed to glutamatergic terminals [START_REF] Kullmann | Extrasynaptic glutamate spillover in the hippocampus: evidence and implications[END_REF][START_REF] Danbolt | Glutamate uptake[END_REF] (Figure 3). Astrocytes express high affinity glutamate transporters GLT-1 (EAAT2) and GLAST (EAAT1). GLT-1 is highly expressed in the hippocampus, the cortex and the striatum. It is responsible for the majority of glutamate uptake in the forebrain [START_REF] Rothstein | Localization of neuronal and glial glutamate transporters[END_REF][START_REF] Tanaka | Epilepsy and exacerbation of brain injury in mice lacking the glutamate transporter GLT-1[END_REF]. By contrast, GLAST is highly expressed in the cerebellar Bergmann glia [START_REF] Rothstein | Localization of neuronal and glial glutamate transporters[END_REF][START_REF] Regan | Variations in promoter activity reveal a differential expression and physiology of glutamate transporters by glia in the developing and mature CNS[END_REF].

Together, neuronal and astrocyte transporters limit glutamate action on its pre-and post-synaptic receptors and decrease α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and N-methyl-D-aspartate receptor (NMDAR) currents [START_REF] Mennerick | Glial contributions to excitatory neurotransmission in cultured hippocampal cells[END_REF][START_REF] Diamond | Transporters buffer synaptically released glutamate on a submillisecond time scale[END_REF] Jahr, 1997; [START_REF] Bergles | Glial contribution to glutamate uptake at Schaffer collateral-commissural synapses in the hippocampus[END_REF][START_REF] Tsukada | Effects of a novel glutamate transporter blocker, (2S, 3S)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy]aspartate (TFB-TBOA), on activities of hippocampal neurons[END_REF]. They also prevent glutamate from activating extrasynaptic receptors or crosstalk between excitatory synapses [START_REF] Huang | Glutamate transporters bring competition to the synapse[END_REF]).

Under physiological conditions, glutamatergic transmission is involved in integrated functions such as learning and memory [START_REF] Riedel | Glutamate receptor function in learning and memory[END_REF]. However, excessive glutamate release or inadequate reuptake is toxic for neurons [START_REF] Dong | Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of neurodegenerative diseases[END_REF]. This phenomenon, called excitotoxicity, is involved in neuronal cell death in many pathological conditions including ischemia [START_REF] Mitani | Functional changes of glial glutamate transporter GLT-1 during ischemia: an in vivo study in the hippocampal CA1 of normal mice and mutant mice lacking GLT-1[END_REF] or ND such as HD, PD and ALS [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF]. Indeed, GLT-1 KO mice display elevated extracellular glutamate levels, spontaneous seizures and early death [START_REF] Tanaka | Epilepsy and exacerbation of brain injury in mice lacking the glutamate transporter GLT-1[END_REF].

These mice show increased neuronal death upon short-term ischemia (5 min).

When glutamate is uptaken from the synaptic cleft, it is then metabolized in astrocytes by glutamine synthase (GS). This enzyme transaminates glutamate into glutamine, which is then transported back to neurons to replenish the glutamate pool in synaptic vesicles [START_REF] Allaman | Astrocyte-neuron metabolic relationships: for better and for worse[END_REF] (Figure 3).

Thus, astrocytes, spatially and temporally buffer glutamate, through the expression of high affinity transporters, to maintain its homeostasis and prevent excitotoxicity. Astrocytes are also responsible for the recycling of glutamate into glutamine, necessary for neuronal activity.

Astrocytes also reuptake y-aminobutyric acid (GABA) as they express GABA transporters (GAT) [START_REF] Gadea | Glial transporters for glutamate, glycine, and GABA: II. GABA transporters[END_REF]). GAT1 is located on astrocyte processes near synapses whereas GAT3 is expressed at distal sites. GAT1 is involved in the termination of GABA signaling at the synaptic cleft and GAT3 regulates the action of GABA on pre-synaptic GABAB receptors [START_REF] Beenhakker | Astrocytes as gatekeepers of GABAB receptor function[END_REF]. These transporters also allow astrocytes to release GABA [START_REF] Gallo | GABA release triggered by the activation of neuron-like non-NMDA receptors in cultured type 2 astrocytes is carrier-mediated[END_REF]. Interestingly, alteration of GABA release is associated with various pathological conditions such as epilepsy [START_REF] Pirttimaki | Astrocytic GABA transporter GAT-1 dysfunction in experimental absence seizures[END_REF] and ND including AD [START_REF] Jo | GABA from reactive astrocytes impairs memory in mouse models of Alzheimer's disease[END_REF][START_REF] Wu | Tonic inhibition in dentate gyrus impairs long-term potentiation and memory in an Alzhiemer's disease model[END_REF] and HD [START_REF] Wojtowicz | Reduced tonic inhibition in striatal output neurons from Huntington mice due to loss of astrocytic GABA release through GAT-3[END_REF].

c) Astrocytes provide metabolic support to neurons

Whilst representing only 2% of the body mass, the brain oxygen and glucose consumption represent 20% of those of the whole organism. Such metabolic needs are required to restore ionic gradients altered by synaptic activity. Thus, glucose consumption is tightly coupled to synaptic activity [START_REF] Magistretti | Neuron-glia metabolic coupling and plasticity[END_REF]. This phenomenon, called the neuro-metabolic coupling, is the basis of imaging techniques such as positron emission tomography (PET) allowing to detect radioactive glucose uptake in specific brain areas during behavioral tasks [START_REF] Magistretti | Neuron-glia metabolic coupling and plasticity[END_REF].

The cellular basis of the neuro-metabolic coupling has been proposed to involve astrocytes as a key player, located at the interface of blood vessels and synapses. According to their model, Pellerin and Magistretti proposed that, glutamate released at excitatory synapses, is uptaken by astrocytes through glutamate transporters along with Na + . Accumulation of Na + in astrocytes activates the Na + /K + ATPase pump that creates a deficit in ATP. Increased ADP and Pi concentrations activate glycolysis and increase glucose uptake through the astrocytic glucose transporter, GLUT1. Lactate, the terminal product of astrocytic glycolysis, is then transported back to neurons through the astrocyte membrane via monocarboxylate transporters (MCT) 1 and 4. Lactate is translocated into neurons through MCT2

and then metabolized into pyruvate to enter the tricyclic acid (TCA) cycle [START_REF] Pellerin | Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose utilization[END_REF][START_REF] Magistretti | Energy on demand[END_REF] (Figure 3).

Astrocytes are coupled through gap-junction channels (see § II. A.1.b). This peculiar organization plays an important role in the metabolic coupling in the brain. Indeed, it has been shown that glutamatergic activity increases glucose uptake from blood vessels as well as its trafficking in the astroglial network through gap junctions towards the most active synapses [START_REF] Rouach | Astroglial metabolic networks sustain hippocampal synaptic transmission[END_REF].

Another source of energy for the brain is glycogen. Interestingly, glycogen granules are predominantly found in astrocytes. Upon intense neuronal activity or hypoglycemia, astrocytic glycogen is able to sustain neuronal function being transformed into lactate and transported to neurons to be used as energy substrate [START_REF] Brown | Astrocyte glycogen and brain energy metabolism[END_REF]. Glycogenolysis is stimulated by neuromodulators such as noradrenaline or vasoactive intestinal peptide [START_REF] Magistretti | Energy on demand[END_REF]. This regulation participates to the metabolic plasticity of glycogen involved for example in the regulation of sleep [START_REF] Petit | Sleep deprivation modulates brain mRNAs encoding genes of glycogen metabolism[END_REF] or as more recently demonstrated, in learning [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF]. In their elegant study, Suzuki et al. have demonstrated the role of the astrocyte-neuron metabolic coupling in long-term memory formation. Authors showed that inhibition of glycogen metabolism in astrocytes prevents longterm memory formation in the rat hippocampus. Furthermore, disruption of astrocytic MCTs leads to an alteration of long but not short-term memory in the inhibitory avoidance task. This amnesia was associated with impaired synaptic plasticity. Both amnesia and synaptic plasticity were rescued by Llactate but not glucose suggesting a central role of the astrocyte-neuron transport of lactate in longterm memory formation [START_REF] Suzuki | Astrocyte-neuron lactate transport is required for long-term memory formation[END_REF].

Figure 3. Astrocytes provide trophic support, metabolic substrates and antioxidant defense to neurons.

Astrocytes participate in the regulation of ionic homeostasis and pH buffering by the activity of the anhydrase carbonide that breaks up CO 2 in HCO3 -and H + (orange pathway). Ions are released in the extracellular medium through the Na + /HCO 3 -co-transporter (NBC). Synaptic activity results in the release of glutamate in the synaptic cleft, which is uptaken in astrocytes through glutamate transporters (EAAT) along with the import of Na + and H+ and the export of K + (red and green pathways). The electrogenic transport of Na + by the Na + /K + ATPase increases ADP and Pi levels that stimulate glucose uptake from blood vessels (green pathway). Upon reuptake, GS converts glutamate into glutamine. It is then transported back to neurons to be transformed in glutamate and stored into synaptic vesicles. Glutamate reuptake thus couples synaptic activity with increase glucose uptake from blood vessels through the glucose transporter GLUT-1. After glycolysis, the lactate generated in astrocyte cytoplasm is transported to neurons though monocarboxylate transporters (MCT) 1 and 4 (green pathway). Lactate is transported into neurons by MCT2 and used as energy substrate to produce ATP through the TCA cycle. Astrocytes uptake excess of K + released during synaptic transmission through K + inward rectifier (Kir) channels. K + diffuses by gap junctions throughout the astroglial network or is released into the blood flow (blue pathway). Astrocytes provide neurons with molecules with antioxidant properties such as ascorbic acid (AA) (purple pathway) and gluthatione (GSH) (pink pathway). From [START_REF] Allaman | Astrocyte-neuron metabolic relationships: for better and for worse[END_REF].

d) Astrocytes provide trophic support and antioxidant defense to neurons

Astrocytes secrete various factors exhibiting trophic effects on neurons. Among those factors, astrocytes release growth factors (BDNF, nerve growth factor, basic fibroblast growth factor (bFGF) etc), cytokines, neurosteroids as well as adhesion molecules involved in neurite outgrowth [START_REF] Muller | Astroglial neurotrophic and neurite-promoting factors[END_REF]Hamby and Sofroniew, 2010;Sofroniew and Vinters, 2010). Furthermore, astrocytes release other neuroactive molecules able to modulate synaptic transmission such as glutamate, Dserine, GABA or ATP (see § II.A.2.h) [START_REF] Araque | Gliotransmitters travel in time and space[END_REF].

In addition to the release of trophic molecules, astrocytes play an important role in the antioxidant defense of the brain. Cellular respiration produces reactive oxygen species (ROS). The production of ROS is tightly regulated by antioxidant defense in the brain. Indeed, uncontrolled ROS production is deleterious for neurons and involved many pathological conditions. In this context, astrocytes play a central role in the antioxidant defense of the brain. They express high levels of detoxifying enzymes including glutathione peroxidase and catalase. More importantly, they release antioxidant molecules such as glutathione (GSH), superoxide dismutases 1, 2 and 3 and ascorbate [START_REF] Allaman | Astrocyte-neuron metabolic relationships: for better and for worse[END_REF].

Such molecules can then be used by neurons as ROS scavengers. Particularly, the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway plays an important role in the antioxidant capacity of astrocytes. Nrf2 is a transcription factor that controls the expression of gene encoding ROS detoxifying enzymes [START_REF] Itoh | An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements[END_REF][START_REF] Venugopal | Nrf2 and Nrf1 in association with Jun proteins regulate antioxidant response element-mediated expression and coordinated induction of genes encoding detoxifying enzymes[END_REF]. Upon oxidative stress, activation of Nrf2 results in increased GSH synthesis, which has neuroprotective effects in several models of neurodegenerative diseases including ALS [START_REF] Vargas | Nrf2 activation in astrocytes protects against neurodegeneration in mouse models of familial amyotrophic lateral sclerosis[END_REF] 

e) Astrocytes are components of the BBB and regulate the cerebral blood flow

The blood-brain barrier (BBB) is a physical barrier between the blood and the brain parenchyma. The BBB is composed of the endothelial cells of the blood capillary, a basal lamina, the pericytes and the perivascular endfeets of astrocytes (Figure 4). Endothelial cells are linked through tight junctions to control the entry of substrates into the brain parenchyma [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF].

Astrocytes provide the link between blood vessels and neurons. Furthermore, they release angiogenic factors (vascular endothelial growth factor, TGFβ) involved in the formation and the maintenance of the BBB phenotype [START_REF] Alvarez | Glial influence on the blood brain barrier[END_REF].

The BBB phenotype is altered in many pathological conditions including ischemia, trauma, tumor epilepsy and in ND such as multiple sclerosis, AD or PD [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF]. Disruption of astrocyte endfeet-endothelial cells interactions and the inflammatory environnement contribute to BBB alterations. In trauma, bradykinin stimulates the release of interleukin-6 (IL-6) by astrocytes, increasing BBB permeability [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF]. In PD, the release of reactive oxygen species (ROS) by activated microglia alters endothelial cells, pericytes and increases BBB permeability [START_REF] Cabezas | Astrocytic modulation of blood brain barrier: perspectives on Parkinson's disease[END_REF].

Perivascular astrocytes contacting the BBB participate in the maintenance of ionic and water homeostasis. During neuronal activity, large amounts of potassium are released in the extracellular space to allow the repolarization of the post-synaptic element [START_REF] Alvarez | Glial influence on the blood brain barrier[END_REF]. Astrocytes express high levels of potassium channels, especially the potassium inward rectifier channel 4.1 (Kir4.1), near synapses and at vascular endfeets. Astrocytes export potassium ions from the extracellular space to the blood flow, thus providing spatial buffering for potassium [START_REF] Alvarez | Glial influence on the blood brain barrier[END_REF].

Astrocytes also participate in the regulation of water homeostasis. Glucose consumption linked to neuronal activity generates water that needs to be extruded to prevent cellular swelling [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF]. Astrocytes transport water to the cerebral blood flow (CBF) through the water channel aquaporin 4 (AQP4), enriched at vascular endfeets. Interestingly, in brain tumours, both AQP4 and Kir4.1 channels are redistributed at astrocyte endfeets, which participate in the BBB disruption. Upregulation of AQP4 is observed in many pathological conditions (ischemia, trauma, AD) and is associated with cell swelling [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF]. Endfeet of perivascular astrocytes form the BBB along with the pericytes, the basal lamina and the endothelial cells. Astrocytes are the link between blood vessels and neurons. Thus, astrocytes can control the flux and nature of molecules that penetrate in the neuronal compartment. Astrocytes uptake metabolic substrates from the blood flow through the expression of specific transporters such as GLUT-1. Astrocytes release factors such as TGFβ or bFGF that modulate the BBB phenotype. From [START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF] In the brain, during neuronal activity, an increase in oxygen and glucose consumption is followed by an increase in local CBF [START_REF] Magistretti | Neuron-glia metabolic coupling and plasticity[END_REF]. This phenomenon, called the neuro-vascular coupling.

Increase in oxygen consumption with neuronal activity is much less important than the local CBF.

Therefore, there is a mismatch between oxygen and CBF local changes during neuronal activity. This alteration is the basis of blood-oxygenation level dependent (BOLD) fMRI, which detects changes in levels of deoxygenated hemoglobin and cerebral blood in the brain during a given bevioral task [START_REF] Magistretti | Neuron-glia metabolic coupling and plasticity[END_REF].

Several recent studies have demonstrated the implication of astrocytes, as key player in neurovascular coupling in vivo. For example, two-photon imaging of Ca 2+ signaling with Ca 2+ photolysis in astrocytes causes vasodilation of neighboring arterioles. In their interesting study, Schummers et al.

have shown that visual stimulation elicits Ca 2+ signals in astrocytes in the ferret primary visual cortex that are associated with hemodynamic changes [START_REF] Schummers | Tuned responses of astrocytes and their influence on hemodynamic signals in the visual cortex[END_REF].

This dynamic coupling between excitatory neuronal activity and regulation of CBF is in part performed through the release by astrocytes of active molecules such as arachidonic acid, prostaglandins or epoxyeicosatrienoic acids (EETs). These molecules cause vasodilation or vasoconstriction depending on the local O2 concentration [START_REF] Attwell | Glial and neuronal control of brain blood flow[END_REF].

In conclusion, astrocytes are anatomical and functional components of the BBB. They are also key players in the neuro-vascular coupling, essential for physiological brain function.

f) Astrocytes regulate ionic homeostasis

Astrocytes regulate the homeostasis of several ions including K + , Na + and Cl -, through highly controlled transport mechanisms. In addition to Kir4.1 channels, they uptake potassium through the Na + /K + ATPase or Na + /K + /2Cl -co-transporters (Allaman et al., 2011) (Figure 3).

Sodium homeostasis in astrocytes has gain more and more interest in the past years. Sodium concentration in astrocytes in mainly controlled via the Na + /K + ATPase that exchanges three intracellular sodium ions for two extracellular potassium ions and consumes ATP. Sodium influx also occurs through the Na + /K + /2Cl -co-transporters and is linked to pH homeostasis through the Na + /HCO3 -co-transporter and the Na + /H + exchanger. In addition, glutamate transport through GLT-1

and GLAST is coupled to the import of sodium (Rose and Karus, 2013) (Figure 3).

Although increase in intracellular sodium appears less attractive than calcium, because it is not linked to the activation of intracellular cascades, it is interesting to observe that increased synaptic activity causes sodium transients in astrocytes [START_REF] Rose | Two sides of the same coin: sodium homeostasis and signaling in astrocytes under physiological and pathophysiological conditions[END_REF]. Application of glutamate elicits increase in sodium concentration that is mainly dependent upon glutamate transport in cortical astrocytes in culture [START_REF] Chatton | A quantitative analysis of L-glutamate-regulated Na+ dynamics in mouse cortical astrocytes: implications for cellular bioenergetics[END_REF] and in slices [START_REF] Uwechue | Activation of glutamate transport evokes rapid glutamine release from perisynaptic astrocytes[END_REF].

A physiological role for transient sodium elevation in astrocytes is the activation of the Na + /K + ATPase that leads to increase glucose uptake and induces glycogenolysis to sustain neuron energy needs (see § II.A.2.c) [START_REF] Rose | Two sides of the same coin: sodium homeostasis and signaling in astrocytes under physiological and pathophysiological conditions[END_REF].

Alteration of sodium homeostasis in astrocytes is observed in several pathological conditions such as ischemia or epilepsy [START_REF] Rose | Two sides of the same coin: sodium homeostasis and signaling in astrocytes under physiological and pathophysiological conditions[END_REF]. For example, it has been recently reported that astrocyte NF-κB pathway mediates astrocyte swelling and activation of the Na + /K + /2Cl -co-transporters in brain edema after traumatic brain injury [START_REF] Jayakumar | Activation of NF-kappaB Mediates Astrocyte Swelling and Brain Edema in Traumatic Brain Injury[END_REF] .

Astrocytes participate in the regulation of extracellular pH in the brain. They metabolize CO 2 into

HCO3

-and H + and export both ions in the extracellular space through the Na + /HCO3 -co-transporter [START_REF] Allaman | Astrocyte-neuron metabolic relationships: for better and for worse[END_REF]. Astrocytes also maintain pH homeostasis through the Na + /H + exchanger.

Interestingly, in pathological such as ischemia, pH homeostasis is altered. During ischemia, oxygen and glucose deprivation prevent aerobic metabolism [START_REF] Schurr | Glia are the main source of lactate utilized by neurons for recovery of function posthypoxia[END_REF]. Astrocytes produce lactate from their glycogen stores to sustain neuron energy needs. Lactate accumulates and causes glial acification [START_REF] Mutch | Extracellular pH changes during spreading depression and cerebral ischemia: mechanisms of brain pH regulation[END_REF]. In a recent study, Beppu et al. have used elegant optogenetic tools to demonstrate that glial acidification during ischemia is detrimental for neurons and contribute to excitotoxicity [START_REF] Beppu | Optogenetic countering of glial acidosis suppresses glial glutamate release and ischemic brain damage[END_REF].

Thus, astrocytes participate in the maintenance of ionic homeostasis in the brain. This function is essential for neuronal activity and, in the case of Na + , serves as a link with the astrocyte metabolic support to neurons.

g) The tripartite synapse and the regulation of synaptic transmission

Astrocyte processes ensheath synapses and form, along with the pre-and post-synaptic elements, the tripartite synapse [START_REF] Araque | Tripartite synapses: glia, the unacknowledged partner[END_REF]. Although astrocytes are considered as electrically silent cells compared to neurons, they express a variety of neurotransmitter receptors [START_REF] Porter | Astrocytic neurotransmitter receptors in situ and in vivo[END_REF]. Astrocytes are able to detect neuronal activity even elicited by minimal synaptic activity (Di Besides the release of gliotransmitters, astrocytes can modulate synaptic transmission through morphological changes that impact the tripartite synapse function. Indeed, astrocyte processes coverage changes with neuronal activity and in pathological conditions. For example, a recent study has reported that induction of LTP in the hippocampus leads to increased synaptic coverage by astrocyte processes through Ca 2+ -dependent mechanisms [START_REF] Bernardinelli | Activity-dependent structural plasticity of perisynaptic astrocytic domains promotes excitatory synapse stability[END_REF]. In addition, whisker stimulation increases astrocyte synaptic coverage of excitatory dendritic spines in the barrel cortex as observed in vivo or ex vivo [START_REF] Genoud | Plasticity of astrocytic coverage and glutamate transporter expression in adult mouse cortex[END_REF]. In contrast, reduced synaptic coverage is observed during lactation in the supraoptic nucleus of the thalamus in the rat [START_REF] Oliet | Control of glutamate clearance and synaptic efficacy by glial coverage of neurons[END_REF].

These mechanisms regulate the distribution of astrocyte glutamate transporters at the synapse leading to an increase in glutamate concentration in the synaptic cleft that modulates the synaptic transmission.

In these studies, modulation of the synaptic coverage by astrocyte processes was induced by neuronal activity. Interestingly, specific alteration of astrocyte feature can also influence the morphology of the tripartite synapse. In a recent study, Pannasch et al. elegantly demonstrated that Cx30 regulates synaptic transmission by controlling the extension of astrocytic processes into the synaptic cleft. In Cx30 KO mice, glutamatergic transmission is decreased in parallel with increased glutamate transport in astrocytes. The mechanism underlying this observation is very surprising. In Cx30 KO mice, astrocyte processes form protrusions into the synaptic cleft that increase glutamate uptake through GLT-1. This function of Cx30 is independent of its channel function and is mediated through protein-protein interactions by its intracellular C-terminal domain [START_REF] Pannasch | Connexin 30 sets synaptic strength by controlling astroglial synapse invasion[END_REF].

Several recent studies strongly suggest that astrocyte actively modulate complex behaviors. For example, using two-photon microscopy and Ca 2+ imaging in behaving mice, with a transgenic approach to prevent exocytotic release of molecules from astrocytes [START_REF] Halassa | Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss[END_REF]. Another interesting example is the astrocyte regulation of neuronal activity in the respiration center in the brainstem. This mechanism is a physiological reflex that adapts respiration to maintain blood pH and CO 2 concentrations to non-toxic levels. Gourine et al. showed that in this particular brain region, astrocytes detect pH changes and react by elevating their intracellular Ca 2+ concentration. In turn, they release ATP, which modulates neuronal activity and control breathing [START_REF] Gourine | Astrocytes control breathing through pH-dependent release of ATP[END_REF]).

An elegant study from D. Bergles's lab showed that norepinephrine, released during arousal states, is able to diffuse throughout the brain and modulates astrocyte Ca 2+ signals elicited during behavioral tasks (locomotion, visual stimulation) [START_REF] Paukert | Norepinephrine controls astroglial responsiveness to local circuit activity[END_REF].

Astrocyte network is also involved in the astrocyte modulation of integrated functions. Indeed, deletion of Cx30 and Cx43 in astrocytes of transgenic mice leads to cognitive impairment, abnormal motor behavioral as well as altered synaptic transmission and plasticity [START_REF] Pannasch | Emerging role for astroglial networks in information processing: from synapse to behavior[END_REF].

Astrocytes receive an incredible number of signals through complex interactions with various cell types including neurons, endothelial cells and other glial cells. In addition, they form a network and can integrate spatially distant signals. Evidence from outstanding studies demonstrates the active participation of astrocytes to modulate synaptic transmission, plasticity and even neuronal networks underlying complex behaviors. [START_REF] Emsley | Astroglial heterogeneity closely reflects the neuronal-defined anatomy of the adult murine CNS[END_REF]. Furthermore, human and high-order primate-specific astrocytes have been identified in the cortex: the varicose and intralaminar astrocytes [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF]. Human astrocytes appear undoubtedly more complex than their rodent counterparts. For instance, human cortical protoplasmic astrocytes are 2.6 fold larger and display 10 fold more GFAP + processes than rodent astrocytes [START_REF] Oberheim | Uniquely hominid features of adult human astrocytes[END_REF].

3) Astrocytes heterogeneity

Besides the well-established morphological differences between astrocytes in different brain regions, they also differ by their molecular profile [START_REF] Doyle | Application of a translational profiling approach for the comparative analysis of CNS cell types[END_REF], expression of ion channels, transporters or receptors (Matyash and Kettenmann, 2010;[START_REF] Oberheim | Heterogeneity of astrocytic form and function[END_REF]. For example, one of the major roles of astrocytes is to reuptake glutamate from the synaptic cleft through high-affinity transporters. Using promoter-driven expression of fluorescent proteins, Regan et al. showed that, in the adult brain, while GLT-1 is the major glutamate transporter expressed in the forebrain, GLAST is primarly expressed in the cerebellar Bergmann glial cells and in white matter fibrous astrocytes. This differential expression is established during development and may have an important functional influence on astrocytes capacity to uptake glutamate [START_REF] Regan | Variations in promoter activity reveal a differential expression and physiology of glutamate transporters by glia in the developing and mature CNS[END_REF] Evidence supports a functional role for astrocyte heterogeneity between brain regions and within the same area. For instance, spontaneous Ca 2+ oscillations observed in the cortex of anesthetized rats display layer-specific pattern between layer 1 and layer 2/3 [START_REF] Takata | Cortical layer 1 and layer 2/3 astrocytes exhibit distinct calcium dynamics in vivo[END_REF]. Similarly, Ca 2+ -signals elicited by locomotor activity in Bergmann glia cells display significantly different dynamics than cortical protoplasmic astrocytes [START_REF] Nimmerjahn | Motor behavior activates Bergmann glial networks[END_REF].

The network organization of astrocytes also shows region-specific patterns. In particular, astrocyte coupling in the somatosensory cortex is greater within a barrel than in the region delimiting two barrels (the septa). This organization suggests that the astrocytic network is adapted to the peculiar anatomy of sensory neurons in the barrels [START_REF] Houades | Gap junction-mediated astrocytic networks in the mouse barrel cortex[END_REF].

Recent studies point towards a developmental origin of astrocyte morphological and functional heterogeneity. Indeed, astrocytes are allocated to restricted spatial domains during development, which may underlie functional specificity in the adult CNS [START_REF] Tsai | Regional astrocyte allocation regulates CNS synaptogenesis and repair[END_REF]. For example, in an elegant study, Molofsky et al. showed that a subset of spinal astrocytes express position-specific proteins. This regional patterning of astrocytes is involved in the establishment of specific neuronal networks during postnatal development [START_REF] Molofsky | Astrocyte-encoded positional cues maintain sensorimotor circuit integrity[END_REF].

These results suggest that all astrocytes in the CNS are not the same and that this heterogeneity can influence their functions as well as their interactions with neurons in specific brain regions.

This large body of evidence illustrates that astrocytes are involved in virtually all brain functions. Thus, any alteration of the above-mentioned astrocytic functions is susceptible to have a dramatic effect on neurons as well as general brain homeostasis.
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B. Astrocytes become reactive in response to pathological conditions

In addition to their pleiotropic roles in the physiological CNS, astrocytes are able to react to pathological conditions in a phenomenon referred to as astrocyte reactivity. Reactive astrocytes are mainly identified by universal morphological changes whereas their functional alterations are still poorly understood. Reactive astrocytes are observed in acute pathological conditions such as mechanical lesions of the brain and spinal cord, brain trauma, ischemia, infection or epilepsy.

Astrocyte reactivity is also a feature of chronic conditions such as aging or ND ( Reactive astrocytes are classically identified by hypertrophy of their primary processes and upregulation of intermediate filament proteins such as GFAP, vimentin and nestin. These morphological changes can be associated with alteration of the non-overlapping organization of astrocyte domains in specific disease models. Indeed, Oberheim et al. found that reactive cortical astrocytes displayed an increased number of overlapping processes between distinct astrocyte territories, in various mouse models of epilepsy [START_REF] Oberheim | Loss of astrocytic domain organization in the epileptic brain[END_REF]. Interestingly, this phenomenon was not observed in acute traumatic injuries such as entorhinal cortex lesion and electrically induced injury of the cerebral cortex (Wilhelmsson et al., 2006) or in a mouse model of AD [START_REF] Oberheim | Loss of astrocytic domain organization in the epileptic brain[END_REF]. Thus, while overexpression of intermediate filament proteins appears as a conserved feature in reactive astrocytes, they can display various morphological alterations, according to the type of injury or disease.

Terminology

In this manuscript, I will not use the term "reactive astrogliosis" because it implies the notion of astrocyte proliferation. In fact, in most injury or disease models, astrocytes do not proliferate (see next paragraph) and thus, reactive astrogliosis is a confounding term. I will use "astrocyte reactivity" or "reactive astrocytes" to refer to astrocytes that respond to a pathological condition in the CNS.

Regarding the literature, I will consider that astrocytes are reactive as compared to dysfunctional, based on their hypertrophic morphology and upregulation of intermediate filaments (GFAP, vimentin).

Alternatively, I will use "activated astrocytes" to designate astrocytes that have been experimentally activated (by cytokines or genetic manipulation). This terminology is different from "activated astrocytes" mentioned in the literature referring to astrocytes activated by neurotransmitters and that display Ca 2+ signals. "Glial scar" will refer to specific scar-forming astrocytes that organize around the lesion core in the case of acute CNS injury or at the site of the needle track after intracerebral injections. I will use the term "neuroinflammation" to define the reactivity of astrocytes, microglia and peripheral immune cells in pathological conditions.

Upon acute injuries such as traumatic injury, stroke, infection or autoimmune inflammation, the lesioned tissue is invaded with fibrotic and immune cells, such as macrophages, as a result of a local BBB disruption. Astrocytes form a glial scar that demarcates the lesioned tissue from the healthy parenchyma. Glial scar formation has been observed for more than a century and widely described and studied since then [START_REF] Yiu | Glial inhibition of CNS axon regeneration[END_REF]. Indeed, glial scar is considered as the major impediment to axon regrowth especially in the field of spinal cord injury (SCI) and thus many therapeutic strategies have aimed to interfere or inhibit glial scar formation (Sofroniew, 2009;[START_REF] Lutz | Contrasting the glial response to axon injury in the central and peripheral nervous systems[END_REF]. However, this simplistic view is evolving as new approaches have provided insights into the molecular mechanisms and regulations of glial scar formation. Especially, the work of Sofroniew and colleagues has made an important contribution to demonstrate that scar-forming astrocytes can exert both beneficial and detrimental effects on neurons in the context of many acute injury models (see §

II.D.3).

The classical definition of astrocyte reactivity includes the notion of proliferation. However, recent evidence suggests that only a subset of specific scar-forming astrocytes actually undergo proliferation [START_REF] Bardehle | Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation[END_REF]Wanner et al., 2013). The notion that the number of astrocytes was increased after injury is based on the misleading interpretation of an increased number of GFAP + cells after CNS injury [START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. Most astrocytes in the CNS expressed GFAP at undetectable levels under physiological conditions. Upon injury or disease, astrocytes become reactive and upregulate GFAP, therefore increasing the number of GFAP + cells. The elegant work of M. Götz's laboratory used live imaging monitoring of fluorescently labeled astrocytes to study their reaction following cortical stab wound injury [START_REF] Bardehle | Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation[END_REF]. Surprisingly, they found that most of cortical astrocytes do no react to the cortical lesion (80%). By contrast, 10% of cells polarize their processes towards the injury site and only 16% undergo active proliferation. These proliferating astrocytes correspond to a subset of astrocytes with their soma in direct contact with endothelial cells of blood vessels [START_REF] Bardehle | Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation[END_REF]. These results suggest that these proliferating astrocytes may receive signals from the blood flow that specifically elicit their proliferation perhaps to repair the breached BBB. In accordance, studies have shown that there are proliferative astrocytes in the lesioned area after SCI and that ablation of those cells disrupts the formation of the glial scar. Recently, Wanner et al. described a subset of elongated proliferative astrocytes at the borders of the glial scar after SCI. These elongated astrocytes efficiently secluded infiltrating immune cells both in vitro and in vivo (Wanner et al., 2013).

By contrast to acute injury involving glial scar formation, astrocyte proliferation is very limited in ND models. Indeed, the number of astrocytes represented less than 5% of the total proliferating cells in a mouse model of AD [START_REF] Sirko | Reactive glia in the injured brain acquire stem cell properties in response to sonic hedgehog. [corrected][END_REF] and than 20% in a model of ALS [START_REF] Lepore | Selective ablation of proliferating astrocytes does not affect disease outcome in either acute or chronic models of motor neuron degeneration[END_REF].

Reactive astrocytes are, in some aspects, reminiscent of radial glial cells. For example, they reexpressed proteins that are downregulated in mature astrocytes. Furthermore, as mentioned above, specific subsets of reactive astrocytes undergo proliferation under pathological conditions [START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. The neural stem cell (NSC) potential of reactive astrocytes refers to the property of some reactive astrocytes to be differentiated in neurons and other glial cells when they are grown in vitro [START_REF] Dimou | Glial cells as progenitors and stem cells: new roles in the healthy and diseased brain[END_REF]. This property of reactive astrocytes is particularly appealing for thepeutic strategies involving cell replacement, particularly in ND. However, many evidence suggests that most astrocytes in the CNS remain committed to their lineage both in physiological and pathological ). These cells generate the majority of newborn scar-forming astrocytes. Furthermore, a recent study showed that the progeny of these NSCs is critical for scar formation and strongly promotes neuronal survival by releasing neurotrophic factors [START_REF] Sabelstrom | Resident neural stem cells restrict tissue damage and neuronal loss after spinal cord injury in mice[END_REF].

Astrocyte reactivity appears as a complex process that involves profound changes in astrocyte properties and most likely, functions. Efforts to understand the functional changes associated with reactive astrocytes are needed to determine how reactive astrocytes impact surrounding neurons (Sofroniew, 2009;Burda and Sofroniew, 2014). In this context, it is crucial to characterize the inducers and signaling cascades that mediate astrocyte reactivity.

1) Molecular triggers of astrocyte reactivity

In pathological conditions, various molecules are released by different sources including microglia, endothelial cells, leukocytes or degenerating neurons (Figure 5). They act on various astrocyte receptors to trigger and modulate astrocyte reactivity. These factors include nucleotides (ATP, DNA), glutamate, nitric oxide, chaperones, extracellular matrix proteins (fibrin, thrombin), serum proteins (albumin), pro-and anti-inflammatory cytokines (IL-1β, TNFα, IL-6, TGFβ, CNTF, INF-γ, IL-10), morphogens (BMP), endothelins, FGFs (Burda and Sofroniew, 2014) (Figure 5).

For instance, IL-1β, TNFα, IL-6, TGFβ activate signaling pathways that regulate the expression of proor anti-inflammatory genes such as inducible nitric oxide synthase (iNOS) or cyclooxygenase-2.

Furthermore, they can induce the expression immediate early genes such as c-fos and heat shock protein genes both in culture [START_REF] Eddleston | Molecular profile of reactive astrocytes--implications for their role in neurologic disease[END_REF] and in vivo [START_REF] Dragunow | Differential expression of immediate-early proteins in non-nerve cells after focal brain injury[END_REF]. in the activation of the IKK complex that phosphorylates IκB, the master inhibitor of NF-κB signaling.

Once phosphorylated, IκB is degraded by the proteasome and the p65 and p50 subunits of the NF-κB complex, relocates to the nucleus. The NF-κB complex then binds specific promoter sequences to regulate target gene expression [START_REF] Perkins | Integrating cell-signalling pathways with NF-kappaB and IKK function[END_REF][START_REF] Dong | Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of neurodegenerative diseases[END_REF] (Figure 6). For example, the NF-κB pathway regulates the transcription of pro-inflammatory molecules such as cytokines or the iNOS [START_REF] Hoffmann | Circuitry of nuclear factor kappaB signaling[END_REF].

Other pathways can lead to the translocation of NF-κB complex in the nucleus including the noncanonical pathway, activated by lipopolysaccharide (LPS) or atypical pathways either IKK dependent (genotoxic stress) or IKK independent (hypoxia, oxidative stress) (Figure 6). ii) The NF-κB pathway and astrocyte reactivity

The NF-κB pathway is involved in many cellular processes including immune response, inflammation, cell division and apoptosis. It is well described that inflammatory molecules (LPS, IL-1, TNFα) known to activate the NF-κB pathway result in the activation of microglia and astrocytes [START_REF] Kaltschmidt | Signaling via NF-kappaB in the nervous system[END_REF]. Evidence from in vitro studies showed that the NF-κB pathway regulates the expression of key astrocyte proteins. For instance, cultured astrocytes stimulated with neuroprotective molecules such as epidermal growth factor or TGF-β result in an NF-κB -mediated increase in GLT-1 expression while pro-inflammatory factors like TNFα reduces GLT-1 levels through the NF-κB pathway [START_REF] Su | Insights into glutamate transport regulation in human astrocytes: cloning of the promoter for excitatory amino acid transporter 2 (EAAT2)[END_REF].

Activation of the NF-κB pathway is considered to be involved with astrocyte reactivity in pathological conditions [START_REF] Brambilla | Transgenic inhibition of astroglial NF-kappa B leads to increased axonal sparing and sprouting following spinal cord injury[END_REF][START_REF] Dvoriantchikova | Inactivation of astroglial NF-kappa B promotes survival of retinal neurons following ischemic injury[END_REF][START_REF] Bracchi-Ricard | Inhibition of astroglial NF-kappaB enhances oligodendrogenesis following spinal cord injury[END_REF]. In fact, data from the literature showed that this ubiquitous cascade could be activated in many cell types such as neurons, microglia, astrocytes or macrophages. For example, after stroke, activation of NF-κB was observed in neurons [START_REF] Schneider | NF-kappaB is activated and promotes cell death in focal cerebral ischemia[END_REF]. Following SCI, activation of NF-κB was observed in macrophages/ microglia, endothelial cells and neurons [START_REF] Bethea | Traumatic spinal cord injury induces nuclear factor-kappaB activation[END_REF] While the NF-κB pathway is classically considered to be involved in glial cell activation, at least in the case of astrocytes, clear evidence of its activation in chronic disease models is still lacking.

b) The MAPK pathways

ii) Description of the MAPK pathways Binding of growth factors, cytokines or extracellular matrix proteins to their specific cell-surface receptors activates different mitogen-activated protein kinase (MAPK) pathways [START_REF] Jeffrey | Targeting dual-specificity phosphatases: manipulating MAP kinase signalling and immune responses[END_REF].

Growth factors such as FGF, platelet derived growth factor and epidermal growth factor transduce the signal through activation of small GTP-ase proteins (Ras) that in turn activate the core cascade of a MAPKKK (Raf), MAPKK (MEK1/2) and MAPK (Erk) (Figure 7). Extracellular matrix proteins such as integrins activate the c-jun N-terminal kinase (JNK) cascade though activation of Rac1 and MEK1/4 that in turn activate JNK1/2/3. Last, IL-1β signals through TFAF6-TAB1/2 to activate MEK6 and p38

MAPK [START_REF] Jeffrey | Targeting dual-specificity phosphatases: manipulating MAP kinase signalling and immune responses[END_REF]. ii) The MAPK pathways and astrocyte reactivity

In cultured astrocytes, phospho-ERK is induced after scratch injury [START_REF] Mandell | Mechanical trauma induces rapid astroglial activation of ERK/MAP kinase: Evidence for a paracrine signal[END_REF]. In mice, after TBI, phospho-ERK is increased in cortical astrocytes up to 30 days post-lesion [START_REF] Carbonell | Transient neuronal but persistent astroglial activation of ERK/MAP kinase after focal brain injury in mice[END_REF]. Phospho-JNK is detected in reactive astrocytes in the hippocampus in the kindling model of temporal lobe epilepsy in the rat [START_REF] Musto | c-Jun N-terminal kinase activation responses induced by hippocampal kindling are mediated by reactive astrocytes[END_REF]. Furthermore, in human brains with infarct, trauma or epilepsy, phospho-ERK is detected in reactive astrocytes [START_REF] Mandell | ERK/MAP kinase is chronically activated in human reactive astrocytes[END_REF]. By contrast, p38 MAPK activation was not observed in Alzheimer's disease (AD) models [START_REF] Koistinaho | Beta-amyloid precursor protein transgenic mice that harbor diffuse A beta deposits but do not form plaques show increased ischemic vulnerability: role of inflammation[END_REF]. Thus, there is evidence that this ubiquitous pathway might be activated in reactive astrocytes. Although a causal link between MAPK pathway activation and induction of astrocyte reactivity has not been investigated.

c) The JAK/STAT pathway GP130 homodimers associate with specific interleukin (IL) receptors such as the IL-6 receptor (IL-6R) to mediate the actions of IL-6. Leukaemia inhibitory factor (LIF) binds to heterodimers of LIF receptor (LIFR) and gp130. LIFR-gp130 heterodimers can also associate with other receptor subunits to bind ciliary neurotrophic factor (CNTF) and cardiotrophin 1 (CT-1). The oncostatin M receptor (OSMR) forms heterodimers with gp130 to bind oncostatin M (OSM). The signal-transducing subunit gp130 is found in all complexes, and is responsible for the intracellular activation of the Janus-activated kinasesignal transducer and activator of transcription (JAK-STAT) and the mitogen-activated protein kinase (MAPK) pathways. From [START_REF] Bauer | The neuropoietic cytokine family in development, plasticity, disease and injury[END_REF].

JAKs

Janus kinases (JAKs) are serine-threonine protein kinases, associated with the intracellular domain of cytokine receptors. JAKs are involved in the signal transduction process triggered by cytokine binding to their specific receptors [START_REF] Shuai | Regulation of JAK-STAT signalling in the immune system[END_REF]. Cytokine binding elicits conformational changes allowing the transphosphorylation of JAKs on tyrosine residues [START_REF] Brooks | Mechanism of activation of protein kinase JAK2 by the growth hormone receptor[END_REF]. Activated JAKs phosphorylate the cytokine receptor, which unmask its binding site for the Src-homology domain 2 (SH2) of signal transducer and activator of transcription (STATs) proteins. When STATs are recruited at the cytokine receptor, JAKs phosphorylate STATs [START_REF] Leonard | Cytokines and immunodeficiency diseases[END_REF] (Figure 9A).

In mammals, the JAK family includes JAK1, JAK2, JAK3 and TYK2. JAKs contain eight domains: a tyrosine-kinase domain JAK homology 1 (JH1), a pseudo-kinase domain (JH2), a SH2-like domain (JH3) and a domain containing protein 4.1, ezrin, radixin and moesin (FERM) (Figure 9B) [START_REF] Shuai | Regulation of JAK-STAT signalling in the immune system[END_REF]. The FERM domain is necessary for binding to the cytokine receptor, the SH2-like domain binds phosphotyrosine residues in proteins and the pseudo-kinase domain negatively regulates the kinase domaine activity [START_REF] Shuai | Regulation of JAK-STAT signalling in the immune system[END_REF]. Adapted from [START_REF] Leonard | Cytokines and immunodeficiency diseases[END_REF][START_REF] Shuai | Regulation of JAK-STAT signalling in the immune system[END_REF].

A B

STATs

Upon cytokine binding, STATs are recruited to the activated receptor through reciprocal interactions of their SH2 domains with those of gp130. This interaction allows JAKs to phosphorylate STATs.

Phosphorylated STATs dimerize and translocate to the nucleus where they regulate the transcription of target genes (Levy and Darnell, 2002) (Figure 9A).

There are seven STATs: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, STAT6. STATs can form homodimers or/ and heterodimers. They contain a C-terminal transactivation domain, a SH2 domain, a DNA-binding domain, a coiled-coil domain and the amino-terminal domain (Figure 9B).

Phosphorylation on Tyr705, located between the SH2 and the transactivation domain, is necessary for STATs dimerization and nuclear translocation. Phosphorylation of Serine 727, located at the Cterminus of STATs increases STATs transcriptional induction.

Once activated, STATs dimers translocate to the nucleus. This transport is dependent on the activity of specific transporters. Recently, it has been shown that the nuclear import of STAT3 is mediated through its interaction with importin-α3 [START_REF] Riedel | Glutamate receptor function in learning and memory[END_REF] and depends on Ran-GTPase and importinβ1 activities [START_REF] Cimica | Dynamics of the STAT3 transcription factor: nuclear import dependent on Ran and importin-beta1[END_REF]. Once in the nucleus, STATs regulate the transcription of genes carrying consensus STAT-binding elements (TTCnnnGAA) on their promoter.

As previously mentioned, dysregulation of the JAK/STAT pathway can lead to uncontrolled cell proliferation and cancer (see §II.B.2.c.ii). Therefore, STATs signaling is tightly regulated through three mechanisms: the internalization of cytokine receptors, the activity of intracellular protein phosphatases and of specific inhibitory proteins such as protein inhibitor of STATs and suppressor of cytokine signaling (SOCS) [START_REF] Kiu | Biology and significance of the JAK/STAT signalling pathways[END_REF]. Cytokine receptors can be internalized by endocytic vesicles and then degraded by the ubiquitin-proteasome or lysosomal pathways. For example, both proteasome and lysosome are required for the degradation of erythropoietin receptor/ligand complex in order to rapidly decrease cell sensitivity to erythropoietin. The degradation signal and receptor ubiquitinylation is dependent upon JAK2 activation [START_REF] Walrafen | Both proteasomes and lysosomes degrade the activated erythropoietin receptor[END_REF] 10A). Indeed, the SOCS box interacts with elongin B anc C, which then bind to the Cullin 5 and to an E3 ubiquitin ligase [START_REF] Zhang | The SOCS box of suppressor of cytokine signaling-1 is important for inhibition of cytokine action in vivo[END_REF][START_REF] Babon | The SOCS box encodes a hierarchy of affinities for Cullin5: implications for ubiquitin ligase formation and cytokine signalling suppression[END_REF]. Therefore, all

proteins interacting with the central SH2 domain of SOCS proteins (phospho-JAKs, phospho-STATs and others phosphotyrosine-containing proteins) can be a substrate for this degradation. This mechanism is involved in the termination of cytokine signaling by SOCS [START_REF] Kile | The SOCS box: a tale of destruction and degradation[END_REF].

In addition, SOCS1 and SOCS3 have a short N-terminal domain allowing them to inhibit the catalytic activity of JAKs, the kinase inhibitor region (KIR) (Babon and Nicola, 2012) (Figure 10 A and B). The crystal structure of the gp130/JAK2/SOCS3 complex was recently resolved (Kershaw et al., 2013b). It revealed that SOCS3 binds the gp130 receptor on its SH2 domain. However, by contrast to what was previously thought, the structure showed that SOCS3 does not directly interact with phosphotyrosines on JAK2 but rather blocks the docking site for JAK2 substrates, thus preventing its activity (Figure 10B). For this reason, SOCS3 is only able to inhibit JAK1, JAK2 and TYK2 but not JAK3 because of the absence of a specific sequence on the substrate-docking site [START_REF] Babon | The biology and mechanism of action of suppressor of cytokine signaling 3[END_REF].

The importance of cytokine signaling by SOCS proteins has been highlighted by loss of function studies in KO mice. Socs1 and socs3 KO are lethal. Socs1 -/-mice die during neonatal period from inflammatory disease involving excessive activation of T cells and a hyper-responsiveness to IFNγ [START_REF] Starr | Liver degeneration and lymphoid deficiencies in mice lacking suppressor of cytokine signaling-1[END_REF][START_REF] Alexander | SOCS1 is a critical inhibitor of interferon gamma signaling and prevents the potentially fatal neonatal actions of this cytokine[END_REF]). Socs3 -/-mice die embryonically from placental defects due to uncontrolled LIF signaling [START_REF] Takahashi | SOCS3: an essential regulator of LIF receptor signaling in trophoblast giant cell differentiation[END_REF][START_REF] Robb | Genetic reduction of embryonic leukemia-inhibitory factor production rescues placentation in SOCS3-null embryos but does not prevent inflammatory disease[END_REF]. These results show the key importance of SOCS proteins in the regulation of cytokine signaling.

SOCS proteins negatively regulate cytokine signaling by attenuating the JAK/STAT pathway in various cell types. For example, SOCS3 preferentially regulates G-CSF and gp130-mediated signaling through inhibition of the JAK2/STAT3 cascade. SOCS3 is involved in the regulation of cellular functions in many organs including immune system, brain, spinal cord, retina or liver [START_REF] Yoshimura | SOCS proteins, cytokine signalling and immune regulation[END_REF][START_REF] Boyle | The role of SOCS3 in modulating leukaemia inhibitory factor signalling during murine placental development[END_REF]. induces its own transcription [START_REF] Hutchins | Distinct transcriptional regulatory modules underlie STAT3's cell type-independent and cell type-specific functions[END_REF]. By contrast, they found non-canonical STAT3

DNA binding sites that were only present in specific cell types. Although, these sequences could not account for the wide variety of cell-specific STAT3 target genes, they could serve as platform for the interactions with co-factors or epigenetic regulators of gene expression in specific cell types [START_REF] Hutchins | Distinct transcriptional regulatory modules underlie STAT3's cell type-independent and cell type-specific functions[END_REF]. However, this study was performed on cell lines from immune and neural-derived cells.

In a recent study, Hamby et al. investigated the changes in gene expression elicited in cultured astrocytes by cytokine or LPS stimulation. Primary astrocyte cultures were treated with various cytokines (TGF-β1, IFN-γ) or LPS, alone and in combination. They found that the combinatorial stimulation with the cytokine cocktail altered the expression of more than 6800 genes (Hamby et al., 2012). In astrocytes, cytokines increase the expression of genes involved in immune signaling, cell death, growth, and proliferation. In addition, in this study, they observed the modulation of several genes encoding G-protein coupled receptors (GPCR) linked to Ca 2+ signaling in astrocytes. Using electrophysiology, they were able to show that cytokine stimulation of cultured astrocyte led functional changes in Ca 2+ signaling consistent with changes in GPCR gene expression (Hamby et al., 2012).

Taken together, these results suggest that the JAK/STAT pathway regulates the expression of many genes, some of which in a cell-type specific manner. In particular, in cultured astrocytes, activation of the JAK/STAT pathway might regulates the ability of astrocytes to signal and interact with neighboring cells.

Crosstalk between JAK/STAT and other signaling pathways

There are multiple levels of crosstalk between the JAK/STAT and other signaling pathways, which increases the range of its regulation in cells. In particular, STAT3 and NF-κB have been shown to interact in various ways: physical interaction, cooperation to regulate the transcription of target genes or the reciprocal negative regulation through their respective inhibitors [START_REF] Grivennikov | Dangerous liaisons: STAT3 and NF-kappaB collaboration and crosstalk in cancer[END_REF].

Synergistic interactions between STAT3 and NF-κB are involved the development and progression of colon, gastric and liver cancers by promoting inflammatory processes [START_REF] Grivennikov | Dangerous liaisons: STAT3 and NF-kappaB collaboration and crosstalk in cancer[END_REF].

First, STAT3 and NF-κB act synergistically to regulate the expression a common subset of target genes including serpine1, Bcl-3 and Bcl-2 [START_REF] Oeckinghaus | Crosstalk in NF-kappaB signaling pathways[END_REF]. Second, physical interaction between STAT3 and NF-κB can regulate the activity of gene promoters or enhancers. For example, Yu et al. showed that in IL-1β and LPS+ IFNγ -stimulated mesangial cells, STAT3 forms a physical complex with NF-κB p50 and p65 (Yu et al., 2002). In addition, overexpression of STAT3 inhibits the activity of the inducible nitric oxide synthase (iNOS) promoter, which is NF-κB-dependent and does not carry STAT-responsive elements (Yu et al., 2002). Thus, when highly expressed, STAT3

negatively regulates NF-κB activation and subsequent regulation of NF-κB-dependent gene expression. In hepatic cell lines, Yoshida et al. found that p65 can interact with unphosphorylated STAT3 (U-STAT3) to inhibit STAT3-responsive elements [START_REF] Yoshida | Interleukin 1 activates STAT3/nuclear factor-kappaB cross-talk via a unique TRAF6-and p65-dependent mechanism[END_REF]. By contrast, in epithelial cell lines, IL-6 triggers the accumulation of U-STAT3, which forms a complex with NF-κB to activate the transcription of NF-κB-dependent genes such as ccl5 (RANTES), IL-6 or IL-8 [START_REF] Yang | Unphosphorylated STAT3 accumulates in response to IL-6 and activates transcription by binding to NFkappaB[END_REF].

Last, SOCS1 and SOCS3, the endogenous inhibitors of STATs, negatively regulate Toll-like receptor signaling, classically associated with activation NF-κB [START_REF] Yoshimura | Negative regulation of cytokine signaling influences inflammation[END_REF].

However, most of these data have been obtained in cultured cell lines, using cytokine, toxin or expression of constitutively activated mutant proteins to activate JAK/STAT and NF-κB pathways.

Whether any of these STAT3/NF-κB interactions occur in physiological conditions in vivo remains to be demonstrated.

ii) Physiological roles of the JAK/STAT pathway

The JAK/STAT pathway outside of the CNS

Cellular proliferation and cancer

Constitutive activation of the JAK/STAT pathway is associated with various diseases including inflammatory conditions and tumors. Indeed, STATs regulate the expression of genes involved in cell growth and proliferation. For example, STAT3 controls the expression of genes involved in cell cyle (cyclin D1 and p53) and in cell survival (Bcl-xl, Bcl-2, fas) [START_REF] Levy | Stats: transcriptional control and biological impact[END_REF].

A range of tumors and tumor-derived cell lines display mutations of JAK2 and STAT3 proteins that result in the constitutive activation of the JAK2/STAT3 pathway [START_REF] Kiu | Biology and significance of the JAK/STAT signalling pathways[END_REF]. For example, constitutively activated STAT3 is observed in head and neck cancers or myelomas (O'Shea et al., 2013a). Thus, stat3 can be considered as an oncogene. Further evidence came from the work of Bromberg and colleagues that designed a constitutively activated STAT3 (STAT3C) mutant by the substitution of two cysteine residues in the STAT3 SH2-domains [START_REF] Bromberg | Stat3 as an oncogene[END_REF]. Thus, two STAT3C molecules can dimerize spontaneously through the formation of a disulfide bridge between the two cysteines, leading to a stimulus-independent activation of the STAT3 pathway. Fibroblasts expressing STAT3C elicited tumors when transplanted into nude mice. STAT3C expression was associated with the upregulation of genes involved in cell cycle and cell survival [START_REF] Bromberg | Stat3 as an oncogene[END_REF]. The JAK/STAT pathway in the CNS

Likewise
The JAK/STAT pathway is expressed in all cells. In the CNS, its functions have mainly been investigated in neurons and in radial glial cells during development.

Development

As During the neurogenic period, the JAK/STAT pathway is inhibited to prevent early astrocyte differentiation. This inhibition involves both epigenetic control of gene expression as well as interaction of STAT3 with inhibitory proteins. Indeed, promoter sequences of mature astrocyte-specific genes such as GFAP or S100β are methylated, preventing gene transcription. In addition, STAT3 and its coactivator complex, the CREB-binding protein (CBP)/ p300 complex is sequestrated in the cytoplasm by pro-neuronal transcription factors [START_REF] Kanski | A star is born: new insights into the mechanism of astrogenesis[END_REF].

When the neurogenic phase terminates, several molecules trigger the neuron-astrocyte regulatory switch. Cytokines or morphogens such as BMPs induce gliogenesis at specific time points in cultured progenitor cells. In addition, the gliogenic switch can be promoted by other signaling cascades, which ultimately activate the JAK/STAT pathway. For example, activation of NOTCH induces the binding of its effectors Hes1 and Hes5 to STAT3 to promote its phosphorylation by JAK2 [START_REF] Kamakura | Hes binding to STAT3 mediates crosstalk between Notch and JAK-STAT signalling[END_REF]). Furthermore, it was shown that activation of the JAK/STAT pathway during the gliogenic period in cultured cortical progenitors leads to a positive autoregulatory loop of STAT1 and STAT3 to strengthen the induction of astrogliogenesis (He et al., 2005). In accordance with these results, conditional deletion of stat3 in neural stem cells promotes neurogenesis and inhibits astrogliogenesis [START_REF] Cao | Conditional deletion of Stat3 promotes neurogenesis and inhibits astrogliogenesis in neural stem cells[END_REF]. Taken together, these results demonstrate the involvement of the JAK2/STAT3 pathway in regulating a critical step during CNS development.

Regulation of hormone signaling

Various hormones including leptin, gonadotropin-releasing hormone (GnRH) or prolactin act on specific neuronal populations in the hypothalamus to regulate energy homeostasis, food intake, reproduction and lactation. These hormones signal through their cognate receptors and activate the JAK/STAT pathway. For example, leptin regulates food intake and energy expenditure by acting on hypothalamic arcuate neurons. Particularly, leptin binds its receptor and leads to the release of the anorexigenic peptide from pro-opiomelanocortin (POMC) from neurons [START_REF] Villanueva | Leptin receptor signaling and the regulation of mammalian physiology[END_REF]. This effect depends on the activation of the JAK2/STAT3 pathway. Indeed, stat3 and stat5 KO in POMC neurons reduced POMC expression and increased food intake causing mild obesity in mice [START_REF] Villanueva | Leptin receptor signaling and the regulation of mammalian physiology[END_REF]. Furthermore, leptin signaling induces SOCS3 expression that acts as a negative feedback mechanism. SOCS3 expression is increased in various models of obesity. Lossof-function studies have shown that SOCS3 is critical to maintain leptin sensitivity in POMC neurons and thus regulates food intake [START_REF] Villanueva | Leptin receptor signaling and the regulation of mammalian physiology[END_REF][START_REF] Ernst | Enhanced Stat3 activation in POMC neurons provokes negative feedback inhibition of leptin and insulin signaling in obesity[END_REF].

In addition, JAK2, STAT3 and STAT3 are expressed in hypothalamic GnRH neurons. For example, jak2 KO mice display reduced GnRH levels and thus results in altered gonad development and infertility in female mice (Nicolas et al., 2013).

Synaptic plasticity

The JAK/STAT pathway is also involved in the regulation of synaptic plasticity underlying learning and memory. First, hormones as well as cytokines that signal through the JAK/STAT pathway lead to reduced LTP in slices. For example, in rat hippocampal slices treated with IL-6, LTP is reduced in CA1 pyramidal cells. In addition, AG490 JAK inhibitor causes spatial memory impairment [START_REF] Chiba | Targeting the JAK2/STAT3 axis in Alzheimer's disease[END_REF]. However, cytokines as well as AG490 modulate the JAK/STAT pathway in multiple cell types.

Therefore, the cellular basis of this observation is not clear. In this context, Nicolas et al. showed, in a recent paper that the JAK2/STAT3 pathway in neurons mediates NMDAR dependent LTD but not LTP in hippocampal slices and organotypic cultures. They used intracellular injection of pharmacological inhibitors of JAK and STAT and knockdown of jak2 and stat3 genes in pyramidal cells on organotypic slices. They found that activation of STAT3 was necessary to trigger NMDAR-LTD but it was not dependent on STAT3 nuclear localization and its effects on gene expression. Alternatively, they suggest that unknown effects of STAT3 in the cytoplasm of pyramidal cells are responsible for the induction of LTD [START_REF] Nicolas | The Jak/STAT pathway is involved in synaptic plasticity[END_REF].

Axon-growth promoting effects

The JAK/STAT pathway is also a central player in axonal regeneration. This function has particularly been investigated in optic nerve injury [START_REF] Park | Cytokineinduced SOCS expression is inhibited by cAMP analogue: impact on regeneration in injured retina[END_REF][START_REF] Sun | Sustained axon regeneration induced by co-deletion of PTEN and SOCS3[END_REF]. Indeed, several studies reported that socs3 deletion in RGCs enhances axon regeneration after crush injury in vivo (Smith et al., 2009;[START_REF] Sun | Sustained axon regeneration induced by co-deletion of PTEN and SOCS3[END_REF]. In their elegant study, Smith et al. showed that this effect is dependent on gp130-related signaling. They performed cell-specific deletion of both socs3 and gp130 genes in RGCs with socs3 fl/fl and gp130 fl/fl mice and induced gene deletion by intravitreal injection of an adenoassociated viral vector encoding the Cre recombinase. Intravitreal injection of CNTF further improves axon regeneration in socs3-deleted RGCs. Furthermore, axon-growth promoting effects in RCG after lens injury is also dependent on CNTF and LIF that signal through the gp130/JAK/STAT pathway [START_REF] Leibinger | Neuroprotective and axon growth-promoting effects following inflammatory stimulation on mature retinal ganglion cells in mice depend on ciliary neurotrophic factor and leukemia inhibitory factor[END_REF]. Very interestingly, by contrast to mammals, in the zebrafish, RCG display an endogenous capability for axon regeneration after optic nerve injury [START_REF] Roos | Zebrafish semaphorin Z1b inhibits growing motor axons in vivo[END_REF][START_REF] Mcdowell | Visual processing of the zebrafish optic tectum before and after optic nerve damage[END_REF]. A recent study from D. Goldman's laboratory investigated whether this intrinsic capability was associated with an alteration of the inhibitory effects of SOCS3 in the zebrafish eye. Indeed, after optic nerve injury, expression of several cytokines that signal through the gp130/JAK/STAT pathway was induced including CNTF, LIF or IL-11 and increased axon regeneration. In this model, SOCS3

expression was induced but did not inhibit the JAK/STAT-mediated axonal regeneration after optic nerve injury [START_REF] Elsaeidi | Jak/Stat signaling stimulates zebrafish optic nerve regeneration and overcomes the inhibitory actions of Socs3 and Sfpq[END_REF].

Overall, these data demonstrate a central role of the JAK/STAT pathway both in the CNS and in peripheral organs. Interestingly, most of the JAK/STAT pathway functions in the CNS have mainly been studied in neurons. Its physiological role in astrocytes in the adult brain is poorly known. By contrast, in pathological conditions, activation of the JAK/STAT pathway is frequently observed in reactive astrocytes.

Activation of the JAK/STAT pathway is associated with astrocyte reactivity

The JAK/STAT pathway is critical for glial scar formation (Sofroniew, 2009). Several studies from different groups have well demonstrated STAT3 involvement in glial scar formation after acute injuries. In conclusion, the NFAT/CN pathway is an additional pathway associated with astrocyte reactivity.

However, manipulation of this pathway in reactive astrocytes provided controversial results, especially in the context of AD.

ii) The FGF signaling pathway

There is a large body of evidence reporting that fibroblast growth factor (FGF) signaling is associated with astrocyte reactivity both in primary astrocyte culture [START_REF] Brambilla | Blockade of A2A adenosine receptors prevents basic fibroblast growth factor-induced reactive astrogliosis in rat striatal primary astrocytes[END_REF][START_REF] Chadi | FGF-2 and S100beta immunoreactivities increase in reactive astrocytes, but not in microglia, in ascending dopamine pathways following a striatal 6-OHDA-induced partial lesion of the nigrostriatal system[END_REF] and in vivo [START_REF] Eclancher | Reactive astrogliosis after basic fibroblast growth factor (bFGF) injection in injured neonatal rat brain[END_REF][START_REF] Eclancher | Basic fibroblast growth factor (bFGF) injection activates the glial reaction in the injured adult rat brain[END_REF][START_REF] Avola | Glial fibrillary acidic protein and vimentin expression is regulated by glucocorticoids and neurotrophic factors in primary rat astroglial cultures[END_REF][START_REF] Fischer | Different aspects of gliosis in retinal Muller glia can be induced by CNTF, insulin, and FGF2 in the absence of damage[END_REF]. After TBI in the rat cortex, FGFR-1 and its ligand FGF-2 are localized in reactive astrocyte nuclei, reflecting activation of the pathway. An interesting and recent study suggests that FGF signaling is required to maintain astrocytes in a resting state upon physiological conditions (Kang et al., 2014). They used transgenic mice with tamoxifen-inducible deletion of fgfr-1, fgfr-2 and fgfr-3 (fgfr-1 fl/fl x fgfr-2 fl/fl x fgfr-3 -/-) or transgenic mice overexpressing a mutated form of fgfr-3 leading to a constitutively active FGF signaling in nestin-expressing astrocytes. Authors studied astrocyte reactivity after acute brain injury when FGF signaling was either disrupted or stimulated. In fgfr-1 fl/fl x fgfr-2 fl/fl x fgfr-3 -/-mice, astrocyte reactivity was enhanced at the site of stab wound injury. By contrast, fgfr-3 mutant mice did not show astrocyte reactivity after cortical injury [START_REF] Kang | Astrocyte activation is suppressed in both normal and injured brain by FGF signaling[END_REF]. Together, these data suggest that FGF signaling can act as a negative regulator of astrocyte reactivity.

Overall, multiple signaling pathways are associated with astrocyte reactivity both in acute and chronic pathological conditions. Yet, relatively few studies have directly investigated the direct requirement for these signaling pathways in mediating astrocyte reactivity, especially, in chronic pathological such as ND. ii) Symptoms HD can be divided in pre-manifest and manifest periods (Figure 12). The pre-manifest period refers to the presymptomatic phase of HD, whereby mhtt carriers display no symptoms of the disease. The manifest period begins with a prodromal phase, which is defined by subtle behavioral and motor abnormalities. HD diagnosis relies on the presence of extrapyramidal movement disorders along with emotional alterations. Early, moderate and advanced stages of HD pathology are characterized by the progressive worsening of HD symptoms with time, ultimately leading to patient death [START_REF] Shoulson | Huntington disease: clinical care and evaluation[END_REF].

C. Reactive astrocytes in neurodegenerative disorders

HD is characterized by motor, cognitive and psychiatric symptoms. The first extrapyramidal movement disorder that appears in early and late-onset HD is chorea. Then, HD progression is characterized by the appearance of further motor symptoms involving impairment of voluntary movements, bradykinesia and rigidity [START_REF] Walker | Huntington's disease[END_REF]. However, patients with HD also suffer from alterations of cognitive functions including decreased attention, abnormal planning and perseverative behaviors [START_REF] Ross | Huntington disease: natural history, biomarkers and prospects for therapeutics[END_REF]. Lastly, patients with HD display psychiatric symptoms such as major depressive syndrome, suicidal behavior and irritability [START_REF] Ross | Huntington disease: natural history, biomarkers and prospects for therapeutics[END_REF]. Interestingly, a recent study showed that apathy is one of the most well correlated symptoms with disease progression. This psychiatric alteration can even be detected at the presymptomatic stage [START_REF] Ross | Huntington disease: natural history, biomarkers and prospects for therapeutics[END_REF]. Histologically, HD is characterized by the dramatic loss of neurons in the caudate and putamen structures of the striatum. Disease stage closely correlates with histological alterations observed in the striatum of patients with HD (Vonsattel et al., 1985). Over the course of the disease, cortical grey matter atrophy also occurs at the level of the motor cortex. Other brain regions such as the globus pallidus, the thalamus or the hippocampus also undergo atrophy in HD (Vonsattel et al., 1985). In the striatum, the most vulnerable neuronal population is the medium-sized GABAergic spiny neurons (MSNs). By contrast, the encephalin + and substance P + striatal interneurons are relatively spared [START_REF] Ross | Huntington's disease: from molecular pathogenesis to clinical treatment[END_REF]. Another hallmark of HD is the presence of mHtt aggregates.

Motor disturbances can be explained by alterations of the basal ganglia circuitry due to the dysfunction and subsequent death of MSNs [START_REF] Sepers | Mechanisms of synaptic dysfunction and excitotoxicity in Huntington's disease[END_REF]. The basal ganglia direct and indirect pathways act together to promote or inhibit movement. In HD, due to the dysfunction and loss of dopamine 2 receptor (D2R)-expressing MSNs, this circuitry is unbalanced leading to cortical hyperexcitability [START_REF] Sepers | Mechanisms of synaptic dysfunction and excitotoxicity in Huntington's disease[END_REF]. Furthermore, dopamine acts on D2R to decrease glutamate release in the striatum [START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]. It has been hypothesized that the convergence between an increase in glutamate release from cortical inputs and the loss of D2R in the striatum contributes to the selective demise of MSN in HD [START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]. Therefore, even if MSN are predominantly vulnerable, the dysfunction of the whole basal ganglia circuitry is involved in motor dysfunctions in HD. Indeed, conditional expression of the pathogenic N-terminal fragment of mHtt in striatal neurons is not sufficient to induce motor defects and neuropathology in mice [START_REF] Gu | Pathological cell-cell interactions elicited by a neuropathogenic form of mutant Huntingtin contribute to cortical pathogenesis in HD mice[END_REF]. In fact, expression of mHtt in other neuronal types such as cortical interneurons participate in HD pathogenesis by disrupting cell-cell interactions [START_REF] Gu | Pathological cell-cell interactions elicited by a neuropathogenic form of mutant Huntingtin contribute to cortical pathogenesis in HD mice[END_REF][START_REF] Gu | Pathological cell-cell interactions are necessary for striatal pathogenesis in a conditional mouse model of Huntington's disease[END_REF].

HD pathogenesis is characterized by alterations of many cellular functions due to both a loss of normal functions of Htt and a gain of toxic functions conferred by the polyQ track. Here, I will only describe some of the main physiological roles of normal Htt as well as the most prominent cellular dysfunctions observed in HD. The molecular basis underlying HD pathogenesis is described in detail in outstanding reviews ( 

b) The normal function of Htt

Htt is expressed throughout the body, in multiple cell types. It is a large protein (350 kDa), involved in many cellular functions, through numerous protein-protein interactions. Although its primary amino acid structure is known, it only gives limited insights into its functions [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. Htt contains conserved amino-acid sequences involved in protein-protein interactions, consensus cleavage sites by several proteases and a polyQ track located at the N-terminus. The N-terminal part of Htt is involved in its interactions with transcription factors and can be cleaved in multiple N-terminal fragments [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. Furthermore, Htt sequence carries several sites for posttranslational modifications such as phosphorylation, acetylation and sumoylation. Htt also has a nuclear localization and nuclear export signal sequences, which can be involved in the transport of proteins or transcription factors between the nucleus and the cytoplasm (Ross and Tabrizi, 2011).

Htt is required for normal development, as total KO of Htt is lethal at the gastrulation stage of embryonic developmental [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. In vitro, reduction of Htt expression or KO of Htt (Hdh -/-) in stem cells results in reduced production of neurons, suggesting an important role of Htt in neurogenesis and maintenance of neurons [START_REF] White | Huntingtin is required for neurogenesis and is not impaired by the Huntington's disease CAG expansion[END_REF]. Accordingly, deletion of Htt in the postnatal brain results in progressive neurodegeneration in mice [START_REF] Dragatsis | Inactivation of Hdh in the brain and testis results in progressive neurodegeneration and sterility in mice[END_REF]. Htt also has neuroprotective functions. For example, overexpression of Htt in a transgenic mouse model of HD (YAC18) protected neurons from ischemic damage after MCAO [START_REF] Zhang | Depletion of wild-type huntingtin in mouse models of neurologic diseases[END_REF]. In addition, Htt has anti-apoptotic functions as it inhibits the cleavage of the pro-apoptotic pro-caspase 9 and its subsequent activation [START_REF] Rigamonti | Huntingtin's neuroprotective activity occurs via inhibition of procaspase-9 processing[END_REF].

Interestingly, studies whereby Htt was knockdown by RNA interference in various models showed that decreased expression of Htt in the absence of mHtt was sufficient to alter cellular transport of trophic factors and organelles [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. In Drosophila expressing a small interfering RNA against Htt (siHtt) and in Hdh -/-neurons, the transport of vesicles and mitochondria was reduced.

Similarly, the vesicular transport of BDNF was impaired with siHtt in cell culture [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. Indeed, one of the well-known functions of Htt is its role in the regulation of BDNF transcription and vesicular transport [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]. BDNF is a trophic factor, highly expressed in cortical neurons and transported along microtubules towards the striatum. BDNF increases striatal neuron survival and supports cortico-striatal synapse function [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]). An elegant study from E.Catteneo's team showed that Htt sequestrated the transcription factor RE1-silencing transcription factor (REST) in the cytoplasm, which prevented the inhibition of bdnf transcription [START_REF] Zuccato | Huntingtin interacts with REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes[END_REF]. Htt also promotes the transport of BDNF along cortical axons to striatal neurons through its interaction with Huntingtin associated protein 1 and the p150 subunit of dynactin, allowing the association to molecular motor and the vesicular transport along the microtubules [START_REF] Gauthier | Huntingtin controls neurotrophic support and survival of neurons by enhancing BDNF vesicular transport along microtubules[END_REF].

This function of Htt is lost in the presence of mHtt (Figure 15). Indeed, patients with HD and mouse models display decreased levels of BDNF in the striatum, which results in the alteration of trophic support to MSNs [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]. There is compelling evidence that mHtt impairs bdnf transcription. Indeed, by contrast to Htt, mHtt does not sequestrate REST in the cytoplasm. Indeed, nuclear accumulation of REST was detected in cultured cells, mouse models and in patients with HD [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]. This dysfunction was associated with decreased expression of genes controlled by REST, encoding ions channels, transporters, growth factors or other transcription factors [START_REF] Zuccato | Huntingtin interacts with REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes[END_REF][START_REF] Bruce | Genome-wide analysis of repressor element 1 silencing transcription factor/neuronrestrictive silencing factor (REST/NRSF) target genes[END_REF]. MHtt impairs BDNF transport by disrupting the assembly of the transport scaffold on microtubules [START_REF] Cattaneo | Normal huntingtin function: an alternative approach to Huntington's disease[END_REF]. Furthermore, mHtt impairs the trafficking of BDNF receptor at MSN dendrites, which results in the impairment of BDNF signaling [START_REF] Sepers | Mechanisms of synaptic dysfunction and excitotoxicity in Huntington's disease[END_REF].

In conclusion, Htt has crucial roles in neuron survival and cellular processes that may be lost in HD.

Alternatively, Htt polyQ track confers a toxic gain of functions that contribute to neuronal dysfunction.

c) Mechanisms of neurodegeneration in HD i) Protein aggregation and protein degradation pathways

MHtt is cleaved by caspases and calpains. The resulting N-terminal fragments of mHtt form aggregates [START_REF] Scherzinger | Huntingtin-encoded polyglutamine expansions form amyloid-like protein aggregates in vitro and in vivo[END_REF]. Indeed, intracellular aggregates containing polyubiquitinated N-terminal fragments of mHtt are found in the brain of patients with HD and in various mouse models of HD, both in the cytoplasm and the nucleus (Roze et al., 2008). However, the contribution of aggregates to mHtt toxicity is controversial. In favor of a toxic role for mHtt aggregates, it was shown in culture systems that mHtt aggregation often precedes neuronal cell death [START_REF] Cooper | Truncated N-terminal fragments of huntingtin with expanded glutamine repeats form nuclear and cytoplasmic aggregates in cell culture[END_REF].

Further evidence suggests that mHtt aggregates might be toxic as they sequestrate normal Htt, transcription factors and transport proteins [START_REF] Saudou | Pathophysiology of Huntington's disease: from huntingtin functions to potential treatments[END_REF]. This redistribution of proteins into aggregates prevents their normal functions. In transgenic mouse and monkey models of HD, the extent of aggregation of mHtt in the cortex and the striatum was correlated with the severity of symptoms [START_REF] Wang | Accumulation of N-terminal mutant huntingtin in mouse and monkey models implicated as a pathogenic mechanism in Huntington's disease[END_REF].

By contrast, other studies reported that mHtt aggregates could be protective against neuronal dysfunction. For example, in primary culture, expression of N-terminal fragments of mHtt was toxic for neurons but this effect was not correlated with the formation of aggregates [START_REF] Saudou | Huntingtin acts in the nucleus to induce apoptosis but death does not correlate with the formation of intranuclear inclusions[END_REF].

Accordingly, Arrasate et al. showed that in culture, neurons expressing N-terminal fragments of mHtt die progressively, many of which without forming mHtt aggregates. Interestingly, they found a positive correlation between the presence of large mHtt aggregates and neuron survival [START_REF] Arrasate | Inclusion body formation reduces levels of mutant huntingtin and the risk of neuronal death[END_REF]. In accordance with these in vitro data, a mouse model carrying the two first exons of Htt with a polyQ expansion displayed no behavioral abnormalities, striatal atrophy or neuronal death despite the presence of widespread mHtt aggregates in their brain [START_REF] Slow | Absence of behavioral abnormalities and neurodegeneration in vivo despite widespread neuronal huntingtin inclusions[END_REF]. These results suggest that mHtt aggregates may not pathogenic in themselves and that soluble N-terminal fragments of mHtt containing the polyQ expansion might be more toxic for neurons [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF].

Even if the role of aggregates in mHtt toxicity is still debated, they are a prominant feature of HD and it is important to understand the factors regulating their formation and clearance.

The two key pathways for protein degradation in the cell are autophagy (Figure 13) and the ubiquitinproteasome system (UPS) (Figure 14 The contribution of UPS dysfunction to HD pathogenesis is also controversial [START_REF] Ortega | Is the ubiquitin-proteasome system impaired in Huntington's disease? Cellular and molecular life sciences[END_REF].

MHtt aggregates, found in the brain of patients and mouse models of HD, are positive for ubiquitin, suggesting that aggregated mHtt can be targeted to the proteasome (Figure 14) [START_REF] Davies | Formation of neuronal intranuclear inclusions underlies the neurological dysfunction in mice transgenic for the HD mutation[END_REF][START_REF] Difiglia | Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain[END_REF]. Early in vitro studies on purified proteasomes suggested that they were not able to degrade polyQ-containing proteins [START_REF] Holmberg | Inefficient degradation of truncated polyglutamine proteins by the proteasome[END_REF]. In accordance, a decreased activity of proteasome activity was detected with small fluorogenic peptides in brains of patients and in cells from the Hdh111 knock-in mouse model of HD [START_REF] Seo | Generalized brain and skin proteasome inhibition in Huntington's disease[END_REF][START_REF] Hunter | Ubiquitin-proteasome system alterations in a striatal cell model of Huntington's disease[END_REF]. Further evidence suggested that proteasome subunits were trapped in mHtt aggregates, contributing to UPS impairment [START_REF] Holmberg | Inefficient degradation of truncated polyglutamine proteins by the proteasome[END_REF]) (Figure 14).

By contrast, in vivo studies in mouse models of HD found no global impairment of the UPS but an agedependent decrease in the activity of proteasome enzymes [START_REF] Maynard | Accumulation of ubiquitin conjugates in a polyglutamine disease model occurs without global ubiquitin/proteasome system impairment[END_REF]. Accordingly, in the Hdh140 knock-in model of HD, inhibition of the UPS resulted in a greater accumulation of N-terminal, but not full-length, mHtt, suggesting that the UPS is able to degrade mHtt [START_REF] Li | Inhibiting the ubiquitin-proteasome system leads to preferential accumulation of toxic N-terminal mutant huntingtin fragments[END_REF]. In addition, a recent study using fluorescent polyQ peptides in cell culture, reported that proteasomes were not trapped but dynamically exchanged with mHtt aggregates and catalytically active (Schipper-Krom et al., 2014). Overall, these studies suggest that the UPS activity is impaired in HD, but still operational.

Stimulating its activity could be efficient to decrease soluble mHtt levels. There is also evidence for interaction of mHtt with proteins involved in the epigenetic regulation of gene expression [START_REF] Moumne | Multiple Aspects of Gene Dysregulation in Huntington's Disease[END_REF]. For example, mHtt interacts with CBP and p300/CBP complex and inhibits its histone acetyltransferase activity. This decreases histone phosphorylation and CBP-dependent gene transcription [START_REF] Moumne | Multiple Aspects of Gene Dysregulation in Huntington's Disease[END_REF]. Because HD is characterized by transcriptional defects, histone deacetylase (HDAC) inhibitors have been tested as therapeutic strategies. In some studies, specific HDAC inhibitors improved HD pathology in mouse models of HD, primary culture of striatal neurons and in Drosophila [START_REF] Jia | Histone deacetylase (HDAC) inhibitors targeting HDAC3 and HDAC1 ameliorate polyglutamine-elicited phenotypes in model systems of Huntington's disease[END_REF]. Epigenetic regulations also involve DNA methylation. In a recent study, Ng et al. showed that an important number of genes whose expression is altered in HD present abnormal DNA methylation [START_REF] Ng | Extensive changes in DNA methylation are associated with expression of mutant huntingtin[END_REF].

Figure 15. Cellular alterations and mechanisms of neurodegeneration in HD.

Several key cellular functions are altered in the presence of mHtt. MHtt is cleaved and N-terminal fragments containing the mutated polyQ expansion accumulate in the cell by forming nuclear and cytoplasmic aggregates. MHtt aggregates are not efficiently cleared because they impair autophagy and UPS degradation systems in neurons (A). Through its polyQ expansion, mHtt disrupts its interactions with a number of proteins or transcription factors, involved in trophic factor transport or regulation of gene expression (B). Neurons expressing mHtt also display abnormal Ca 2+ signaling (C). HD pathogenesis involved the disruption of mitochondrial functions, through abnormal interactions of mHtt with the mitochondrial membrane. This dysfunction is associated with increased oxidative stress in neurons (D). MHtt alters the transcription of many genes, including bdnf (E). MHtt further disrupts BDNF vesicular transport in cortical neurons, therefore decreasing the trophic support of MSNs (F). At the cortico-striatal synapses, mHtt alters the release of neurotransmitter (glutamate) and trophic factors as well as disrupting the expression of their receptor on the post-synaptic element (F). From [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF].

iii) Synaptic dysfunction and excitotoxicity

Excessive stimulation of glutamate receptors can lead to the excitotoxic cell death of neurons (Figure 15). There is a large body of evidence supporting the involvement of excitotoxicity in HD pathogenesis. Indeed, the observation that intrastriatal injection of kainate receptors and NMDAR agonists (kainate and quinolinate) resulted in acute death of striatal neurons and partly reproduced HD neuropathology strongly suggested the involvement of excitotoxicity in MSN death observed in HD [START_REF] Cepeda | Genetic mouse models of Huntington's disease: focus on electrophysiological mechanisms[END_REF]. There is now compeling evidence, from electrophysiological studies, showing an alteration of the cortical-striatal glutamatergic signaling in HD models. In particular, it was shown that MSNs displayed an increased susceptibility to NMDA and glutamate through dysfunction of NMDARs in several transgenic mouse models of HD [START_REF] Cepeda | Genetic mouse models of Huntington's disease: focus on electrophysiological mechanisms[END_REF]. In addition, change in expression of NMDARs subunits were found in the striatum of HD mouse models, including increased mRNA levels of NR1A and decreased expression of NR2B [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]. NR2B-containing NMDARs are particularly enriched in the striatum. Therefore, alteration of NR2B-containind NMDARs functions could be involved in the selective vulnerability of the striatum in HD. Recently, Marco et al. showed that mHtt disrupted the synaptic retrieval of an NMDAR subunit, GluN3A by interfering with its endocytosis. Overexpression of GluN3A in WT mice reproduced synaptic deficits observed in HD. In addition, they showed that genetic deletion of GluN3A ameliorated synaptic, behavioral and neurodegenerative phenotypes in the YAC128 mouse model of HD [START_REF] Marco | Suppressing aberrant GluN3A expression rescues synaptic and behavioral impairments in Huntington's disease models[END_REF]. 

Recent evidence implicates both synaptic and extra-synaptic

iv) Mitochondrial dysfunction and oxidative metabolism

Energy deficit is a hallmark of HD (Figure 15). Patients with HD and even presymptomatic mHtt carriers show decreased cerebral and muscle glucose metabolism by PET imaging [START_REF] Grafton | Serial changes of cerebral glucose metabolism and caudate size in persons at risk for Huntington's disease[END_REF][START_REF] Feigin | Metabolic network abnormalities in early Huntington's disease: an [(18)F]FDG PET study[END_REF]. Patients with HD as well as the majority of transgenic mouse models show significant weight loss with disease progression [START_REF] Chaturvedi | Mitochondria targeted therapeutic approaches in Parkinson's and Huntington's diseases[END_REF]. NMR spectroscopy showed decreased levels of phosphocreatine and ATP in the cortex and the striatum of patients with HD [START_REF] Jenkins | Evidence for impairment of energy metabolism in vivo in Huntington's disease using localized 1H NMR spectroscopy[END_REF][START_REF] Saft | Mitochondrial impairment in patients and asymptomatic mutation carriers of Huntington's disease[END_REF]. Deficits in energy metabolism suggest that mitochondrial dysfunction could be involved in HD. Indeed, mitochondrial complexes II and III expression are decreased in patients with HD. Furthermore, the toxin 3-nitropropionic acid that blocks the mitochondrial complex II succinate-dehydrogenase results in the selective degeneration of MSN, reproducing the main clinical feature of HD [START_REF] Brouillet | Chronic mitochondrial energy impairment produces selective striatal degeneration and abnormal choreiform movements in primates[END_REF].

Different aspects of mitochondrial metabolism and energy production are modified in the presence of mHtt, which interacts directly with mitochondria. These defects include the alteration of energy production as well as mitochondrial fusion/fission, morphology, transport/trafficking and transcription [START_REF] Chaturvedi | Mitochondria targeted therapeutic approaches in Parkinson's and Huntington's diseases[END_REF].

HD is characterized by the apoptotic death of MSNs. Brains of patients with HD and in the R6/2 mouse model of HD showed increased levels of caspase 9 and cytosolic cytochrome C [START_REF] Kiechle | Cytochrome C and caspase-9 expression in Huntington's disease[END_REF]. Furthermore, mHtt promotes the phosphorylation of p53 and induces its dissociation with the apoptosis inhibitor iASPP. This increases the expression of apoptotic target genes [START_REF] Grison | Ser46 phosphorylation and prolyl-isomerase Pin1-mediated isomerization of p53 are key events in p53-dependent apoptosis induced by mutant huntingtin[END_REF]. Finally, in the presence of mHtt, Huntingtin interacting protein 1 activates the extrinsic apoptotic pathway as it promotes the cleavage the pro-caspase 8 [START_REF] Gervais | Recruitment and activation of caspase-8 by the Huntingtin-interacting protein Hip-1 and a novel partner Hippi[END_REF]. These results suggest that apoptosis and mitochondrial dysfunction are involved in MSNs death.

d) Non-cell autonomous mechanisms in HD

It is now well accepted that neuronal dysfunction that occurs in HD and in fact in any ND, is the result of alterations in both neurons and non-neuronal cells, referred to as 'non-cell autonomous' mechanisms [START_REF] Lobsiger | Glial cells as intrinsic components of non-cell-autonomous neurodegenerative disease[END_REF].

i) Reactive astrocytes

Many of the cellular alterations observed in HD involve neuronal functions that are regulated by neuron-astrocyte communication such as glutamate uptake, antioxidant defense, energy deficits or synaptic transmission. Importantly, astrocytes are reactive in the context of HD. Astrocyte reactivity is an early feature of HD since increase in GFAP staining can be detected in the striatum of presymptomatic mHtt carriers and increases with disease progression (Faideau et al., 2010). Thus, astrocytes are highly sensitive to early MSN dysfunction but there is also compelling evidence that some of their essential functions are disturbed in HD. First, astrocytes capacity to uptake glutamate is impaired in HD. GLT-1/EAAT2 mRNA and protein levels are decreased in patients with HD (Faideau et al., 2010) and mouse and fly models of HD [START_REF] Behrens | Impaired glutamate transport and glutamate-glutamine cycling: downstream effects of the Huntington mutation[END_REF][START_REF] Lievens | Expanded polyglutamine peptides disrupt EGF receptor signaling and glutamate transporter expression in Drosophila[END_REF] (Figure 16). Liévens et al. found a significant reduction of glutamate uptake in synaptosomal preparations that contained neuronal and astroglial processes from R6/2 HD mouse brains [START_REF] Lievens | Impaired glutamate uptake in the R6 Huntington's disease transgenic mice[END_REF].

Importantly, a study carried out in our laboratory demonstrated that selective expression of mHtt by viral gene transfer in striatal astrocytes was sufficient to decrease GLT-1 expression, glutamate uptake and was associated with dysfunction of MSNs (Faideau et al., 2010). Using a transgenic mouse model, Bradford showed that mice carrying mHtt only in astrocytes developed motor abnormalities [START_REF] Bradford | Mutant huntingtin in glial cells exacerbates neurological symptoms of Huntington disease mice[END_REF]. Evidence from an in vitro study suggested that while WT astrocytes protected neurons from mHtt-induced toxicity, HD astrocytes exacerbated MSN dysfunction when exposed to excitotoxic insults [START_REF] Shin | Expression of mutant huntingtin in glial cells contributes to neuronal excitotoxicity[END_REF]. Thus, alteration of glutamate uptake by reactive astrocytes contributes to the neuronal toxicity observed in HD.

Second, astrocytes contribute to functional synaptic transmission by buffering extracellular K + (Figure 16). Alteration of K + transmission is observed in mouse models of HD using electrophysiological recordings of MSNs [START_REF] Cepeda | Genetic mouse models of Huntington's disease: focus on electrophysiological mechanisms[END_REF]). However, it was recently demonstrated that K + buffering capacity of astrocytes was altered in the R6/2 mouse model of HD and contributed to the synaptic dysfunction of MSNs. Kir4.1 is an inward rectifier K + channel, highly expressed in astrocytes that uptakes K + from synapses. In their elegant study, Tong et al. showed that Kir4.1 levels were decreased in R6/2 and Hdh150 mouse models of HD. This decrease was associated with increased extracellular K + in vivo and with altered electrophysiological properties of MSNs in vitro. Using a viral strategy, overexpression of Kir4.1 in striatal astrocytes improved some of the neurological features in R6/2 HD mice, suggesting that astrocyte K + buffering contributed to disease phenotype (Tong et al., 2014). However, it is not clear whether this alteration is due to the expression of mHtt in astrocytes or to disrupted neuron-astrocyte communication. It is to note that, in this study, Tong and colleagues did not evidence astrocyte reactivity in symptomatic R6/2 mice, based on GFAP expression and astrocyte morphology. Therefore, they showed that astrocytes could be dysfunctional without displaying a reactive phenotype.

Third, reactive astrocytes may provide less antioxidant support to vulnerable MSN in the context of HD (Figure 16). For example, evidence suggests that astrocyte antioxidant support to neurons through the release of ascorbic acid (AA) is altered in HD. AA is released by astrocytes; it protects neurons from oxidative damage and participates in the regulation of neuronal metabolism [START_REF] Castro | A metabolic switch in brain: glucose and lactate metabolism modulation by ascorbic acid[END_REF].

AA release is coupled to glutamatergic synaptic activity and is transported into neurons by a neuronalspecific transporter. Interestingly, in the R6/2 mouse model of HD, AA concentration in the extracellular medium is lower than in age-matched WT mice but only during behavioral activity. In a recent study, Acuna et al. showed that this deficit was the result of an altered AA flux between astrocytes and neurons which involved different cellular mechanisms between presymptomatic and symptomatic phases of the disease. Indeed, in vitro and ex vivo experiments on slices, showed that presymptomatic R6/2 displayed a decrease in AA release from astrocytes whereas symptomatic HD mice showed an alteration of AA transport [START_REF] Acuna | A failure in energy metabolism and antioxidant uptake precede symptoms of Huntington's disease in mice[END_REF].

Astrocytes also provide trophic support to neurons by releasing growth factors. Decrease production and release of such factors has been suggested to contribute to neuronal toxicity observed in HD (Figure 16). Recent evidence suggested that expression of mHtt in primary cultures of cortical astrocytes modified BDNF processing in astrocytes. Thus, HD astrocytes and their conditioned medium contained lower levels of mature BDNF. This was associated with decreased neurite development of primary cortical neurons [START_REF] Wang | Expression of mutant N-terminal huntingtin fragment (htt552-100Q) in astrocytes suppresses the secretion of BDNF[END_REF]. Consistent with these findings, viralbased delivery of BDNF by targeting astrocytes in the striatum delayed the onset of motor symptoms in the R6/2 mouse model of HD [START_REF] Arregui | Adenoviral astrocyte-specific expression of BDNF in the striata of mice transgenic for Huntington's disease delays the onset of the motor phenotype[END_REF]. Conversely, transgenic mice overexpressing BDNF under the GFAP promoter displayed increased BDNF levels and enhanced neuroprotection after intrastriatal injection of quinolinate [START_REF] Giralt | BDNF regulation under GFAP promoter provides engineered astrocytes as a new approach for long-term protection in Huntington's disease[END_REF].

In addition, astrocytes provide less trophic support for neurons by decreasing their release of the chemokine CCL5/RANTES (Figure 16). This chemokine is involved in neurite growth, neuronal migration and has neuroprotective properties. Importantly, CCL5/RANTES accumulates in the cytosol in patients with HD and in the R6/2 and Hdh150 mouse models of HD [START_REF] Chou | Expandedpolyglutamine huntingtin protein suppresses the secretion and production of a chemokine (CCL5/RANTES) by astrocytes[END_REF]. It was recently shown that specific expression of mHtt in astrocytes decreased their ability to release CCL5/RANTES. Indeed, they found that mHtt inhibited the NF-κB pathway in astrocytes, which resulted in a decrease in ccl5/rantes transcription. In addition, CCL5/RANTES was retained in astrocytes due to a defective transport [START_REF] Chou | Expandedpolyglutamine huntingtin protein suppresses the secretion and production of a chemokine (CCL5/RANTES) by astrocytes[END_REF].

Overall, these results suggest that in HD, several supportive functions of astrocytes are impaired. This may participate in neuronal dysfunction and thus, contributes to HD pathogenesis. In most studies, the reactive phenotype of astrocytes was not observed or directly evaluated. Therefore, while these results suggest that astrocytes do not function normally in HD, whether there is a direct link between these alterations and their reactivity is not clear. ii) Activated microglia and immune cells Microglial activation and recruitment of peripheral immune cells is a well-known feature of HD and is thought to contribute to neuronal toxicity. As astrocytes, microglial cells react at early stage in patients with HD, even in presymptomatic carriers [START_REF] Hsiao | Targeting glial cells to elucidate the pathogenesis of Huntington's disease[END_REF]. Importantly, microglial activation correlates with the severity of HD symptoms in an in vivo PET study and with neuronal death in HD brain samples [START_REF] Hsiao | Targeting glial cells to elucidate the pathogenesis of Huntington's disease[END_REF]. More generally, there is compelling evidence that mHtt expression alters the properties of peripheral immune system and enhances inflammatory processes.

Indeed, the cerebrospinal fluid of HD patients showed increased levels of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-α [START_REF] Silvestroni | Distinct neuroinflammatory profile in post-mortem human Huntington's disease[END_REF]. Furthermore, monocytes isolated from HD patients as well as microglia and macrophages from several HD mouse models were hyperactive in response to LPS stimulation [START_REF] Bjorkqvist | A novel pathogenic pathway of immune activation detectable before clinical onset in Huntington's disease[END_REF]. Accordingly, Hsiao et al. compared the susceptibility of several transgenic mouse models of HD to inflammatory insult by systemic injection of LPS (Hsiao et al., 2013). They found that R6/2 and Hdh150 mice were particularly vulnerable to LPS whereas N171-82Q mice, expressing mHtt predominantly in neurons, did not show enhanced inflammatory response. This result suggests that expression of mHtt in glial cells might participate in the inflammatory phenotype in HD. In a recent and elegant work, Crotti et al. have studied mHttinduced alteration of the transcriptome in a microglial cell line expressing mHtt. They found that expression of mHtt is sufficient to induce the expression of pro-inflammatory genes, some of which were also increased in the striatum and cortex of R6/2 mice and patients with HD. Importantly, in neuron-microglia co-culture, expression of mHtt in microglia increases the number of apoptotic neurons. In addition, to evaluate the specific contribution of mHtt expression in microglia, authors used Cx3cr1-Cre x Rosa-HD150 knock-in mice, which expressed mHtt only in microglia and not in other cells of the myeloid lineage. After LPS injection, mHtt expression in microglia led to higher neuronal death than in WT mice [START_REF] Crotti | Mutant Huntingtin promotes autonomous microglia activation via myeloid lineage-determining factors[END_REF].

Overall, these results suggest that both central and peripheral immune cells exhibit abnormal immune activation in HD.

In addition, alterations of specific metabolic pathways or receptor-mediated signaling in microglia might contribute to neuronal toxicity in HD. For example, evidence suggests that the kynurenine (KYN)

pathway is involved in excitotoxic mechanisms observed in HD. Indeed, tryptophan degradation through the KYN pathway produces QA, a well-known inducer of excitotoxic lesions and used as a model of HD. In particular, dysregulation of the KYN pathway in microglia would contribute increased excitotoxicity in HD, as only microglia express the enzymes allowing the synthesis of QA by the KYN pathway such as tryptophan, KYN or 3-hydroxykynurenine (3-HK) [START_REF] Schwarcz | Kynurenines in the mammalian brain: when physiology meets pathology[END_REF]. In the brain of patients with HD, QA levels are particularly increased in the cortex and the striatum, the two vulnerable regions in HD. Similarly, levels of 3-HK are also increased in HD patients and mouse models, to concentrations that could trigger excitotoxic damage. Importantly, this increase in microgliareleased molecules correlates with microglial activation [START_REF] Schwarcz | Kynurenines in the mammalian brain: when physiology meets pathology[END_REF].

The endocannabinoid receptor signaling in microglia and immune cells has been involved in the pathogenesis of HD. Indeed, signaling through endocannabinoid receptor 2 (CB2) was shown to attenuate activation of the immune system. Deletion of CB2 receptor in microglia in the R6/2 mouse model of HD enhanced microglial activation and worsened disease phenotype [START_REF] Palazuelos | Microglial CB2 cannabinoid receptors are neuroprotective in Huntington's disease excitotoxicity[END_REF]. In addition, genetic deletion of CB2 in peripheral immune cells in the BACHD mouse model of HD resulted in increased motor symptoms and disease onset [START_REF] Bouchard | Cannabinoid receptor 2 signaling in peripheral immune cells modulates disease onset and severity in mouse models of Huntington's disease[END_REF]. At the cellular levels, it decreases microglial activation and loss of synapses. Administration of a peripherally restricted CB2 receptor antagonist blocks these beneficial effects in R6/2 mice [START_REF] Bouchard | Cannabinoid receptor 2 signaling in peripheral immune cells modulates disease onset and severity in mouse models of Huntington's disease[END_REF]. These results suggest that signaling through CB2 receptor both microglial and peripheral immune cell contribute to the disease phenotype.

Taken together, these results suggest that alterations of the immune response both in the CNS and in the periphery actively contribute to HD pathogenesis. Especially, expression of mHtt in microglia or immune cells resulted in hyper-reactivity to inflammatory stimuli and potentiates mHtt toxicity on neurons.

The presence of reactive astrocytes, activated microglia and immune cells is a hallmark of HD. In fact, the role of this reactivity and its contribution to HD phenotype are poorly understood. In the case of astrocytes, this feature is not well reproduced in mouse models. Therefore, while astrocytes appear dysfunctional in HD, the contribution of their reactivity to the impairment of their functions is not known.

In conclusion, while HD is mainly characterized by the selective vulnerability of MSNs, the ubiquitous expression of mHtt results in the impairment of cellular functions in various cell types, which contributes to the disease phenotype.

e) Therapeutic strategies

There is currently no available treatment for HD. The medication of patients with HD involves the symptomatic treatment of some of the psychologic and motor symptoms. Anti-depressants, neuroleptics and mood stabilizers are used to treat depression and some of the psychiatric symptoms.

Anti-convulsant, benzodiazepines or DA-depleting agents are used for the treatment of motor symptoms (Ross and Tabrizi, 2011).

There are several ongoing clinical trials (phase 2-3) to assess the effect of therapeutic molecules including coenzyme Q10 and creatine in HD patients. Coenzyme Q10 (Q10) is an electron acceptor for the mitochondrial complex II-III, which has strong antioxidant properties. Early study showed that Q10 protected against mitochondrial dysfunction and oxidative stress in toxin and transgenic mouse models of HD [START_REF] Beal | Coenzyme Q10 and nicotinamide block striatal lesions produced by the mitochondrial toxin malonate[END_REF]. Q10 extended survival and delayed motor symptoms in the R6/2 and N171-82Q mouse models of HD [START_REF] Ferrante | Therapeutic effects of coenzyme Q10 and remacemide in transgenic mouse models of Huntington's disease[END_REF]. Later on, Smith et al. tested higher doses of Q10 in the R6/2 mouse model of HD. Q10-treated mice showed decreased weight loss, striatal atrophy and mHtt aggregates than non-treated animals [START_REF] Smith | Dose ranging and efficacy study of high-dose coenzyme Q10 formulations in Huntington's disease mice[END_REF]. There is currently an ongoing Phase 3 clinical trial (end 2017) to assess the safety, long-term tolerability and effectiveness of Q10 to slow HD symptoms.

Similarly, creatine is a promising therapeutic molecule for HD. There is compelling evidence from studies on animal models that creatine corrects energy deficits associated with HD. Creatine improved survival, delayed brain and MSN atrophy and reduced the formation of Htt aggregates in R6/2 mice [START_REF] Ferrante | Neuroprotective effects of creatine in a transgenic mouse model of Huntington's disease[END_REF]. In patients with HD, creatine delayed cortical and striatal atrophy with a good tolerability at high doses [START_REF] Rosas | PRECREST: a phase II prevention and biomarker trial of creatine in at-risk Huntington disease[END_REF]. There is currently a Phase 3 clinical trial (CREST-E) to assess the safety, tolerability and effectiveness of pharmaceutical creatine.

Several other therapeutic approaches are developed such as experimental strategies to decrease mHtt expression (gene silencing), targeting specific cellular dysfunction (mHtt degradation, apoptosis)

or strategies to increase trophic support in the striatum and promote MSN survival.

For example, gene silencing can be achieved by the intracerebral injection of synthetic complimentary RNA such as short-hairpin RNA (shRNA), micro RNA (miRNA), small interfering RNA (siRNA) or antisense oligonucleotides. Following base-pairing, the target RNA is degraded by a specific machinery in the cell (Ramaswamy and Kordower, 2012). In the context of HD, miRNA, shRNA and antisense oligonucleotides against Htt have been developed. As mentioned previously, Htt is involved in a number of neuronal functions and thus, gene silencing must target mHtt and preserve Htt expression. A strategy is to design interfering RNA that target heterozygous single-nucleotide polymorphism (SNP) in the htt gene [START_REF] Schwarz | Designing siRNA that distinguish between genes that differ by a single nucleotide[END_REF]. In a study carried out in the laboratory, shRNA targeting htt SNP allowed the selective degradation of mHtt in a rat and mouse model of HD.

Furthermore, htt silencing in human embryonic stem cells (hESC) was associated with functional recovery of BDNF transport [START_REF] Drouet | Allele-specific silencing of mutant huntingtin in rodent brain and human stem cells[END_REF]. However it may not even be necessary to only target mHtt and preserve WT Htt expression. In rhesus macaque monkeys, two studies showed that viral-delivery of shRNA and miRNA against total Htt decreased its expression and was well tolerated Other strategies involve the stimulation of endogenous degradation pathways in cells to enhance the clearance of mHtt. Several studies showed that enhancing the UPS and autophagy degradation pathways cleared mHtt and were beneficial in models of HD [START_REF] Schapira | Slowing of neurodegeneration in Parkinson's disease and Huntington's disease: future therapeutic perspectives[END_REF]. Recently, a genetic screening for siRNA that regulate mHtt expression in a fly model of HD, allowed the identification of ubiquitin-like protein 1. It decreases mHtt levels by enhancing mHtt polyubiquitination and proteasomal degradation [START_REF] Lu | Identification of NUB1 as a suppressor of mutant Huntington toxicity via enhanced protein clearance[END_REF].

All these therapeutic approaches directly target neurons and for now, resulted in limited neuroprotective effects in patients with HD. In the laboratory, a model of CNTF overexpression in the striatum through lentiviral gene transfer showed drastic neuroprotective effects in models of HD (Escartin et al., 2006). Interestingly, CNTF is a potent activator of astrocytes and it was shown that the neuroprotective effects of CNTF were associated with increased efficiency of glutamate reuptake by activated astrocytes (Escartin et al., 2006). Therefore, CNTF represents a promising therapeutic molecule that stimulates astrocyte endogenous properties of support to promote MSN survival. The pre-clinical phase of a Phase I/II clinical study is ongoing in the laboratory to validate the safety of lentiviral vectors encoding CNTF in rodent and primate models of HD.

In conclusion, HD is characterized by the alteration of multiple cellular functions, both in neurons and other cell types in the CNS and the periphery. Therefore, while a hallmark of HD is the vulnerability of MSN, dysfunction of many other cell types and cell-cell interactions are likely to be altered to overall contribute to HD pathogenesis. Basic research has provided insights into the pathogenesis of HD but there are still controversial issues such as the role of mHtt aggregates or the contribution of reactive astrocytes. Expression of mHtt alters a number of essential cellular functions, especially in vulnerable neurons. Therefore, it might appear unrealistic to restore all these functions to develop a treatment for HD. Instead, the development of new approaches to influence astrocyte reactivity towards a neuroprotective phenotype would represent an alternative therapeutic strategy.

2) Reactive astrocytes in Alzheimer's disease

In this PhD project, we studied astrocyte reactivity and the activation of the JAK2/STAT3 pathway in reactive astrocytes in mouse models of HD and AD (Results, § III. A). We then assessed the consequences of manipulating astrocyte reactivity specifically in HD models (Results, § III. C).

Therefore, I will only introduce key features of AD, which are relevant to understand the results section. The reader is invited to refer to recent and extensive reviews on the topic [START_REF] Giacobini | Alzheimer disease therapy--moving from amyloid-beta to tau[END_REF][START_REF] Reiman | Alzheimer's disease and other dementias: advances in 2013[END_REF].

AD is a neurodegenerative disorder and represents the most common form of dementia, characterized by cognitive deficits including learning impairment and memory loss [START_REF] Katzman | Alzheimer's disease[END_REF] appeared more susceptible to inflammatory insults than WT mice. For example, TNFα overexpression led to microglial activation and peripheral immune cell infiltration in the brain of 3xTg-AD but not WT mice [START_REF] Janelsins | Chronic neuron-specific tumor necrosis factor-alpha expression enhances the local inflammatory environment ultimately leading to neuronal death in 3xTg-AD mice[END_REF]. After intracerebral injection of recombinant Aβ in the rat cortex, reactive astrocytes upregulated pro-inflammatory cytokines [START_REF] Carrero | Oligomers of beta-amyloid protein (Abeta1-42) induce the activation of cyclooxygenase-2 in astrocytes via an interaction with interleukin-1beta, tumour necrosis factor-alpha, and a nuclear factor kappa-B mechanism in the rat brain[END_REF]. This effect was associated with activation of the NF-κB pathway in reactive astrocytes. In addition, recent evidence showed that Aβ increased the activity of the IKK complex resulting in the phosphorylation and degradation of IκBα.

In turn, this led to the activation of NF-κB and subsequent increased expression of pro-inflammatory cytokines [START_REF] Medeiros | The role of TNF-alpha signaling pathway on COX-2 upregulation and cognitive decline induced by beta-amyloid peptide[END_REF].

Taken together these results demonstrate that many astrocyte functions are altered in AD. Reactive astrocytes play a pivotal role and contribute to regulate various aspects to neuronal toxicity in AD.

However, it is to note that a marjority of these studies have been performed in culture, whereby astrocytes and neurons are experimentally challenged with Aβ. Recent findings with transgenic mouse models, ex vivo and in vivo studies may provide a more integrated view of neuron-glia interactions to determine of the contribution of reactive astrocytes in AD. 

3) Reactive astrocytes in other ND

2009).

In the case of astrocytes, there is compeling evidence from human brains and transgenic models that astrocyte dysfunction precede the appearance of symptoms and that they participate in disease phenotype. Indeed, GLT-1/ EAAT2 expression is decreased in patients with ALS as well as in mouse models [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF]. Restricted expression of mSOD1 in astrocytes induced their reactivity but was not sufficient to trigger ALS phenotype in transgenic mice, suggesting that astrocytes are not directly responsible for neuronal toxicity ( example, in human primary astrocytes expressing mSOD1, NOX2 activation led to the production of superoxide. This effect was toxic for hESC-derived motor neurons [START_REF] Marchetto | Non-cell-autonomous effect of human SOD1 G37R astrocytes on motor neurons derived from human embryonic stem cells[END_REF].

In addition, glial precursor cells carrying mSOD1 were grafted in the spinal cord of WT rats. After differentiation in astrocytes, mSOD1 expressing glial cells caused motor symptoms associated with motor neurons dysfunction and decreased GLT-1 expression [START_REF] Papadeas | Astrocytes carrying the superoxide dismutase 1 (SOD1G93A) mutation induce wild-type motor neuron degeneration in vivo[END_REF]. More recent evidence showed that astrocytes derived from progenitor cells of human spinal cord also displayed non-cell autonomous toxicity and promoted motor neuron death in co-culture experiments (Haidet-

Phillips et al., 2011).

Overall, these results show a negative contribution of reactive astrocytes to ALS disease progression.

Thus, targeting altered astrocytic functions is promising for developing therapeutic strategies for ALS.

In this context, β-lactam antibiotics have been idenditied by high-throughput to enhance astrocytemediated glutamate uptake. This function was neuroprotective in vitro and in vivo in models of ALS and excitotoxicity [START_REF] Rothstein | Beta-lactam antibiotics offer neuroprotection by increasing glutamate transporter expression[END_REF]. Ceftriaxone, β-lactam antibiotic, has been used for the treatment of ALS in a clinical trial whose phase III has terminated this year (ClinicalTrials.gov NCT00349622).

c) PD

PD is a frequent neurodegenerative disorder characterized by motor symptoms such as resting tremor, bradykinesia and rigidity [START_REF] Jankovic | Parkinson's disease: clinical features and diagnosis[END_REF]. Patients with PD also present with non-motor symptoms such as sleep disturbances, mood disorders and depression [START_REF] Jankovic | Parkinson's disease: clinical features and diagnosis[END_REF]. As for many other ND, most of PD cases are sporadic and 3-5% of cases are familial. At the cellular level, PD is characterized by the selective loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), the presence of cytoplasmic inclusions of α-synuclein and neuroinflammation [START_REF] Hirsch | Pathogenesis of Parkinson's disease. Movement disorders : official journal of the Movement[END_REF]. Most of the pathogenic mechanisms involved in PD come from the study of the cellular alterations after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication. This toxin induces a parkinsonian syndrome in humans, non-human primates and mice by causing the selective death of dopaminergic neurons in the SNpc [START_REF] Hirsch | Neuroinflammation in Parkinson's disease: a target for neuroprotection?[END_REF]. PD pathogenesis involves many cellular alterations such as mitochondrial dysfunction, oxidative stress or altered proteolysis. A central feature in PD is neuroinflammation that involves microglia; peripheral immune cells but also astrocytes [START_REF] Hirsch | Neuroinflammation in Parkinson's disease: a target for neuroprotection?[END_REF]. There is evidence that astrocyte participate in PD pathogenesis through the alteration of their support functions to neurons and their contribution to inflammatory processes. For example, restricted expression of mutated α-synuclein (A53T) in astrocytes caused motor symptoms, shortened lifespan in transgenic mice [START_REF] Gu | Astrocytic expression of Parkinson's diseaserelated A53T alpha-synuclein causes neurodegeneration in mice[END_REF]. At the cellular levels, expression of mutated α-synuclein in astrocytes resulted in enhanced microglial activation, expression of pro-inflammatory markers and neuronal loss in the mindbrain and spinal cord of PD mice [START_REF] Gu | Astrocytic expression of Parkinson's diseaserelated A53T alpha-synuclein causes neurodegeneration in mice[END_REF].

While microglial contribution to pathogenesis is more studied in PD, there is also evidence for an influence of reactive astrocytes to disease phenotype. Thus, targeting specifically altered astrocytic functions might represent new therapeutic strategies to restore their functional support to neurons.

In conclusion, in patients with ND as well as in various animal models, reactive astrocytes display numerous changes in gene, protein expression or released molecules. Most of evidence points towards a deleterious role of these changes in reactive astrocytes on surrounding neurons. However, only few studies have directly evaluated the link between astrocyte reactivity and their deleterious effects on neurons. In particular, evidence showed that astrocytes could be dysfunctional without displaying a reactive phenotype. Therefore, it is important to dissect more precisely the functional changes and intracellular signaling pathways triggering astrocyte reactivity that are elicited in specific pathological conditions.

D. Are reactive astrocytes beneficial or detrimental for neurons?

Neuron-astrocyte interactions are essential for many brain functions. In addition, there is compelling evidence that reactive astrocytes can exert both beneficial and detrimental effects on neurons that influence disease progression (Escartin and Bonvento, 2008; Sofroniew and Vinters, 2010 and see II.C ). Therefore, the role of reactive astrocytes in the pathological CNS is an ongoing debate.

This issue is gaining more and more attention as most of the therapeutic strategies targeting exclusively neurons, have failed. Thus, understanding the contribution of reactive astrocyte to various CNS pathologies may help identify alternative therapeutic targets.

1) How specific astrocyte functions are modified when they are reactive? Evidence from experimentally activated astrocytes

In the first part of the introduction, I cited studies that have mainly described alterations of astrocyte functions in the context of specific pathological conditions. Here, I will present evidence highlighting an active role of reactive astrocytes in disease processes.

Reactive astrocytes can exert beneficial functions that support neurons through various functions including uptake of glutamate, release of trophic factors, antioxidant defense, metabolic support, degradation of aggregated proteins, BBB repair and glial scar formation. Alternatively, reactive astrocytes can also release pro-inflammatory molecules and thus exacerbate neuroinflammation. They can alter ionic homeostasis (K + ), releasing glutamate, produce ROS or contribute to cerebral oedema.

To study functional changes in reactive astrocytes and their impact on neurons, several studies have used various approaches (cytokines, growth factors or abnormal protein expression) to induce astrocyte activation and dissect their functional changes in a non-pathological context.

a) Metabolic and trophic support to neurons

Cytokines are known-inducers of astrocyte reactivity and can influence their metabolic status. Indeed, overexpression of CNTF in the rat striatum, through lentiviral gene transfer leads to robust astrocyte activation (Escartin et al., 2006). Furthermore, CNTF-activated astrocytes displayed rearrangement of their metabolic pathways, which provide them with increased resistance to metabolic insults. This was associated with neuroprotective effects of CNTF astrocytes after metabolic challenges in vitro (Escartin et al., 2007). In addition, stimulation of astrocytes with other cytokines resulted in changes in their metabolic pathways. For instance, pro-inflammatory cytokines such as IL-1β or TNFα stimulated glucose utilization, whereas anti-inflammatory cytokines IL-4 and IL-10 decreased the basal rate of glucose utilization in primary astrocyte cultures [START_REF] Gavillet | Modulation of astrocytic metabolic phenotype by proinflammatory cytokines[END_REF]Belanger et al., 2011a).

Cytokine-activated astrocytes have been shown to release various molecules that have trophic or toxic effects on neurons. For example, activation of cultured spinal cord astrocytes by CNTF or IL-1β stimulated the release of FGF-2. This was associated with increased neuronal survival and neurite outgrowth in vitro [START_REF] Albrecht | Ciliary neurotrophic factor activates spinal cord astrocytes, stimulating their production and release of fibroblast growth factor-2, to increase motor neuron survival[END_REF]. Conversely, IL-1, a known trigger of astrocyte activation, stimulated the release of pro-and anti-inflammatory molecules including cytokines (IL-6, IL-8, TNFα), chemokines (CCL5), NO, matrix metalloproteinases (MMP-9) and growth factors (NGF, CNTF, bFGF, PDGF) [START_REF] Pinteaux | Cell-specific and concentration-dependent actions of interleukin-1 in acute brain inflammation[END_REF]. Similarly, cultured astrocytes stimulated with inflammatory mediators such as TGFβ 1, LPS or IFNγ alone or in combination upregulated various genes encoding cytokines, chemokines or growth factors (Hamby et al., 2012). This feature of reactive astrocytes was also reported in vivo, after MCAO and LPS injection [START_REF] Zamanian | Genomic analysis of reactive astrogliosis[END_REF].

Taken together, these results demonstrate the pivotal role of reactive astrocytes. Cytokine-stimulated astrocytes increased their metabolic support to neurons, which is neuroprotective in vitro. They can also release multiple anti-inflammatory cytokines or growth factors that favor neuronal survival. By contrast, reactive astrocyte can also increase their release of potentially neurotoxic molecules such as pro-inflammatory cytokines or NO.

b) Glutamate and excitotoxicity

Astrocytes reuptake glutamate from the synaptic cleft and thus prevent excitotoxic neuronal death in the brain. As previously mentioned, dysfunction of astrocyte glutamate transporters is observed in different pathological conditions such as ischemia or in ND [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF].

Cytokine-stimulated astrocytes provided insights on the modulation of glutamate uptake by astrocytes.

For example, CNTF-activated astrocytes strongly protected striatal neurons against excitotoxicity by QA (Escartin et al., 2006). This protection was associated with better handling of glutamate through a redistribution of glutamate transporters to lipid rafts at the plasma membrane (Escartin et al., 2006).

In primary culture, astrocyte activation by cytokines (IL-1β, TNFα, IFNγ) induced variable effects on glutamate uptake by astrocytes and thus results are controversial ( 

e) Synaptic transmission

Astrocytes regulate different aspects of the synaptic transmission. For example, astrocytes reuptake synaptically released glutamate and allow the replenishement of pre-synaptic vesicles through the glutamate-glutamine cycle involving the astrocytic enzyme, GS. Decreased GS expression is associated with an impaired inhibitory transmission. Indeed, decrease glutamine in the presynaptic element results in a decrease in GABA release at inhibitory synapses [START_REF] Clasadonte | Astrocytes and Epilepsy[END_REF]. In a recent study, Ortinski et al. used high-titer of viral vector encoding GFP to target hippocampal astrocytes and induce their activation. Astrocytes, activated with this non-specific approach, displayed decreased GS expression that was associated with altered GABAergic transmission in the hippocampus of mice [START_REF] Ortinski | Selective induction of astrocytic gliosis generates deficits in neuronal inhibition[END_REF].

Taken together, these results showed that numerous astrocyte functions are modified with their reactive status. Reactive astrocytes play a pivotal role and can exert both beneficial and detrimental effects on neurons. For example, cytokine-stimulated astrocytes are neuroprotective against excitotoxic or metabolic insults, increased neuronal antioxidant defense or promote neurite outgrowth.

By contrast, activated astrocytes can also exert detrimental effects on neurons either by releasing of pro-inflammatory molecules or by change in astrocyte protein expression that impact neuron-astrocyte interactions. In any case, it is necessary to understand the functions of reactive astrocytes in order to manipulate these cells towards a neuroprotective phenotype.

In this context, several approaches have been developed to understand different aspects of astrocyte reactivity such as morphological changes, proliferation or more generally, intracellular targets.

2) Genetic ablation of astrocyte intermediate filaments

A hallmark of astrocyte reactivity is the upregulation of intermediate filament (IF) proteins such as GFAP and vimentin. In order to understand the role of IF in reactive astrocytes functions, transgenic mice simple KO for GFAP -/-or Vim -/-or double GFAP -/-Vim -/-were developed. It is important to note, that IF upregulation is a terminal event in astrocyte reactivity process. Thus, the KO of these proteins might not be relevant to understand the effects of molecular trigger of astrocyte reactivity.

In the original paper, Pekny et al. showed that, after brain or spinal cord injury, simple KO GFAP -/-and Vim -/-mice display normal glial scars, similar to WT mice. By contrast, GFAP -/-Vim -/-astrocytes were not able to form a glial scar suggesting a synergistic effect of both intermediate filament proteins.

Because of the lack of compensatory mechanism by other IF such as nestin, it was suggested that nestin required GFAP and vimentin expression to polymerize [START_REF] Pekny | Abnormal reaction to central nervous system injury in mice lacking glial fibrillary acidic protein and vimentin[END_REF]. Thus, GFAP -/-Vim -/mice displayed attenuated astrocyte reactivity and glial scar formation in various models of brain injuries [START_REF] Pekny | Abnormal reaction to central nervous system injury in mice lacking glial fibrillary acidic protein and vimentin[END_REF]. Later on, this model has been widely used to study the role of IF in reactive astrocytes in various acute injury models. After entorhinal cortex axon transection, GFAP -/-Vim -/-astrocytes displayed less hypertrophic primary processes while their overall volume was equivalent to those of WT astrocytes [START_REF] Wilhelmsson | Absence of glial fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration[END_REF]. In this injury model, KO of IF was beneficial as GFAP -/-Vim -/-astrocytes displayed higher synapse number than WT mice at 14 days postlesion. It is to note, however, that this effect was not observed at earlier stages of the recovery process [START_REF] Wilhelmsson | Absence of glial fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration[END_REF]. 

Ablation

2013).

After medial cerebral artery (MCA) transection, a model of cerebral ischemia, GFAP -/-Vim -/-mice displayed larger infarct volume than WT mice 7 days post-ischemia [START_REF] Li | Protective role of reactive astrocytes in brain ischemia[END_REF]. Conversely, in the Rose Bengal-induced cerebral cortical photothrombotic stroke, elicited in the forelimb motor area, Liu et al. showed that GFAP -/-Vim -/-mice displayed impaired (or delayed) functional recovery (Liu et al., 2014). In this study, the stroke volume was similar in GFAP -/-Vim -/-and WT mice but behavioral functional recovery was impaired in GFAP -/-Vim -/-mice and associated with increased expression of chondroitin sulfate proteoglycan, a well-known inibibitor of axonal regeneration.

Taken together, these results highlight the complex contribution of astrocyte IF to functional recovery after CNS injury. Indeed, outcomes strongly depend on the type of injury (SCI, axonal transection, stroke, retinal detachment) and are even variable when considering different models of the same injury (spinal chord hemisection and peripheral sciatic nerve transection for SCI or MCA and Rosebengal phototrombolysis for stroke).

Disruption of reactive astrocyte cytoskeleton was also studied in chronic pathological conditions such as in ND models. For example, In the SOD1H46R mouse model of ALS, genetic ablation of GFAP and vimentin led to shorter lifespan [START_REF] Yoshii | Loss of glial fibrillary acidic protein marginally accelerates disease progression in a SOD1(H46R) transgenic mouse model of ALS[END_REF] while in the APP/PS1dE9 AD mice, it increased amyloid β load and the number of dystrophic neurites in the hippocampus [START_REF] Kraft | Attenuating astrocyte activation accelerates plaque pathogenesis in APP/PS1 mice[END_REF]. These results suggest an essentially beneficial effect of reactive astrocytes IF in ND models.

Overall, the genetic ablation of IF in reactive astrocytes was used to determine their contribution in various injury or disease models. Results are heterogenous and suggest that the roles of IF upregulation in reactive astrocytes might be complex and context-depend. Furthermore, the functional consequences of cytoskeleton disruption on reactive astrocyte functions are difficult to assess in these models and knocking out intermediate filaments may impact multiple brain functions [START_REF] Shibuki | Deficient cerebellar long-term depression, impaired eyeblink conditioning, and normal motor coordination in GFAP mutant mice[END_REF].

3) Ablation of scar-forming proliferating astrocytes

Another strategy used to evaluate the contribution of reactive astrocytes to CNS injury is the ablation of scar-forming proliferating astrocytes. This elegant model is based on the expression of the viral enzyme thymidine kinase (TK) in astrocytes in presence of ganciclovir (GFAP-TK) [START_REF] Bush | Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice[END_REF].

Ganciclovir is metabolized in TK-expressing cells into a toxic product, which inhibits DNA polymerase and leads to cell death. Therefore, this system allows the selective ablation of cells expressing TK and undergoing proliferation [START_REF] Freeman | In situ use of suicide genes for cancer therapy[END_REF].

This model was initially developped to suppress proliferating enteric glia involved in the fulminant jejuno-ileitis [START_REF] Bush | Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice[END_REF]. Later on, this approach was used in various CNS injury models including SCI and TBI and demonstrated multiple beneficial effects of proliferating astrocytes [START_REF] Bush | Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice[END_REF][START_REF] Faulkner | Reactive astrocytes protect tissue and preserve function after spinal cord injury[END_REF][START_REF] Myer | Essential protective roles of reactive astrocytes in traumatic brain injury[END_REF]. Indeed, after SCI, disruption of glial scar formation led to increased infiltration of peripheral immune cells, enhanced neuronal death and demyelination. These effects were associated with worsened functional recovery of motor performances. Following controlled cortical impact lesion, a model of TBI, again, ablation of proliferating astrocytes exacerbated cortical neuron loss and inflammation [START_REF] Myer | Essential protective roles of reactive astrocytes in traumatic brain injury[END_REF]. More recently, this strategy was used to determine the contribution of proliferating astrocytes in models of chronic pathological conditions such as ND. In the experimental autoimmune encephalopathy (EAE) model of MS, GFAP-TK mice also showed disrupted perivascular scars and increased leukocyte infiltration [START_REF] Voskuhl | Reactive astrocytes form scar-like perivascular barriers to leukocytes during adaptive immune inflammation of the CNS[END_REF]. Overall, these convincing results showed that glial scar-forming reactive astrocytes are beneficial in a number of acute pathological conditions. These results are drastically opposed to the classical view of the glial scar especially after SCI (Burda and Sofroniew, 2014). In fact, glial-scar forming astrocytes act as a barrier to limit immune cell extravasation in the CNS parenchyma. These results are consistent with results obtained in the SOD1G93A mouse model of ALS, where astrocyte reactivity is diffused and progressive, without glial scar formation and immune cell infiltration. In this model, ablation of proliferating astrocytes had no effect on disease outcomes [START_REF] Lepore | Selective ablation of proliferating astrocytes does not affect disease outcome in either acute or chronic models of motor neuron degeneration[END_REF]. These results can furthermore be explained by the fact that proliferating astrocytes represents only a small fraction of reactive astrocytes in ND models [START_REF] Lepore | Selective ablation of proliferating astrocytes does not affect disease outcome in either acute or chronic models of motor neuron degeneration[END_REF][START_REF] Sirko | Reactive glia in the injured brain acquire stem cell properties in response to sonic hedgehog. [corrected][END_REF].

4) Manipulation of intracellular signaling pathways to interfere with reactive astrocytes in pathological conditions

Several studies developed approaches to interfere with intracellular signaling pathways associated with astrocyte reactivity.

a) The NF-κB pathway Activation of the NF-κB pathway in reactive astrocytes was also studied in HD. In primary culture of astrocytes from R6/2 mouse model of HD, IKK activity was higher that in WT astrocytes (Hsiao et al., 2013). In this study, they used a lentiviral vector to overexpress a dominant negative form of IKKγ, to block NF-κB in the striatum of R6/2 mice. DN-IKKγ-injected ameliorated motor performances of R6/2 mice and prevented MSNs shrinkage (Hsiao et al., 2013). However, the lentiviral construct encoding DN-IKKγ infected astrocytes as well as neurons and microglia and thus the contribution of interfering with astrocytic NF-κB on disease phenotype cannot be ruled out.

It is to consider that, in most of the studies using GFAP-IkBα-dn transgenic mice, the cell-type specificity of both NF-κB activation and blockade of astrocyte reactivity by IkBα overexpression was not controlled. Because those mice display altered NF-κB signaling in GFAP + cells, developmental effects and/or alteration of NF-κB signaling in other cell types cannot be ruled out. Therefore, care is needed when interpretating the consequences of the NF-κB signaling in reactive astrocytes on injury or disease outcomes.

b) The JAK/STAT pathway

As previously mentioned, activation of the JAK/STAT pathway is well correlated with astrocyte reactivity in many disease models. Several studies used transgenic mouse models to interfere with the JAK2/STAT3 pathway in reactive astrocytes. In this context, they found that reactive astrocytes mainly Altogether, these results suggest that activation of the JAK2/STAT3 pathway in reactive astrocytes is beneficial effects on neuronal survival and ameliorated injury/disease phenotype.

c) The CN signaling pathways In cerebellar neuron-astrocyte co-culture experiments, transfection of astrocytes with a constitutively active form of CN protected neurons from inflammatory insults such as stimulation with TNFα and LPS [START_REF] Fernandez | Calcineurin in reactive astrocytes plays a key role in the interplay between proinflammatory and antiinflammatory signals[END_REF]. Interestingly, the same strategy in transgenic mice also protected neurons after acute brain injury or LPS injection [START_REF] Fernandez | Calcineurin in reactive astrocytes plays a key role in the interplay between proinflammatory and antiinflammatory signals[END_REF]. Expression of a constitutively active form of CN in the APP/PS1dE9 mouse model of AD resulted in decreased astrocyte and microglial reactivity as well as decreased Aβ levels, amyloid plaques. These effects were associated with an amelioration of cognitive functions in AD mice [START_REF] Fernandez | Regulation of the phosphatase calcineurin by insulin-like growth factor I unveils a key role of astrocytes in Alzheimer's pathology[END_REF]. Interestingly, the beneficial effects of CN were mediated by the blockade of TNFα-mediated NF-κB activation and subsequent production of pro-inflammatory cytokines [START_REF] Fernandez | Regulation of the phosphatase calcineurin by insulin-like growth factor I unveils a key role of astrocytes in Alzheimer's pathology[END_REF].

The opposite strategy was used to manipulate the CN pathway in reactive astrocytes in the APP/PS1dE9 mouse model of AD. In this study, authors used an adeno-associated viral vector encoding VIVIT, an inhibitor of NFATs to block CN/NFAT signaling in hippocampal astrocytes [START_REF] Furman | Targeting astrocytes ameliorates neurologic changes in a mouse model of Alzheimer's disease[END_REF]. It resulted in the improvement of cognitive functions, ameliorated synaptic plasticity and lowered amyloid levels in AD mice [START_REF] Furman | Targeting astrocytes ameliorates neurologic changes in a mouse model of Alzheimer's disease[END_REF]. Altogether, these results

suggest that the CN pathway in reactive astrocytes is a double-edged component that can have strong anti-inflammatory and neuroprotective functions in acute injuries but has opposite effects in chronic pathological conditions such as AD.

d) The FGF signaling pathway

As previously mentioned, the FGF pathway has recently been proposed as a negative regulator of astrocyte reactivity [START_REF] Kang | Astrocyte activation is suppressed in both normal and injured brain by FGF signaling[END_REF]. Indeed, they showed that fgfr-1 fl/fl x fgfr-2 fl/fl x fgfr-3 -/-mice displayed increased astrocyte reactivity both in naive mice and after stab wound injury in the cortex.

However, they showed that this disruption of the FGF signaling did not influence neuronal survival following brain injury [START_REF] Kang | Astrocyte activation is suppressed in both normal and injured brain by FGF signaling[END_REF].

Taken together, these data highlight that astrocyte reactivity is a complex mechanism, triggered by a variety of molecules. This intrinsic variability is further increased by the fact that these studies used different approaches (pharmacological inhibitors, transgenic mice and viral gene transfer) in a variety of injury or disease models (SCI, TBI, EAE, ND) that cannot be easily compared with one another.

Furthermore, it is interesting to note that most of these studies used strategies to interfere with astrocyte reactivity to determine its effects on disease progression and neuronal survival. None of these studies have investigated reactive astrocytes "by themselves" to understand which and how their physiological functions are modified by their reactive status. Considering the number of essential functions that astrocytes fulfill in the healthy brain, it will be of great interest to decipher how these functions are modified with astrocyte reactivity. This would help identify new therapeutic targets to enhance neuroprotective functions of reactive astrocytes and decrease negative effects of neuroinflammation, especially in the context of ND, which remain incurable.

E. Objectives of the PhD project

Astrocytes are pleiotropic cells that display numerous support functions allowing the maintenance of brain homeostasis. Upon both acute and chronic pathological conditions, astrocytes become reactive.

In particular, astrocyte reactivity is a hallmark of many ND, such as AD or HD. In ND, whether the multiple supportive functions of astrocytes are modified by their reactivity is a matter of intense debate.

In particular, conflicting reports regarding the impact of reactive astrocytes on ND have been published recently (Furman et 

II. MATERIAL AND METHODS

A. Viral vectors 1) Lentiviral vectors

Lentiviral vectors are derived from the human immunodeficiency virus-1. They are deleted for wildtype viral proteins and thus called "self-inactivating" [START_REF] Zufferey | Self-inactivating lentivirus vector for safe and efficient in vivo gene delivery[END_REF]. Lentiviral vector integrate their genetic material into the genome of infected cells, which allow stable transgene expression over time [START_REF] Deglon | Self-inactivating lentiviral vectors with enhanced transgene expression as potential gene transfer system in Parkinson's disease[END_REF].

The MOK-pseudotyped lentiviral vectors contain four copies of the target sequence of the neuronal miRNA124 (miR124T/MOK). Therefore, when the transgene is expressed into neurons, the mRNA is degraded through the microRNA degradation system. The remaining transgene expression is restricted at approximately 89% to astrocytes (Colin et al., 2009).

For the production of lentiviral vectors, HEK293T were transiently co-transfected with four plasmids (Hottinger et al., 2000). First, the transfer plasmid encodes the gene of interest. This plasmid contains the Ψ sequence necessary for the encapsidation of the viral genome. The transfer plasmid is deleted of regulatory sequences in the 3'-LTR region, which decreases the risk of formation of replicative vectors and prevents interference with the host cell promoter [START_REF] Zufferey | Self-inactivating lentivirus vector for safe and efficient in vivo gene delivery[END_REF].

Second, a plasmid encodes different viral proteins (capsid, reverse transcriptase, integrase etc…).

Third, the regulator of expression of virion proteins (REV) plasmid encodes the rev gene. 

2) Adeno-associated viral vectors

Adeno-associated viral vectors are derived from an adeno-associated virus (AAV), a nonpathogenic human parvovirus. AAV are non-integrative, thus the viral genome remains as an extrachromosomal episome in the host cell nucleus [START_REF] Flotte | Adeno-associated virus vectors for gene therapy[END_REF]. AAV are characterized by their serotype that determines their tropism in the CNS, due to the binding of the viral capsid to specific receptors [START_REF] Wu | Adeno-associated virus serotypes: vector toolkit for human gene therapy[END_REF]). In the CNS, AAV-9 transduces astrocytes in vivo but also neurons and other cell types [START_REF] Cearley | Transduction characteristics of adeno-associated virus vectors expressing cap serotypes 7, 8, 9, and Rh10 in the mouse brain[END_REF]. To express transgenes of interest in astrocytes, a truncated form of the gfap promoter was used (gfaABC1D) [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF].

AAV vectors are produced by transient co-transfection of HEK293T cells with three plasmids. First, the AAV cis-plasmid carries the sequence of the gene of interest, under the control of the gfaABC1D promoter sequence. The transgene is flanked by two long inverted terminal repeats necessary for AAV genome replication. Second, the AAV trans-plasmid, which contains sequences encoding proteins necessary for AAV replication and capsid structure. Third, the adenovirus helper plasmid encoding the E1, E2A, E4, and VA proteins, is necessary for AAV vector replication.

Twenty-four hours after transfection, the HEK293T culture medium containing AAV particles is collected. The purification and concentration of AAV is performed using iodixanol gradient ultracentrifugation. The viral titer is determined using qPCR amplification of the viral genome (VG).

B. Mouse models of ND 1) Transgenic and lentiviral mouse models of ND

The table below summarizes the main characteristics of transgenic and lentiviral-based models of AD and HD that we used in this project. 

2) Genotyping of transgenic mouse lines

Genotyping by polymerase chain reaction was performed at 4-6 weeks of age for N171-82Q, Hdh140

and APP/PS1dE9 mice. The Kappa Genotyping Kit (Kappa biosystems, Wilmington, MA) was used for genotyping. DNA was extracted from tail samples using Kappa protease and amplified using Polymerase Chain Reaction (PCR). 2% agarose gel was used to migrate samples and verify amplicon size. The following oligonucleotide sequences were used for genotyping:

N171-82Q mice: N171-82Q-gen-F GAACTTTCAGCTACCAAGAAAGACCGTGT; N171-82Q-gen-R GTGGATACCCCCTCCCCCAGCCTAGACC; N171-82Q-pos-F CAAATGTTGCTTGTCTGGTG; N171-82Q -pos-RGTCAGTCGAGTGCACAGTTT.

APP/PS1dE9 mice: APP-F AGGACTGACCACTCGACCAG; APP-R CGGGGGTCTAGTTCTGCAT.

Hdh140 mice: Hdh-F CATTCATTGCCTTGCTGCTAAG; Hdh-R CTGAAACGACTTGAGCGACTC.

C. Stereotaxic injections

Mice and rats were anesthetized with a mixture of ketamine and xylazine (Table 2). Lidocaine was injected subcutaneously on the skull 5 min before the beginning of surgery (Table 2). Animals received stereotaxic injections of diluted viral vectors in the striatum, the subiculum or the CA1 region of hippocampus using a 10 µl Hamilton syringe via a 34 gauge blunt needle. The stereotaxic coordinates were determined using Bregma and the ventral coordinate measured from the dura (Table 2).

For lentiviral vectors injections, mice received a total of 2.5, 3 or 3.5 µl per injection site at a rate of 0.2 µl/min. Rats received a total of 3.5 µl per injection site at a rate of 0.25 µl/min. For AAV injections, mice received a total of 2 µl per injection site at a rate of 0.2 µl/min. At the end of the injection, the needle was left in place for 5 min before being slowly removed. The skin was sutured and mice were allowed to recover. 

D. Behavioral analysis

Behavioral tests were performed on N171-82Q HD transgenic and B6C3 (WT) control mice. Prior to any behavioral task, mice were habituated to the experimenter during 2 minutes per animal during 3 consecutive days. N171-82Q and WT mice were weighted once a week from 8 weeks of age and two times a week from 15 weeks of age.

1) Rotarod

The rotarod test is used to assess motor coordination in N171-82Q and WT mice. 

2) Open field

The open field test is used to assess spontaneous locomotor activity, exploratory behavior and anxiety in rodents. Animals were allowed to explore an arena, placed in a lighted room (30 lux), during 10 min.

Mice movements were recorded by a camera and analyzed using EthoVision XT software (Noldus, Netherlands). The software automatically calculated the total distance moved during the trial. In addition, several parameters were manually assessed: the number of rearing, grooming and defecations.

E. Histology 1) Fixation protocol and slicing

All animals were euthanized with sodium pentobarbital overdose. According to the experiment, they were either transcardially perfused with 4% paraformaldehyde (PFA) or their brains post-fixed 24h in 4%PFA. Brains were then cryoprotected in a 30% sucrose solution. Coronal brain sections (mouse: 30 µm; rats and non-human primates: 40 µm) were cut on a freezing microtome, collected serially. 8 series for mice and 10 for rats were generated and stored at -20°C in storage solution until further analysis.

2) Immunohistochemistry and histochemistry stainings

Slices were rinsed in 0.1M PBS and incubated in 0.3% H 2 0 2 to inactivate endogenous peroxidases.

For ubiquitin labeling, slices were incubated 1h in phenyhydrazine solution (1:1000) to further block peroxidase activity. For EM48 staining on brain slices from N171-82Q mice, slices were pretreated 20 min in TBS 0.05M, 0.05% Tween-20, pH=9 at 95°C. After rinsing, non-specific binding sites were blocked by incubation of slices in Normal Goat Serum (NGS) (10% for ubiquitin staining and 4.5% otherwise) in 0.1M PBS/ 0.2% Triton X-100 1 hour at room temperature. Slices were then incubated with primary antibodies (Table 4) 48h or overnight at 4°C under agitation. Slices were rinsed and incubated with secondary biotinylated antibodies (anti-mouse or anti-rabbit, Vector laboratories, Burlingame, United-Kingdom) for 1h at room temperature under agitation. After rinsing, slices were incubated with the ABC complex (Vector laboratories) containing the avidine-biotin complex coupled to a peroxidase (HRP). Brain slices were then rinsed and the revelation was performed with either DAB or VIP reagents (Vector laboratories). For cytochrome C oxidase (COX) histochemistry, brain slices were incubated for 6 h at 37°C in PB 0.1M, 4% sucrose, 50 mg DAB and 30mg COX (Sigma, St.Louis, MO).

After rinsing, brain slices were mounted on superfrost slices and dried. For DAB revelation, slices were dehydrated using alcohol and toluene whereas for VIP revelation, slices were dehydrated using acetone and toluene. Coverslips were mounted using Eukitt (Sigma).

3) Immunofluorescence stainings

Antigen retrieval protocols were used for STAT3, phospho-STAT3, 4G8 and BrdU stainings. For STAT3 and phospho-STAT3 immunofluorescence, slices were pretreated in 100% methanol at -20°C for 20 min to permeabilize cell membranes. For 4G8 staining, slices were pretreated in 70% formic acid for 5 min to retrieve epitopes in amyloid depositions. For BrdU labeling, slices were incubated in 2N HCl 30 min at 37°C to denaturate DNA. Brain sections were blocked in 0.1M PBS, 0.2% Triton-X100 and either 1% BSA for STAT3 or 4.5% NGS otherwise. Slices were then incubated with primary antibodies 36h for STAT3 and phospho-STAT3 antibodies and overnight at 4°C otherwise (Table 4).

After 

F. Quantification of immunostainings

Labeled brain sections were analyzed using brightfield, epifluorescence (DM6000, Leica, Nussloch, Germany) or confocal microscopy (LSM 510; Zeiss, Thornwood, NY and TCS SPE or SP8, Leica).

1) Volume quantification

The quantification of parameters relative to the injected area was performed on 2.5x, 5x or 10x mosaic images, acquired using an epifluorescence microscope (DM6000, Leica) with fluorescence (Retiga, Qimaging, Canada) or brightfield (Microflire, Olympus, Melville, NY) cameras and Morphostrider acquisition software (Explora nova, France). Images were processed using Image J software (http://imagej.nih.gov/ij/, Bethesda, MA). Lesion (loss of DARPP32, NeuN, COX) or injected areas (GFP + , GFAP + , EM48 + , ubiquitin + ) were manually segmented on each slice and corresponding volumes were estimated using the Cavalieri method:

V= Σ (A x n x k)

Where A is the segmented area on each slice; n is the number of slice series and k is the slice thickness. Alternatively, the GFAP + volume was quantified on confocal images (see § III.F.2).

2) Quantification of double labeling and thresholding

Quantifications at the cellular level were were performed on stacked confocal images (13-18 steps, Zstep: 1 µm, maximum intensity stack) acquired with the 40x objective on three slices per animal and three fields on each slice. The GFAP + area was measured on each 40x Z-stack image using the threshold function of Image J software. It was divided by the area of the image and expressed as a percentage.

The average number of GFAP + cells expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) was quantified on these images. In lenti-GFP-injected mice, we also quantified the average number of GFP + infected astrocytes co-expressing STAT3 (GFP + /STAT3 + cells), S100β (GFP + / S100β + cells) or GFAP (GFP + /GFAP + cells). Finally, astrocyte soma was manually segmented and the corresponding mean gray value for STAT3 staining was measured with Image J. We also determined the number of cells with a mean gray value for STAT3 over a fixed threshold for each experiment. These cells were considered as cells expressing high levels of STAT3. Unfortunately, the presence of autofluorescent puncta in the subiculum, made it impossible to quantify reliably the intensity of STAT3 staining in WT and 3xTg-AD mice. Microscope settings and Image J thresholds were identical for all images and mice, within each experiment.

The number of NeuN + cells and of EM48 + aggregates were quantified on histological stainings with DAB amplification with the threshold function of Morphostrider software (Explora Nova). The number of NeuN + cells was determined on three slices, anatomically corresponding to the injected area. For EM48 staining, the injected area was manually segmented and threshold applied to this region.

G. Cell culture

HEK293T cells were cultured in DMEM (Life technologies) supplemented with 10% fetal bovine serum (Sigma) and 1% penicicilin/streptomycin antibiotic cocktail (Sigma), at 37˚C with 5% CO 2 . 20-30% confluent HEK293T cells (density 750 000 cells/ well) were transfected with 5 μg of plasmids encoding stat3c, stat3copt, jak2, jak2 Y570F and jak2 T875N in 0.5M CaCl 2 and HEPES buffer saline 2X. Nontransfected cells were used as controls. Cultured medium was changed 4-6 hours after transfection.

Transgenes were expressed during 48h prior to cell lysis and protein extraction for western blot analysis (see § II. H.1).

H. Biochemistry 1) Protein extraction

Animals were euthanized by pentobarbital overdose. Brains were rapidly collected and sliced into 1mm-thick coronal sections using a brain matrix (Ted Pella, Redding, CA). The GFP + area was dissected on each slice using 1 mm (mice) or 1.5 mm (rats) diameter punches (Ted Pella) under a fluorescence macroscope (Leica Macrofluo, Leica). Alternatively, brain structure (striatum, dorsoanterior hippocampus) was dissected. Collected brain tissue was manually homogenized in a glassglass potter (20 times) in lysis buffer containing 50 mM Tris, 100 mM NaCl, 1% sodium dodecyl sulfate, 1X protease and 1/100 phosphatase cocktail inhibitors. Samples (punches) were homogenized in 50 μl/ punch of buffer for mice and 75 µl/ punch for rats. Brain structures were homogenized in 200-300 μl of lysis buffer. The protein concentration was determined using the BCA protein assay (Thermo Fisher Scientific, Rockford, IL) on separate aliquots (16-20 μl), stored at -80°C.

Aliquots of 30 to 90 μl were directly diluted in NuPAGE LDS sample buffer (4X) with NuPAGE® Sample Reducing agent (10X) (Life technologies) and stored at -20°C. The remaining volume was stored at -80°C.

2) Western blotting

Prior to gel migration, samples were heated 10 minutes at 75°C to denaturate proteins. Diluted 4) overnight at 4°C. After rinsing, membranes were incubated with horse raddish peroxidase (HRP)coupled secondary antibodies (anti-mouse, cell signaling 1:500; vector laboratories 1:5000; anti-rabbit:

cell signaling 1:500; vector laboratories 1:2000; anti-goat: 1:1000, sigma). Membranes were rinsed and proteins revealed by chemiluminescence using the Enhanced chemiluminescence reagent (ECL, GE Healthcare) or the Clarity reagent (BioRad). Light emission was detected using the Fusion X2 camera (Thermo Fisher Scientific).

For the detection of phospho-protein levels, antibody stripping was performed after incubation with the phospho-antibody. Anti-phospho-protein antibodies were stripped off the membrane by incubation in 1X Re-blot plus solution for 15 min at RT (Millipore, Germany). Antibody stripping allows the subsequent incubation with the total protein antibody without contaminating signal. Stripping was controlled by incubation in secondary antibody for 1h at RT and revelation with ECL or clarity reagents.

Actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as loading controls.

Positive controls for NF-B pathway activation were included, they were prepared from HeLA cells treated with TNFα (Cell signaling, Danvers, MA).

I. Molecular biology 1) RNA extraction

Mice and rats were euthanized with an overdose of sodium pentobarbital. Animal brains were rapidly collected and sliced into 1mm-thick coronal sections using a brain matrix. The GFP + area was dissected on each slice using 1 mm (mice) or 1.5 mm (rats)-diameter punches under a fluorescence macroscope (Leica). Punches were stored in RNA later (Sigma) at -80°C until further processing. Total RNA was isolated from punches with TRIzol (Life sciences) according to the manufacturer's instructions. RNA quantity was determined using the Nanodrop-1000 spectrophotometer (Labtech France).

2) cDNA synthesis

To eliminate potential contamination of extracted RNA with genomic DNA, RNA was treated with RQ1

DNase I (0.1 u/μl, Promega, Madison, WI). Total RNA was diluted in RNA buffer containing TE pH7.6

RNA grade, DTT 0,1M and RNAse Inhibitor (0.001 u/µl, Promega). cDNA was synthetized with the Superscript VILO cDNA synthesis kit (Life Technologies) from 0.2 μg of RNA. For each experiment, an aliquot of RNA was incubated with without the reverse transcriptase as a control for genomic DNA contamination (RT-).

3) Real time quantitative Polymerase Chain Reaction (qRT-PCR)

qRT-PCR allows the quantitative measurement of mRNA levels of gene of interest. For each sample, diluted cDNA (0.15-0.3 ng/µl) was incubated with the qRT-PCR mix containing gene-specific oligonucleotide sequences and the Platinum SYBR Green qPCR SuperMix UDG (Life Technologies).

Each sample was assessed in triplicate. The following protocol was used for qRT-PCR:

-Polymerase activation: 10 min at 95°C -Cycles (40 x): melting: 15 sec at 95°C

elongation: 1min at 59°C

-Dissociation: 60°C to 95°C with 0.5°C steps.

In parallel, housekeeping gene sequences were amplified in order to normalize mRNA levels between groups. Three housekeeping genes cyclophilin A, hprt1 and gapdh were used. According to the experiment, the housekeeping with the less variable mRNA levels was used for normalization. The abundance of each gene was normalized to the abundance of housekeeping genes using the ΔΔCt method. Distilled water and RT-RNA were used as negative controls.

For each gene, the melting curve and melting temperature were verified to confirm the presence of a unique amplicon and were used to control the absence of genomic DNA amplification with the RTcontrol. Each set of primer was validated using standards of diluted samples (3.5 to 0.028 ng/µl range)

from control animals and qRT-PCR efficiencies were determined. They were comprised between 85 and 110% for each set of primers.

The number of animal per experiment was frequently too high to allow the quantification of both housekeeping gene and gene of interest on the same qPCR. Thus, we controlled inter-plate variability by the repeated quantification of cyclophilin A, hprt1 and gapdh housekeeping genes from a unique control sample on all processed plates. Primers of housekeeping genes and control cDNA samples were processed identically on each plate. The variation coefficient of the measure of housekeeping gene quantity between plates was less than 2%.

J. Flow cytometry and cell sorting 1) Tissue dissociation

We used fluorescence activated cell sorting (FACS) to sort AAV-infected astrocytes based on their expression of fluorescent proteins. We used mice injected in the striatum with AAV-tdtomato + AAV-GFP, AAV-JAK2ca + AAV-GFP or AAV-GFP alone (Table 3). The GFP fluorescent area from four injected mice were pooled for each FACS session in order to collect enough material for microarray analysis.

Mice were euthanized, brains rapidly collected and sliced into 1mm-thick coronal sections using a brain matrix. The GFP + or tdTomato + area was dissected on each slice using 1 mm-diameter punches under a fluorescence macroscope (Leica). Punches were collected in 1 ml ice-cold Ca 2+ , Mg 2+ Hank's Balanced Salt Solution (HBSS). Brain tissue was dissociated using the Neural Tissue Dissociation Kit protocol (Miltenyi Biotec, Germany). Brain punches were incubated in pre-warmed solution containing papain and DNAse for 15 min at 37°C. They were manually dissociated using fire-polished Pasteur pipettes. After several incubations/dissociation cycles, the homogenate was filtered through a 40 μmfilter and diluted in 10 ml of ice-cold HBSS. Samples were then centrifuged 10 min at 300 g, the supernatant was discarded and the dissociated cells resuspended in 1 ml of HBSS.

2) Flow cytometry and FACS

FACS was performed at the Flow cytometry and cell-sorting platform (CEA, DSV, I2BM, iRCM, in collaboration with J. Baier and N. Deschamps) with an Influx biohazard cell sorter (BD Biosciences, San Jose, CA).

The population of interest was determined using SSC and FSC parameters to exclude myelin debris, aggregated cells or doublets. Sample from a non-injected C57BL/6 control mouse was used to evaluate basal autofluorescence. Gates were determined on a control sample (GFP + ) and were similar for all samples. Fluorescent cells were separated in different tubes: two tubes (tubes 1 and 2)

containing infected astrocytes and one tube (tube 3) containing debris, non-infected astrocytes and other cell types. The number of GFP + cells collected in the tube 1 was constant for all conditions (approximately 6300 cells) in order to normalize the amount of total RNA to be extracted between samples. Similarly, the number of GFP-cells collected in the tube 3 was set at 100 000.

For each sample, sorting was performed within 1 hour. Sorted cells were centrifuged 5 min at 300 g, supernatant removed and cell lysis was immediately performed by addition of 800 µl of TRIzol reagent (Life Technologies). Samples were stored at -80°C until further processing. 

K. Transcriptional analysis

This experiment was performed in collaboration with R. Olaso and Céline Derbois at the Centre National de Genotypage (CEA Evry).

1) RNA extraction

For microarray transcriptomic analysis, RNA extraction was performed using RNeasy micro kit (Qiagen, Netherlands). RNA was extracted by adding 200 μl of isopropanol, centrifuged at 12000 g during 15 min at 4°C. The aqueous phase was then transferred onto a fresh tube and an equivalent volume (350 μl) of freshly made 70% ethanol was added. RNA extraction was performed using RNeasy MinElute column according to the manufacturer's instructions (Qiagen). To eliminate potential DNA contamination, DNAse treatment was performed directly onto the column. In the final step, total RNA was eluted in RNAse-free water by heating at 70°C for 5 min. RNA quality and integrity was evaluated using using a Pico chip on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and RNA Integrity Number (RIN) determined for each samples. RIN were comprised between 5.4 and 8.7 for the samples in which RNA was detectable.

2) RNA amplification

Extracted RNA concentration was below (150 ng/µl), the recommended input amount to perform microarray analysis. Thus, RNA was amplified using the Ovation PicoSL VTA system V2 kit (Nugene).

Kit steps consisted in 1) the first strand cDNA synthesis (RT), 2) Second strand cDNA synthesis, 3) Purification of cDNA 4) Amplification of Single Primer Isothermal Amplification (SPIA) cDNA. This amplification technique uses chimeric DNA/RNA primers (SPIA primers), DNA polymerase and RNAse H. Single strand DNA and SPIA cDNA were purified using Agencourt RNAClean XP magnetic beads (Nugen Technologies, San Carlos, CA). cDNA concentration was measured using Nanodrop-1000 spectrophotometer (Labtech France).

3) cDNA labeling

The Encore biotiNL kit (Nugen Technologies) was used for the fragmentation and labeling of the purified SPIA cDNA prior to hybridization on the Ilumina BeadChip. cDNA was fragmented in products ranging from 50 to 100 bp. Then, fragmented cDNA were linked in 3'-hydroxyl terminus to a biotinlabeled oligonucleotide. Labeled cDNA (0.56 to 2 µg) were purified using the MinElute Reaction cleanup kit (Qiagen). cDNA concentration was measured using Nanodrop-1000 spectrophotometer prior to the hybridization step.

4) Hybridization

Labeled probe hybridization to Illumina BeadChips mouse WG-6v2 was carried out using Ilumina's beadChip WG-6v2 protocol (Illumina, San Diego, CA). These beadchips contain 48,701 unique 50-mer oligonucleotides in total, with hybridization to each probe assessed at 30 different beads on average. 22, 403 probes (46%) are targeted at ReferenceSequence (RefSeq) transcripts and the remaining 26,298 (54 %) are for other transcripts, generally less well characterized (including predicted transcripts).

BeadChips were scanned on the Illumina Iscan using lluminaIscan control software. Illumina GenomeStudio software was used for preliminary data analysis. Several quality control procedures were used to assess the quality metrics of each run. Total RNA control samples were analyzed with each run.

The recommended quantity of cDNA to load onto Illumina BeadChips is 1.5 µg cDNA in 10µl according to the manufacturer's instructions. The samples we used had very low RNA concentrations.

Even after the Ovation kit amplification, cDNA quantities were below this specification. The concentration of hybridized cDNA was normalized at 537 ng for all samples. Two samples were too poorly concentrated and the hybridized with a cDNA concentration of 384 and 435 ng, respectively.

Despite this experimental limitation, we were able to detect the signal of 409 probes significantly modulated in reactive astrocytes.

5) Microarray analysis

For the transcriptomic analysis of FACS-isolated astrocytes, we used mice injected with AAV-JAK2ca + AAV-GFP or AAV-GFP alone, in the striatum, at the same total virus load (Table 3). We performed two types of comparisons:

1/ we compared GFP + cells (i.e. infected astrocytes) with GFP -cells (i.e. non infected astrocytes and all other cell types) within the same control group (mice injected with AAV-GFP). This first analysis allowed us to evaluate the enrichment in astrocyte markers in the GFP + cell population and to validate the sorting procedure. For clarity, these two cell populations are referred to as POS and NEG respectively.

2/ we then compared GFP + cells from mice injected with AAV-GFP (controls) with mice injected with AAV-JAK2ca. These two cell populations are referred to as GFP and JAK2ca respectively. This analysis aimed at evaluating the transcriptional changes in reactive astrocytes.

The control summary report was generated by the GenomeStudio software (Illumina), which evaluates the performance of the built-in controls of the BeadChips across particular runs. Variation in signal intensity, hybridization signal, background signal, and the background/noise ratio were controlled for all the samples analyzed in a run. We applied a quantile normalization (without background subtraction) for each comparison (POS vs NEG, N = 4 vs 2 and GFP vs JAK2ca, N = 4 vs 4) with GenomeStudio Software. The normalized hybridization value for each probe and sample were then analyzed with Microscoft Excel.

The objective of this transcriptional analysis was to identify functions or pathways that are altered in reactive astrocytes. This data set will then be used to select a few genes of interest and study their role in reactive astrocytes by biochemical or functional analysis. Therefore, we decided to analyze the microarray dataset without corrections for multiple testing or false discovery rate in order to obtain the most comprehensive list of altered genes. For each comparison, difference in the average signal between the two groups was tested by a bilateral t-test.

POS vs NEG:

The list of genes significantly enriched in POS or NEG cells were compared with previous publications on the transcriptome of astrocytes (Cahoy et 

GFP vs JAK2ca :

We first generated a list of 409 genes with a p < 0.05 with a bilateral Student's t-test. We supplemented the first list with another list of genes for which the t-test p value could not be calculated because the beadchip signal was undetectable in one group. We considered that it could happen when JAK2ca induced a strong down-regulation (genes undetectable in the JAK2ca group, but well expressed in the GFP group) or, on the opposite, when JAK2ca strongly induced gene expression (genes undetectable in the GFP group, but detected in the JAK2ca group). Probes with undetectable signal in 3 or 4 out of the 4 samples in the GFP or JAK2ca groups were selected. We then applied objective criteria to remove false positive genes. We only kept genes whose expression was both high enough (>170 fluorescent signal) and not too variable within samples of the same group (CV<50%).

To further remove false positives from this list, we only selected genes with more than 20% difference between the GFP and JAK2 groups. This second list contained 170 genes. We then combined these two probe sets and used the Database for Annotation, Visualization and Integrated Discovery (DAVID)

with KEGG analysis to identify enriched pathways.

L. Electrophysiological recordings

These experiments were performed in collaboration with S. Oliet, A. Panatier and J. Veran at the Neurocentre Magendie, Bordeaux.

1) Slice preparation

Transverse hippocampal slices (350 µm) were prepared from adult C57BL/6 mice (12-17 weeks old) as described previously [START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF], in accordance with the French National Code of Ethics on Animal Experimentation and approved by the Committee of Ethics of Bordeaux (No. 50120110-A).

Mice were anesthetized with isoflurane (5%) and euthanized. The brain was rapidly excised and placed in ice cold artificial cerebrospinal fluid (ACSF) saturated with 95% O2 and 5% CO2 and containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 2 CaCl2, 26 NaHCO3 and 10 glucose (pH 7.3; 300-305 mosmol/kg). A block of tissue containing the hippocampus was prepared and sagittal hippocampal slices were cut on a vibratome (Leica, Nussloch, Germany). Slices were incubated 30 min at 32°C and then allowed to recover for at least one hour at room temperature.

Then, they were transferred to a recording immersion chamber where they were perfused (3 ml/min) with ACSF at room temperature.

2) Field recordings

A cut in between CA3 and CA1 was made to avoid epileptiform activity, due to the presence of picrotoxin (50µM) in the ACSF just before the recording. CA3-CA1 areas were identified with differential interference contrast microscopy (Olympus BX50). Field excitatory postsynaptic potentials (fEPSPs) were recorded with a Multiclamp 700B amplifier (Axon Instruments, Inc.) using pipettes (2-3 MΩ) filled with ACSF and placed in the vicinity of fluorescent astrocytes, in the stratum radiatum of CA1 area. Synaptic responses were evoked at 0.033 Hz by orthodromic stimulation (100 μs) of Schaffer collaterals using a glass pipette, filled with ACSF and placed in the stratum radiatum >200 μm away from the recording electrodes. LTP was induced by applying a high-frequency stimulation (HFS) protocol consisting of a 100 Hz train of stimuli for 1 s repeated three times at 20 s intervals in current clamp mode. Signals were filtered at 2 kHz and digitized at 10 kHz via a DigiData 1322 interface (Axon Instruments Inc., Orleans Drive Sunnyvale, CA).

3) Data analysis

Data were collected and analyzed using pClamp 9 software (Axon Instruments, Inc.). Average fEPSPs traces were obtained from at least 10 min of stable recordings. Data are reported as mean ± SEM.

Significance was assessed at p < 0.05.

M. Statistical analysis

Results are expressed at mean ± sem. 

III. RESULTS

The results will be divided in four parts: first, we studied the JAK2/STAT3 pathway in reactive astrocytes in various models of ND. Second, we developed new viral tools to manipulate the JAK2/STAT3 pathway in reactive astrocytes. Third, we used these newly developped tools to determine the influence of reactive astrocytes on neuronal dysfunction in two models of HD. Last, we studied the impact of astrocyte reactivity on astrocyte transcriptome and on astrocyte modulation of synaptic activity.

A. The JAK2/STAT3 pathway is activated in reactive astrocytes in various neurodegenerative disease models

In this first part, we studied the JAK2/STAT3 pathway, a well-known signaling pathway, involved in acute CNS injuries (Sofroniew, 2009). We aimed to determine whether this pathway was also associated with astrocyte reactivity observed in chronic pathological conditions such as ND. 

1) Astrocyte activation is observed in vulnerable brain regions in AD and HD mouse models

a) Astrocyte reactivity in AD models

We studied astrocyte reactivity in two transgenic models of AD. APP/PS1dE9 mice carry mutated forms of the human APP and PS1, associated with familial forms of AD (Jankowsky et al., 2004).

3xTg-AD mice harbor mutated APP, PS1 and a mutation of the microtubule-associated protein Tau (TauP301L) that reproduces the tau pathology observed in patients with AD (Oddo et al., 2003a).

Reactive astrocytes overexpressing GFAP were found around 4G8 + amyloid depositions in both the APP/PS1dE9 and the 3xTg-AD transgenic mouse models of AD, consistent with previous findings (Oddo et al., 2003b;Ruan et al., 2009). APP/PS1dE9 mice develop amyloid plaques from 7-8 months of age, thus we decided to study 8 month-old animals. In these mice, astrocytes overexpressed GFAP and displayed hypertrophic processes in the stratum lacunosum moleculare and the dentate gyrus (Figure 19A, see also Figure 22A,B). We quantified this phenomenon by counting the number of pixels that were positive for GFAP staining on confocal images of the hippocampus.

The GFAP + area was four times larger in APP/PS1d9 mice than in WT mice (p < 0.001, n = 3-4 mice/ group, Student's t-test; Figure 19B). Astrocytes in APP/PS1dE9 mice also strongly expressed vimentin (Figure 22B). The APP/PS1dE9 mouse is a quickly evolving model of AD, with substantial deposits of amyloid at 6 months of age (Jankowsky et al., 2004). We thus analyzed astrocyte reactivity in 3xTg-AD mice, a more progressive model of AD. These mice develop amyloid depositions from 12 months of age.

Therefore, we analyzed 3xTg-AD mouse brains at this age. We observed astrocyte reactivity around amyloid depositions primarily in the subiculum in female 3xTg-AD mice at 12 months of age (Figure 19C, see also Figure 23A,B). In this region, the GFAP + area was 13-fold larger in 3xTg-AD mice than in age-matched controls (p < 0.0001, n = 3-5 mice/ group, Student's t-test; Figure 19D). Furthermore, astrocytes displayed a reactive morphology with enlarged soma and processes and overexpressed vimentin, which was nearly undetectable in WT mice (Figure 23B).

b) Astrocytes reactivity in HD models

We also studied astrocyte reactivity in HD mouse models. We used two transgenic mouse models of HD: the N171-82Q mice and the Hdh140 knock-in HD mice. N171-82Q mice express a truncated Nterminal fragment of the human Htt with 82 polyglutamine repeats (Schilling et al., 1999). The Hdh140 model is a knock-in mouse model, carrying a human/mouse chimeric Htt sequence with 140 CAG repeats (Menalled et al., 2003).

In the first cohort of N171-82Q mice that we studied, we observed reactive astrocytes overexpressing GFAP in the cortex and striatum of endstage HD mice, at 18 weeks of age (Figure 20A). However, this increase in GFAP was only detectable using immunostaining with DAB amplification. Indeed, we could not detect GFAP upregulation by immunofluorescence. In addition, we did not evidence upregulation of vimentin, another marker for reactive astrocytes.

In the Hdh140 model of HD, reactive astrocytes were detected in a 17 month-old mouse compared with an age-matched control mouse using GFAP staining (Figure 20B). While interesting, we had no other samples from old Hdh140 mice to quantify this phenomenon. It is to note, however, that in the Hdh140 model of HD, astrocyte reactivity was not observed at earlier stages of the disease (12 monthold).

Thus, these results suggest that HD transgenic mice show limited or very late astrocyte reactivity as recently described in other models of HD (Tong et al., 2014).

We thus focused on a lentiviral-based model of HD that has been extensively used in the laboratory (Ruiz and Deglon, 2012). This model reproduces both the neuronal death and strong astrocyte reactivity that are observed in HD patients (Faideau et al., 2010). C57BL/6 mice were injected in the striatum with lentiviral vectors encoding either the N-terminal fragment of the human Htt with 18 glutamine repeats (lenti-Htt18Q) or a mutated Htt carrying 82 glutamine repeats (lenti-Htt82Q).

Overexpression of Htt82Q in neurons led to the formation of intraneuronal EM48 + aggregates 6 weeks post-injection (Figure 20C). In the lenti-Htt82Q-injected area, astrocytes strongly up regulated both GFAP and vimentin compared with control conditions (lenti-Htt18Q), in which GFAP was expressed at basal levels and vimentin expression was undetectable (Figure 20C). In addition, the GFAP + area within the injected area was increased 6-fold in the Htt82Q-side compared with Htt18Q (p < 0.001, n = 6, Student's paired t-test; Figure 20D). These results show that astrocytes become reactive in both AD and HD models. Thus, these ND models are suitable to study intracellular signaling pathways that are involved in astrocyte reactivity in vivo.

2) Activation of the JAK2/STAT3 pathway in reactive astrocytes is a common feature in multiple ND models

The JAK2/STAT3 pathway is involved in astrocyte activation in various acute disease models (Sofroniew, 2009;Hamby and Sofroniew, 2010). However, it is largely unknown whether this pathway is also activated in reactive astrocytes in more chronic pathological conditions such as ND.

a) The JAK2/STAT3 pathway is activated in reactive astrocytes in mouse models of AD

The phosphorylated form of STAT3 (pSTAT3) was undetectable by immunofluorescence or western blotting in these progressive models of ND. Following activation, pSTAT3 translocates to the nucleus where it stimulates the transcription of a set of target genes including the stat3 gene itself (Campbell et al., 2014). We were able to detect pSTAT3 by immunofluorescence in the striatum of lenti-CNTFinjected mice that was used as a positive control (Figure 21). Indeed, in this model, CNTF strongly activates astrocytes through the JAK2/STAT3 pathway (Escartin et al., 2006). PSTAT3 was detected in the nucleus of vimentin + reactive astrocytes, whereas it was undetectable in non-injected WT mice (Figure 21). Interestingly, STAT3 staining was strongly upregulated in the nucleus of reactive astrocytes after lenti-CNTF injection, compared with STAT3 signal in the striatum of non-injected WT mice (Figure 21). Therefore, we considered STAT3 nuclear localization and increased immunoreactivity as indexes of JAK2/STAT3 pathway activation, as reported in previous publications (Escartin et al., 2006;Tyzack et al., 2014). This also enabled us to identify cell types displaying an active JAK2/STAT3 pathway. Interestingly, STAT3 staining was predominantly observed in astrocytes in all models. In 8 month-old female APP/PS1dE9 mice, there was an accumulation of STAT3 in the nucleus of GFAP + and vimentin + reactive astrocytes, whereas in age-matched WT mice, STAT3 was expressed at basal level throughout astrocyte cytoplasm (Figure 22A,B). The number of GFAP + astrocytes expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) was higher in APP/PS1dE9 mice than in age-matched WT mice (p <0.05, n = 3-4 mice/ group, Student's t-test; Figure 22C). We also measured STAT3 immunoreactivity in astrocyte cell bodies. The percentage of cells with high STAT3 expression was more than 3 fold higher in APP/PS1dE9 mice than in WT mice, reflecting STAT3 activation in this mouse model of AD (p < 0.05, n = 3-4 mice/ group, Student's t-test; Figure 22D).

In the subiculum of 12 month-old female 3xTg-AD mice, there was also a strong increase in STAT3 immunoreactivity in the nucleus of reactive astrocytes overexpressing GFAP and vimentin (Figure 23A,B). The number of astrocytes co-expressing GFAP and STAT3 in the nucleus was more than 10 fold higher in 3xTg-AD mice than in age-matched WT mice (p < 0.0001, n = 3-5 mice/ group, Student's t-test; Figure 23C). 

b) The JAK2/STAT3 pathway is activated in reactive astrocytes in models of HD i) Mouse models

To investigate whether the JAK2/STAT3 pathway was also activated in other ND models, we studied HD mouse models. In the 17-month old heterozygous male Hdh140 mouse that displayed significant astrocyte reactivity in the striatum, STAT3 was upregulated in GFAP + reactive astrocytes (Figure 24A). STAT3 displayed a nuclear localization, reflecting its activation. Unfortunately, we did not have additional samples to perform quantification.

We then investigated whether the JAK2/STAT3 pathway was activated in the lentiviral-based mouse model of HD. STAT3 staining was strongly upregulated in reactive astrocytes found in the lenti-Htt82Q-injected striatum (Figure 24B). Indeed, there were four times more nSTAT3 + /GFAP + 112 astrocytes in the Htt82Q striatum than in the Htt18Q striatum (p < 0.001, n = 6, Student's paired t-test;

Figure 24C

). Cells expressing high levels of STAT3 were also more abundant in the Htt82Q striatum than in the Htt18Q striatum (p < 0.01, n = 6, Student's paired t-test; Figure 24D). 

ii) Non-human primate model

We sought to evaluate whether the JAK2/STAT3 pathway was also activated in reactive astrocytes in other species. Therefore, we took advantage of the fact that lentiviral vectors can be used in several animal species, including non-human primates. Injection of lenti-Htt82Q in the macaque putamen leads to the formation of Htt aggregates, neuronal death and motor symptoms (Palfi et al., 2007). We found that the injection of lenti-Htt82Q into the macaque putamen induced the formation of EM48 + aggregates of Htt and led to strong astrocyte reactivity (Figure 25). In addition, there was a prominent accumulation of STAT3 in the nucleus of GFAP + -reactive astrocytes. In contrast, at a distance from the injection area, resting astrocytes of the same animal expressed nearly undetectable levels of both GFAP and STAT3 (Figure 25). Images of brain sections from macaques injected with lenti-Htt82Q in the putamen showing triple staining for STAT3 (green), GFAP (red) and EM48 (magenta). Seventeen months after infection with lenti-Htt82Q, EM48 + aggregates of Htt are observed in the putamen, as well as prominent astrocyte reactivity. The immunoreactivity for STAT3 is much stronger in GFAP + reactive astrocytes than in resting astrocytes found outside the injected area in the same animal. Images are representative of all three macaques. Scale bars: 40 µm and 10 µm.

c) The JAK2/STAT3 pathway is activated in reactive astrocytes in other ND models

Because of the apparent universality of the activation of the JAK2/STAT3 pathway in ND models, we sought to investigate astrocyte reactivity in additional ND models. We used samples from the 1methyl 4 -phenyl 1,2,3,6-tétrahydro pyridine (MPTP) mouse model of PD. Astrocyte reactivity is observed in the substancia nigra of patients with PD [START_REF] Forno | Astrocytes and Parkinson's disease[END_REF]. This feature is reproduced in the MPTP model [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF]. Systemic injection of MPTP causes a selective degeneration of dopaminergic neurons in the substantia nigra par compacta and astrocyte reactivity [START_REF] Hirsch | Neuroinflammation in Parkinson's disease: a target for neuroprotection?[END_REF]. Consistent with these findings, we found that, seven days post-intoxication, MPTP mice displayed reactive astrocytes upregulating GFAP in the substantia nigra pars compacta and pars reticulata (Figure 26A) and the striatum (Figure 26B).

STAT3 signal was upregulated in the nucleus of reactive astrocytes in both regions, compared to its expression in saline-injected controls, illustrating activation of the JAK2/STAT3 pathway. Interestingly, STAT3 expression was different among brain regions. In the hippocampus, STAT3 was expressed at higher level in astrocytes. By contrast, in the striatum, some astrocytes and large round cells-most likely cholinergic interneurons-displayed a weak STAT3 expression although detectable by immunofluorescence labeling. In the substantia nigra, DA neurons were labeled with STAT3 as well as astrocytes. Furthermore, we observed a robust correlation between STAT3 and GFAP expression in all the brain regions of the mouse brain.

3) The NF-B pathway is not activated in 3xTg-AD mice and in the HD lentiviral-based model

Other pathways such as the NF-B pathway have been associated with astrocyte reactivity (Kang and Hebert, 2011). We thus investigated whether this cascade could be activated, in addition of the STAT3 pathway in ND models. We measured by western blotting the protein levels of IBα, the inhibitor of the NF-B pathway, which is degraded upon pathway activation (Hayden and Ghosh, 2008).

We performed this experiment on samples from 3xTg-AD mice and lenti-Htt82Q injected mice, as they displayed the strongest astrocyte reactivity. In 3xTg-AD mice, the abundance of IBα normalized to Taken together, these results show that the JAK2/STAT3 pathway is activated in reactive astrocytes in multiple models of ND. Interestingly, this phenomenon is highly conserved between brain regions and animal species despite the variety of pathological mechanisms involved. Therefore, the JAK2/STAT3 pathway is a universal feature of astrocyte reactivity in ND models.

B. Development of new viral vectors targeting the JAK2/STAT3 pathway to modulate astrocyte reactivity in vivo

The JAK2/STAT3 pathway was previously shown to be involved in astrocyte activation in acute injury models (Sofroniew, 2009 and see § II.B.2.c). We showed here that the JAK2/STAT3 pathway is also activated in ND models. Thus, it appears as a potent and universal molecular target to study astrocyte reactivity in chronic pathological conditions. Therefore, we aimed at developing viral vectors allowing the manipulation of the JAK2/STAT3 pathway specifically in astrocytes in vivo.

1) Lentiviral and adeno-associated viral vectors allow the selective targeting of astrocytes in the adult rodent brain a) Lentiviral vectors

Lentiviral vectors allowing selective transgene expression in astrocytes were previously developed in the laboratory (Colin et al., 2009). They are pseudotyped with the MOK envelope and carry the miR124T sequence (MOK/miR124T). Lentiviral vectors encoding the green fluorescent protein (lenti-GFP) were injected in the striatum of 8 week-old C57BL/6 mice at a dose of 250 ng p24 in 2,5 μl. Six weeks post-injection, mouse brains were analyzed by immunofluorescence staining to characterize these vectors. The volume transduced by lenti-GFP was 0.82 ± 0.07 mm 3 . Co-labeling with cell-type specific markers was used to study viral vector tropism and transgene expression. GFP expression was detected in GFAP + astrocytes and did not co-localize with IBA1 + -microglia, NeuN + -neurons, MBP + -mature oligodendrocytes or NG2 + -oligodendrocyte progenitors (Figure 28).

In some experiments performed for the project, we used co-injection of two MOK/miR124T vectors.

Thus, to evaluate the percentage of cells co-infected with two vectors, C57BL/6 males were coinjected in the striatum with lenti-GFP and with a lentiviral vector encoding the blue fluorescent protein (lenti-BFP). One month later, post-mortem analysis was performed and the direct fluorescence of GFP and BFP was assessed using epifluorescence microscopy. Quantification showed that 88.7 ± 2 % of cells co-expressed GFP and BFP.

Figure 28. Mokola/miR124T lentiviral vectors lead to transgene expression specifically in astrocytes.

Images of double labelings for lentiviral vector encoded-GFP (green) and cell-type specific markers (red). GFP is expressed in GFAP + astrocytes but not in IBA1 + -microglia, NeuN + -neurons, MBP +myelinating oligodendrocyte or NG2 + -oligodendrocyte progenitors. Scale bar: 40 µm

We also controlled that lentiviral vectors encoding GFP did not elicit inflammatory response at the viral titer we used. Indeed, for most of the mouse strains, injection of lenti-GFP did not trigger increase in GFAP staining in the injected volume, except at the needle track. However, lenti-GFP triggered astrocyte reactivity in the B6C3 (C57BL/6 x C3H) mouse strain, as determined by an increase in GFAP staining in the striatum of those mice.

In addition to their non-specific inflammatory effects in B6C3 mice, MOK/miR124T lentiviral vectors have a poor efficiency in the hippocampus and only few astrocytes express the transgene. Thus, AAV vectors were subsequently developed for the project.

b) Adeno-associated viral vectors (AAV)

AAV vectors are small viral particles (20 nm) allowing large diffusion in the brain and they are poorly immunogenic [START_REF] Sun | Immune responses to adeno-associated virus and its recombinant vectors[END_REF].

AAV that transduce astrocytes were developed in the laboratory. We used AAV2/9-serotyped-AAV carrying the gfa-ABC1D promoter [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF]. A dose-response experiment was performed to determine the optimal virus load to inject in the mouse brain without eliciting astrocyte reactivity using the control vector encoding GFP (AAV-GFP). Ten-week-old B6C3 mice were injected in the striatum with either 4 doses of AAV 3.10 8 VG, 1.10 9 , 5.10 9 VG and 1.10 10 VG in 2 μl. One month post-injection, immunofluorescence staining was performed to evaluate transgene expression levels, AAV spreading and inflammation (Figure 29). The overall transduction volume was comparable between doses (Figure 29B). However, GFP fluorescence in the injected area was increased with the highest doses compared to lowest doses (Figure 29C). We evaluated the dose-effect on astrocyte reactivity with GFAP staining to identify reactive astrocytes. GFAP fluorescence intensity was comparable between groups with a tendency to increase in the highest dose although results showed more variability with this viral titer (Figure 29A,C). Thus, we decided to use the second higher dose (5.10 9 VG) for all experiments involving AAV injections.

Double immunofluorescent staining with cell-type specific markers was performed to control the tropism of AAV vectors in the striatum and the hippocampus. AAV-GFP transduced mainly S100β +astrocytes, but not IBA1 + -microglia, NeuN + -neurons or MBP + -oligodendrocytes (Figure 30A).

We quantified the co-infection percentage of two AAV 2/9-gfaABC1D vectors encoding for GFP and tdTomato, a red fluorescent protein. C57BL/6 mice were co-injected in the striatum with AAV-tdTomato+ AAV-GFP or AAV-GFP alone. One month post-injection, mouse brains were collected and the fluorescent injected-area was dissected out and processed for FACS analysis (Figure 30B,C). In AAV-GFP mice, fluorescent cells were only GFP + and did not express tdTomato whereas cells isolated from AAV-tdTomato+ AAV-GFP mice were GFP + and tdTomato + (Figure 30B). Quantification showed that 99.3% of GFP + cells co-expressed tdTomato and GFP. In addition, we confirmed the coexpression of the two fluorescent proteins in striatal astrocytes by confocal microscopy (Figure 30C).

Thus, we developed both lentiviral and AAV vectors allowing highly selective expression of transgenes in astrocytes in vivo, without eliciting non-specific inflammatory reaction. 31B). We observed that STAT3 and JAK2 constructs led to variable increase in GFAP signal intensity (Figure 31B,C). We thus measured the optical density (OD) of GFAP staining in the striatum for each group. GFAP OD was increased in the lenti-JAK2 WT and lenti-JAK2T875N groups compared with other mutants and control groups although it did not reach significance due to the limited number of mice per group (Figure 31C). 
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The JAK2/STAT3 pathway regulates the transcription of a set of target genes including the gfap gene.

Thus, we used qRT-PCR for the quantification of gfap mRNA levels in lenti-STAT3 and lenti-JAK2injected groups. All mice were co-injected with lenti-GFP hence the GFP + area was dissected out and analyzed by qRT-PCR. Lenti-JAK2T875N led to the strongest induction in gfap mRNA compared with all other groups (p < 0.001, n = 3-4 mice/ group, one-way ANOVA and Scheffé tests; Figure 31D).

Taken together, histological and qRT-PCR results suggest that JAK2T875N is the best construct to achieve robust astrocyte activation in the mouse striatum. Viral constructs encoding JAK2T875N will be named as constitutively active JAK2 (JAK2ca) in the following paragraphes.

b) JAK2ca leads to selective and robust astrocyte activation in the mouse brain

i) Lenti-JAK2ca
Lenti-JAK2ca encodes a constitutively active form of JAK2 and thus should activate STAT3. One month post-injection, we detected STAT3 using immunofluorescence staining in JAK2ca and GFP mice. For all injection experiments, we co-injected lenti-JAK2ca with lenti-GFP (lenti-JAK2ca + lenti-GFP in figure legends). Therefore, infected astrocytes were visualized by their expression of GFP in both groups. STAT3 expression was higher in GFAP + reactive astrocytes in the JAK2ca group compared to the GFP controls (Figure 32A). Furthermore, STAT3 staining was increased in the nucleus of JAK2ca astrocytes, reflecting STAT3 pathway activation (enlargement, Figure 32A). We used immunofluorescence staining and confocal microscopy to characterize the phenotype of lenti-JAK2ca astrocytes. They expressed vimentin in contrast to GFP astrocytes (Figure 32B). Moreover, JAK2ca astrocytes displayed a reactive morphology, with enlarged primary processes compared with lenti-GFP astrocytes.

We detected jak2 overexpression in lenti-JAK2ca mice compared with lenti-GFP controls by qRT-PCR (Figure 32C). JAK2ca induced mRNA levels of serpina3n and vimentin, two markers of reactive astrocytes (p < 0.05, n = 4-7 mice/ group, Student's t-test; Figure 32D andE, respectively). Upon important stimulation of the pathway, STAT3 induces the transcription of socs3 as a feedback regulatory mechanism (see II.B.2.c.i). We thus detected socs3 mRNA levels as additional index of JAK2/STAT3 pathway activation with JAK2ca. Indeed, socs3 mRNA levels were higher in the JAK2ca group than in GFP controls (p < 0.05, n = 4-7 mice/ group, Student's t-test; Figure 32F). We then detected the expression of genes that are not directly related to astrocyte reactivity and which encode functionally important astrocyte proteins. We found that mRNA levels of glt-1 and cx43 were not significantly different between the JAK2ca and GFP groups (n = 4-7 mice/ group, Student's t-test; We then evaluated the effects of lenti-JAK2ca-mediated astrocyte activation on striatal neurons. They were detected by immunofluorescence using the classical neuronal marker NeuN and with dopamineand cAMP-regulated neuronal phosphoprotein (DARPP32), specifically expressed in the mediumsized spiny neurons (MSN) in the striatum. DARPP32 expression in the striatum was similar in the lenti-GFP and lenti-JAK2ca groups (Figure 33A). Similarly, NeuN staining was comparable in the injected area in lenti-GFP and lenti-JAK2ca mice (Figure 33B). In addition, mRNA levels of d2r, which is highly expressed in MSNs, were not different between GFP and JAK2ca groups (n = 4 mice/ group, Student's t-test; Figure 33C). Taken together, these results suggest that astrocyte activation though JAK2ca overexpression in striatal astrocytes does not induce any detectable neuronal toxicity. We next evaluated the effect of JAK2ca-mediated astrocyte activation on microglia. The density of

IBA1

+ microglial cells was measured in the striatum in the NI, GFP and JAK2ca groups. IBA staining in NI mice was used as baseline to evaluate the effect of viral vector injection on microglial activation (Figure 34A). The density of IBA1 + cells was increased in the JAK2ca group compared with NI controls (p < 0.05, n = 4 mice/ group, one-way ANOVA and Scheffé tests; Figure 34B). Importantly, IBA1 + cell density was not significantly different between JAK2ca and GFP groups, suggesting that JAK2ca has only a limited effect on microglial cells. Consistently, mRNA levels of cd11b, a marker of activated microglia, were not significantly different between JAK2ca and GFP groups (n = 4 mice/ group, Student's t-test; Figure 34C). These results suggest that activation of the JAK2/STAT3 pathway specifically in astrocytes led to limited microglial activation in the mouse striatum. JAK2T875N mutant has been identified as an oncogene [START_REF] Haan | SOCS-mediated downregulation of mutant Jak2 (V617F, T875N and K539L) counteracts cytokine-independent signaling[END_REF][START_REF] Zou | Differential biological activity of disease-associated JAK2 mutants[END_REF]. Thus, mice were injected with Bromo-2-deoxyuridine (BrdU) to evaluate the effect of JAK2ca overexpression on cellular proliferation. BrdU incorporation was detected by immunofluorescence on mouse brain sections (Figure 35). We did not observe BrdU + astrocytes in the injected area after lenti-JAK2cainjection. Cellular proliferation in the SVZ served as a control for BrdU injection and labeling. The We then evaluated the effect of JAK2ca overexpression on both astrocytes and neurons in the mouse striatum and hippocampus. In the striatum, injection of AAV-JAK2ca led to increased expression of the reactive astrocyte marker vimentin. DARPP32 + striatal neurons displayed similar staining and morphology in the JAK2ca and GFP groups (Figure 37A). Equally, in the CA1 region of the hippocampus, AAV-JAK2ca-injected mice showed increased vimentin staining compared with AAV-GFP mice. Furthermore, neurons labeled with microtubule associated protein 2 (MAP2) displayed equivalent expression between the two groups (Figure 37B). Taken together, these data show that JAK2ca overexpression using AAV vectors activates astrocytes through the JAK2/STAT3 pathway. In addition, AAV-JAK2ca does not lead to detectable neuronal loss or toxicity both in the striatum and the hippocampus.

In conclusion, we have developed and validated two potent viral tools that selectively activate astrocytes through the JAK2/STAT3 pathway in vivo. These tools allow robust and stable effects and can be easily used in different models, brain regions or animal species.

3) SOCS3 prevents astrocyte activation in multiple models and species a) SOCS3 prevents CNTF-mediated astrocyte activation in the rat striatum

The JAK2/STAT3 pathway is regulated through a feedback mechanism involving SOCS3, its endogenous inhibitor (see II.B.2.C.ii). Thus, we took advantage of this regulation and overexpressed SOCS3 to block astrocyte reactivity in vivo. We used a model of astrocyte activation based on the lentiviral gene transfer of the CNTF (lenti-CNTF), previously developed in the laboratory. Lenti-CNTF strongly activates astrocytes in the rat striatum by activation of the JAK2/STAT3 pathway (Escartin et al., 2006).

Rats received bilateral injection of lenti-CNTF. They were co-injected with lenti-SOCS3 + lenti-GFP in one striatum and with lenti-GFP in the other, at the same total virus load. Co-injection with lenti-GFP was used to visualize the morphology of infected cells.

SOCS3 overexpression was detected by qRT-PCR. Socs3 mRNA levels were increased from approximately 2 fold in lenti-SOCS3-injected striatum compared with GFP controls (Figure 38A). It is to note that CNTF already induces socs3 expression (data not shown from C. Escartin). However, this moderate increase in socs3 mRNA levels was sufficient to elicit a significant physiological effect at the protein level. By western blotting analysis, we showed that lenti-CNTF increased levels of pSTAT3 compared to NI controls. Interestingly, SOCS3 restored pSTAT3 expression to a similar level as NI controls (Figure 38B). Thus, SOCS3 efficiently prevents the JAK2/STAT3 pathway activation in lenti-CNTF-injected rats.

We then ask whether blockade of the JAK2/STAT3 pathway would prevent astrocyte activation in the CNTF model. We detected GFAP and vimentin (Figure 38C) by immunohistochemistry. Both markers of reactive astrocyte were strongly increased by lenti-CNTF in the control striatum (Figure 38C and39A, B). By contrast, this increase was completely prevented in the SOCS3 striatum (Figure 38C and39A, B). Lenti-SOCS3 led to a significant decrease in the GFAP + and vimentin + volumes after lenti-CNTF-injection in the rat striatum (20,9% and 18,5%, respectively, p<0,01, n = 6 rats, paired Student's t-test). In accordance with these data, mRNA levels of gfap and vimentin were decreased in the lenti-SOCS3 striatum compared with lenti-GFP control (p < 0,05, n = 6 rats, Student's t-test; Figure 38D).

These results suggest that SOCS3 is able to prevent CNTF-mediated astrocyte activation by blocking the JAK2/STAT3 pathway and subsequent transcriptional regulation of reactive astrocyte markers. 

b) SOCS3 restores basal astrocyte protein expression

To assess the phenotype of SOCS3 astrocytes, we analyzed the expression of other astrocytespecific proteins by confocal microscopy. In contrast to GFAP and vimentin, S100β and GLT-1 levels were similar in the lenti-SOCS3 and lenti-GFP-injected striata (Figure 39A andB). Furthermore, mRNA levels of glt-1, cx43 and aqp4 were not significantly altered by SOCS3 overexpression (n = 6 rats/ group, Student's t-test; Figure 39C). 

c) The STAT3 pathway triggers astrocyte reactivity in ND models

i) The JAK2/STAT3 pathway is responsible for astrocyte reactivity in 3xTg-

AD mice

In the first part of the manuscript, we showed that the JAK2/STAT3 pathway was a universal feature of astrocyte reactivity in ND models. However, the instrumental role of this pathway in mediating astrocyte reactivity has not been directly evaluated. Thus, we aimed to determine the requirement of the JAK2/STAT3 pathway for mediating astrocyte reactivity in ND models. As shown in the previous paragraph, lenti-SOCS3 is a powerful tool that selectively prevents astrocyte activation through selective blockade of the JAK2/STAT3 pathway in a rat model.

Viral vectors are versatile tools and can be used in different animal species as well as brain regions.

We thus used lenti-SOCS3 to evaluate whether blockade of the JAK2/STAT3 pathway would prevent astrocyte reactivity in ND mouse models, in two brain regions: in the subiculum of 3xTg-AD mice and in the striatum in the lentiviral-based model of HD.

We injected lenti-SOCS3 + lenti-GFP or lenti-GFP alone into the subiculum of 7 to 8 month-old 3xTg-AD mice and analyzed them 4.5 months later. We first tested whether SOCS3 overexpression in astrocytes was able to inhibit the JAK2/STAT3 pathway in situ. SOCS3 strongly decreased STAT3 expression in astrocytes from 3xTg-AD mice (Figure 40A). The number of GFP + -astrocytes showing STAT3 immunoreactivity in the nucleus was significantly lower in mice co-infected with lenti-SOCS3 than in those infected with lenti-GFP alone (p < 0.05, n = 3-5 mice/ group, Student's t-test; Figure 40B). Furthermore, GFAP expression was 73% lower in the SOCS3 group than in the GFP controls, although this difference was not statistically significant (p = 0.0827, n = 3-5 mice/ group, Student's ttest; Figure 40 D). There were significantly fewer GFP + -astrocytes co-expressing GFAP in the SOCS3 group than in the control (-94%, p < 0.05, n = 3-5 mice/ group, Student's t-test; Figure 40E). GFP expression in infected astrocytes allowed us to visualize their morphology in both groups. Astrocytes in the subiculum of 3xTg-AD mice displayed a morphology characteristic of reactive astrocytes with enlarged soma and large GFAP + primary processes (Figure 40A,C). By contrast, SOCS3-infected astrocytes displayed complex ramifications composed of thin cytoplasmic processes radially organized around the soma, typical of resting astrocytes of the mouse brain (Wilhelmsson et al., 2006 and Figure 40A,C). We also performed immunostaining for S100β, a ubiquitous marker of astrocytes, to verify that SOCS3 did not globally impair protein expression in astrocytes. The abundance of S100β was similar between 3xTg-AD mice injected with lenti-SOCS3 or lenti-GFP (Figure 40F). A, Immunofluorescent staining of GFP (green) and STAT3 (red) in 7-8 month-old 3xTg-AD mice injected in the subiculum with lenti-GFP or lenti-SOCS3 + lenti-GFP (same total virus load). SOCS3 expression in astrocytes reduces STAT3 expression to undetectable levels compared with control astrocytes only infected with lenti-GFP. B, The number of GFP + infected astrocytes co-expressing STAT3 in the nucleus (GFP + /nSTAT3 + cells) is significantly decreased in the SOCS3 group compared with GFP controls. C, Images of GFAP (red) and GFP (green) stainings on 3xTg-AD mouse brain sections after hippocampal injection of lenti-GFP or lenti-SOCS3. Lenti-SOCS3 injection in 3xTg-AD mice strongly reduces GFAP expression in the injected area (delimited by white dots). Note that GFP + , infected astrocytes in the SOCS3 group have a bushy morphology compared with those in the control group, which are hypertrophic with enlarged primary processes. D, Quantification of the GFAP + area in 3xTg-AD mice injected with lenti-SOCS3 or lenti-GFP. E, The number of GFP + infected astrocytes coexpressing GFAP is significantly decreased in the SOCS3 group compared with GFP controls. F, Immunofluorescent labeling for the astrocyte marker S100β shows that its expression is not altered by SOCS3. N = 3-5/ group. * p < 0.05, Student's t-test. Scale bars: 500 µm, 20 µm. Infected astrocytes in both groups are identified by their expression of GFP.

ii) The JAK2/STAT3 pathway is responsible for astrocyte reactivity in the lentiviral-based model of HD.

We performed the same experiment with the lentiviral-based model of HD. C57BL/6 mice were injected with lenti-Htt82Q and lenti-GFP in the left striatum and with lenti-Htt82Q, lenti-SOCS3 and lenti-GFP in the right hemisphere, at the same total virus load. Again, SOCS3 efficiently prevented the activation of the JAK2/STAT3 pathway in astrocytes (Figure 41A). The number of infected cells coexpressing STAT3 was 87% lower in the striatum injected with lenti-SOCS3 than in the control striatum (p <0.001, n = 4, Student's paired t-test; Figure 41B). In addition, the percentage of cells highly fluorescent for STAT3 was strongly reduced by SOCS3 (p < 0.05, n = 4, Student's paired t-test; Figure 41C). SOCS3-expressing astrocytes displayed a bushy morphology with thin cytoplasmic processes and numerous ramifications whereas reactive astrocytes in the control striatum showed enlarged and tortuous primary processes (Figure 41D). Inhibition of the JAK2/STAT3 pathway by SOCS3 prevented the increase of GFAP expression in the lenti-Htt82Q-injected area (Figure 41D).

The GFAP

+ area was 86% smaller in the striatum injected with lenti-SOCS3 than in the control striatum (p = 0.0035, n = 4, Student's paired t-test; Figure 41E). In addition, the number of GFP + /GFAP + cells was significantly decreased by SOCS3 (p < 0.001, n = 4, Student's paired t-test,

Figure 41F

). On the contrary, the abundance of the ubiquitous astrocyte marker S100β was not altered by SOCS3 (Figure 41G). + cells is significantly decreased by SOCS3. D, SOCS3 expression strongly reduces GFAP expression (red) in the injected area (GFP + , green). Infected astrocytes in the SOCS3 group display thin processes and complex ramifications compared with reactive astrocytes in the control group. E, Quantification confirms that the GFAP + area is significantly decreased with lenti-SOCS3. F, The number of GFP + infected astrocytes co-expressing GFAP is significantly decreased in the SOCS3 group compared with GFP controls. G, Immunofluorescent staining for the astrocyte marker S100β (red). N = 4. ** p < 0.01, paired Student's t-test. Scale bars: 500 µm, 20 µm.

We studied the mRNA abundance of reactive astrocyte markers to further characterize the effect of SOCS3. We only used the lentiviral-based HD model, because the infected area in the subiculum of 3xTg-AD mice was too small to be dissected out for qRT-PCR analysis.

Socs3 mRNA levels were strongly induced in lenti-SOCS3 compared with lenti-Htt18Q and Htt82Q (p < 0.001, n = 3-5 mice/ group, ANOVA and Scheffé's test; Figure 42A). The abundance of gfap and vimentin mRNA was more than 2 fold higher in the Htt82Q striatum than in the Htt18Q striatum, consistent with immunofluorescence results (Figure 42B,C). Expression of SOCS3 in astrocytes normalized the expression of these two genes to levels comparable to controls (p < 0.05 versus Htt82Q, n = 3-5 mice/ group, ANOVA and Scheffé's test; Figure 42B,C). We also studied the mRNA abundance of some markers of neuroinflammation. The expression of the microglial marker iba1 and the chemokine ccl2 were increased 2.3 and 4.1-fold respectively by Htt82Q and reduced to Htt18Q control levels by SOCS3 (p < 0.05 and 0.001 versus Htt82Q, respectively, n = 3-5 mice/ group, ANOVA and Scheffé's test; Figure 42D,E). These results suggest that inhibition of the JAK2/STAT3 pathway in reactive astrocytes restores a resting-like status to astrocytes and reduces the neuroinflammatory response. In 

C. Manipulation of the JAK2/STAT3 pathway to determine the contribution of reactive astrocytes to neuronal dysfunction in HD models

It is widely discussed that reactive astrocytes may influence disease outcomes in many pathological conditions, including ND [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF]. However, the direct contribution of reactive astrocytes to HD is largely unknown. Therefore, we took advantage of our newly developed viral tools to evaluate the impact of reactive astrocytes to disease progression in two HD models: the lentiviral-based model and the N171-82Q mouse model of HD.

1) SOCS3 prevents astrocyte reactivity and influences the number of

Htt aggregates in the lentiviral-based model of HD

We first decided to modulate astrocyte reactivity in the lentiviral-based model of HD. All mice were injected in the striatum with lentiviral vectors leading to the expression of Htt18Q or Htt82Q in neurons.

They were co-injected with astrocyte-targeted lentiviral vectors encoding either JAK2ca to overactivate astrocyte, SOCS3 to prevent astrocyte activation or GFP as control.

Six weeks post-injection, mice were perfused for histological analysis. First, we evaluated the effect of JAK2ca and SOCS3 overexpression on astrocytes in the lenti-Htt18Q and the lenti-Htt82Q-injected striata. We controlled that injection of lenti-Htt18Q did not induce astrocyte reactivity in the lenti-GFP control group by double immunofluorescence staining for GFP and GFAP. Indeed, in the Htt18Q striatum, GFAP levels were nearly undetectable. This was also the case in the SOCS3 group. By contrast, JAK2ca activated astrocytes in the lenti-Htt18Q striatum, as they upregulated GFAP in the GFP + injected area.

In comparison, in the Htt82Q striatum, astrocytes were reactive as they upregulated GFAP in the GFP group (as already presented in § III.B.3.c.ii and Figure 43A). Even if GFAP levels were not further increased, vimentin expression was induced by JAK2ca overexpression (Figure 43C). These results

suggest that JAK2ca was able to activate astrocytes in the control Htt18Q striatum, and it only led to a limited increase of astrocyte reactivity in the Htt82Q striatum.

By contrast, SOCS3 overexpression successfully prevented astrocyte reactivity in the Htt82Q striatum (Figure 43A, B and also shown in Figure 41D). Indeed, the GFAP + volume was decreased by 80% in lenti-SOCS3-injected mice compared with GFP controls (p < 0,001, n = 9-11mice/ group, one-way ANOVA and Scheffé tests; Figure 43B). Overexpression of Htt82Q led to the formation of ubiquitin + mHtt aggregates, mainly in striatal neurons (Figure 44A). The ubiquitin + volume was decreased with SOCS3 (p < 0.05, n = 9-11 mice/ group, oneway ANOVA and Scheffé post-hoc tests, Figure 44D). In addition, the number of ubiquitin + aggregates, quantified by stereology, was significantly decreased by SOCS3 (data not shown).

In conclusion, in the lentiviral-based of HD, overexpression of JAK2ca in astrocytes only resulted in a limited increase of astrocyte reactivity. Indeed, in this acute model, astrocytes are already strongly activated in response to neuronal death. By contrast, SOCS3 almost completely prevented astrocyte reactivity in this model. Blockade of astrocyte reactivity did not influence neuronal loss but decreased the number of ubiquitin + aggregates following Htt82Q injection in the mouse striatum.

Because SOCS3 effets on ubiquitin + aggregates were small and only different form the JAK2ca group, we decided to perform another experiment whereby SOCS3 effects are directly tested against Htt82Q within the same animal. C57BL/6 mice were bilaterally injected in the striatum with lenti-Htt82Q and with lenti-GFP in one striatum and lenti-SOCS3 + lenti-GFP in the other. As for the first experiment, we found that the lesion volumes, measured with DARPP32 and NeuN stainings, were not different between the GFP and SOCS3 groups (Figure 45A andB). Surprinsingly, we found that the number of mHtt aggregates, labeled with EM48, was significantly increased by SOCS3 (p < 0.05, n = 12 mice, paired Student's t-test; Figure 45C). In conclusion, these data demonstrate that modulating the astrocytic JAK2/STAT3 pathway in the lentiviral-based model of HD does not influence neuronal death. However, preventing astrocyte reactivity with SOCS3 influence the number of Htt aggregates.

2) Deciphering the contribution of reactive astrocyte to chronic neuronal dysfunction in the N171-82Q HD mouse model

We then aimed at evaluating the role of reactive astrocytes in a transgenic mouse model of HD, the N171-82Q mouse model, that reproduce some of the behavioral and histological alterations observed in patients with HD. First, we wanted to reproduce, in our experimental conditions, the behavioral deficits and histological alterations previously described in this model (Schilling et al., 1999;Yu et al., 2003).

a) Characterization of the N171-82Q HD mouse model

We studied a first cohort of N171-82Q and WT male mice, obtained from the Jackson laboratory (n = 8 mice/ group). Lifespan was comprised between 16 and 18 weeks. N171-82Q mice were not able to gain weight from 8 weeks of age and started to lose weight from 14 weeks of age (Figure 46A). N171-82Q mice displayed abnormal motor behavior at the rotarod test as early as 8 weeks of age compared to age-matched WT (p < 0,01, n = 8 mice/ group, repeated measure ANOVA test and Bonferonni posthoc test; Figure 46B). These motor defecits worsened with time. However, both N171-82Q and WT mice displayed normal motor learning as their performances increased with the number of trials (Figure 46B). Tremor, decreased locomotion and abnormal gait were observed in mouse cage from 11 weeks of age in HD mice. However, alteration of the locomotor activity was not detectable with the open-field test at this age. By contrast, 18 week-old N171-82Q mice performed less rearings than agematched WT mice (Figure 46C). Interestingly, the total distance moved and grooming behavior were not different between N171-82Q and WT mice (data not shown). Thus, on this first cohort of animals, we were able to reproduce the behavioral deficits described in the N171-82Q model.

We then performed post-mortem analysis on these mice, at 18 weeks of age (endstage). We labelled the striatal marker DARPP32 to measure the striatal volume in endstage N171-82Q and age-matched WT mice (Figure 47A). HD mice showed striatal atrophy and ventricle enlargment compared with WT mice (p < 0.01, n = 8 mice/ group, Student's t-test; Figure 47A andB). They also displayed numerous

EM48

+ Htt aggregates throughout the cortex and the striatum, which were not present in WT mice, (Figure 47A). Expression of DARPP32, was slightly reduced by approximately 20% in HD compared with age-matched WT mice, as measured by western blotting (Figure 47C). Furthermore, d2r mRNA levels were decreased by 50% in N171-82Q mice (p < 0.01, n = 8 mice/ group, Student's t-test; Figure 47D). In conclusion, we were able to detect behavioral, histological and molecular alterations previously described in these mice. This characterization allowed us to evidence several parameters altered in HD mice (motor performances at the rotarod test, striatal volume and expression of striatal markers).

We then used these parameters as outcomes to evaluate the effects of modulating astrocyte reactivity in the N171-82Q model of HD.

b) Modulation of astrocyte reactivity does not influence chronic neuronal dysfunction in N171-82Q mice

We used AAV vectors to modulate astrocyte reactivity in the N171-82Q mouse model of HD. For this experiment, we used mice from our own colony and performed a pilot study on the small number of animals available at that time. mice compared with other groups (p < 0.00, n = 7 WT-GFP, 5 N171-GFP, 6 N171-JAK2ca and 3 N171-SOCS3 mice, one-way ANOVA and Scheffé tests; Figure 49A). This result suggests that mice were correctly injected and that AAV led to significant overexpression of jak2 and socs3 mRNA in the appropriate groups. 

GFAP

We then controlled AAV injection site and spreading as well as astrocyte reactivity by immunolabeling for GFAP. We detected GFAP by DAB immunohistochemistry, as in the first cohort, we had to amplify the signal to evidence reactive astrocytes in the striatum of N171-82Q mice (see III.B.1.b and Figure 20A). Surprisingly, GFAP staining was not different between WT-GFP and N171-GFP groups. We also performed a double labeling for GFP and GFAP by immunofluorescence to measure the GFAP signal in the GFP + injected area. As expected, the GFAP + volume was not significantly different between the WT-GFP and N171-GFP groups (Figure 49B andC). By contrast, N171-JAK2ca mice displayed increased GFAP + volume in the injected area as compared with the other groups (p < 0.001, (n = 9 WT-GFP, 6 N171-GFP, 6 N171-JAK2ca and 3 N171-SOCS3, one-way ANOVA and Scheffé tests, Figure 49B andC). GFAP staining and volume in N171-SOCS3 mice was comparable to WT-GFP and N171-GFP mice (Figure 49B andC). In addition, we observed by qRT-PCR that gfap mRNA levels showed a tendency to be increased with JAK2ca and decreased by SOCS3, although it did not reach significance (Figure 49D). These results suggest that N171-82Q mice from our colony did not display the mild astrocyte reactivity observed in the first cohort. Therefore, we could not demonstrate SOCS3 effects on astrocyte reactivity; however JAK2ca was able to activate astrocytes in these mice.

In either case, manipulating the JAK2/STAT3 pathway in astrocytes could still influence neuronal dysfunction in N171-82Q mice. Thus, we investigated the status of striatal neurons by detecting DARPP32 and NeuN by immunohistochemistry in these mice. As observed in the first cohort, DARPP32 staining was comparable in N171-GFP and WT-GFP mice (Figure 50A). Unexpectedly, the striatal volume was not different between N171-GFP and WT-mice and N171-GFP mice did not displayed ventricle enlargement (Figure 50A andB). We also detected NeuN as an additional marker for neurons and the staining was also comparable between the two groups. The number of NeuN + cells in the injected area was also similar between WT-GFP and N171-GFP (Figure 50A,C). Last, we detected Htt aggregates by performing EM48 immunohistochemistry. Surprisingly, N171-GFP mice displayed fewer aggregates in the striatum than N171-82Q mice from the first cohort (compare Figure 50A and47A). Again, these unexpected results show that N171-82Q mice from our colony did not reproduce the symptoms and histological alterations observed in the first cohort and in the literature.

Despite these surprising results, we analyzed the effect of JAK2/STAT3 pathway modulation in astrocytes by JAK2ca and SOCS3 overexpression. We found that the striatal volume and the number of NeuN + cells in the injected area were not different between the four groups (Figure 50A, B andC).

Similarly, we observed no visible change in the number or size of EM48 + aggregates in the striatum between the N171-GFP, N171-JAK2ca and N171-SOCS3 groups (Figure 50A). However, we observed interesting tendencies when measuring d2r and darpp32 mRNA levels by RT-qPCR (Figure 50D andE). Indeed, mRNA levels of these striatal markers showed a tendency to decrease in N171-GFP compared with WT-GFP mice. Intriguingly, N171-SOCS3 mice displayed higher mRNA levels for both d2r and darpp32 than N171-GFP controls, although it did not reach significance (Figure 50D andE). + neurons in the injected area. The total number of neurons is not different between the four groups in the AAV-injected area. D-E, qRT-PCR analysis of the striatal neuron markers d2r and darpp32 mRNA levels. Both d2r (D) and darpp32 (E) mRNA levels tend to be decreased in N171-GFP mice in comparison with WT-GFP. SOCS3 shows a tendency to restore the expression of d2r and darpp32. N= 3-9/ group, One-way ANOVA, ns. Scale bar: 1 mm. Abbreviations: St, striatum; CC, corpus callosum.

These results show that manipulating astrocyte reactivity did not cause histological alterations in the N171-82Q mouse model of HD. Indeed, inducing astrocyte reactivity with AAV-JAK2ca had no detectable toxic effects on striatal neurons in N171-82Q mice. By contrast, SOCS3 showed a tendency to restore mRNA levels of two striatal markers in these mice.

Overall, in two models of HD, our results suggest that reactive astrocytes do not play a major role in the disease and that modulating their reactivity only moderately impact disease outcomes.

D. Manipulation of the JAK2/STAT3 pathway to characterize astrocyte reactivity 1) Selective activation of the JAK2/STAT3 pathway leads to changes in astrocyte transcriptome

In the previous part of the manuscript, we showed that JAK2ca overexpression selectively activates astrocytes in the mouse striatum, by the JAK2/STAT3 pathway (see III.B.2.b.i and ii). As previously mentioned, the JAK2/STAT3 pathway regulates the expression of hundreds of genes, which, however, were mainly studied in cell lines. Therefore, we were interested in studying the transcriptional changes associated with activation of the JAK2/STAT3 pathway in astrocytes. We used mice injected with AAV-JAK2ca or AAV-GFP in the striatum. One month post-injection, the GFP + infected area was dissected out and dissociated for FACS analysis. GFP + infected astrocytes were sorted and their RNA extracted. RNA was then processed for microarray analysis in collaboration with Dr. R. Olaso and C.

Derbois at the Institut de Génomique, Centre National de Génotypage in Evry.

FACS was used to sort GFP + cells (POS) and GFP -cells (NEG) to evaluate the enrichment in astrocyte markers in POS cells. We found hundreds of probes differentially expressed between the NEG and the POS cell populations. First, we controlled that GFP was detected in POS cells. Indeed, gfp expression was detected in the POS but not in the NEG population (1846.35 ± 98.68 versus 0.65 ± 0.65, n = 4 POS, 2 NEG, p < 0.001, Student's t-test). We then confirmed that POS isolated cells yielded to a relatively pure population of astrocytes. We analyzed the gene expression of cell-type specific genes on the Beadchip data set by comparing the NEG and the POS sorted cell populations.

The POS population expressed higher levels of astrocyte-specific genes (Cx30, Glt-1, Glast and Cx43) than the NEG population and thus corresponds to purified astrocytes (Figure 51A). The POS population was also highly enriched in genes associated with important astrocyte functions, and previously described as astrocyte markers. For example, glypican 5 (Gpc5) was enriched 36 fold in the POS population compared with NEG cells (p < 0.01, n = 4 POS, 2 NEG, Student's t-test). It belongs to a family of astrocyte proteins involved in synapse formation during development [START_REF] Allen | Role of glia in developmental synapse formation[END_REF]. Similarly, glutathione-S-transferase (GST) (Gstm1) was enriched 13 fold in POS cells compared with NEG cells (p < 0.05, n = 4 POS, 2 NEG, Student's t-test). GST is a key astrocytic protein involved in their antioxidant defense function [START_REF] Johnson | Glutathione S-transferase isoenzymes in rat brain neurons and glia[END_REF].

By contrast, POS cells expressed low levels of microglial markers (P2ry12, C1q and Aif1) compared with the NEG population (Figure 51A). A majority of probes for neuronal genes were not detectable in the Beadchip data set [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF]. This was possibly due to low expression levels of neuronal transcripts or degradation during the dissociation process. However, for the few neuronalspecific markers that we were able to detect (Mal2, Sv2 and Snap25), we found that they were more abundant in the NEG than the POS population (Figure 51A). This was also the case for several oligodendrocyte markers (mbp, mobp and ugt8a) and the NG2 marker of oligodendrocyte progenitors.

Taken together, these results showed that we successfully isolated astrocytes from AAV-GFP injected mouse brains using FACS.

-Figure 51. FACS isolation of GFP + cells from AAV-injected mice are composed of astrocytes. A-B, Expression profile of FACS isolated GFP

+ or GFP -cells from AAV-GFP-injected mice. GFP + population is highly enriched in astrocyte-specific markers (red) but not for markers of oligodendrocytes (green), neurons (blue), microglia (purple). B, Hierarchical clustering of probes differentially expressed in sorted astrocytes between astrocytes from AAV-GFP (blue) and AAV-JAK2ca + AAV-GFP-injected mice (red). Astrocyte activation by AAV-JAK2ca + AAV-GFP in the adult mouse striatum results in multiple transcriptional changes.

This microarray analysis was considered as a first screen to evaluate the effects of JAK2ca on astrocyte transcriptome. Thus, we analyzed the gene expression between the POS cells from the GFP and JAK2ca groups. We first controlled that we could detect transgene overexpression in infected astrocytes. Indeed, gfp was detected in both GFP and JAK2ca astrocytes (1731.44 ± 94.37 and 1028.36 ± 122.90 respectively). Furthermore, jak2 levels were increased 5-fold in JAK2ca astrocytes compared with GFP controls (p < 0.001, n = 4/ group, Student's t-test). We next evaluated the expression of genes encoding reactive astrocyte markers in isolated astrocytes. Gfap levels were higher in JAK2ca astrocytes compared with GFP controls (2.7-fold increase, p < 0.001, n = 4/group, Student's t-test). Another marker of reactive astrocytes, serpina3n showed a tendency to increase in the JAK2ca group, although it did not reach significance (Figure 52). We also evaluated the effects of JAK2ca on genes encoding other functionally important astrocyte proteins. Interestingly, GLT-1 (slc1a2) levels were significantly induced by approximately 50% in JAK2ca astrocytes (p < 0.01, n = 4/group, Student's t-test). By contrast, other transcripts encoding astrocyte proteins were not significantly modified by JAK2ca expression such as Kir4.1 (Kcnj10), GS (Glul), Aqp4, Cx43 and Cx30

(Figure 52). Thus, using this method, we were able to detect changes in gene expression indicative of the activated status of astrocytes in the JAK2ca group and to evaluate the effects of JAK2ca overexpression on several astrocyte transcripts. In addition to astrocyte-specific markers, hundreds of genes displayed altered expression with JAK2ca in the striatum. We identified a total of 266 genes upregulated and 861 downregulated by JAK2ca (Figure 51B).

Interestingly, we found that JAK2ca modified the expression of genes involved in other signaling pathways related to astrocyte reactivity. Inhibitors of the NF-B pathway such as IBζ (Nfkbiz) and IBα (Nfkbia) were strongly upregulated by JAK2ca, from 3.5 and 4.6 fold, respectively (Table 5). It is to note that Nfkbia is the second most upregulated gene by JAK2ca, suggesting that this effect is particularly robust. Furthermore, fibroblast growth factor 2 (Fgfr2) was downregulated whereas fibroblast growth factor binding protein 3 (Fgfbp3) was upregulated by JAK2ca (Table 5). These results are particularly relevant in the context of astrocyte reactivity. Indeed, FGF2 was shown to maintain astrocytes in a resting state under physiological conditions [START_REF] Kang | Astrocyte activation is suppressed in both normal and injured brain by FGF signaling[END_REF] and FGFBP3

is an inhibitor of FGF2 [START_REF] Hanneken | Identification of soluble forms of the fibroblast growth factor receptor in blood[END_REF].

We used the Database for Annotation, Visualization and Integrated Discovery (DAVID) with KEGG enrichment to evaluate if these genes were part of known cellular pathways (Table 5). Several cellular functions were identified including lysosome and ubiquitin proteasome degradation pathways, antigen presentation and oxidative metabolism. Strikingly, most of the genes that were downregulated by JAK2ca were associated with alterations observed in ND (HD, AD, PD), which was particularly interesting in the context of this project. These genes mainly encode for proteins involved in oxidative metabolism, whose dysfunction is a common feature in ND. Indeed, an important number of genes was significantly downregulated by JAK2ca. For example, a striking result was the downregulation of 28 genes involved in oxidative metabolism (Cox17, Cox6a1, Sdhb, Uqcrc2, Cycs, Ndufs, 1, 2, 6, 8)

and related to the TCA cycle (Dlst, Idh3g, Dld, Mdh1) (Table 5). Overall, JAK2ca astrocytes displayed reduced oxidative metabolism (Figure 53). Of particular interest in the context of HD, several genes encoding proteins of the ubiquitinproteasome system were downregulated by JAK2ca in the mouse striatum (Figure 53, 54 and Table 5). These genes encode for ubiquitin-conjugating proteins (Ube2d1, Ube2l3, Ube2h, Ube2o, Ube2q2)

and E3 ubiquitin-ligase proteins (Keap1, Map3k1, Itch) (see Figure 56).

Finally, we found that a number of genes related to lysosomal metabolism were upregulated by JAK2ca from approximately 1.5 fold to 5 fold. These genes included cathepsins (Ctss, Ctsz, Ctsb and Ctsc), lysosomal transmembrane proteins (Laptm5, Atp6v0a1) and antigen proteins (Cd63, Cd68).

The antigen presentation pathway was also upregulated in JAK2ca astrocytes including class I MHC molecules (H2-D1, H2-T23, H2Q6-8) and β2-microglobulin (B2m) were upregulated from 1.3 fold to 3.6 fold in JAK2ca astrocytes (Figure 53, 54 and Table 5). These data are consistent with previous findings from gene expression analysis on isolated astrocytes from LPS-injected mice ( 

yes Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A 1,1 yes Ndufs2 NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A 1,2
yes Table 6. Genes modulated by JAK2ca.

These results are preliminary and will be validated by qRT-PCR. Indeed, RT-qPCR has a better sensitivity and we could expect even larger differences in gene expression between JAK2ca and GFP groups with this method.

Overall, we used FACS to isolate infected astrocytes from the striatum of AAV-injected mice. We performed microarray analysis on these infected astrocytes to study the consequences of the JAK2/STAT3 pathway activation on their transcriptome. JAK2ca activated astrocytes and led to profound changes the expression of genes related to ND. Further analysis will be necessary to better understand the functional consequences of this activation on astrocytes as well as their implications in ND.

2) Astrocyte activation through the JAK2/STAT3 pathway modulates synaptic transmission and plasticity in the mouse hippocampus

Astrocytes modulate synaptic transmission and plasticity by releasing gliotransmitters such as Dserine, ATP or glutamate [START_REF] Araque | Gliotransmitters travel in time and space[END_REF]. However, the impact of astrocyte reactivity on their ability to influence synaptic transmission is less understood. To investigate the role of reactive astrocytes on basal synaptic transmission and plasticity, we performed electrophysiological recordings on acute slices from 12 to 15 week-old mice injected in the CA1 region with AAV-JAK2ca, AAV-GFP Synaptic plasticity and long-term potentiation (LTP) are thought to underlie learning and memory in the brain [START_REF] Malenka | LTP and LTD: an embarrassment of riches[END_REF]. LTP was successfully induced in NI and GFP mice while JAK2ca mice displayed LTP deficits (Figure 55). Indeed, 30-50 min after LTP induction, an increase of more than 150% in the average fEPSP slope was observed in GFP (159.4 ± 6.4 %, n = 10 mice) and NI * ** A B C mice (152.7 ± 6.8 %, n = 7 mice, ns, Mann-Whitney test) whereas only a 119% increase was observed in JAK2ca mice (119.7 ± 8.1, n = 9 mice, p < 0.01 vs NI and p < 0.001 vs GFP) (Figure 55).

Interestingly, the fEPSPs response immediately after LTP stimulation showed that synapses could be potentiated in JAK2ca mice but that the maintenance of the potentiated state was altered. Taken together, these interesting results show that activation of the JAK2/STAT3 pathway specifically in hippocampal astrocytes is able to alter basal synaptic transmission and plasticity. Experiments are ongoing to increase the number of mice per group and decipher the molecular mechanisms involved.

In conclusion, we used a viral vector to induce the activation of the JAK2/STAT3 pathway specifically in astrocytes, in the WT mouse brain. We showed that the JAK2/STAT3 pathway regulates the expression of a number of genes involved in several important cellular functions in the mouse striatum. In addition, we showed that activating astrocytes by the JAK2/STAT3 pathway impacts synaptic transmission and plasticity in the mouse hippocampus. Therefore, these results validate that the JAK2/STAT3 pathway in astrocytes is a key regulatory cascade and represents a powerful target to study functional changes in reactive astrocytes.

A B

inflammatory conditions, reactive astrocytes upregulate proteins such as iNOS or various cytokines (Sofroniew and Vinters, 2010). Changes in the expression of other proteins have been associated

with astrocyte reactivity. For example, N-myc downregulated gene 2 (NDRG2) has recently been described as a protein expressed in astrocytes, throughout the brain in various species. Furthermore, following acute injury in the cortex, NDRG2 expressed is decreased in vimentin + reactive astrocytes [START_REF] Flugge | NDRG2 as a marker protein for brain astrocytes[END_REF]. Decreased expression of GS has also been reported in different studies either in experimentally activated astrocytes or in pathological conditions [START_REF] Ortinski | Selective induction of astrocytic gliosis generates deficits in neuronal inhibition[END_REF][START_REF] Eid | Roles of glutamine synthetase inhibition in epilepsy[END_REF]Tong et al., 2014). In this study, like others in the field, we used morphological changes and increase GFAP expression to identify reactive astrocytes, but there is a lack for reactive astrocyte markers that are functionally related to their reactive state. Transcriptomic studies from B. Barres's lab and others have provided useful information but additional efforts are needed to identify more universal and functional markers for reactive astrocytes.

2) Astrocyte reactivity in ND models

In this work, we studied astrocyte reactivity in mouse models of AD, HD and PD. We observed that GFAP was strongly upregulated around amyloid depositions in the hippocampus of APP/PS1dE9 and the subiculum of 3xTg-AD mouse models of AD, consistent with previous findings (Oddo et al., 2003b) (Ruan et al., 2009). By contrast, in these models, only few GFAP + astrocytes also expressed vimentin and GFAP + /Vim + astrocytes were mainly found in direct contact with amyloid plaques. In the lentiviral-based model of HD, intrastriatal injection of lenti-Htt82Q resulted in the death of striatal neurons as well as the formation of Em48 + Htt aggregates, 6 weeks post-injection. In addition, we observed many reactive astrocytes in the injected area. Both the expression of both GFAP and vimentin was induced in astrocytes with Htt82Q in the mouse striatum. These results suggest that GFAP and vimentin may be differentially regulated depending on the pathological stimulus (amyloid plaques, Htt aggregates or neuronal death) or brain region.

Interestingly, we found that astrocyte reactivity was differentially induced in different ND models.

Indeed, it was strongly induced in the APP/PS1dE9 and 3xTg-AD mouse models of AD and in the MPTP model of PD. By contrast, transgenic mouse models of HD displayed limited or late astrocyte reactivity. Indeed, we examined astrocyte reactivity in two transgenic mouse models of HD: N171-82Q mice and Hdh140 mice. Both models displayed behavioral abnormalities and striatal atrophy at the age of post-mortem analysis. However, we did not observe substantial astrocyte reactivity in endstage N171-82Q mice (18 weeks) or before 17 months of age in Hdh140 mice. This limited astrocyte reactivity in HD transgenic mice is consistent with the literature (Tong et al., 2014), but differs greatly from what is observed in HD patients (Faideau et al., 2010). Indeed, by contrast to mice, in humans, even pre-manifest HD patients display astrocyte reactivity in the striatum years before symptoms onset and neuronal death. This discrepancy may be related to regional specificity of astrocytes in the mouse striatum and/or to the absence of massive neuronal death in HD mouse models.

3) The JAK2/STAT3 pathway is a universal feature of astrocyte reactivity Astrocyte reactivity can be triggered by hundreds of molecules including cytokines, chemokines, aggregated proteins or infectious agents, released by various cell types and that activate multiple intracellular signaling pathways (Kang and Hebert, 2011 and see § II.B.1). Among these pathways, the JAK2/STAT3 cascade has been shown to trigger astrocyte reactivity in various acute pathological conditions (Sofroniew, 2009;Kang and Hebert, 2011). By contrast, its role in mediating astrocyte reactivity in chronic pathological conditions was not known.

Thus, in this study, we aimed to decipher the role of the JAK2/STAT3 pathway in astrocyte reactivity in the context of ND. To this end, we detected STAT3 by immunofluorescence in several ND models of AD and HD. Because the JAK2/STAT3 pathway is ubiquitous, immunofluorescence detection of STAT3 was performed to identify in which cell type it was expressed by double labeling with cell-type specific markers. Surprisingly, the majority of STAT3 + cells also expressed astrocyte markers such as GFAP or S100β both in ND models but also in their respective age-matched controls as well as in WT mice. The most striking example is the lenti-CNTF model that we used as a positive control in our experiments. CNTF activates astrocytes through the JAK2/STAT3 pathway. Following lenti-CNTF injection, CNTF is produced by neurons and released in the extracellular space. The CNTF receptor is expressed by neurons as well as reactive astrocytes. Thus, in lenti-CNTF-injected animals, CNTF should bind to its neuronal receptor and activate the JAK2/STAT3 pathway in those cells. Very surprisingly, the majority of STAT3 + cells also expressed reactive astrocyte markers. These results

showed that, upon various conditions, in resting astrocytes as well as when they are reactive (CNTF or ND), the JAK2/STAT3 pathway is primarily detectable in astrocytes suggesting a higher activity of this cascade in astrocytes than in other brain cells.

Upon cytokine binding on their cognate receptors, STAT3 is recruited to the receptor and phosphorylated by JAK2. Two phosphorylated STAT3 dimerize and translocate to the nucleus to regulate gene expression (Levy and Darnell, 2002 and see Figure 9). Thus, the phosphorylation of STAT3 (pSTAT3) is classically used as a marker of activation of the JAK2/STAT3 pathway. PSTAT3

could not be detected by immunofluorescence in the ND models we studied. This was not unexpected, however, given the number of publications that also reported undetectable pSTAT3 staining, even in more severe and acute injury models (Sriram et al., 2004;[START_REF] Nobuta | STAT3-mediated astrogliosis protects myelin development in neonatal brain injury[END_REF]Tyzack et al., 2014).

The absence of pSTAT3 immunoreactivity was not due to a technical problem as we successfully detected pSTAT3 in the lenti-CNTF positive control. Therefore, in our study, we used increased STAT3 expression and nuclear localization as alternative indicators of pathway activation, as previously used by our group and others (Sriram et al., 2004;Escartin et al., 2006;Tyzack et al., 2014). We showed that the JAK2/STAT3 pathway is activated in reactive astrocytes present in specific vulnerable brain regions according to the disease model. Thus, we found that the JAK2/STAT3 pathway was activated in reactive astrocytes around amyloid depositions in the hippocampus and the cortex (data not shown) of APP/PS1dE9 and in the subiculum of 3xTg-AD models of AD. Activation of the JAK2/STAT3 pathway was observed in reactive astrocytes the striatum of mice and NHP in the lentiviral-based model of HD and in an old Hdh140 mouse. Similarly, the JAK2/STAT3 pathway was activated in reactive astrocytes in the substantia nigra and in the striatum in the MPTP mouse model of PD. In all models, STAT3 and GFAP expression were concomitantly increased in reactive astrocytes. This correlation was highly robust and thus, the detection of STAT3 can basically serve as a marker of reactive astrocytes in itself. Consistent with these findings, in the striatum of endstage N171-82Q mice, astrocyte reactivity was mild or absent and no STAT3 immunoreactivity was detected.

In our study, we detected STAT3 by immunofluorescence staining. This technique offers several advantages. First, as compared to biochemical techniques such as WB or ELISA, immunofluorescence allows to perform co-stainings to identify the cell-type specific expression of STAT3. Second, we were able to carefully quantify the absolute number of STAT3 + cells as well as fluorescence intensity in their soma. However, this histological technique obviously depends on the quality of the tissue on which the staining is performed. STAT3 staining did not appear to be sensitive to the fixation process on mice, as we obtained the same results on both perfused or post-fixed mouse brains. However, we encountered some trouble with stainings on 3xTg-AD mice and age-matched WT mice (B6129Sv). Brain slices from these mice displayed autofluorescent puncta, mainly in neurons.

The presence of these puncta was not due to the immunostaining process of as they were observed on unstained slices. This phenomenon prevented the quantification of STAT3 fluorescence intensity in this model.

We have also generated samples for western blotting of the GFP + injected area in the lentiviral-based model of HD and of the dorsal-hippocampus in 3xTg-AD mice and age-matched controls. PSTAT3

was not detectable by western blotting in those samples. Again, this was not due to a technical issue because pSTAT3 was successfully detected in the lenti-CNTF positive control by western blotting.

Instead, it may be due to the models of ND themselves, which are progressive and may involve low, transient or asynchronous phosphorylation of STAT3. Indeed, in several studies that successfully detected an increase in pSTAT3 levels in naive or treated mice (methamphetamine or MPTP), they were sacrificed by focused microwave irradiation to preserve the phosphorylated state of proteins Phosphoproteins can be detected with alternative techniques with higher sensitivity such as ELISA or with cell cytometry by the phosphoflow assay [START_REF] Krutzik | High-content single-cell drug screening with phosphospecific flow cytometry[END_REF]. We have generated samples to measure pSTAT3 and STAT3 levels by ELISA in ND models; these experiments are ongoing.

In this study, we reported that activation of the JAK2/STAT3 pathway occurs in reactive astrocytes of many ND models (AD, HD, PD) and is also conserved between species (mouse and NHP).

Importantly, the etiology of these ND models is very different and involves specific vulnerable brain regions (striatum, hippocampus, substantia nigra). Thus, activation of the JAK2/STAT3 pathway appears to be a universal feature of astrocyte reactivity in ND, which is conserved across disease Experiments involving pharmacological inhibitors of JAKs suggested that this pathway was needed for astrocyte reactivity, including in the MPTP model of PD (Sriram et al., 2004). However, the JAK2/STAT3 pathway is active in all brain cells; therefore, it is possible that such inhibitors affect other cell types besides astrocytes. More recently, genetic approaches have been developed to KO the expression of STAT3 specifically in astrocytes with the Cre-LoxP system. STAT3 conditional KO strongly reduces astrocyte reactivity following acute injuries of the brain (Tyzack et al., 2014) and spinal cord (Okada et al., 2006;Herrmann et al., 2008;Wanner et al., 2013). However, in all these studies stat3 was deleted in nestin + or GFAP + cells using non-inducible Cre recombinase expression.

Nestin and gfap promoters are expressed in radial glial cells during embryonic development [START_REF] Han | Forebrain engraftment by human glial progenitor cells enhances synaptic plasticity and learning in adult mice[END_REF] and the JAK2/STAT3 signaling pathway plays a central role during development.

Particularly in the CNS, it controls the developmental switch between neurogenesis and astrogliogenesis in radial glial cells [START_REF] Kamakura | Hes binding to STAT3 mediates crosstalk between Notch and JAK-STAT signalling[END_REF]He et al., 2005;[START_REF] Kanski | A star is born: new insights into the mechanism of astrogenesis[END_REF].

Thus, the specific deletion of stat3 might have triggered non-specific developmental effects, including alteration of the establishment of neuronal networks, neuron-glia interactions or compensatory mechanisms. These effects could be confounding for result interpretation. This issue could be overcome by several approaches allowing the temporal control of Cre expression with the inducible expression of Cre (CreER T2 ) or the Tet ON/Tet OFF system [START_REF] Pfrieger | Genetic approaches to study glial cells in the rodent brain[END_REF]. In any case, gene deletion is a rather drastic approach compared to the overexpression of dominant negative form of the protein of interest or overexpression of its inhibitor. By contrast, we used lentiviral vectors to selectively overexpress SOCS3 in astrocytes in the adult rodent brain. We first validated this approach in vivo, in a model whereby astrocytes are strongly activated by CNTF in the rat striatum. When a lentiviral vector expressing SOCS3 was co-injected in astrocytes, it completely prevented their activation by CNTF. We controlled that SOCS3 was able to blunt the strong phosphorylation of STAT3 induced by CNTF, suggesting that SOCS3 effects are indeed mediated by the blockade of the JAK2/STAT3 pathway.

Furthermore, we showed that SOCS3 overexpression was able to prevent the accumulation of STAT3 in the nucleus of reactive astrocytes in the 3xTg-AD mouse model of AD and in the lentiviral-based model of HD. This selective strategy allowed us to demonstrate that the JAK2/STAT3 pathway was responsible for astrocyte reactivity in ND models. Indeed, SOCS3 overexpression strongly decreased GFAP expression in reactive astrocytes. In addition SOCS3-expressing astrocytes displayed a bushy morphology with thin distal processes as compared with GFP control astrocytes both in the 3xTg-AD mouse model of AD and in the lentiviral-based model of HD. Although we did not quantify these morphological changes, they were consistently observed. A morphometric method such as the Scholl analysis could be used to quantify these morphological changes, as described in the literature (Tong et al., 2014).

Further evidence suggesting a central role of the JAK2/STAT3 pathway is that overexpression of jak2 and stat3 was sufficient to trigger astrocyte reactivity in vivo, in C57BL/6 mice, in the absence of any pathological condition. Indeed, we overexpressed WT or constitutively active mutants of JAK2 and STAT3 by lentiviral gene transfer in the striatum of C57BL/6 mice. All JAK2 and STAT3 constructs resulted in increased GFAP and vimentin immunoreactivity in the injected area, although to various extent. We determined that the mutant construct JAK2T875N (JAK2ca), encoding a mutated JAK2 with a constitutively active kinase domain was the most efficient to induce astrocyte reactivity. Thus, we validated that JAK2ca overexpression activated the STAT3 pathway and resulted in astrocyte reactivity in various brain regions (see IV.B.2). Altogether, our results extend the data from the literature to show that the JAK2/STAT3 pathway is a central player in astrocyte reactivity both in acute and chronic pathological conditions.

2) What about other intracellular cascade associated with astrocyte reactivity?

It is intriguing that despite multiple molecular triggers and intracellular pathways, the JAK2/STAT3 pathway ultimately mediates astrocyte reactivity. Indeed, several other signaling cascades have been associated with reactive astrocytes (Sofroniew, 2009;Kang and Hebert, 2011). In particular, the NF-B pathway is associated with astrocyte reactivity in acute disorders such as spinal cord and peripheral nerve injury (Kang and Hebert, 2011). However, in ND conditions, evidence for an activation of the NF-B in reactive astrocytes is sparse. In ALS, the NF-B pathway is activated mainly in microglial cells in the spinal cord (Frakes et al., 2014). In AD and HD mouse models, NF-B signaling was reported to be active in astrocytes (Hsiao et al., 2013;Medeiros and LaFerla, 2013) but it is better demonstrated in peripheral immune cells of HD patients and it is altered in neurons (Granic et al., 2009;Khoshnan and Patterson, 2011).

The NF-B, was specifically targeted to interfere with astrocyte reactivity, in both acute and chronic pathological conditions, in vivo [START_REF] Brambilla | Inhibition of astroglial nuclear factor kappaB reduces inflammation and improves functional recovery after spinal cord injury[END_REF]Crosio et al., 2011;[START_REF] Furman | Targeting astrocytes ameliorates neurologic changes in a mouse model of Alzheimer's disease[END_REF]Frakes et al., 2014;[START_REF] Kang | Astrocyte activation is suppressed in both normal and injured brain by FGF signaling[END_REF]. However, it is interesting to note that astrocyte reactivity was unaltered or attenuated but not abrogated by interfering with this pathway. For example, blockade of the NF-B pathway in astrocytes did not alter the reactive phenotype of astrocytes after SCI [START_REF] Brambilla | Inhibition of astroglial nuclear factor kappaB reduces inflammation and improves functional recovery after spinal cord injury[END_REF] and only reduced astrocyte reactivity slightly and transiently in the SOD G93A mouse model of ALS (Crosio et al., 2011).

Confirming a minor role of this pathway in the context of ND, we did not observe any evidence for an activation of the NF-B pathway in the striatum of lenti-Htt82Q-injected mice or in the hippocampus of 3xTg-AD mice. By contrast, we found that blockade of the JAK2/STAT3 pathway nearly abolished the upregulation of intermediate filaments and hypertrophy in reactive astrocytes in mouse models of AD and HD. Therefore, our results suggest that even though other signaling cascades might be activated in reactive astrocytes in ND, the JAK2/STAT3 pathway ultimately controls the reactive phenotype of astrocytes.

There are multiple levels of crosstalk between the NF-B and the JAK2/STAT3 pathways, at least in immune cell lines in vitro (Fan et al., 2013). Therefore, it is possible that the NF-B pathway secondarily activates the JAK2/STAT3 pathway or that STAT3 inhibits the NF-B pathway (Yu et al., 2002). Very interestingly, our data suggest that, when the JAK2/STAT3 pathway is activated in astrocytes, the expression of several genes involved in the regulation of the NF-B and FGF pathways is modified. Indeed, expression of Nfkbia encoding IBα, a subunit of the IB complex, the master regulator of NF-B, is the second most upregulated gene in the transcriptomic analysis of JAK2ca astrocytes. Similarly, Nfkbiz, another component of the IB complex is strongly upregulated by JAK2ca along with a downregulation of Nkiras1, which inhibits the degradation of IB. These results strongly suggest that activation of the JAK2/STAT3 pathway concomitantly inhibits NF-B signaling.

Consistent with this hypothesis, a recent study showed that overexpression of IL-32 activates astrocytes and induces a concomitant increase in pSTAT3 levels and decrease in NF-B levels [START_REF] Hwang | Reducing Effect of IL-32alpha in the Development of Stroke Through Blocking of NF-kappaB, but Enhancement of STAT3 Pathways[END_REF]. This result suggests that activation of the JAK2/STAT3 pathway in reactive astrocytes results in NF-B pathway inhibition.

In addition to the NF-B pathway, we also found that mRNA levels of Fgfr2, which has been recently

shown to maintain the resting state of astrocytes in the healthy brain, are decreased upon activation of the JAK2/STAT3 pathway. Thus, these data show, for the first time, that activation of the JAK2/STAT3 pathway within astrocytes is able to regulate parallel signaling cascades in reactive astrocytes.

Last, it is to note that the JAK/STAT pathway itself is composed of several JAK, STAT and SOCS proteins. Several JAK/STAT/SOCS proteins interact preferentially. For example, it was recently shown that SOCS3 specifically inhibits the substrate-docking site on JAK2. We showed that SOCS3 overexpression in astrocytes prevents their reactivity in models of AD and HD. However, although SOCS3 mainly inhibits JAK/STAT signaling by blocking JAK2, it is possible that JAK2 could activate other STATs such as STAT1 and STAT5. Thus, we cannot exclude that SOCS3 could still have additional blocking effects (Kershaw et al., 2013b). It would be interesting to detect STAT1 and STAT5 in these models of ND to evaluate their activation in reactive astrocytes.

In conclusion, although other signaling pathways might be active in reactive astrocytes in ND, our experiments based on the specific inhibition by SOCS3, show that the JAK2/STAT3 pathway is ultimately responsible for triggering astrocyte reactivity in these ND models. Taken together, these results suggest that activation the JAK2/STAT3 pathway in reactive astrocytes may trigger transcriptional regulation that induces 1) astrocyte reactivity and 2) inhibition of parallel signaling cascades.

3) Manipulating the JAK2/STAT3 pathway through viral gene transfer

By contrast with previous approaches to interfere with the JAK2/STAT3 pathway in astrocytes, we used viral vectors to either overexpress a constitutively active form of JAK2 (JAK2ca) or SOCS3, specifically in astrocytes, in the adult rodent brain. With this strategy, we found that overexpression of JAK2ca in astrocytes induces their reactivity. Conversely, SOCS3 overexpression prevents astrocyte reactivity in various models, through efficient inhibition of the JAK2/STAT3 pathway. Therefore, with this elegant strategy, we demonstrate that the JAK2/STAT3 pathway plays a central role in mediating astrocyte reactivity.

a) Viral vectors allow selective transgene expression in astrocytes

We used lentiviral vectors that were previously developed in the laboratory (Colin et al., 2009). These lentiviral vectors are pseudotyped with the MOK envelope and, when injected in the mouse striatum, transduce equally neurons and astrocytes. Transgene expression is under the control of the ubiquitous PGK promoter, thus the cell-specificity is mainly determined by the detargeting strategy with MOK lentiviral vectors. This is achieved by the presence of a sequence encoding the target of a microRNA (miR124T), preferentially expressed in neurons. Thus, when MOK/miR124T lentiviral vectors are injected in the mouse striatum, they will infect both neurons and astrocytes but the presence of the miR124T will lead to transgene degradation in neurons. Therefore, transgene will mainly be expressed in astrocytes.

We have validated transgene expression with lentiviral vectors encoding GFP with cell-type specific markers for astrocytes, neurons, microglia, NG2 cells and oligodendrocytes, in the mouse and the rat striatum. In all our experiments with MOK/miR124T lentiviral vectors, we observed only a few cells (<5%, mainly neurons, NG2 and microglia cells) transduced besides astrocytes either based on morphological identification or with co-staining with cell-type specific markers by immunofluorescence.

We also transduced astrocytes in the adult rodent brain with AAV vectors of serotype 9. In the CNS, AAV-9 transduces astrocytes in vivo but also neurons and other cell types [START_REF] Cearley | Transduction characteristics of adeno-associated virus vectors expressing cap serotypes 7, 8, 9, and Rh10 in the mouse brain[END_REF].

By contrast with lentiviral vectors, the promoter used to control transgene expression in AAV vectors mainly dictates vector tropism. Thus, to achieve transgene expression in astrocytes, we used a truncated form of the gfap promoter (gfaABC1D) that was shown to be active predominantly in astrocytes compared to other cell types in the mouse brain [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF]. Again, we validated transgene expression with AAV vectors encoding GFP with cell-type specific markers for astrocytes, neurons, microglia and oligodendrocytes in the mouse striatum and hippocampus.

Unfortunately, we could not detect JAK2ca and SOCS3 transgenes in the rodent brain, by immunostaining or western blotting, using different antibodies. We were able to detect transgene overexpression at the mRNA levels by qRT-PCR in samples from injected animals and to detect JAK2 overexpression after transfection of HEK293T cells. This result suggests that the level of expression achieved with viral vectors might not be sufficient to be detected by western blotting. In addition, available antibodies may not recognized fixed epitopes on brain sections. In the case of SOCS3, we have tested several antibodies on several tissue samples, none of which worked. However, despite the fact that we could not detect overexpression at the protein level of JAK2 and SOCS3, we did observe significant biological effects.

To overcome this issue, we systematically co-injected the vector encoding the transgene of interest with a vector encoding GFP. In all experiments, we used a 4 : 1 ratio (transgene : GFP) in terms of viral particle load. We conducted careful experiments to validate that a majority of cells co-expressed two transgenes encoded by two different viral vectors, both with lentiviral and AAV vectors (see § IV.B.1). Indeed, we found that following intrastriatal injection with two MOK/mir124T lentiviral vectors encoding GFP and BFP, 95% of cells co-expressed both fluorescent proteins. Similarly, we found that a majority of cells (99%) co-expressed GFP and tdTomato, when mice were co-injected in the striatum with AAV-GFP and AAV-tdTomato.

This co-injection strategy has two additional assets. First, co-injection with a viral vector encoding GFP allows the visualization of the injected brain area (GFP + ). This infected area can then be dissected out for molecular biology or biochemistry experiments, in order to study only the area efficiently infected by the viral vectors. In addition, we can visualize infected cells and their morphology including their fine processes, as cells are "filled" with GFP.

b) Advantages/ limitations of viral vectors to study astrocyte reactivity

Viral vectors are useful tools: they can be used in mice, rodents and non-human primates with a great versatility; they can be injected at any time of the postnatal life, including in adult and old animals. The fact that they only transduce limited areas of the brain is also an advantage to study the vulnerability of neuronal populations in specific brain regions as in ND or the regional heterogeneity of cellular processes. Indeed, by targeting a limited number of cells in a specific brain area with a viral vector, the rest of the brain parenchyma is unaltered, decreasing the probability of non-specific effects.

Experimentally, this property is very useful, because the same animal can be injected independently with viral vectors in different parts of its two hemispheres. For example, we often inject the viral vector encoding the gene of interest in one striatum, and the control in the other. This paradigm is very practical as each animal serves as its own control to take into account inter-individual variability.

Furthermore, viral vectors allow stable transgene expression [START_REF] Lowenstein | Progress and challenges in viral vector-mediated gene transfer to the brain[END_REF][START_REF] Mccown | Adeno-Associated Virus (AAV) Vectors in the CNS[END_REF][START_REF] Delzor | Lentiviral vectors: a powerful tool to target astrocytes in vivo[END_REF]. Our results showed that transgene expression in the striatum of mice injected with MOK/mir124T vectors is stable for at least 6 months. For AAV vectors, data from the literature showed that AAV vectors targeting astrocytes led to stable transgene expression at least after 9 months post-injection [START_REF] Furman | Targeting astrocytes ameliorates neurologic changes in a mouse model of Alzheimer's disease[END_REF]. Unpublished data from the team confirm that our AAV vectors are stable for at least 5 months. Last, because we inject viral vectors in adult animals, it is unlikely that the viral transduction affect cerebral development.

It could appear paradoxical to modulate astrocyte reactivity with viral vectors that could intrinsically elicit an inflammatory response and glial reactivity when injected in the brain. We addressed this issue by performing dose-response experiments to determine the viral titer that was sufficient to trigger a biological effect but that did not elicit non-specific effects (astrocyte and microglial activation) on any of the control groups (injection of vehicle or injection of control vector GFP). In this context of studying astrocyte reactivity and neuroinflammation, it is to note that the injection of viral vectors itself results in the formation of a glial scar at the needle track. Therefore, in all our experiments, quantification of immunostainings was performed on fields outside of this area. Moreover, our results show that the transduced volume increases with the viral titer. Therefore, as we could not use high viral titers when studying neuroinflammation, we could not transduce large brain areas. Thus, at the titer used for both vectors, the volume of injection was rather small, approximately an average of 1/8th of the total striatal volume and 1/10th of the hippocampal volume.

In fact, this kind of viral-based approach might not be adapted to assess the effect of transgene expression on integrated cerebral functions with behavioral tests or for other techniques that require large amounts of tissue such as transcriptomic or proteomic studies. Nevertheless, we were able to perform a transcriptomic analysis on infected astrocytes even if it required the pooling several mouse samples and RNA amplification.

4) Universality of the JAK2/STAT3 pathway versus heterogeneity of reactive astrocytes

Both resting and reactive astrocytes are now considered as highly heterogeneous cells in terms of their morphological or functional features (Matyash and Kettenmann, 2010;Anderson et al., 2014).

Because of the variety of molecular triggers, intracellular signaling cascades and effectors that have been associated with astrocyte reactivity, this phenomenon is intrinsically heterogeneous. On the opposite, results from our group and others have identified the JAK2/STAT3 pathway as a universal cascade in reactive astrocytes. How can we explain these discrepancies? It is important to consider different points. First, the large repertoire of molecular signals and pathways that trigger astrocyte activation comes from in vitro studies, whereby astrocytes are experimentally stimulated with various molecules (cytokines, growth factors or toxins). While these studies are essential to dissect precise molecular mechanisms, several caveats have to be taken into account especially when studying reactive astrocytes. Indeed, cultured astrocytes do not have the same morphology, molecular profile and cellular interactions than their in vivo counterparts [START_REF] Eddleston | Molecular profile of reactive astrocytes--implications for their role in neurologic disease[END_REF][START_REF] Foo | Development of a method for the purification and culture of rodent astrocytes[END_REF]. Furthermore, microglial contamination is not always controlled both in primary astrocyte and neuron-astrocyte co-cultures. This contamination might play a role in the molecular profile of astrocytes upon stimulation [START_REF] Saura | Microglial cells in astroglial cultures: a cautionary note[END_REF].

Second, most of the signaling pathways associated with reactive astrocytes have been detected in experimentally activated astrocytes or toxic insults. These studies are important to formulate hypothesis about the functional features of astrocyte reactivity, but may not correspond to what occurs in pathological conditions, even acute (Sofroniew, 2009). Thus, the apparent heterogeneity of astrocyte reactivity might also partly be due to the variety of experimental strategies, injury models and molecular targets that have been studied. By contrast, we have studied a single intracellular signaling cascade in endogenous reactive astrocytes, in lentiviral-based and transgenic models of ND in vivo.

Our results suggest that the molecular cascades involved in their reactivity are in fact, highly conserved between disease states, species and brain regions.

The JAK2/STAT3 pathway is involved in the regulation of key intracellular processes both during development and in the adult life. Activation of the JAK2/STAT3 pathway is strongly associated with the regulation of inflammation in the peripheral immune system. Of importance, the majority of stat, jak and socs null mice are embryonically or perinatally lethal due to defects in cell survival, erythropoiesis, immune system and placental development. Genes involved in cell survival (Bcl-xl, Bcl-2, Fas) and proliferation (Cyclin D1, p53) are regulated by the JAK2/STAT3 pathway. In the CNS, the JAK2/STAT3 pathway has a key role in the switch that determines astrogliogenesis onset. Thus, one hypothesis is that the JAK2/STAT3 pathway controls intracellular programs that are necessary for cell survival and thus, this pathway could be favored in pathological conditions.

Last, the JAK2/STAT3 pathway differentially regulates gene expression in a cell-type specific manner.

Therefore, while this pathway is conserved in reactive astrocytes, it could be possible that the expression of genes that it modulates varies according to the pathological condition or brain region, contributing to the heterogeneity of astrocyte reactivity.

In conclusion, we have extended previous data of the literature showing that the JAK2/STAT3 pathway is activated in several mouse models of ND: AD, HD and PD. Furthermore, we have demonstrated that this pathway is responsible for astrocyte reactivity in vivo, in the 3xTg and APP/PS1dE9 mouse models of AD, in the lentiviral-based model of HD. Thus, the JAK2/STAT3 pathway is a highly conserved, powerful target to study astrocyte reactivity in ND.

C. Reactive astrocytes have a limited contribution to neuronal dysfunction in HD models

It is widely discussed whether reactive astrocytes influence disease outcomes in many pathological conditions, including ND [START_REF] Maragakis | Mechanisms of Disease: astrocytes in neurodegenerative disease[END_REF]. In HD, alterations of specific astrocyte functions have been evidenced including decreased glutamate reuptake [START_REF] Lievens | Impaired glutamate uptake in the R6 Huntington's disease transgenic mice[END_REF][START_REF] Behrens | Impaired glutamate transport and glutamate-glutamine cycling: downstream effects of the Huntington mutation[END_REF], GABA release [START_REF] Wojtowicz | Reduced tonic inhibition in striatal output neurons from Huntington mice due to loss of astrocytic GABA release through GAT-3[END_REF], K + buffering (Tong et al., 2014) and release of anti-inflammatory cytokines [START_REF] Chou | Expandedpolyglutamine huntingtin protein suppresses the secretion and production of a chemokine (CCL5/RANTES) by astrocytes[END_REF] or antioxidant factors [START_REF] Acuna | A failure in energy metabolism and antioxidant uptake precede symptoms of Huntington's disease in mice[END_REF].

Only few studies mentioned or investigated how alterations of these functions or expression of mHtt influenced astrocyte reactivity. For example, a study carried in our laboratory clearly showed that lentiviral-mediated expression of Htt82Q specifically in striatal astrocytes was associated with GFAP upregulation and hypertrophic morphology (Faideau et al., 2010). By contrast, in two studies, Bradford et al. have investigated the consequences on mouse phenotype to overexpress mHtt in astrocytes, alone or in combination with a neuronal expression of mHtt [START_REF] Bradford | Expression of mutant huntingtin in mouse brain astrocytes causes age-dependent neurological symptoms[END_REF][START_REF] Bradford | Mutant huntingtin in glial cells exacerbates neurological symptoms of Huntington disease mice[END_REF]. In these studies, authors did not mention whether astrocytes acquired a reactive phenotype upon expressing mHtt.

In our study, we aimed at targeting the JAK2/STAT3 pathway to globally modulate the reactive phenotype of astrocytes and to evaluate its consequences on disease outcomes. We manipulated the JAK2/STAT3 pathway to induce or prevent astrocyte reactivity in two models of HD: the lentiviralbased model and the transgenic N171-82Q model of HD. In both models we found that, despite a successful manipulation of the astrocytic JAK2/STAT3 pathway and astrocyte reactivity, it only had limited effects on neuronal dysfunction observed in these models. Therefore, at least in these two models of HD, reactive astrocytes do not participate in a significant extent to neuronal dysfunction. Six weeks post-injection, overexpression of Htt82Q led to neuronal death and dysfunction as well as the formation of EM48 + and Ubiquitin + Htt aggregates, in surviving striatal neurons. While Htt82Q is expressed mainly in neurons, we co-injected lentiviral vectors to modulate the JAK2/STAT3 pathway specifically in astrocytes. Thus, we showed that overexpression of SOCS3 almost completely prevented Htt82Q-mediated astrocyte reactivity. By contrast, overexpression of a constitutively active form of JAK2 led to a limited increase in astrocyte reactivity. This result could be expected, as astrocytes are highly reactive with Htt82Q in the control group.

1) SOCS3 overexpression in astrocytes interferes with

Interestingly, we found that SOCS3 overexpression in astrocytes decreased the expression of inflammatory markers such as iba1 and ccl2. Importantly, SOCS3 decreased the expression of the microglial marker iba1; we are currently analyzing the effect of SOCS3 overexpression in astrocytes on reactive microglia in lenti-Htt82Q mice, by immunofluorescence and by detecting additional markers of inflammation by qRT-PCR. These results suggest that preventing astrocyte reactivity in the lentiviral-based model of HD decreases neuroinflammation and microglial activation in the injected area despite similar Htt82Q-mediated neuronal death. Therefore, it seems that astrocyte reactivity might be triggering microglial activation in this model.

b) Effects of SOCS3 overexpression on neuronal dysfunction

We investigated the consequences of manipulating the JAK2/STAT3 pathway on neuronal survival after lenti-Htt82Q injection. We found that astrocyte reactivity does not contribute to a significant extent to neuronal death in this model of HD. Indeed, activation or blockade of the JAK2/STAT3

pathway in astrocytes has no detectable effect on the lesion volume evaluated by immunolabeling of DARPP32 and NeuN. Although these markers do not appear very sensitive, other neuroprotective studies carried out in the laboratory found significant neuroprotection or neurotoxicity with these indexes. In these studies, neurons were co-infected with viral vectors encoding Htt and the protective protein.

Here, we investigated whether targeting a signaling cascade in astrocytes would influence neuronal death caused by the overexpression of Htt82Q in neurons. Therefore, in this particular model, neuronal dysfunction and subsequent death observed 6 weeks post-injection appears to be mainly neuron-autonomous.

However, we did not perform a time-course or dose-response study, and we cannot exclude that modulation of reactive astrocytes influences neuronal death onset, time-course or when the lesion is milder. We decided to perform post-mortem analysis at 6 weeks post-injection for mice to fully recover from surgery. It is possible that early change in neuron-astrocyte communication occurs as transgenic proteins start to be synthetized in both cell types. Our data suggest that transgenes are expressed within the same time frame in neurons and astrocytes. Moreover, we observed that SOCS3 overexpression even reduces the formation of the glial scar at the needle track following stereotaxic injections. This phenomenon occurs typically in less than a week-following stab wound injury in the cortex [START_REF] Bardehle | Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation[END_REF]. This suggests that SOCS3 most likely prevents the establishment of astrocyte reactivity both due to the injection itself and to the expression of Htt82Q in neurons. Thus, it is possible that the JAK2/STAT3 pathway in astrocytes modulates the early time course of the neuronal dysfunction following lenti-Htt82Q-injection. Similarly, it is possible that the induced lesion is too severe to be reduced by surrounding astrocytes.

c) A role for the UPS in reactive astrocytes during ND?

i) The ubiquitin/proteasome system in HD A role of the UPS in HD comes from studies that observed a co-localization between Ubiquitin and proteasome subunits with mHtt aggregates in brain of patients and mouse models of HD (Davies et al., 1997;[START_REF] Difiglia | Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain[END_REF]. These results suggest that mHtt can be ubiquitinated and thus targeted for proteasomal degradation ( Upon inflammatory conditions, cytokine production such as IFNγ results in the formation of a proteasome variant termed immunoproteasome [START_REF] Ferrington | Immunoproteasomes: structure, function, and antigen presentation[END_REF].

Immunoproteasome-specific subunits (β1i, β2i and β5i) were observed in neurons in HD patients and mouse models of HD [START_REF] Diaz-Hernandez | Neuronal induction of the immunoproteasome in Huntington's disease[END_REF]. However, it is not known whether reactive astrocytes display immunoproteasomes in HD, but have been observed in other ND. Indeed, they were evidenced in reactive astrocytes as well as neurons and activated microglia in AD, PD, ALS or MS. For example, Orre et al. showed by double immunofluorescence staining that reactive astrocytes and activated microglia located around amyloid depositions upregulated immunoproteasome catalytic subunits in brains from patients with AD and in the APP/PS1dE9 mouse model of AD [START_REF] Orre | Reactive glia show increased immunoproteasome activity in Alzheimer's disease[END_REF]. Thus, there is evidence for a modulation of the UPS in reactive astrocytes in ND models, although in HD, this phenomenon remains largely unresolved.

ii) The UPS and astrocyte reactivity in HD

We studied the effect of manipulating astrocyte reactivity on Htt aggregates in the lentiviral-based model of HD. We found that SOCS3 influenced the formation of Htt aggregates, although we obtained inconsistent results in two experiments. The last experiment appears more reliable because it allows left-right comparisons and control for inter-individual variability. In addition, in the initial experiment, we detected Htt aggregates with ubiquitin, as Htt aggregates are ubiquinated. Yet, ubiquitin is an indirect marker and we would need to perform EM48 immunodetection to directly quantify Htt aggregates. In fact, reactive astrocytes seem to have a subtle effect on the formation of Htt aggregates, which is a dynamic and complex process. By looking at Htt inclusions we are only looking at the end-product of the pathway, and probably not at the pathogenic agent, as soluble or oligomeric forms of mHtt are thought to be more toxic [START_REF] Zuccato | Molecular mechanisms and potential therapeutical targets in Huntington's disease[END_REF]. Additional experiments would be needed to study the formation of different mHtt species more dynamically and to replicate these findings in transgenic mouse models of HD.

Interestingly, our transcriptomic analysis revealed that activation of the JAK2/STAT3 pathway in wildtype astrocytes resulted in the downregulation of genes of the UPS and a concomitant upregulation in lysosomal genes. These two pathways are involved in mHtt clearance, but with variable efficiency, specificity towards different mHtt forms and subcellular localization, as only the UPS is active in the nucleus [START_REF] Ortega | Ubiquitin-proteasome system involvement in Huntington's disease[END_REF]. The UPS seems to be more efficient to degrade soluble mHtt than lysosomes [START_REF] Li | Inhibiting the ubiquitin-proteasome system leads to preferential accumulation of toxic N-terminal mutant huntingtin fragments[END_REF], but inclusions of mHtt can only be cleared by autophagy [START_REF] Ortega | Ubiquitin-proteasome system involvement in Huntington's disease[END_REF].

The few studies that have investigated UPS and immunoproteasomes in reactive astrocytes in ND found that their activity was increased. On the opposite, our results suggest that when the JAK2/STAT3 pathway is activated in astrocytes, it decreases the expression of several genes encoding E2-conjugating enzymes and E3-ubiquitin ligase proteins, pointing towards an altered ubiquitination process (Figure 56). We did not observe an increase in the expression of immunoproteasome subunits in JAK2ca astrocytes. This result suggests that induction of immunoproteasome formation in astrocytes observed in ND models is due to inflammatory conditions (neuronal dysfunction, microglial activation, pathological stimulus etc…) that do not originate from reactive astrocytes. Where are Htt aggregates located?

In the lentivirus-based model of HD, Htt82Q is primarily expressed and forms aggregates in neurons.

In patients with HD and mouse models, aggregates are mainly found in neurons even if mHtt is expressed in all brain cells. Several studies also reported mHtt inclusions in glial cells, although less frequently and smaller than neuronal aggregates ( How reactive astrocytes can modulate mHtt aggregation?

We found that inhibition of astrocyte reactivity by blockade of the JAK2/STAT3 pathway increased the number of mHtt aggregates after lenti-Htt82Q injection in the mouse striatum. First, we controlled by qRT-PCR that the expression of virally encoded human Htt was not different between SOCS3 and GFP control groups, indicating that the effect on aggregates was not due to a direct effect on the viral promoter. There are two main hypotheses that can be drawn from these results (Figure 57). First, the "neuronal" pathway is based on the observation that the majority of mHtt is expressed in neurons due to the viral vector used, therefore, mHtt processing (production, cleavage and aggregation) occurs predominantly in striatal neurons. It is possible that reactive astrocytes release molecules such as cytokines, chemokines, growth factors, signaling molecules or metabolic substrates that could modulate mHtt processing in neurons, at different levels (cleavage, ubiquination and aggregation), influencing the formation of mHtt aggregates into neurons. Indeed, the JAK2/STAT3 pathway, responsible for the establishment of astrocyte reactivity in this model, regulates the expression of hundreds of genes in reactive astrocytes that can affect their ability to release such molecules (Figure 58). The second hypothesis would be the "astrocyte pathway", whereby astrocytes may be able to take up mHtt (soluble, cleaved fragment or aggregates) by trans-cellular transport and degrade it. The shift in protein degradation pathways favoring autophagy could affect the way mHtt is processed in reactive astrocytes and favor the clearance of inclusions by astrocytes.

Figure 57. Astrocyte reactivity and mHtt processing and aggregation in HD.

MHtt is cleaved and N-terminal mHtt fragments are polyubiquinated. They can be targeted to the proteasome and degraded or they aggregate and form mHtt inclusions. In the lentiviral-based model of HD, astrocytes express low levels of transgene and mHtt aggregates are mainly found in neurons (as in patients and several mouse models). Nevertheless, it is possible that reactive astrocytes uptake mHtt by transcellular transport or phagocytosis. Reactive astrocytes could uptake either full-length mHtt, cleaved N-terminal fragments or mHtt aggregates and process to their degradation. Our transcriptomic data suggest that, when astrocytes are reactive (red arrows), there is a shift from the UPS system to autophagy. This could influence how astrocytes clear mHtt. Alternatively, reactive astrocytes can release a number of molecules such as cytokines, chemokines or growth factors that could influence the ability of striatal neurons to process mHtt at several levels (cleavage, UPS degradation or aggregation).

Altogether, further experiments will be needed to evaluate the functionality of UPS and lysosmal pathways in reactive astrocytes in the lentiviral-based model of HD and upon modulation of the JAK2/STAT3 pathway.

2) Targeting the JAK2/STAT3 pathway in astrocytes does not influence disease phenotype in N171-82Q mouse model of HD

We aimed at targeting the JAK2/STAT3 pathway in a widely used transgenic mouse model of HD, the N171-82Q model. N171-82Q and WT mice from our colony were injected in the striatum with AAV vectors encoding JAK2ca or SOCS3 to induce or prevent endogenous astrocyte reactivity, respectively. We could not evidence the effects of SOCS3 overexpression on the reactive phenotype of astrocytes in this model. However, a recent and elegant study has well demonstrated that astrocytes displayed abnormal K + buffering capacities, in the absence of an activated phenotype in symptomatic R6/2 HD mice (Tong et al., 2014). Therefore, it seems that in several mouse models of HD, astrocytes can display abnormal functions without recapitulating a reactive phenotype. As the JAK2/STAT3 pathway regulates key cellular processes in astrocytes, it would have been conceivable

that its blockade might have an impact on the neighboring striatal neurons. Furthermore, we showed that JAK2ca overexpression in astrocytes induced their reactivity in N171-82Q HD mice. Therefore, we were able to successfully manipulate astrocyte reactivity in this model with AAV vectors.

a) Experimental issue: differences between animal cohorts

In a first cohort of N171-82Q mice from the Jackson's laboratory, we were able to evidence behavioral and histological alterations in N171-82Q that were reminiscent of symptoms in patients with HD, as previously described (Schilling et al., 1999). N171-82Q mice displayed shortened lifespan, weight loss and progressive appearance of behavioral symptoms. At the cellular level, N171-82Q showed significant brain atrophy and ventricle enlargement, decreased levels of striatal markers (DARPP32 and D2R) and the presence of mHtt aggregates throughout the brain.

By contrast, we observed a milder phenotype of N171-82Q from our colony that was used for AAV injections. Indeed, WT mice displayed abnormal motor behavior at the rotarod test, possibly due to a lack of motivation. Post-mortem analysis revealed no striatal atrophy in the N171-82Q in the control group. Furthermore, detection of mHtt aggregates showed qualitatively less inclusions in the striatum than the first cohort of HD mice. It is possible that a genetic drift occurred in our colony, which may explain the difference in both behavioral and histological characteristics observed between the two cohorts. Particularly, the decreased number of aggregates in the striatum might reflect lower expression of mHtt in this cohort of mice and therefore, explain their milder phenotype. We can hypothesize that the cellular alterations due the expression of mHtt were not as strong in the second cohort. Therefore, it is hard to conclude on the potential effects of SOCS3 as these mice displayed almost no alterations.

b) Selective induction of astrocyte reactivity does not influence neuronal dysfunction in N171-82Q mice

As previously mentioned, the N171-82Q HD mice display very mild astrocyte reactivity in the striatum, visible only with an enhanced detection of the gold standard GFAP marker. This was actually an advantage as we could selectively induce astrocyte reactivity through JAK2ca overexpression, in the absence of endogenous reactive astrocytes. JAK2ca induced robust astrocyte reactivity, in most of the dorso-lateral striatum in all JAK2ca-injected mice. We did not observe any effect of inducing astrocyte reactivity in striatal astrocytes on neuronal dysfunction with immunostaining. However, we detected a decrease in mRNA levels of striatal markers d2r and darpp32 in HD mice, yet due to the small number of animals, it did not reach significance. It is possible, especially for immunodetection that the technique used lack sensitivity and that more functional approach, such as electrophysiology might have unraveled subtle toxic effects of JAK2ca-activated astrocytes on neurons.

Overall, our results suggest that reactive astrocytes do not primarily influence neuronal dysfunction in mouse model of HD in vivo. If they do play a role, it is likely to have a limited contribution to HD pathogenesis.

D. Deciphering the functional features of reactive astrocytes and their consequences on neurons 1) Activation of the JAK2/STAT3 pathway alters expression of genes involved in multiple key cellular functions in reactive astrocytes

The JAK2/STAT3 pathway is a central player in astrocyte reactivity in pathological conditions.

However the functional consequences of its activation on astrocyte functions are not totally understood. Thus, we aimed at characterizing the effects of the JAK2/STAT3 pathway activation in astrocytes by injecting WT mice with AAV-JAK2ca. By contrast to a pathological state, in which a number of factors can influence astrocyte phenotype (neuronal death, microglial activation, aggregated proteins, BBB disruption, immune cells infiltration…), AAV-JAK2ca is only expressed in astrocytes and modifies a specific intracellular pathway within astrocytes.

a) Transcriptomic analysis of FACS-isolated infected astrocytes

Because the JAK2/STAT3 pathway regulates the gene transcription, we analyzed the transcriptome of astrocytes overexpressing JAK2ca or the control GFP. For this experiment, mice were injected in the striatum, as we were primarily interested in studying astrocyte reactivity in the context of HD. For that, we developed a method to sort infected astrocytes by FACS, based on their expression of AAV-mediated GFP. First, we compared expression of genes between the GFP + cells (POS) mainly composed of astrocytes and the GFP -cells (NEG) containing non-infected astrocytes, other brain cells and debris. We validated that this method yielded to a pure population of infected astrocytes as fold enrichment for astrocyte transcripts were higher than those of other cell types including neurons, microglia and myelinating oligodendrocytes. It is to note however, that for the latter, fold enrichment were lower compared with neurons and microglia. Indeed, we did not use a myelin removal kit as performed in other transcriptomic studies on brain tissue [START_REF] Lovatt | The transcriptome and metabolic gene signature of protoplasmic astrocytes in the adult murine cortex[END_REF]Orre et al., 2014a;Orre et al., 2014b). Therefore, this kit should be used in future experiments with this method to ensure a minimal contamination with myelinating oligodendrocyte transcripts in the POS population.

b) Activation of the JAK2/STAT3 pathway induced the expression of genes involved in antigen presentation and lysosomal protein degradation

We used this approach to analyze FACS-isolated infected astrocytes either resting (GFP) or reactive (JAK2ca). We validated that JAK2ca, as previously observed by immunofluorescence and qRT-PCR, induced the expression of reactive astrocyte markers including gfap and serpina3n. Surprisingly, vimentin mRNA levels were not detected in sorted astrocytes neither in the JAK2ca nor the GFP group, whereas vimentin increased at the mRNA levels was observed consistently in our previous experiments. This result highlight the fact that, as previously mentioned (see § III.K.4), we performed microarray experiment with lesser cDNA input than recommended by the manufacturer. Therefore, it is not surprising that a lot of genes were undetectable in this experiment. Again, we used microarray analysis as a screen to pinpoint relevant and robust changes in gene expression with JAK2ca and to validate these changes by qRT-PCR and functional studies with other methods (immunofluorescence, western blot, ELISA etc…).

Our results showed that, upon activation, the JAK2/STAT3 pathway triggers profound changes in the expression of hundreds of genes in astrocytes (Figure 58). Intriguingly, by performing DAVID pathway analysis, we found that the majority of the cellular functions modified by JAK2ca in reactive astrocytes are associated with dysfunctions observed in ND such as protein degradation pathways (UPS and lysosome) and oxidative metabolism. In addition, genes associated with inflammatory processes such as lysosomal degradation and antigen processing and presentation are robustly induced in JAK2ca astrocytes. In addition, several genes associated with inflammatory processes are also consistently upregulated such as C1q, Il-1b and Klf6. Very interestingly, transcriptomic study of astrocyte gene expression from B.Barre's lab showed that they express genes involved in evolutionary conserved phagocytic 2012). However, heterogeneity of reactive astrocytes, in a pathological condition, represents one step even further (Anderson et al., 2014). While the morphological heterogeneity of reactive astrocytes between brain regions is easy to evidence, their functional heterogeneity remains largely unknown. In this context, JAK2ca is a powerful tool, allowing the comparison of the same stimulus specifically in astrocytes, in various brain regions, in the absence of exogenous, pathological stimulus. Thus, studying changes in gene expression of regionally distinct astrocytes might highlight specific patterns or regulation of astrocyte functions depending of the brain area. In this study, we showed that the JAK2/STAT3 pathway is a universal inducer of astrocyte reactivity, highly conserved between ND models and brain regions. However, depending on the cellular environment of specific brain areas such as the striatum, the cortex or hippocampus, reactive astrocytes, even though activated by the same intracellular pathway, might have different effects on surrounding cells, including neurons. This concept is particularly relevant in the field of ND that are characterized by the selective loss of neurons in specific brain regions. Therefore, understanding reactive astrocyte regional heterogeneity might bring some insights on neuronal vulnerability in ND.

2) The JAK2/STAT3 pathway regulates astrocyte control of synaptic transmission in the mouse hippocampus

Astrocytes are protagonists of the synaptic transmission in the brain. Their distal processes ensheath synapses conferring to astrocytes a key anatomical location between the pre and the post-synaptic elements [START_REF] Araque | Tripartite synapses: glia, the unacknowledged partner[END_REF]. Astrocytes modulate synaptic transmission through the of release gliotransmitters such as glutamate, D-serine, ATP or GABA [START_REF] Araque | Gliotransmitters travel in time and space[END_REF]. The impact of astrocyte reactivity on their ability to modulate synaptic transmission in the hippocampus has mostly been studied with experimentally activated astrocytes or in mouse models of AD, as synaptic dysfunction is a hallmark of AD pathogenesis.

We took advantage on viral vectors that are versatile tools to inject an AAV encoding either JAK2ca or GFP in the CA1 region of the hippocampus in WT mice and we performed electrophysiological recordings on brain slices of these mice. We showed that selective activation of the JAK2/STAT3 pathway in hippocampal astrocytes impairs glutamatergic synaptic transmission at Schaffer collateral (SC)-CA1 pyramidal cell synapses. Furthermore, LTP was also decreased in JAK2ca-injected mice compared with GFP and non-injected control mice. Interestingly, LTP is a form of synaptic plasticity and this phenomenon is thought to underlie experience-based behavior and learning [START_REF] Malenka | LTP and LTD: an embarrassment of riches[END_REF]). JAK2ca mice display a decrease in synaptic plasticity of approximately 25%.

Interestingly, similar synaptic deficits are observed in AD mouse models and were associated with abnormal learning behavior [START_REF] Saganich | Deficits in synaptic transmission and learning in amyloid precursor protein (APP) transgenic mice require C-terminal cleavage of APP[END_REF]. Therefore, it would be interesting to evaluate the memory and learning in JAK2ca and GFP mice, to determine if the decreased synaptic plasticity is associated with altered learning behavior.

Several mechanisms at the synaptic level could explain the influence of reactive astrocytes on synaptic transmission. Two recent studies have investigated the influence of reactive astrocytes on synaptic transmission in the hippocampus of the APP/PS1dE9 mouse model of AD. They found that reactive astrocytes display alteration of GABA release, which results in a tonic inhibition in the dentate gyrus [START_REF] Jo | GABA from reactive astrocytes impairs memory in mouse models of Alzheimer's disease[END_REF][START_REF] Wu | Tonic inhibition in dentate gyrus impairs long-term potentiation and memory in an Alzhiemer's disease model[END_REF]. Interestingly, we showed that the JAK2/STAT3 pathway mediates astrocyte reactivity in this mouse model of AD. Therefore, it would be interesting to study GABAergic transmission in the dentate dyrus in brain slices of JAK2ca-injected mice, to determine if we reproduce the synaptic defects observed in those mice. Indeed, there are numerous GABAergic interneurons that synapse onto CA1 pyramidal cells [START_REF] Klausberger | GABAergic interneurons targeting dendrites of pyramidal cells in the CA1 area of the hippocampus[END_REF]. We could also study by immunostaining or western blotting the expression of GABA transporters (GAT) and channels Last, we observed that glt-1 mRNA levels are strongly increased in JAK2ca astrocytes, in the striatum.

We could hypothesize that if the same effect occurs in hippocampal astrocytes and that this increase in mRNA levels is associated with a parallel increase in protein levels, GLT-1 could uptake more glutamate at the synaptic cleft, therefore resulting in a decrease synaptic transmission at excitatory synapses. It would be interesting to evaluate the protein levels of GLT-1 in samples from the hippocampus of JAK2ca mice. We could also perform functional assay of glutamate uptake to evaluate transporter activity in JAK2 and GFP mice (Faideau et al., 2010). Moreover, GLT-1-specific currents can be measured through the recording astrocytes during patch clamp experiments.

In conclusion, further experiments will be needed to understand the molecular mechanisms underlying this decrease in synaptic efficacy and plasticity. In any case, these results are intriguing and may provide direct evidence that the selective induction of astrocyte reactivity by targeting a relevant intracellular pathway is able to influence synaptic transmission, in the absence of a pathological stimulus.

VI. CONCLUSIONS -PERSPECTIVES

In this study, we provide evidence that the JAK2/STAT3 pathway, mediates astrocyte reactivity in various models of ND. We developed new viral tools allowing the selective manipulation of reactive astrocytes, in vivo, in the adult rodent brain. Importantly, while astrocytes are considered as a morphologically and functionally heterogeneous population of cells, our results suggest, on the opposite, that the molecular cascade mediating their reactivity upon pathological conditions, both acute and chronic, are highly conserved.

The universality of the JAK2/STAT3 pathway activation in reactive astrocytes is rather unexpected as the molecular triggers of astrocyte reactivity are likely to depend on the pathological stimulus, especially in ND. Therefore, our results suggest that the JAK2/STAT3 pathway is favored to mediate astrocyte reactivity, by subsequent inhibition of parallel signaling cascades, also associated with astrocyte reactivity, such as the NF-κB or FGFR pathways.

The contribution of reactive astrocytes to disease progression is controversial. Especially, in the context of HD, several studies have reported dysfunction of specific astrocyte functions including glutamate reuptake, K + buffering or release of anti-inflammatory cytokines. However, few of these studies have evaluated whether these dysfunctions were associated with the reactive phenotype of astrocytes. In this study, we aimed at globally modulating astrocyte reactivity in HD, rather than targeting specific cellular functions. We studied two complementary models of HD, the lentiviral-based model and the transgenic mouse model N171-82Q. Surprisingly, we found that, inducing or preventing astrocyte reactivity in both models does not primarily influence disease outcomes. Nevertheless, preventing astrocyte reactivity altered the number of mHtt aggregates in the lentiviral-based model of HD, suggesting that reactive astrocytes might influence mHtt aggregation in neurons. Further studies will be needed to determine if this effect is also observed in transgenic mouse models of HD and to decipher the molecular mechanisms involved.

In addition, it would also be interesting to use these versatile tools to evaluate the influence of reactive astrocytes to neuronal dysfunction and disease phenotype in other ND, such as AD or PD, especially as we showed that activation of this pathway is universal and conserved in these ND models.

Experiments are ongoing in mouse models of AD.

Last, we studied the consequences of inducing astrocyte reactivity on astrocytes and neuron-astrocyte communication in two brain regions in the mouse brain. We carried out a transcriptomic analysis to study gene expression in activated striatal astrocytes. This is the first study to date that evaluated the consequences of JAK2/STAT3 pathway activation on astrocyte transcriptome, from isolated astrocytes of adult mice.

The JAK2/STAT3 pathway regulates cellular processes through transcriptional changes. Indeed, we found hundreds of genes significantly up-or down-regulated by JAK2ca. Strikingly, we found that activation of the JAK2/STAT3 pathway in astrocytes decreases the expression of genes involved in oxidative metabolism or protein degradation pathways, highly relevant for the study of ND. Indeed, most of these cellular alterations are shared between different ND such as HD, AD, PD or ALS.

In addition, we studied the functional impact of inducing astrocyte reactivity on synaptic transmission in the hippocampus. Surprisingly, we showed it impairs synaptic efficacy and plasticity. Further experiments will be needed to decipher the molecular mechanisms involved in this effect. Although, it is particularly interesting that the selective activation of astrocytes, in the absence of a pathological stimulus, could influence synaptic transmission. Furthermore, these alterations are reminiscent of those observed in the hippocampus of AD mouse models. Because, we showed that the JAK2/STAT3 pathway mediates astrocyte reactivity in two mouse models of AD, it would be interesting to determine if the cellular alterations responsible for the decreased synaptic transmission are conserved between JAK2ca astrocytes and reactive astrocytes in AD models.

Viral vectors are versatile tools. Therefore, the tools developed during this project allow the comparison at the molecular, cellular and functional levels of reactive astrocytes, in different brain regions as well as in different species (rat, mice and even primates).

Altogether, our results suggest that the JAK2/STAT3 pathway is a key player of astrocyte reactivity, in virtually all pathological brain conditions. However, its modulation in reactive astrocytes of mouse models of HD did not predominantly influence disease outcomes. Therefore, comparing the effects of its modulation in reactive astrocytes in other ND models would validate the functional relevance of targeting the JAK2/STAT3 pathway to study astrocyte reactivity.

VII. GENERAL CONCLUSION

Neurons and astrocytes interact through a complex and essential interplay in the brain. It is now well accepted that, particularly in ND, dysfunction of astrocytes and thus, of neuron-astrocyte interactions, may contribute to disease phenotype. Evidence towards both beneficial and detrimental roles of reactive astrocytes has been equally demonstrated, although it may largely depend on the combination of several factors such as types of injury or disease, brain region, molecular triggers, intracellular signaling pathways and potential alterations of intercellular communication (neurons, microglia, oligodendrocytes, endothelial cells etc…). Thus, it appears important to develop new strategies to understand and characterize reactive astrocytes from a functional point of view. This would allow the development of novel therapeutic strategies in order to enhance endogenous support capacities of astrocytes while diminishing potentially harmful reactions. In this context, we decided to study one of the most well known intracellular signaling cascade associated with astrocyte reactivity: the JAK2/STAT3 pathway. We show that targeting this pathway in both in WT and mouse models of ND would provide insights on reactive astrocyte functions and their contribution to chronic pathological conditions.

Introduction

In response to multiple pathological conditions, astrocytes undergo molecular, morphological and functional changes referred to as astrocyte reactivity (Sofroniew and Vinters, 2010). They become hypertrophic, up-regulate intermediate filament proteins including GFAP and vimentin, and display functional alterations that are still not fully understood. Astrocyte reactivity occurs both in acute and progressive pathological conditions and is a hallmark of multiple neurodegenerative diseases (ND) (Sofroniew and Vinters, 2010). Astrocyte reactivity develops in vulnerable regions at the early stages of ND and progresses along with neurological symptoms and cell death. Reactive astrocytes are observed in close proximity to amyloid depositions in both patients with Alzheimer's disease (AD) and mouse models of AD [START_REF] Probst | Senile dementia of Alzheimer type: astroglial reaction to extracellular neurofibrillary tangles in the hippocampus. An immunocytochemical and electronmicroscopic study[END_REF][START_REF] Itagaki | Relationship of microglia and astrocytes to amyloid deposits of Alzheimer disease[END_REF]. They are also found in the striatum and cortex of patients with Huntington's disease (HD) and some mouse models of HD (Vonsattel et al., 1985;Yu et al., 2003;Faideau et al., 2010).

The involvement of reactive astrocytes in disease progression is highly controversial. Although, they are generally considered as detrimental for neuronal function, several studies suggest that reactive astrocytes may have beneficial effects and promote neuronal survival (Escartin and Bonvento, 2008;Hamby and Sofroniew, 2010). In any case, elucidation of the precise molecular cascades that lead to astrocyte reactivity may help identify potential therapeutic targets to modulate disease progression.

Astrocytes can sense many extracellular signals such as cytokines, growth factors, nucleotides, endothelins or ephrins, that activate various intracellular signaling pathways such as the Mitogenactivated Protein Kinase (MAPK), the Nuclear Factor Kappa B (NF-κB) and the Janus Kinase/Signal

Transducer and Activator of Transcription (JAK/STAT) pathways (Kang and Hebert, 2011). Among them, the JAK/STAT3 pathway appears as a central player in the induction of astrocyte reactivity. It is activated by a variety of cytokines and growth factors that signal through the gp130 receptor [START_REF] Aaronson | A road map for those who don't know JAK-STAT[END_REF]. Activation of the JAK/STAT3 pathway has been observed in reactive astrocytes in several conditions of acute injury (Justicia et al., 2000;Okada et al., 2006;Herrmann et al., 2008;O'Callaghan et al., 2014), and in patients and mouse models of amyotrophic lateral sclerosis (ALS) (Shibata et al., 2009;2010). However, it remains to be demonstrated whether the JAK/STAT3 pathway is directly responsible for astrocyte reactivity during progressive pathological conditions such as ND.

In this study, we show that the JAK/STAT3 pathway is activated in reactive astrocytes in several mouse and non-human primate models of AD and HD. Overexpression of Suppressor of Cytokine Signaling 3 (SOCS3), the endogenous inhibitor of the JAK/STAT3 pathway in astrocytes in vivo, inhibited this pathway and prevented astrocyte reactivity. These results identify the JAK/STAT3 pathway as a universal and instrumental signaling cascade that triggers astrocyte reactivity in multiple progressive pathological conditions.

Materials and methods

Transgenic mouse models. Amyloid precursor protein (APP) /Presenilin 1 (PS1) mice (B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo) (http://jaxmice.jax.org/strain/005864.html) harbor the chimeric mouse/human APP gene with Swedish mutations K594N and M595L (APPswe) and the human PS1 variant lacking exon 9 on a C57BL/6J (http://jaxmice.jax.org/strain/000664.html) background (Jankowsky et al., 2004). APP/PS1dE9 breeding pairs were obtained from the Jackson Laboratory (Bar Harbor, ME). Triple transgenic AD (3xTg-AD) mice express the mutated human APPswe, PS1M146V and tauP301L transgenes on a mixed 129Sv (http://jaxmice.jax.org/strain/002448.html) and C57BL/6J background (Oddo et al., 2003). Breeding pairs of 3xTg-AD mice were obtained from the Mutant Mouse Regional Resource Centers. We used 8 month-old APP/PS1dE9 heterozygous females, 12 month-old 3xTg-AD homozygous females and their respective age-matched wild type (WT) control mice. Genotyping by PCR was performed at 4-6 weeks of age for APP/PS1dE9 mice. All experimental procedures were approved by a local ethics committee and submitted to the French Ministry of Education and Research (approval number #10-057). They were performed in strict accordance with the recommendations of the European Union (86/609/EEC) for the care and use of laboratory animals.

Lentiviral vectors and injections in mice. We used self-inactivated lentiviral vectors containing the central polypurine tract sequence, the mouse phosphoglycerate kinase I promoter and the woodchuck post-regulatory element sequence. We used two types of vectors to mediate transgene expression in either neurons or astrocytes. To target neurons, lentiviral vectors were pseudotyped with the G protein of the vesicular stomatitis virus [START_REF] Naldini | In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector[END_REF]. To target astrocytes, lentiviral vectors were pseudotyped with the G protein of the mokola lyssaviruses and contained four copies of the target sequence of the neuronal miRNA124 to repress transgene expression in neurons (Colin et al., 2009).

Lentiviral vectors are referred to as "lenti-name of the transgene" in the subsequent parts of the manuscript. Neuron-targeted vectors encoded the first 171 N-terminal amino acids of human huntingtin (Htt) cDNA with either 18 (lenti-Htt18Q) or 82 (lenti-Htt82Q) polyglutamine repeats [START_REF] De Almeida | Lentiviral-mediated delivery of mutant huntingtin in the striatum of rats induces a selective neuropathology modulated by polyglutamine repeat size, huntingtin expression levels, and protein length[END_REF]. Astrocyte-targeted vectors encoded either the enhanced green fluorescent protein cDNA (lenti-GFP) or the murine SOCS3 cDNA (lenti-SOCS3) [START_REF] Bjorbaek | Identification of SOCS-3 as a potential mediator of central leptin resistance[END_REF].

The construction, purification, and titration of these lentiviruses have been described previously (Hottinger et al., 2000). Lentiviral vectors were diluted in 0.1 M PBS with 1% BSA at a final concentration of 100 ng p24/µl. Mice were anesthetized with a mixture of ketamine (150 mg/kg) and xylazine (10 mg/kg). Lidocaine (5 mg/kg) was injected subcutaneously under the scalp 5 min before the beginning of surgery. C57BL/6J and 3xTg-AD mice received bilateral stereotaxic injections of diluted lentiviral vectors in the striatum or the subiculum respectively, administered by a 10 µl Hamilton syringe via a 28 gauge blunt needle. The stereotaxic coordinates used for the striatum were: anteroposterior (AP), + 1 mm; lateral (L), +/-2 mm from bregma; ventral (V), -2.5 mm from the dura; and for the subiculum: AP -2.92 mm; L +/-1.5 mm; V -1.5 mm with ear bars set at 4 mm and a tooth bar set at 0 mm. Mice received a total volume of 2.5 or 3.5 µl per injection site at a rate of 0.25 µl/min. At the end of the injection, the needle was left in place for 5 min before being slowly removed. The skin was sutured and mice were allowed to recover.

For the lentiviral vector-based HD model [START_REF] De Almeida | Lentiviral-mediated delivery of mutant huntingtin in the striatum of rats induces a selective neuropathology modulated by polyglutamine repeat size, huntingtin expression levels, and protein length[END_REF], 8 week-old male C57BL/6J mice were injected with lenti-Htt18Q (100 ng p24) and lenti-GFP (150 ng p24) in the left striatum and with lenti-Htt82Q (100 ng p24) and lenti-GFP (150 ng p24) in the right striatum.

To inhibit the JAK/STAT3 pathway in the HD model, 8 week-old male C57BL/6 mice were bilaterally injected in the striatum with lenti-Htt82Q (150 ng p24) and co-injected with the control lenti-GFP ) throughout the procedure with continuous monitoring of cardiac and respiratory frequencies, blood pressure and temperature.

Animals were placed in a custom-made stereotaxic frame and a KDS injection micropump connected to a Hamilton syringe and a 26 gauge needle were used to perform 5 bilateral injections of 5 µl of lenti-Htt82Q at a rate of 1 µl/min. The injection sites comprised two deposits in the pre-commissural caudate (anterior commissure (AC) +5, AC +3) and three deposits in the commissural and postcommissural putamen (AC, AC -2, AC -5). Post-mortem analysis was performed 16 to 18 months later.

Immunohistochemistry. For histological processing, animals were killed with an overdose of sodium pentobarbital. Animals were either transcardially perfused with 4% paraformaldehyde (PFA) or their brains post-fixed for 24h in 4% PFA. Brains were cryoprotected by incubation in a 30% sucrose solution. Coronal brain sections (mice: 30 µm; monkey: 40 µm) were cut on a freezing microtome, collected serially and stored at -20°C until further analysis. Antigen retrieval protocols were used for STAT3 and 4G8 staining according to the manufacturer's instructions. For STAT3 immunofluorescence, slices were permeabilized with 100% methanol at -20°C for 20 min. For 4G8 staining, slices were pretreated in 70% formic acid for 5 min. Sections were then blocked with 4.5% normal goat serum (Sigma, Saint-Louis, MO) and incubated with primary antibodies directed against the following proteins: 4G8 

Results

Astrocyte reactivity is observed in vulnerable brain regions in AD and HD mouse models

Reactive astrocytes overexpressing GFAP were found around 4G8 + amyloid depositions in both the APP/PS1dE9 and the 3xTg-AD transgenic mouse models of AD, consistent with previous findings (Oddo et al., 2003;Ruan et al., 2009). In particular, astrocytes overexpressed GFAP and displayed hypertrophic processes in the stratum lacunosum moleculare and the dentate gyrus of 8 month-old APP/PS1d9 mice (Fig. 1A, see also Fig. 2A,B). We quantified this phenomenon by counting the number of pixels that were positive for GFAP staining on confocal images of the hippocampus. The GFAP + area was four time larger in APP/PS1d9 mice than in WT mice (p = 0.0010, df = 5, n = 3-4 mice/group, Student's t-test; Fig. 1B). Astrocytes in APP/PS1dE9 mice also strongly expressed vimentin (Fig. 2B). The APP/PS1dE9 mouse is a quickly-evolving model of AD, with substantial deposits of amyloid at 6 months of age (Jankowsky et al., 2004). We thus analyzed astrocyte reactivity in 3xTg-AD mice, a more progressive model of AD. We observed astrocyte reactivity around amyloid depositions primarily in the subiculum in female 3xTg-AD mice at 12 months of age (Fig. 1C, 3). In this region, the GFAP + area was 13 fold larger in 3xTg-AD mice than in age-matched controls (p < 0.0001, df = 6, n = 3-5 mice/group, Student's t-test; Fig. 1D). Furthermore, astrocytes displayed a reactive morphology with enlarged soma and processes and over-expressed vimentin, which was nearly undetectable in WT mice (Fig. 3B).

We also characterized astrocyte reactivity in mouse models of HD. We studied two HD transgenic mouse models, N171-82Q mice (Schilling et al., 1999) and Hdh140 knock-in HD mice (Menalled et al., 2003). Although these models recapitulate the typical features of HD, we found that they displayed undetectable or very late astrocyte reactivity in the striatum and cortex, similar to what has been described in other mouse models (Tong et al., 2014). We thus focused on a lentiviral-based model of HD that has been extensively used (Ruiz and Deglon, 2012). This model reproduces both neuronal death and strong astrocyte reactivity that are observed in HD patients (Faideau et al., 2010). C57BL/6 mice were injected in the left striatum with a lentiviral vector encoding normal Htt with 18 glutamines (lenti-Htt18Q) and in the right striatum with a lentiviral vector encoding mutated Htt with 82 glutamines (lenti-Htt82Q). Mice were studied 6 weeks later. As described previously (Faideau et al., 2010;Galvan et al., 2012), overexpression of Htt82Q in neurons led to the formation of intraneuronal EM48 + aggregates (Fig. 1E). In the lenti-Htt82Q injected striatum, astrocytes strongly up-regulated both striatum (Fig. 4A). Indeed, there were four time more nSTAT3 + /GFAP + astrocytes in the Htt82Q striatum than in the Htt18Q striatum (p = 0,0004, df = 5, n = 6 mice, Student's paired t-test; Fig. 4B).

Cells expressing high levels of STAT3 were also more abundant in the Htt82Q striatum than in the Htt18Q striatum (p = 0.0060, df = 5, n = 6 mice, Student's paired t-test; Fig. 4C).

We sought to evaluate whether the JAK/STAT3 pathway was also activated in reactive astrocytes in other species. We took advantage of the fact that lentiviral vectors can be used in several animal species, including non-human primates. Injection of lenti-Htt82Q in the macaque putamen leads to the formation of Htt aggregates, neuronal death and motor symptoms (Palfi et al., 2007). We found that the injection of lenti-Htt82Q into the macaque putamen induced the formation of EM48 + aggregates of Htt and led to strong astrocyte reactivity (Fig. 5). There was a prominent accumulation of STAT3 in the nucleus of GFAP + -reactive astrocytes. In contrast, at a distance from the injection area, resting astrocytes of the same animal expressed nearly undetectable levels of both GFAP and STAT3 (Fig. 5).

These results suggest that the JAK/STAT3 pathway is a common signaling cascade for astrocyte reactivity in several models of ND, which involve different pathological mechanisms, brain regions and animal species.

The NF-κ κ κ κB pathway is not activated in 3xTg-AD mice and in the lentiviral-based model of HD

Other pathways such as the NF-κB have been associated with astrocyte reactivity (Kang and Hebert, 2011). Therefore, we used western blotting to measure the abundance of IκBα, the inhibitor of the NF-κKB pathway, which is degraded upon pathway activation (Hayden and Ghosh, 2008).

We performed this experiment with 3xTg-AD mice and lenti-Htt82Q injected mice, because astrocyte reactivity was the strongest in these models. In 3xTg-AD mice, the abundance of IκBα normalized to GAPDH was similar to that in WT mice (p = 0.4037, df = 8, n = 4-6 mice/group, Student's t-test; Fig. 6A), while the positive control of cells treated with the cytokine TNFα displayed the expected decrease in IκBα levels (Fig. 6A,B). Similarly, the abundance of IκBα normalized to GAPDH was not different between the Htt18Q-striatum and the Htt82Q-striatum (p = 0.8062, df = 5, n = 6 mice, Student's paired t-test; Fig. 6B).

processes (Fig. 7A,C). By contrast, SOCS3-infected astrocytes displayed complex ramifications composed of thin cytoplasmic processes radially organized around the soma, typical of resting astrocytes of the mouse brain (Wilhelmsson et al., 2006, Fig. 7A, C). We also performed immunostaining for S100β, a ubiquitous marker of astrocytes, to verify that SOCS3 did not globally impair protein expression in astrocytes. The abundance of S100β was similar between 3xTg-AD mice injected with lenti-SOCS3 or lenti-GFP (Fig. 7F).

We performed the same experiment with the lentiviral-based model of HD. C57BL/6 mice were injected with lenti-Htt82Q and lenti-GFP in the left striatum and with lenti-Htt82Q, lenti-SOCS3 and lenti-GFP in the right hemisphere, at the same total virus load. Again, SOCS3 efficiently prevented the activation of the JAK/STAT3 pathway in astrocytes (Fig. 8A). The number of infected cells coexpressing STAT3 was 87% lower in the striatum injected with lenti-SOCS3 than in the control striatum (p = 0.0072, df = 3, n = 4 mice, Student's paired t-test; Fig. 8B). In addition, the percentage of cells highly fluorescent for STAT3 was strongly reduced by SOCS3 (p = 0.0118, df = 3, n = 4 mice, Student's paired t-test; Fig. 8C). SOCS3-expressing astrocytes displayed a bushy morphology with thin cytoplasmic processes and numerous ramifications whereas reactive astrocytes in the control striatum showed enlarged and tortuous primary processes (Fig. 8D). Inhibition of the JAK/STAT3 pathway by SOCS3 prevented the increase of GFAP expression in the lenti-Htt82Q-injected area (Fig. 8D). The GFAP + area was 86% smaller in the striatum injected with lenti-SOCS3 than in the control striatum (p = 0.0035, df = 3, n = 4 mice, Student's paired t-test; Fig. 8E). In addition, the number of GFP + /GFAP + cells was significantly decreased by SOCS3 (p = 0.0036, df = 3, n=4 mice, Student's paired t-test, Fig. 8F). On the contrary, the abundance of the ubiquitous astrocyte marker S100β was not altered by SOCS3 (Fig. 8G).

Activation of the JAK/STAT3 pathway results in the transcriptional activation of many genes including gfap and vimentin. Therefore, we studied the mRNA abundance of reactive astrocyte markers to characterize further the effect of SOCS3. We only used the lentiviral-based HD model, because the infected area in the subiculum of 3xTg-AD mice was too small to be dissected out for qRT-PCR analysis. The abundance of gfap and vimentin mRNA was more than 2 fold higher in the Htt82Q striatum than in the Htt18Q striatum, consistent with immunofluorescence results (Fig. 9B,C).

Expression of SOCS3 in astrocytes normalized the expression of these two genes to levels comparable to controls (p = 0.0463 and 0.0138 versus Htt82Q for gfap and vimentin respectively, df =

Discussion

Activation of the JAK/STAT3 pathway is a universal feature of astrocyte reactivity

The JAK/STAT3 pathway is known to trigger astrocyte reactivity, which has been widely studied in models of acute injury (Sofroniew, 2009;Kang and Hebert, 2011). We aimed to decipher the role of the JAK/STAT3 pathway in astrocyte reactivity during progressive pathological conditions such as ND.

The active phosphorylated form of STAT3 (pSTAT3) could not be detected by immunohistochemistry; therefore, we used increased STAT3 expression and nuclear localization as alternative indicators of pathway activation, as described previously by us and others (Escartin et al., 2006;Tyzack et al., 2014). We showed that the JAK/STAT3 pathway is activated in reactive astrocytes in mouse models of both AD and HD and in a primate model of HD. Wan et al. also reported the activation of this pathway in the hippocampus of AD patients, although pSTAT3 immunoreactivity was mainly found in neurons and in a few GFAP + astrocytes (Wan et al., 2010).

Importantly, the etiology of the two ND studied here is very different and involves particular vulnerable brain regions. Thus, activation of the JAK/STAT3 pathway appears to be a universal feature of astrocyte reactivity, which is conserved across animal models and multiple brain disorders, both acute and progressive. Both resting and reactive astrocytes are now considered as highly heterogeneous cells in terms of their morphological or functional features (Matyash and Kettenmann, 2010;Anderson et al., 2014). However, our results suggest that the molecular cascades triggering reactivity are in fact highly conserved between disease states, species and brain regions.

In addition to the three mouse models described in detail in this study, we examined astrocyte reactivity in two transgenic mouse models of HD: N171-82Q mice and Hdh140 mice. Both models displayed behavioral abnormalities and striatal atrophy. However, we did not observe substantial astrocyte reactivity in end-stage N171-82Q mice or before 17 months of age in Hdh140 mice.

Interestingly, the JAK/STAT3 pathway was also found activated in the few reactive astrocytes of an old Hdh140 mouse. This limited astrocyte reactivity in HD transgenic mice is consistent with the literature (Tong et al., 2014), but differs greatly from what is observed in HD patients (Faideau et al., 2010). This discrepancy may be related to the absence of massive neuronal death in HD mouse models. Thus, we focused on the lentiviral-based model of HD that reproduces neuronal death in the striatum, along with strong astrocyte reactivity.

Astrocyte reactivity in ND models is mediated by STAT3

Immunohistological and biochemical techniques have shown that the JAK/STAT3 pathway is activated in reactive astrocytes in several models of acute injury (Justicia et al., 2000;Xia et al., 2002) and in ND (Shibata et al., 2010). Experiments involving pharmacological inhibitors of the JAK/STAT3 pathway later suggested that this pathway was needed for astrocyte reactivity, including in the MPTP model of PD (Sriram et al., 2004). However, the JAK/STAT3 pathway is active in all brain cells; therefore, it is possible that such inhibitors affect other cell types besides astrocytes. More recently, genetic approaches have been developed to knock-out the expression of STAT3 specifically in astrocytes with the Cre-LoxP system. STAT3 conditional knock-out strongly reduces astrocyte reactivity following acute injuries (Okada et al., 2006;Herrmann et al., 2008;Wanner et al., 2013;Tyzack et al., 2014). However, the use of a non-inducible Cre recombinase expressed under a nestin or gfap promoter, may trigger side effects, because these promoters are active during embryonic development [START_REF] Alvarez-Buylla | A unified hypothesis on the lineage of neural stem cells[END_REF]. By contrast, our strategy based on SOCS3 overexpression by lentiviral gene transfer results in an efficient inhibition of the JAK/STAT3 pathway specifically in astrocytes, in the adult brain. This selective approach allowed us to demonstrate that the JAK/STAT3 pathway is responsible for astrocyte reactivity in two models of ND.

In agreement with these findings, we observed no evidence for an activation of the NF-κB pathway in these models. This pathway is associated with astrocyte reactivity in acute disorders such as spinal cord and peripheral nerve injury (Kang and Hebert, 2011). In AD and HD, the NF-κB pathway is altered in neurons (Granic et al., 2009;Khoshnan and Patterson, 2011); but is activated in the peripheral immune cells of HD patients [START_REF] Trager | HTT-lowering reverses Huntington's disease immune dysfunction caused by NFkappaB pathway dysregulation[END_REF], and in astrocytes in mouse models of both diseases (Hsiao et al., 2013;Medeiros and LaFerla, 2013). However, the specific requirement of this pathway for the establishment of reactivity in astrocytes has not been tested in these ND. Frakes et al., reported that the NF-κB pathway is activated mainly in microglial cells in the SOD G93A mouse model of ALS (Frakes et al., 2014). Indeed, inhibition of the NF-κB pathway in astrocytes reduced their reactivity very moderately and only transiently (Crosio et al., 2011). In both studies, inhibition of the NF-κB pathway in astrocytes did not influence disease phenotype, further suggesting that this pathway does not play a major role in reactive astrocytes during ND.

There are multiple levels of crosstalk between the NF-κB and the JAK/STAT3 pathways (Fan et al., 2013); therefore, it is possible that the NF-κB pathway secondarily activates the JAK/STAT3 pathway or that STAT3 inhibits the NF-κB pathway (Yu et al., 2002). Although other signaling pathways may be active in astrocytes or in other cell types during the disease, our experiments based on the specific inhibition by SOCS3, show that the JAK/STAT3 pathway is ultimately responsible for triggering astrocyte reactivity in these ND.

Viral vectors are versatile tools; therefore, our approach based on a lentiviral vector encoding an inhibitor of the JAK/STAT3 pathway could be easily extended to any animal model of brain disease, including those affecting different brain regions. However, one limitation is that lentiviral vectors transduce a small volume of brain cells, especially in the subiculum, preventing qRT-PCR or biochemical analysis by western blotting.

What are the effects of STAT3-mediated astrocyte reactivity?

The JAK/STAT3 pathway is a central intracellular cascade involved in the regulation of cell proliferation and survival both in the developing and adult brain [START_REF] Campbell | Cytokine-mediated inflammation, tumorigenesis, and disease-associated JAK/STAT/SOCS signaling circuits in the CNS[END_REF]Nicolas et al., 2013).

In addition, it plays a key role in astrogliogenesis (He et al., 2005), and it participates in the regulation of synaptic plasticity and receptor signaling in neurons (Nicolas et al., 2013). What are the consequences of the activation of this highly conserved signaling pathway within astrocytes in the adult brain? Activation of the JAK/STAT3 pathway induces the expression of proteins of the cytoskeleton such as GFAP and vimentin, but it may also trigger profound changes in transcription, as shown in astrocyte cultures after exposure to pro-inflammatory signals (Hamby et al., 2012). In addition, activation of the JAK/STAT3 pathway in astrocytes by the cytokine CNTF enhances glutamate buffering and promotes metabolic plasticity in the rat brain (Escartin et al., 2006;2007), suggesting that STAT3-induced astrocyte reactivity triggers an adaptive and beneficial response. This is in accordance with experiments showing that loss of STAT3 in astrocytes is associated with poor outcome following acute brain injury (Okada et al., 2006;Herrmann et al., 2008). Reactive astrocytes may also release several signaling molecules (e.g. cytokines, chemokines, gliotransmitters and reactive oxygen species) that affect neighboring cells such as neurons and microglial cells (Burda and Sofroniew, 2014). Indeed, we found an increased expression of neuroinflammation markers in the lenti-based model of HD, which was restored to basal levels by SOCS3. This observation suggests that reactive astrocytes are responsible for microglial activation in this model and illustrates the complex dialogue occurring between glial cells in ND.

Our study extends previous findings obtained in acute models of brain injury (trauma, spinal cord injury, ischemia, infection), and suggests that the JAK/STAT3 pathway is a universal signaling cascade, involved in almost all pathological situations in brain, both acute and progressive. Therefore, manipulation of the JAK/STAT3 pathway seems to be a very promising strategy to study the functional features of reactive astrocyte as well as the contribution of these cells to disease progression, particularly in the context of ND. Infected astrocytes in the SOCS3 group display thin processes and complex ramifications, unlike hypertrophic reactive astrocytes in the control group. E, Quantification confirms that the GFAP + area is significantly smaller in the striatum injected with lenti-SOCS3 than in the control striatum. F, The number of GFP + astrocytes co-expressing GFAP is significantly higher in the striatum expressing Figure 9 195
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 1 Figure 1. Anatomical characteristics of protoplasmic astrocytes. A, Protoplasmic astrocytes are star-shaped cells and display a bushy morphology. B, Astrocytes (blue) ensheath synapses and form with the pre-(B) and post-synaptic (S) elements, the tripartite synapse. C, Astrocytes are organized in non-overlapping spatial domains. Dye-filling experiment shows the morphology of adjacent astrocytes in the mouse brain. D, Astrocytes are organized as a network and are coupled through gap-junctions. In the mouse hippocampus, one astrocyte (arrow) has been filled with a fluorescencent label (biocytin), which has diffused in the astroglial network of coupled astrocytes. E-F, Astrocytes contact blood vessels through perivascular endfeets that cover the surface of the vessel basal lamina to form the BBB (F). Adapted from (Belanger and Magistretti, 2009; Allaman et al., 2011; Escartin and Rouach, 2013).
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 2 Figure 2. Neurodevelopmental changes in astrocyte morphology and functions.Neuroepithelial cells are formed during early embryogenesis and give rise to radial glial cells. These cells perform asymmetric division to generate neural precursor cells that will give rise to neurons. Once neurogenesis is achieved, radial glial cells acquire a glial-restricted potential and differentiate in glial precursors cells of oligodendrocytes and astrocytes. Glial precursors cells are maintained in neurogenic areas of the adult brain in the subependymal zone of the lateral ventricles and in the dentate gyrus of the hippocampus. Adapted from[START_REF] Molofsky | Astrocytes and disease: a neurodevelopmental perspective[END_REF] 

  , PD (Chen et al., 2009; Gan et al., 2012) and HD (Calkins et al., 2010) (see II. B. 3 b, c and C. 4)
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 4 Figure 4. Astrocytes are involved in the maintenance of the BBB.Endfeet of perivascular astrocytes form the BBB along with the pericytes, the basal lamina and the endothelial cells. Astrocytes are the link between blood vessels and neurons. Thus, astrocytes can control the flux and nature of molecules that penetrate in the neuronal compartment. Astrocytes uptake metabolic substrates from the blood flow through the expression of specific transporters such as GLUT-1. Astrocytes release factors such as TGFβ or bFGF that modulate the BBB phenotype. From[START_REF] Abbott | Astrocyte-endothelial interactions at the blood-brain barrier[END_REF] 

  2+ concentration in astrocytes leads to the release via exocytic and non-exocytic mechanisms of socalled gliotransmitters such as glutamate, ATP, D-serine, GABA or TNF-α (Hamilton and Attwell, 2010; Araque et al., 2014). Gliotransmitters can act on different neuronal receptors both at the preand post-synaptic levels to modulate neuronal activity and synaptic plasticity. Several mechanisms of action of gliotransmitters have been described including: modulation of basal synaptic transmission, increase neuronal excitability, neuronal network synchronization, synaptic potentiation, modulation of synaptic plasticity or heterosynaptic depression (Araque et al., 2014). Most of these effects have been demonstrated in the hippocampus for glutamate, ATP (converted to adenosine) and D-serine (the co-agonist of NMDARs) in brain slices. Especially, D-serine is the preferential co-agonist of synaptic NMDARs, involved in LTP (Papouin et al., 2012). It was elegantly demonstrasted that the Ca 2+ -dependent release of D-serine by astrocytes controls NMDAR-dependent LTP in the mouse hippocampus (Henneberger et al., 2010).

Figure 5 .

 5 Figure 5. Various molecules released in pathological conditions trigger astrocyte reactivity.Astrocyte reactivity can be elicited by the release of molecules from microglial cells, infiltrating immune cells (leukocytes), other glial cells (oligodendrocytes, NG2 cells), endothelial cells or directly by the damaged tissue. Microglial cells and leukocytes mainly release cytokines and chemokines. Damaged neurons and other cells release potentially toxic molecules such as glutamate, aggregated proteins, purines or ROS. In pathological conditions where there is an alteration of the BBB, serum proteins also enter the CNS, which serves as an additional trigger for astrocyte reactivity. From(Burda and Sofroniew, 2014) 
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 6 Figure 6. Canonical and non-canonical pathways of NF-κB activation.Under resting conditions, NF-κB dimers are bound to inhibitory IκB proteins, which sequester inactive NF-κB complexes in the cytoplasm. Stimulus-induced degradation of IκB proteins is initiated through phosphorylation by the IκB kinase (IKK) complex, which consists of two catalytically active kinases, IKKα and IKKβ, and the regulatory subunit IKKγ (NEMO). Phosphorylated IκB proteins are targeted for ubiquitination and proteasomal degradation, which thus releases the bound NF-κB dimers so they can translocate to the nucleus. NF-κB signaling is often divided into two types of pathways. The canonical pathway (left) is induced by most physiological NF-κB stimuli and is represented here by TNFR1 signaling. Stimulation of TNFR1 leads to the binding of TRADD, which provides an assembly platform for the recruitment of FADD and TRAF2. TRAF2 associates with RIP1 for IKK activation. In the canonical pathway (right), IκBαis phosphorylated in an IKKβ-and NEMO-dependent manner, which results in the nuclear translocation of mostly p65-containing heterodimers. Transcriptional activity of nuclear NF-κB is further regulated by PTM. In contrast, the noncanonical pathway, induced by certain TNF family cytokines, such as CD40L, BAFF and lymphotoxin-β (LT-β), involves IKKα-mediated phosphorylation of p100 associated with RelB, which leads to partial processing of p100 and the generation of transcriptionally active p52-RelB complexes. IKKα activation and phosphorylation of p100 depends on NIK, which is subject to complex regulation by TRAF3, TRAF2 and additional ubiquitin ligases. LT-βR, receptor for lymphotoxin-β. From[START_REF] Oeckinghaus | Crosstalk in NF-kappaB signaling pathways[END_REF].

.

  Activation of the NF-κB pathway has also been observed in neurons, astrocytes and microglia in patients and in rodent models of ND including AD, PD, ALS, HD and multiple sclerosis (MS) (Mattson and Camandola, 2001; Khoshnan and Patterson, 2011; Medeiros and LaFerla, 2013). Thus, these data do not evidence a predominant activation of the NF-κB pathway in reactive astrocytes. Only few studies have used cell-type specific approaches to determine the contribution of NF-κB activation to glial cell activation. In a recent study, Crosio et al. showed that inhibition of the NF-κB pathway in astrocytes of SOD1G93A mice, model of ALS, only transiently attenuates their reactivity at the onset of the disease (Crosio et al., 2011).
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 7 Figure 7. The MAPK pathways. The three main arms of the mitogen-activated protein kinase (MAPK) pathway, ERK (extracellular signal-regulated kinase), JNK (c-Jun N-terminal kinase) and p38, that mediate immune cell functional responses to stimuli through multiple receptors such as chemoattractant receptors, Toll-like receptors and cytokine receptors are shown. The MAPK pathways cascades leads to activated MAPKs entering the nucleus to trigger immediate early gene and transcription factor activation for cellular responses such as cytokine production, apoptosis and migration. The main classes of mammalian MAPKs consist of ERK1 and ERK2, and the more recently identified larger kinases ERK3 (α and β), ERK4(ERK1b), ERK5, ERK7 and ERK8; p38 MAPKs (p38α, β, γ, δ); and JNKs, also known as stressactivated protein kinases (SAPK1, 2, 3). A general feature of MAPK pathways is the three-tiered kinase canonical cascade consisting of a MAPK, a MAPK kinase (MAP2K, MAPKK, MKK or MEK) and a MAPK kinase kinase (MAP3K or MAPKK). For receptor tyrosine kinases (RTKs) and G-protein coupled receptors (GPCRs), MAPK cascade activation is initiated by small GTP-binding proteins, STE20-like kinases or by adaptor proteins that transmit the signal to MAP3Ks. MAP3Ks then transfer the signal to MAP2Ks to induce MAPK activation. From[START_REF] Jeffrey | Targeting dual-specificity phosphatases: manipulating MAP kinase signalling and immune responses[END_REF].
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  Description of the JAK/STAT pathway The JAK/STAT pathway is a ubiquitous cascade that predominantly mediates cytokine signaling in cells. It regulates the expression of genes involved in a variety of functions including cell growth, proliferation, differentiation and inflammation. Cytokines of the IL-6 family composed of IL-6, IL-11, leukemia inhibitory factor (LIF), oncostatin M (OsM), cardiotrophin-1 (CT-1), ciliary neurotrophic factor (CNTF) and cardiotrophin-like cytokine (CLC) signal through specific cell-surface receptors sharing the gp130 subunit. Upon binding, cytokines trigger the assembly of multimeric receptors, formed by specific subunits (Ernst and Jenkins, 2004) (Figure 8).

Figure 8 .

 8 Figure 8. Combinations of receptor subunits and intracellular pathways involved in cytokine signaling.GP130 homodimers associate with specific interleukin (IL) receptors such as the IL-6 receptor (IL-6R) to mediate the actions of IL-6. Leukaemia inhibitory factor (LIF) binds to heterodimers of LIF receptor (LIFR) and gp130. LIFR-gp130 heterodimers can also associate with other receptor subunits to bind ciliary neurotrophic factor (CNTF) and cardiotrophin 1 (CT-1). The oncostatin M receptor (OSMR) forms heterodimers with gp130 to bind oncostatin M (OSM). The signal-transducing subunit gp130 is found in all complexes, and is responsible for the intracellular activation of the Janus-activated kinasesignal transducer and activator of transcription (JAK-STAT) and the mitogen-activated protein kinase (MAPK) pathways. From[START_REF] Bauer | The neuropoietic cytokine family in development, plasticity, disease and injury[END_REF].
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 9 Figure 9. The JAK/STAT pathway. A, Schematic representation of the JAK/ STAT pathway. Activation of JAKs after cytokine stimulation results in the phosphorylation of STATs, which dimerize and translocate to the nucleus to activate gene transcription by binding to specific promoting sequences on target genes. B, Domain structures of JAKs and STATs.JAK-The JH1-JH7 domains are based on sequence similarity of four knownJAKs. JH1 is the kinase domain, which contains two tyrosines that can be phosphorylated after ligand stimulation. JH2 is the pseudo-kinase domain. The JH6 and JH7 domains mediate the binding of JAKs to receptors. STAT-The activity of STATs can be regulated by protein modification, including tyrosine and serine phosphorylation, methylation (Met), sumoylation (SUMO), ISGylation (ISG15) and acetylation (Ace). The modification sites of ISGylation and acetylation have not been identified. Adapted from[START_REF] Leonard | Cytokines and immunodeficiency diseases[END_REF][START_REF] Shuai | Regulation of JAK-STAT signalling in the immune system[END_REF].
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 10 Figure 10. The structure of SOCS proteins and mechanism of JAK2 inhibition.A, Structure of suppressor of cytokine signalling 1 and 3 (SOCS1, 3). The SOCS box is conserved in all cytokine-inducible SRC homology 2 (SH2)-domain-containing protein (CIS)-SOCS-family proteins. The function of the SOCS box is the recruitment of the ubiquitin-transferase system. The SOCS box interacts with a complex containing elongin B, elongin C, cullin-5, RING-box-2 (RBX2) and E2 ligase. CIS-SOCS-family proteins, as well as other SOCS-box-containing molecules, function as E3 ubiquitin ligases and mediate the degradationof proteins that they associate with through their amino-terminal regions. Therefore, SOCS proteins target the entire cytokine-receptor complex, including Janus kinase (JAK) proteins and SOCS protein themselves, for proteasomal degradation. B, Mechanism of JAK2 inhibition by SOCS3. In addition to the generic ubiquitylation mechanism of protein degradation, SOCS1 and 3 can inhibit the catalytic domain (JH1) of JAK2. SOCS3 inhibits the catalytic activity of JAKs by binding to the activation loop of the catalytic domain through both its KIR and SH2 domains. Adapted from[START_REF] Yoshimura | SOCS proteins, cytokine signalling and immune regulation[END_REF] Kershaw et al., 2013a).

  play a central role in immune cell functions and altered STAT signaling is involved in many immune diseases (Figure11).

Figure 11 .

 11 Figure11. Roles of the JAK/STAT pathway in the immune system. Summary of the cellular functions and diseases associated with loss-of-function of STAT proteins. These results highlight the crucial role of STAT proteins in immune system development and maintenance. From[START_REF] Miklossy | Therapeutic modulators of STAT signalling for human diseases[END_REF] 

Figure 12 .

 12 Figure 12. Clinical evolution of HD symptoms.The progression of HD is characterized by a pre-manifest period that consists in the pre-symptomatic stage, where mHtt carriers are undistinguishable or healthy subjects. During prodromal HD, patients start displaying subtle motor and behavioral changes. The mean disease onset for HD is 45 years of age. HD patients progressively develop motor symptoms (chorea, incoordination, bradykinesia and rigidity) and cognitive impairment including dementia. Adapted from[START_REF] Ross | Huntington disease: natural history, biomarkers and prospects for therapeutics[END_REF] 

  ). Autophagy defines the lysosomal degradation of long-lived proteins, macromolecules and organelles. UPS is involved in the degradation of short-lived and misfolded proteins. Dysfunction of both the UPS and autophagy are classically associated with mHtt toxicity and HD pathogenesis but some results are controversial[START_REF] Schipper-Krom | The Ubiquitin-Proteasome System in Huntington's Disease: Are Proteasomes Impaired, Initiators of Disease, or Coming to the Rescue?[END_REF].Alteration of autophagy was first proposed after the observation of increased autophagosome-like structures in the brain of HD patients[START_REF] Ravikumar | Role of autophagy in the clearance of mutant huntingtin: a step towards therapy?[END_REF]. However this was not associated with increased mHtt degradation by autophagy (Cortes and La Spada, 2014), and it was proposed that autophagy impairment in HD was responsible for the accumulation of autophagosomes in neurons (Martinez-Vicente et al., 2010). Actually, mHtt impairs different aspects of autophagy (Figure13). For example, mHtt polyQ interacts with the chaperone protein Hsc70 and thus decreases chaperone-mediated autophagy[START_REF] Cortes | The many faces of autophagy dysfunction in Huntington's disease: from mechanism to therapy[END_REF]. MHtt sequestrates and inactivates the mammalian target of rapamycin, a negative regulator of macroautophagy, which should stimulate protein degradation[START_REF] Cortes | The many faces of autophagy dysfunction in Huntington's disease: from mechanism to therapy[END_REF]. However, this process does not function properly in the presence mHtt that prevents the recognition and loading of targeted proteins into autophagosomes for degradation[START_REF] Martinez-Vicente | Cargo recognition failure is responsible for inefficient autophagy in Huntington's disease[END_REF]. Finally, mHtt alters the transcription of many genes and interferes with peroxisome proliferator-activated receptor gamma coactivator 1-α, a transcriptional co-regulator that increases the transcription of lysosomal enzymes (Cortes and La Spada, 2014).

Figure 13 .

 13 Figure 13. Several mechanisms of protein degradation by autophagy are altered in HD.In HD, a polyglutamine-expanded huntingtin (polyQ-Htt) protein is produced and accumulates in cells. The misfolded polyQ-Htt elicits an endoplasmic reticulum (ER) stress response (a), and through direct inhibition of the ER-associated degradation pathway and impairment of ER-to-Golgi traffickin. PolyQ-Htt can sequester mammalian target of rapamycin (mTOR), resulting in disinhibition of macroautophagy; however, macroautophagy functions abnormally in HD, because the mutant polyQ-Htt protein prevents recognition and loading of cargo into developing autophagosomes, resulting in an accumulation of autophagic vesicles (AVs) that are relatively empty, in terms of substrates for degradation (b). Lysosomal enzyme activity is reduced in HD, possibly because of an increased burden of reactive oxygen species (ROS) (b). PolyQ-htt interacts excessively with Hsc70 and the lysosomal translocation machinery, resulting in diminished chaperone-mediated autophagy function in HD (c). As the amino-terminal fragment of polyQ-htt enters the nucleus, it has been shown to interfere with peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α), a transcriptional coregulator, recently found to promote transcription factor E-B (TFEB) expression. Thus, polyQ-htt transcriptional dysregulation leads to impaired TFEB transactivation of its target genes, which encode the proteins and enzymes required for autophagosome assembly, autophagosome-lysosome fusion and lysosomal degradation (d). From[START_REF] Cortes | The many faces of autophagy dysfunction in Huntington's disease: from mechanism to therapy[END_REF] 

Figure 14 .

 14 Figure14. The ubiquitin-proteasome degradation pathway and its alteration in the presence of misfolded proteins. A, In physiological conditions, there is an homeostasis between the formation of misfolded protein production and degradation through the ubiquitin proteasome system (UPS). Chaperones activity is sufficient to correctly fold most newly synthesized proteins. Alternatively, proteins that cannot be successfully folded after synthesis are degraded by the UPS. B, Protein degradation pathway is impaired in the presence of aggregates. Chaperone activity is altered by soluble and insoluble protein aggregates. This results in the accumulation of folding intermediates and misfolded proteins, which are polyubiquitylated and targeted for proteasomal degradation. When the accumulation of misfolded proteins exceeds the capacity of the UPS, additional protein aggregates containing ubiquitylated and nonubiquitylated protein molecules form. The role of aggregates is controversial as they can sequestrate functionally important proteins, therefore preventing them to fulfill their physiological functions. Alternatively, aggregation could represent a protective mechanism that secludes potentially toxic proteins into inclusions. From[START_REF] Hipp | Proteostasis impairment in protein-misfolding and -aggregation diseases[END_REF].

  NMDARs in the synaptic dysfunctions observed in HD. While synaptic NMDARs are associated with anti-apoptotic and pro-survival intracellular pathways (ERK), activation of extrasynaptic NMDARs activates apoptotic cascades and leads to Ca 2+ -mediated mitochondrial dysfunction (Parsons and Raymond, 2014). For example, selective blockade of extrasynaptic NMDARs with low doses of memantine ameliorated behavioral phenotype (Milnerwood et al., 2010) and restored striatal atrophy in the YAC128 mouse model of HD (Okamoto et al., 2009).

Figure 16 .

 16 Figure 16. Reactive astrocytes display altered cellular functions and interactions with neurons in HD.Several supporting functions of astrocytes are altered by mHtt expression and might enhance neuronal dysfunction in HD. Expression of mHtt in astrocytes is associated with decreased glutamate transporter levels and function, therefore enhancing excitotoxicity. Astrocytes display a decreased K + buffering capability, which contribute to the synaptic defects observed in HD. Expression of mHtt in astrocytes decreases the expression and secretion of chemokine (C-C motif) ligand 5 (CCL5), therefore attenuating its beneficial effects on neurite outgrowth and neuronal activity. Ascorbic acid (AA) synthesis and release from astrocytes is impaired in HD, thus decreasing AA-mediated antioxidant and metabolic support to neurons. Adapted from[START_REF] Cicchetti | Neuronal degeneration in striatal transplants and Huntington's disease: potential mechanisms and clinical implications[END_REF].

(

  [START_REF] Mcbride | Preclinical safety of RNAi-mediated HTT suppression in the rhesus macaque as a potential therapy for Huntington's disease[END_REF][START_REF] Grondin | Six-month partial suppression of Huntingtin is well tolerated in the adult rhesus striatum[END_REF]).An elegant study from D. Cleveland's laboratory showed that infusion in the CSF of antisense oligonucleotide directed against human Htt (HuASO) successfully reduced Htt levels in mouse models of HD and in non-human primates. Infusion of HuASO delayed disease progression reversed some symptoms and neuropathological features in several mouse models of HD[START_REF] Kordasiewicz | Sustained therapeutic reversal of Huntington's disease by transient repression of huntingtin synthesis[END_REF]. A Phase 1 clinical trial is ongoing to assess the safety of antisense oligonucleotides in humans[START_REF] Schapira | Slowing of neurodegeneration in Parkinson's disease and Huntington's disease: future therapeutic perspectives[END_REF].

  d) Water/ionic homeostasisAstrocytes are key player in the regulation of water and ionic homeostasis because of the expression of specialized channels and transporters highly enriched at their perivascular endfeets. Vasogenic edema consists in tissue swelling due to accumulation of extravascular fluid and is often observed in pathological conditions involving BBB disruption including brain injury, stroke or in the EAE model of MS. Reactive astrocytes can release molucules contributing to the BBB breakdown. Indeed, in culture, cytokine-stimulated astrocytes release metalloproteinases (MMP-9 and MMP-3)[START_REF] Cho | The effects of IL-32 on the inflammatory activation of cultured rat primary astrocytes[END_REF][START_REF] Hsieh | Transforming growth factor-beta1 induces matrix metalloproteinase-9 and cell migration in astrocytes: roles of ROS-dependent ERKand JNK-NF-kappaB pathways[END_REF]. MMP-9 was shown to degrade the BBB basal lamina following vasogenic odema[START_REF] Fukuda | Aquaporin 4: a player in cerebral edema and neuroinflammation[END_REF].

  exert beneficial functions after injury. Because glial scar formation depends on STAT3 activation in reactive astrocytes, most of the studies have focused on acute injuries involving glial scar formation such as SCI(Okada et al., 2006; Herrmann et al., 2008; Wanner et al., 2013). As previously mentioned, STAT3 KO mice displayed disrupted glial scar formation, which was associated with increased neuronal death, infiltration of inflammatory cells and increased demyelination. In their study,Wanner et al. showed that STAT3+ scar forming astrocytes displayed a distinct morphology and that they formed the core of the glial scar, along with fibrotic cells to separate the lesioned tissue from healthy parenchyma(Wanner et al., 2013). In all these studies, STAT3 KO mice displayed impaired functional recovery of motor performances after SCI. Very interestingly, Okada et al. demonstrated that deletion of socs3, the endogenous inhibitor of the JAK2/STAT3 pathway, in reactive astrocytes enhanced astrocyte reactivity, increased functional recovery and neuronal survival after SCI(Okada et al., 2006).Similarly, after extracranial facial nerve transection in mice, astrocyte reactivity elicited in the facial nucleus was reduced in GFAP-STAT3 KO mice. This effect was associated with decreased neuronal survival and functional recovery of the synaptic inputs after axon transection(Tyzack et al., 2014). In the white matter injury model of neonatal brain injury, conditional deletion of stat3 in astrocytes exacerbated white matter lesions and showed delayed maturation of oligodendrocytes[START_REF] Nobuta | STAT3-mediated astrogliosis protects myelin development in neonatal brain injury[END_REF]. Furthermore, blocking the JAK2/STAT3 pathway either using astrocytes from STAT3 KO mice or by pharmacological inhibition resulted in an increase production of ROS as well as decreased GSH levels in cultured astrocytes[START_REF] Sarafian | Disruption of astrocyte STAT3 signaling decreases mitochondrial function and increases oxidative stress in vitro[END_REF].

  CN is activated upon inflammatory stimulation and regulates gene expression through the activation ofNFATs and NF-κB pathways (Furman and Norris, 2014 and see B.2.d.i.).

  sequence of the gene of interest is placed under the control of the ubiquitous phosphoglycerate kinase (PGK) promoter. Furthermore, lentiviral vectors contain the Woodchuck hepatitis postregulatory element allowing increased transgene expression through post-transcriptional regulation[START_REF] Zufferey | Woodchuck hepatitis virus posttranscriptional regulatory element enhances expression of transgenes delivered by retroviral vectors[END_REF]. Lentiviral vectors also carry the C-terminal polypurine track[START_REF] Zennou | The HIV-1 DNA flap stimulates HIV vector-mediated cell transduction in the brain[END_REF] to enhance viral RNA retrotranscription.Two types of vectors were used to express transgenes of interest either in neurons or astrocytes in the rodent and non-human primate brains. Lentiviral vectors targeting neurons are pseudotyped with the G protein of the vesicular stomatitis virus (VSV-G)[START_REF] Desmaris | Production and neurotropism of lentivirus vectors pseudotyped with lyssavirus envelope glycoproteins[END_REF]. To target astrocytes, lentiviral vectors are pseudotyped with the G protein of the mokola lyssaviruses (MOK). MOK-lentiviral vectors transduce approximately an equal number of neurons and astrocytes in the mouse striatum. A "detargeting" strategy is thus used to restrict transgene expression to astrocytes(Colin et al., 2009).

  Finally, HEK 293T cells are transfected with a plasmid encoding the vector envelope, either VSV-G to transduce neurons or MOK-G to transduce astrocytes. Viral proteins are synthetized and assemble around the viral RNA. Virions are then released in the extracellular medium. Forty-eight hours after transfection, HEK293T culture medium is collected; filtered and viral vectors are concentrated by ultracentrifugation. They are then resuspended in 0.1M PBS with 1% bovine albumine serum (BSA). The absence of replicative viral vectors is verified for each batch and the viral titer of infectious protein is determined using ELISA detection of the viral capsid protein p24.

  Mice were trained for 2 min on the rotating rod (Med-associates, St. Albans, VT) at a constant speed of 4 rpm. During the test, mice (up to 5 mice/ assay) were placed on the rod, accelerating from 4 to 40 rpm. The latency to fall and the speed at fall was automatically measured for each mouse. Three tests were performed during three consecutive days. Animals were only manipulated by the experimenter during the week of the experiment.

  rinsing, brain slices were incubated for 1h at room temperature with fluorescent secondary Alexa fluor-conjugated antibodies (anti-mouse Alexa 488, 594; anti-rabbit Alexa 488, 594, 546 and 633; antichicken Alexa 594 and 633; anti-rat Alexa 594, Life technologies, Carlsbad, CA). Slices were stained with DAPI (1:2000, Life technologies) and were mounted using FluorSave reagent (Calbiochem, San Diego, CA).For NeuN and S100β immunofluorescence protocols, the Mouse on mouse (MOM) kit (Vector laboratories) was used to reduce the non-specific background staining when using primary antibodies produced in mice. Sections were rinsed in 0.1M PBS and incubated in the MOM Mouse Ig Blocking Reagent. After rinsing, brain slices were incubated 5 minutes in working solution of MOM Diluent and 30 min at room temperature in the primary antibody diluted in the MOM Diluent. Sections were rinsed and incubated 1h at room temperature with anti-Mouse Alexa fluor 594 secondary antibody. Brain slices were then mounted using FluorSave reagent.

  samples (15-25 μg) were loaded onto 4-12% Novex NuPage Bis-Tris gel (Life technologies) along with the Kaleidoscope or spectra (8 μl) molecular weight marker (BioRad, Hercules, CA). Migration was set at a constant voltage of 200mV. The transfer onto nitrocellulose membrane was performed using the iBlot transfer system (Life technologies). Membranes were then colored with Ponceau red to control sample migration, quality of the transfer and absence of protein degradation. Membranes were rinsed in 25 mM Tris-HCl pH=7.4, 150 mM NaCl and 0.1% Tween-20 (TBS-T) and blocked with 5% BSA for the detection of phosphorylated proteins. Membranes were incubated with primary antibodies (Table

Figure 17

 17 Figure 17 Fluorescence activated cell sorting of GFP-expressing astrocytes from mouse brain. GFP fluorescent punches are dissected from injected mouse brains. After tissue dissociation, the cell suspension is injected in an isotonic fluid stream inside the cytometer. Fluid pulses align droplets containing one cell each to the interrogation point where they cross the 488 laser. Emitted light is reflected on wavelength-selective dichroic mirrors towards fluorescence detectors. Fluorescence is measured for individual cell and results are represented as two-dimensional dot plots. Cell-containing drops are charged either positively or negatively and are separated by electrostatic deflection in specific tubes corresponding to the GFP + or GFP -.

  Astrocyte reactivity occurs both in acute and progressive pathological conditions and is a hallmark of multiple ND(Sofroniew and Vinters, 2010). Astrocyte reactivity develops in vulnerable regions in early stages of ND and progresses along with neurological symptoms and cell death. Reactive astrocytes are observed in close proximity to amyloid depositions in both patients with AD and mouse models of AD[START_REF] Mitani | Functional changes of glial glutamate transporter GLT-1 during ischemia: an in vivo study in the hippocampal CA1 of normal mice and mutant mice lacking GLT-1[END_REF][START_REF] Lobsiger | Glial cells as intrinsic components of non-cell-autonomous neurodegenerative disease[END_REF]. They are also found in the striatum and cortex of patients with HD and some mouse models of HD(Vonsattel et al., 1985; Yu et al., 2003; Faideau et al., 2010).

Figure 19 .

 19 Figure 19. Mouse models of AD display astrocyte reactivity the hippocampus. A-C, Images of double stainings for amyloid plaques (4G8, green) and astrocytes (GFAP, red) on AD mouse brain sections. A, In 8-month-old APP/PS1dE9 mice, hippocampal astrocytes strongly upregulate GFAP and display a reactive morphology around amyloid depositions (arrowheads) in the stratum lacunosum moleculare and the dentate gyrus compared with age-matched controls. B, Quantification of the GFAP + area in the hippocampus of APP/PS1dE9 and WT mice. C, In the subiculum, 3xTg-AD mice display amyloid depositions that are surrounded by GFAP + reactive astrocytes (arrowheads). D, Quantification of the GFAP + area in the subiculum of 12-month-old 3xTg-AD mice and age-matched WT mice. Data are mean ± sem. N= 3-6/ group. *** p < 0.001, Student's ttest. Scale bars: 100 µm, 20 µm.

Figure 20 .

 20 Figure 20. Mouse models of HD display astrocyte reactivity in the striatum. A, Astrocyte reactivity in the striatum and cortex in end-stage N171-82Q mice compared with WT mice. B, A 17-month-old Hdh140 mouse displays reactive astrocytes in the striatum compared with age-matched control mouse. C, Mice injected in the striatum with lenti-Htt82Q display EM48 + aggregates of mutated Htt (green). Expression of mutated Htt in striatal neurons leads to astrocyte reactivity (arrowhead) as shown with increased GFAP and vimentin staining (red). Data are mean ± sem. N = 6 mice. * p < 0.05, paired Student's t-test. Scale bars: 100 µm, 20 µm.

Figure 21 .

 21 Figure 21. CNTF activates astrocytes through the JAK2/STAT3 pathway in the mouse striatum. Images of brain sections from lenti-CNTF or non-injected mice double-stained for pSTAT3 (green, upper panel), STAT3 (green, lower panel) and reactive astrocytes labeled with vimentin (red). Intrastriatal injection of lenti-CNTF induces astrocyte activation as astrocytes express vimentin and display an activated morphology. Vimentin + reactive astrocytes display increased pSTAT3 staining, located in the nucleus (arrowhead) compared to undetectable levels in the striatum of non-injected mice. STAT3 accumulates in the nucleus of vimentin + reactive astrocytes with CNTF (arrowhead). Scale bars: 20 µm.

Figure 22 .

 22 Figure 22. The JAK2/STAT3 pathway is activated in reactive astrocytes in APP/PS1dE9 mice. A-B, Images of brain sections from 8-month-old APP/PS1dE9 mice showing double staining for STAT3 (green) and reactive astrocyte markers (A: GFAP, B: vimentin). A-B, APP/PS1dE9 mice display reactive astrocytes that over-express GFAP, vimentin and STAT3, around amyloid plaques (arrowhead) in the hippocampus. STAT3 accumulates in the nucleus of reactive astrocytes (see enlargement). C, The number of GFAP + astrocytes co-expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) is significantly higher in APP/PS1dE9 mice than in WT mice. D, The percentage of cells showing strong staining for STAT3 is higher in APP/PS1dE9 mice than in WT mice. N = 3-4/ group. * p < 0.05. Scale bars: 20 µm and 5 µm.

Figure 23 .

 23 Figure 23. The JAK2/STAT3 pathway is activated in reactive astrocytes in 3xTg-AD mice. A-B, Images of brain sections from the subiculum of 12-month-old 3xTg-AD mice. STAT3 (green) accumulates in the nucleus of reactive astrocytes labeled with GFAP (A, red) or vimentin (B, red), especially around amyloid plaques (arrowheads). C, The number of nSTAT3 + /GFAP + cells is significantly higher in 3xTg-AD mice than in age-matched WT controls. N = 3-5/ group. *** p < 0.001. Scale bars: 20 µm and 5 µm.

Figure 24 .

 24 Figure 24. The JAK2/STAT3 pathway is activated in reactive astrocytes in mouse models of HD. A-B, Images of double stainings for STAT3 (green) and GFAP (red) on mouse brain sections. A, A 17 month-old Hdh140 mouse displays hypertrophic and highly GFAP + reactive astrocytes in the striatum compared with an age-matched control. STAT3 accumulates in the nucleus of reactive astrocytes in Hdh140 mouse compared to its low basal expression in the control animal. B, Six weeks after the infection of striatal neurons with lenti-Htt18Q or lenti-Htt82Q, astrocytes in the Htt82Q striatum are hypertrophic and express higher levels of STAT3 in their nucleus relative to resting astrocytes in the Htt18Q striatum. C-D, The number of nSTAT3 + /GFAP + cells (C) and the percentage of cells displaying strong staining for STAT3 (D) are significantly higher in the Htt82Q striatum than in the Htt18Q striatum. N = 6. * p < 0.05. Scale bars: 20 µm and 5 µm.

Figure 25 .

 25 Figure 25. The JAK2/STAT3 pathway is activated in reactive astrocytes in the primate model of HD.Images of brain sections from macaques injected with lenti-Htt82Q in the putamen showing triple staining for STAT3 (green), GFAP (red) and EM48 (magenta). Seventeen months after infection with lenti-Htt82Q, EM48+ aggregates of Htt are observed in the putamen, as well as prominent astrocyte reactivity. The immunoreactivity for STAT3 is much stronger in GFAP + reactive astrocytes than in resting astrocytes found outside the injected area in the same animal. Images are representative of all three macaques. Scale bars: 40 µm and 10 µm.

Figure 26 .

 26 Figure 26. The JAK2/STAT3 pathway is activated in reactive astrocytes in the MPTP model of PD. A-B, Images of double stainings for STAT3 (green) and GFAP (red) on brain sections from MPTPintoxicated mice. Seven days after MPTP injection, astrocytes are hypertrophic and strongly upregulate GFAP in the substantia nigra pars compacta (SNc), pars reticulata (SNr) (A) and in the striatum (B). Reactive astrocytes show increased STAT3 expression in the nucleus, reflecting its activation. Note the presence of STAT3 + neurons in the SNc of saline mice that have degenerated after MPTP intoxication. Scale bar: 40 µm, 5 µm.

  GAPDH were similar to WT mice (p = 0.4037, n = 4-6 mice/ group, Student's t test; Figure 27A), while the positive control of cells treated with the cytokine TNFα displayed the expected decrease in IBα expression (Figure 27A, B). Similarly the level of expression of IBα normalized to GAPDH was not different between mice injected with lenti-Htt18Q or Htt82Q (p = 0.8062, n = 6 mice/ group, Student's paired t test; Figure 27B).

Figure 27 .

 27 Figure 27. The NF-B pathway is not activated in 3xTg-AD mice and the lentiviral-based model of HD. Western blots (A, C) and quantification (B, D) for IBα and GAPDH in (A) 3xTg-AD mice (3xTg) or their age-matched WT controls (WT) or (C) mice injected in the left striatum with lenti-Htt18Q (18Q) and in the right striatum with lenti-Htt82Q (82Q). IBα expression is similar between 3xTg-AD mice and WT mice (B) and between the left and right striatum of mice injected with lenti-Htt (D). The abundance of IBα is lower in HeLA cells treated with TNFα (positive control, +) than in untreated cells (negative control, -). N = 4-6 mice/group.

Figure 29 .

 29 Figure 29. Dose response of GFP expression and spreading using AAV-GFP in the mouse striatum. A, Immunofluorescent detection of GFP (green), GFAP (red) in mice injected with AAV-GFP in the striatum. B, The GFP + volume in the striatum is highest with a viral titer of 5.10 9 VG/ injection site. C, The GFP fluorescence intensity within the injected volume increases with the two highest viral titers. Data are mean ± sem. N=4/ group. Ns, one-way ANOVA. Scale: 60µm.

Figure 30 .

 30 Figure 30. AAV-GFP vectors transduce astrocytes in the mouse brain. A, Images of immunofluorescent labelings for GFP (green) and cell-type specific markers (red and magenta) in mice injected with AAV-GFP in the striatum (upper) and the hippocampus (bottom). GFP co-localizes with S100β + astrocytes but not with MBP + oligodendrocytes, NeuN + neurons or IBA1 + microglia. B-C, FACS analysis of dissociated cells from mice injected with AAV-GFP (B) and AAV-tdTomato+ AAV-GFP (C) in the striatum. Most of the GFP + cells (99%) analyzed by FACS coexpressed tdTomato (C). D, Direct fluorescence detection of AAV-encoded GFP and tdTomato. Both fluorescent proteins co-localize in striatal astrocyte. Scale: 40 µm

Figure 31 .

 31 Figure 31. Overexpression of wild-type and mutant forms of STAT3 and JAK2 activates astrocytes in the mouse striatum. A, Detection by western blotting of STAT3 and JAK2 proteins after transfection of HEK293T cells with plasmids encoding STAT3 and JAK2 constructs. B, Detection of reactive astrocytes using GFAP staining in mice injected in the striatum with lentiviral vectors encoding WT and mutants constructs of STAT3, JAK2 and co-injected with GFP or controls. GFAP is expressed at basal levels in non-injected (NI) control mice and upregulated at the level of the needle track (*) in the PBS and lenti-GFP-injected control groups. GFAP expression is strongly increased in the injected area in the lenti-JAK2 WT + lenti-GFP and lenti-JAK2 T875N + lenti-GFP mice. C, The mean GFAP grey value is higher in STAT3C, JAK2WT and JAK2 T875N groups than in other groups and controls. D, gfap mRNA levels are detected by qRT-PCR. They are increased in the lenti-JAK2 T875N + lenti-GFP group. Data are mean ± sem. N= 4/ group. ***, p <0.001, One-way ANOVA and Scheffé tests. Scale bar: 500 μm.

Figure

  Figure 32Gand H, respectively). These results demonstrate that JAK2ca overexpression activates the JAK2/STAT3 pathway in astrocytes and selectively induces the expression of reactive astrocyte markers.

Figure 32 .

 32 Figure 32. Lenti-JAK2ca activates astrocytes in the mouse striatum. A, Images of triple labeling of GFP (green), STAT3 (red) and GFAP (red). Mice were injected with lenti-JAK2ca + lenti-GFP in one striatum and with the control lenti-GFP in the other. Infected astrocytes are dectected by their expression of GFP. JAK2ca astrocytes are hypertrophic and up regulate GFAP whereas it is undetectable in lenti-GFP controls. Along with GFAP, lenti-JAK2ca astrocytes show increased STAT3 reactivity with a strong nuclear localization compared with controls. B, JAK2ca overexpression in striatal astrocytes induces vimentin+ expression. By contrast, GFP astrocytes display undetectable vimentin levels. C-H, qRT-PCR analysis on mice injected with lenti-JAK2ca or lenti-GFP in the striatum. C, Jak2 mRNA levels show a tendency to increase in the JAK2ca group. D-E, Reactive astrocyte markers serpina3n (D) and vimentin (E) are induced by JAK2ca. F, Socs3 mRNA levels are increased with JAK2ca overexpression. By contrast, astrocyte-specific markers glt-1 (G) and cx43 (H) display similar mRNA levels between the JAK2ca and GFP groups. Data are mean ± sem. N= 4/ group. * p < 0.05, Student's t-test. Scale bar: 40μm.

Figure 33 .

 33 Figure 33. Lenti-JAK2ca does not lead to detectable neuronal death or toxicity. A-B, Images of double labeling of GFP (green) and neuronal markers (A, DARPP32 and B, NeuN (red)) in lenti-GFP and lenti-JAK2ca + lenti-GFP-injected mice. A, Expression of DARPP32, a marker of striatal neurons, is similar between the two groups. At high magnification, DARPP32+ neurons have a similar morphology in the JAK2ca and GFP groups. B, NeuN staining is comparable between JAK2ca and GFP groups. C, qRT-PCR analysis of d2r mRNA levels in lenti-JAK2ca + lenti-GFP and lenti-GFP-injected mice. d2r expression is not altered following lenti-JAK2ca-injection in the striatum. Data are mean ± sem. N= 4/ group. Scale bar: 200 μm, 40 μm.

Figure 34 .

 34 Figure 34. Lenti-JAK2ca induces moderate microglial activation in the mouse striatum. A, Images of microglial cells using IBA1 staining (red) in the striatum of NI, lenti-GFP and lenti-JAK2ca + lenti-GFP-injected mice. B, The density of IBA1 + cells is increased in GFP and JAK2ca virus-injected groups compared with NI mice. There is no difference in the density of microglial cells in the GFP and JAK2ca groups. C, cd11b mRNA levels, detected by qRT-PCR are not different between lenti-JAK2ca + lenti-GFP and lenti-GFP controls. Data are mean ± sem. N= 4/ group; * p <0.05, One-way ANOVA and Scheffé tests or Student's t-test. Scale bar: 40 μm.

Figure 36 .

 36 Figure 36. AAV-JAK2ca activates astrocytes and the JAK2/STAT3 pathway in the mouse striatum and hippocampus. A-B, Images of triple immunolabeling for GFP (green), STAT3 (magenta) and GFAP (red) on mouse brain sections injected with AAV-GFP or AAV-JAK2ca + AAV-GFP in the striatum (A) or the CA1 region of the hippocampus (B). AAV-JAK2ca-infected astrocytes display higher GFAP staining than AAV-GFP controls in the striatum (A) and the hippocampus (B). Reactive astrocytes up regulate STAT3 in the JAK2ca-group in both brain regions. N= 4/ group. Scale bar: 40 μm.

Figure 37 .

 37 Figure 37. AAV-JAK2ca does not lead to detectable neuronal toxicity in the mouse striatum and hippocampus.A-B, Images of triple immunolabeling for GFP (green), neuronal markers (striatum: DARPP32; hippocampus: MAP2; magenta) and vimentin (red) on mouse brain sections injected with AAV-GFP or AAV-JAK2ca + AAV-GFP in the striatum (A) the CA1 region of the hippocampus (B). AAV-JAK2cainfected astrocytes display increased vimentin staining compared with AAV-GFP controls in the striatum (A) and the hippocampus (B). A, In the striatum, expression of the neuronal marker DARPP32 is similar between AAV-GFP and AAV-JAK2ca. DARPP32+ neurons display normal morphology and density. B, In the CA1 region of the hippocampus, MAP2 staining of the neuronal cytoskeleton is comparable in AAV-GFP and AAV-JAK2ca groups. N= 4/ group. Scale bar: 40 μm.

Figure 38 .

 38 Figure 38. Lenti-SOCS3 prevents CNTF-mediated astrocyte activation in the rat striatum. A, qRT-PCR analysis of socs3 mRNA levels in rats after striatal injection of lenti-CNTF+ lenti-GFP in the left striatum and lenti-CNTF+ lenti-SOCS3 + lenti-GFP in the right striatum. Socs3 mRNA levels are doubled after lenti-SOCS3 injection. B, Western blot detection of pSTAT3, STAT3 and actin in GFP, SOCS3 and NI striata. Lenti-CNTF increases pSTAT3 levels compared with its expression in NI striatum. Lenti-SOCS3 reduces pSTAT3 and GFAP. The housekeeping protein actin is used as a loading control. C, Images of GFAP and vimentin stainings in rat injected with lenti-CNTF+ lenti-GFP in one striatum and with lenti-CNTF+ lenti-SOCS3 in the contralateral hemisphere. Lenti-CNTF leads to robust increase in GFAP and vimentin expression. Both markers are decreased in the lenti-SOCS3injected area. D, gfap and vimentin mRNA levels are decreased in lenti-SOCS3 group compared to GFP controls. N= 4, * p < 0.05, Student's t-test. Scale bars: 2 mm.

Figure 39 .

 39 Figure39. Lenti-SOCS3 does not alter all astrocyte markers. A-B, Images of immunofluorescent stainings for GFP (green), astrocytes (A, S100β and B, GLT-1, red) and reactive astrocytes (A, GFAP and B, vimentin, magenta) on rat brain sections after striatal injection of lenti-CNTF+ lenti-GFP in the left striatum and lenti-CNTF+ lenti-SOCS3 + lenti-GFP in the right striatum. Expression of the astrocyte markers S100β (A) and GLT-1 (B) is not different between lenti-SOCS3 and lenti-GFP striata. By contrast, GFAP (A) and vimentin (B) are strongly downregulated in lenti-SOCS3-injected area. C, qRT-PCR analysis of glt-1, cx43 and aqp4 mRNA levels. The expression of these three genes is not altered by lenti-SOCS3 injection (at the right of white dashes lines). N= 4, Student's t-test. Scale bar: 40 μm. The injected area is delimited by white dashes.

Figure 40 .

 40 Figure 40. The JAK2/STAT3 pathway is responsible for astrocyte reactivity in 3xTg-AD mice.A, Immunofluorescent staining of GFP (green) and STAT3 (red) in 7-8 month-old 3xTg-AD mice injected in the subiculum with lenti-GFP or lenti-SOCS3 + lenti-GFP (same total virus load). SOCS3 expression in astrocytes reduces STAT3 expression to undetectable levels compared with control astrocytes only infected with lenti-GFP. B, The number of GFP + infected astrocytes co-expressing STAT3 in the nucleus (GFP + /nSTAT3 + cells) is significantly decreased in the SOCS3 group compared with GFP controls. C, Images of GFAP (red) and GFP (green) stainings on 3xTg-AD mouse brain sections after hippocampal injection of lenti-GFP or lenti-SOCS3. Lenti-SOCS3 injection in 3xTg-AD mice strongly reduces GFAP expression in the injected area (delimited by white dots). Note that GFP + , infected astrocytes in the SOCS3 group have a bushy morphology compared with those in the control group, which are hypertrophic with enlarged primary processes. D, Quantification of the GFAP + area in 3xTg-AD mice injected with lenti-SOCS3 or lenti-GFP. E, The number of GFP + infected astrocytes coexpressing GFAP is significantly decreased in the SOCS3 group compared with GFP controls. F, Immunofluorescent labeling for the astrocyte marker S100β shows that its expression is not altered by SOCS3. N = 3-5/ group. * p < 0.05, Student's t-test. Scale bars: 500 µm, 20 µm. Infected astrocytes in both groups are identified by their expression of GFP.

Figure 41 .

 41 Figure 41. The JAK2/STAT3 pathway is responsible for astrocyte reactivity in the lentiviralbased HD mouse model. A, Immunofluorescent staining of GFP (green) and STAT3 (red) in mice injected in one striatum with lenti-Htt82Q + lenti-GFP and the contralateral striatum with lenti-Htt82Q + lenti-SOCS3 + lenti-GFP. SOCS3 expression in astrocytes reduces STAT3 expression to undetectable levels compared with control astrocytes in the GFP group. B, The number of GFP + /nSTAT3 + astrocytes is significantly decreased in the SOCS3 group compared with GFP controls. C, The number of highly fluorescent STAT3+ cells is significantly decreased by SOCS3. D, SOCS3 expression strongly reduces GFAP expression (red) in the injected area (GFP + , green). Infected astrocytes in the SOCS3 group display thin processes and complex ramifications compared with reactive astrocytes in the control group. E, Quantification confirms that the GFAP + area is significantly decreased with lenti-SOCS3. F, The number of GFP + infected astrocytes co-expressing GFAP is significantly decreased in the SOCS3 group compared with GFP controls. G, Immunofluorescent staining for the astrocyte marker S100β (red). N = 4. ** p < 0.01, paired Student's t-test. Scale bars: 500 µm, 20 µm.

Figure 42 .

 42 Figure 42. SOCS3 normalizes the expression of markers of astrocyte reactivity and neuroinflammation. qRT-PCR analysis on mice injected in the striatum with lenti-Htt18Q + lenti-GFP; lenti-Htt82Q + lenti-GFP; or lenti-Htt82Q + lenti-SOCS3 + lenti-GFP (same total virus load). A, Socs3 mRNA is overexpressed after lenti-SOCS3 injection. The expression of gfap (B), vimentin (C), iba1 (D) and ccl2 (E) is induced by lenti-Htt82Q and is restored to levels observed in the Htt18Q control by the expression of SOCS3. N = 3-5/group. * p < 0.05, ** p < 0.01; *** p < 0.001.

  conclusion, we have validated a lentiviral vector encoding SOCS3 that enables the specific and almost complete abolition of astrocyte reactivity in several models in vivo. SOCS3 efficiently prevented CNTF-mediated astrocyte activation in the rat striatum. Furthermore, we used this powerful tool to demonstrate, for the first time, the instrumental role of the JAK2/STAT3 pathway in the induction of astrocyte reactivity mouse models of AD and HD, in different brain regions.

Figure 43 .

 43 Figure 43. Positive and negative modulation of astrocyte reactivity in the lentiviral-based model of HD. A-C, Immunofluorescent stainings for GFP (green) and reactive astrocyte markers (A, GFAP and C, vimentin, red) in mice injected in one striatum with lenti-Htt18Q and in the contralateral striatum with lenti-Htt82Q. Mice are bilaterally co-injected with either lenti-GFP, lenti-JAK2ca+ lenti-GFP or lenti-SOCS3+ lenti-GFP. A, Six weeks post-infection, expression of Htt82Q (right) leads to increased GFAP expression in the GFP + injected area compared with Htt18Q control (left). Co-injection with lenti-JAK2ca shows a tendency to increase Htt82Q-induced astrocyte reactivity. Co-injection with lenti-SOCS3 completely inhibits astrocyte reactivity following Htt82Q-injection. B, Quantification of the GFAP + volume in the GFP + injected striatum. Lenti-SOCS3 decreases GFAP + volume induced by Htt82Q expression in striatal neurons. C, High magnification of immunofluorescent stainings for GFP (green) and vimentin (red). Following Htt82Q-injection, astrocytes in the GFP group weakly express vimentin whereas lenti-JAK2ca leads to a strong induction of vimentin expression. In lenti-SOCS3injected mice, vimentin is nearly undetectable in the striatum after Htt82Q-injection. N = 9-11/ group. *** p < 0.001, one-way ANOVA and Scheffé post-hoc test. Scale bars: 500 µm, 40 µm, and 5 µm.

Figure 44 .

 44 Figure 44. Modulation of astrocyte reactivity has no effect on striatal neuron dysfunction but lenti-SOCS3 decreases the number of ubiquitin-positive aggregates in the lentiviral-based model of HD. A, Detection of neuronal markers DARPP32, NeuN and of ubiquitin + aggregates by immunohistochemistry on mouse brain sections after striatal injections with lenti-Htt82Q. Mice were co-injected with lenti-GFP, lenti-JAK2ca+ lenti-GFP or lenti-SOCS3+ lenti-GFP. Htt82Q-expression in the mouse striatum leads to local loss of DARPP32 (white dashes) and NeuN (black dashes) stainings and to the formation of ubiquitin + aggregates 6 weeks post-infection. B-C, Quantification of the lesion volumes using DARPP32 (B) and NeuN (C) stainings in the striatum. Co-injection with lenti-JAK2ca or lenti-SOCS3 has no effect on the lesion volumes. D, Quantification of the ubiquitin + volume in the striatum after Htt82Q expression. Lenti-SOCS3 decreases the number of ubiquitin + aggregates following Htt82Q-injection. N = 9-11/ group. * p < 0.05, one-way ANOVA and Scheffé post-hoc test. Scale bars: 100 µm.

Figure 45 .

 45 Figure 45. Lenti-SOCS3 increases the number of Htt aggregates in the lentiviral-based HD mouse model. A, Immunohistological detection of neuronal markers DARPP32, NeuN and EM48 + aggregates on mouse brain sections after injection with lenti-Htt82Q in the striatum. Mice were co-injected with lenti-GFP in the left striatum and with lenti-SOCS3+ lenti-GFP in the right striatum. B-D, Quantification of the Htt82Q-induced lesion volume in the striatum using DARPP32 (B) and NeuN (C) staining (black dashes). Lenti-SOCS3 has no effect on Htt82Q-induced neuronal dysfunction 6 weeks post-infection. D, Quantification of the number of EM48 + aggregates. Lenti-SOCS3 increases the number of mHtt aggregates after Htt82Q injection. N = 12. * p < 0.05, paired Student's t-test. Scale bars: 500 µm.

Figure 46 .Figure 47 .

 4647 Figure 46. Characterization of behavioral alterations in the N171-82Q mouse model of HD. A-C, Behavioral characterization of N171-82Q HD mice and WT littermates. A, N171-82Q mice start losing weight from 14 weeks of age. B, Eight week-old HD mice display abnormal motor coordination on the rotarod. C, 17-week-old N171-82Q mice show altered rearing duration and frequency at the open field test. N= 8/ group; * p<0.05, ** p < 0.01, *** p < 0.001 repeated measure ANOVA and Bonferronni post-hoc tests (B) or Student's t-test (C).

Figure 49 .

 49 Figure 49. Positive and negative modulation of astrocyte reactivity in the N171-82Q model of HD. A, qRT-PCR analysis of jak2 and socs3 mRNA levels in WT and N171-82Q mice injected in the striatum with AAV vectors encoding GFP, JAK2ca or SOCS3, 8 weeks post-injection. jak2 and socs3 are highly overexpressed in the N171-JAK2ca and N171-SOCS3 groups, respectively. B, Images of immunodetection of GFAP (left) and immunofluorescent stainings for GFP (green) and GFAP (red) (right). N171-JAK2ca-mice show GFAP + reactive astrocytes compared with other groups. C, The GFAP + volume is increased in N171-JAK2ca mice. D, gfap mRNA levels were detected by qRT-PCR. Gfap mRNA levels show a tendency to increase in the N171-JAK2ca and to decrease in the N171-SOCS3 group compared with WT GFP and N171-GFP control groups. N= 3-9/ group, *** p < 0.001, Two-way ANOVA and Scheffé post-hoc test. Scale bar: 1 mm, 40 µm.

Figure 50 .

 50 Figure 50. Modulation of astrocyte reactivity has no effect on striatal neurons in the N171-82Q HD mice. A, Immunohistochemical detection of the neuronal markers DARPP32, NeuN and of mHtt aggregates with EM48 in WT or N171-82Q mice injected with AAV vectors encoding GFP, JAK2ca or SOCS3 in the striatum. B, Quantification of the striatal volume which is similar between WT GFP and N171-GFP mice. JAK2ca and SOCS3 overexpression have no effect on the striatal volume 8 weeks postinjection. C, Quantification of the number of NeuN+ neurons in the injected area. The total number of neurons is not different between the four groups in the AAV-injected area. D-E, qRT-PCR analysis of the striatal neuron markers d2r and darpp32 mRNA levels. Both d2r (D) and darpp32 (E) mRNA levels tend to be decreased in N171-GFP mice in comparison with WT-GFP. SOCS3 shows a tendency to restore the expression of d2r and darpp32. N= 3-9/ group, One-way ANOVA, ns. Scale bar: 1 mm. Abbreviations: St, striatum; CC, corpus callosum.

Figure 52 .

 52 Figure 52. Activation of the JAK2/STAT3 pathway in striatal astrocytes modulates expression of functionally important genes. Expression of several astrocyte-specific genes expressed as fold change percentage between GFP and JAK2ca astrocytes.

Figure 53 .

 53 Figure 53. Activation of the JAK2/STAT3 in astrocytes modulates the expression of genes involved in key cellular functions. Pie charts show the DAVID categorization from JAK2ca up-or downregulated gene sets. The percentage corresponds to the proportion of genes from the dataset that are related to a given pathway in DAVID.The lysosome degradation and immune response are prominently induced whereas oxidative metabolism and mitochondrial function related to ND are downregulated.

First, we recorded

  extracellular field excitatory post-synaptic potentials (fEPSPs) to study basal glutamatergic synaptic transmission at hippocampal CA3-CA1 synapses (Figure 54A), on acute hippocampal slices, in the GFP+ injected area. The efficacy of glutamatergic transmission was quantified by measuring the fEPSPs slope for a given stimulation. We observed that the basal synaptic strength was not different between GFP and NI mice, suggesting that surgery and AAV injection did not altered basal synaptic activity in itself (n = 6 NI, 8 GFP, ns, two-way ANOVA and Bonferonni post-hoc tests, Figure 54 B and C). By contrast, glutamatergic synaptic transmission was altered in JAK2ca mice as fEPSP displayed smaller amplitudes than in GFP (n = 8 mice, p < 0.05; 60 -70V; p < 0.01, 80 -90V, two-way ANOVA and Bonferonni post-hoc) and NI controls (n = 8 mice, p < 0.05, 60 -70V; p < 0.01 80 -90V, two-way ANOVA and Bonferonni post-hoc tests, Figure 54 B and C). This unexpected result shows that overexpression of JAK2ca in hippocampal astrocytes is able to influence basal glutamatergic synaptic transmission.

Figure 54 .

 54 Figure 54. Activation of the JAK2/STAT3 in astrocytes decreases basal synaptic transmission in the mouse hippocampus. A-C, Basal synaptic transmission was evaluated by measuring evoked fEPSPs within the stratum lacunosum moleculare of the CA1 region of the hippocampus in non-injected (NI), AAV-GFP control or AAV-JAK2ca-injected mice. A, fEPSPs were recorded in the GFP + injected area. B, Representative responses from NI, GFP and JAK2ca mice, show a reduction in fEPSPs in the JAK2ca group. C, Average fEPSP slopes of JAK2ca mice (open circles), GFP control mice (green circles) and NI mice (black squares) and plotted as a function of the stimulus intensity. Basal synaptic transmission is impaired in JAK2ca mice. * p < 0.05, ** p < 0.01, Two-way ANOVA and Bonferonni post-hoc tests.

Figure 55 .

 55 Figure 55. Activation of the JAK2/STAT3 in astrocytes decreases synaptic plasticity in the mouse hippocampus. A-B, LTP protocol in the CA1 region of the hippocampus in non-injected (NI), AAV-GFP control or AAV-JAK2ca-injected mice. A, Average time course of LTP in JAK2ca mice (open circles) and GFP controls (green circles) compared with NI (black squares). LTP in JAK2ca mice was significantly lower compared with controls. B, Cumulative probability distribution of LTP measured as the percentage of potentiation 30-50 min after tetanus compared with baseline period. LTP in JAK2ca mice was significantly lower than GFP or NI controls. *** p < 0.001, Two-way ANOVA and Mann-Whitney tests.

(

  Hebert and O'Callaghan, 2000; O'Callaghan and Sriram, 2004; Sriram et al., 2004).

  models, brain regions and animal species despite different pathological mechanisms and molecular triggers. Histological and biochemical techniques have shown that the JAK2/STAT3 pathway is activated in reactive astrocytes in several models of acute injury (Justicia et al., 2000; Xia et al., 2002) and in ND (Shibata et al., 2010, Ben Haim et al. under revision). However the requirement for the JAK2/STAT3 pathway to mediate astrocyte reactivity was not demonstrated in most of these studies.

  Htt aggregation in the lentiviral-based model of HD a) Effects of SOCS3 overexpression on astrocyte reactivity and neuroinflammationWe studied the lentiviral-based model of HD whereby neurons express either the WT (Htt18Q) or mutated (Htt82Q) Htt protein. This model reproduces the loss of MSN and induction of astrocyte reactivity observed in patients with HD. The viral vector used to overexpress Htt (VSV-Htt18Q or 82Q) mainly drives transgene expression into neurons. Thus, in this model, astrocytes do not or very weakly express mHtt and become reactive in response to neuronal dysfunction and death.

Figure 56 .

 56 Figure 56. Impairment of the UPS in JAK2ca reactive astrocytes. Activation of the JAK2/STAT3 pathway in striatal astrocytes decreases in the expression of genes UPS encoding enzymes, as observed in our transcriptomic analysis ( § III.D.1). Particularly, genes encoding E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes and E3 ubiquitin ligase enzymes are strongly downregulated by JAK2ca.

Figure 58 .

 58 Figure 58. Consequences of the JAK2/STAT3 pathway activation in reactive astrocytes.A viral construct encoding a constitutively active form of JAK2 (JAK2ca) phosphorylates STAT3, which is translocated to the nucleus and activates the transcription of target genes. Activation of the JAK2/STAT3 pathway in astrocytes upregulate (red arrows) and downregulate (green arrows) numerous genes involved in key cellular functions. Activation of the JAK2/STAT3 pathway results in the activation of astrocytes, with the induction of the expression of reactive astrocyte markers (GFAP, vimentin, serpina3n) as well as genes involved in inflammation (complement factors, interleukins). Importantly, activation of the JAK2/STAT3 pathway in astrocytes reduces several genes encoding enzymes of the oxidative phosphorylation (cytochrome C oxidase, cytochrome C reductase and TCA cycle in the mitochondria.

(

  bestrophin) that were upregulated in reactive astrocytes of AD mice[START_REF] Jo | GABA from reactive astrocytes impairs memory in mouse models of Alzheimer's disease[END_REF][START_REF] Wu | Tonic inhibition in dentate gyrus impairs long-term potentiation and memory in an Alzhiemer's disease model[END_REF]. In another study highlighting the link between altered inhibitory transmission and astrocyte reactivity,Ortinski et al. showed that when astrocytes were activated by high titers of AAV-GFP in the hippocampus, it decreases inhibitory but not excitatory transmission in CA1 pyramidal cells[START_REF] Ortinski | Selective induction of astrocytic gliosis generates deficits in neuronal inhibition[END_REF].Other gliotransmitters could be involved in this decreased synaptic transmission and plasticity. Dserine is the endogenous co-agonist on the glycine site of synaptic NDMARs(Oliet and Mothet, 2006, 2009;[START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF]. Astrocytes control synaptic NMDAR activity through D-serine release in the supraoptic nucleus[START_REF] Panatier | Gliaderived D-serine controls NMDA receptor activity and synaptic memory[END_REF]. More interestingly, astrocytes can detect synaptic activity triggered by single synapse stimulation at the SC-CA1 synapse in the hippocampus[START_REF] Panatier | Astrocytes are endogenous regulators of basal transmission at central synapses[END_REF]. Therefore, it would be interesting to determine if D-serine release and occupancy at the glycine site of synaptic NMDARs is decreased in JAK2ca mice.

(

  200ng p24) in the left striatum and with lenti-SOCS3 (150 ng p24) and lenti-GFP (50 ng p24) in the right striatum. To inhibit the JAK/STAT3 pathway in the AD model, 7-8 month-old 3xTg-AD female mice were injected in the subiculum either with lenti-GFP (250 ng p24) or with lenti-SOCS3 (200 ng p24) and lenti-GFP (50 ng p24). Co-injections with lenti-GFP were performed to visualize the infected area and the morphology of infected cells because SOCS3 cannot be detected by immunohistochemistry due to the lack of specific antibodies. Post mortem analysis was performed 6 weeks post-injection for HD mice and 4.5 months post injection for 3xTg-AD mice.Primate model of HDThree adult male cynomolgus monkeys (Macaca fascicularis, 4.2 ± 0.08 kg) were used in this study according to European (EU Directive 86/609/EEC) and French regulations (French Act Rural Code R 214-87 to 131). The animal facility was approved by veterinarian inspectors (authorization n°A 92-032-02) and complies with Standards for Humane Care and Use of Laboratory Animals of the Office of Laboratory Animal Welfare (OLAW -n°#A5826-01).Magnetic Resonance Imaging (MRI) was performed on each macaque to calculate stereotactic coordinates for lentiviral injection. MRI was performed on a 7 Tesla scanner (Varian, CA, USA) with the following parameters: TR/ TE/ TI: 15 ms / 5500 ms / 10 ms, flip angle: 90°, 0.45×0.45×1 mm with coronal acquisition on a 256 × 256 × 40 matrix. For lentiviral injections, animals were anesthetized with a mixture of ketamine (10 mg/kg) and xylazine (1 mg/kg) and were kept under intravenous infusion of propofol (1% Rapinovet, 0.05 to 0.25 mg.

  (1:500, mouse, Signet Covance, Princeton, NJ), EM48 (1:200, mouse, Chemicon, Billerica, MA), GFAP-Cy3 (1:1000, mouse, Invitrogen, Carlsbad, CA), S100β (1:500, mouse, Invitrogen),STAT3 (STAT3α, 1:200, rabbit, Cell Signaling Technology, Danvers, MA), vimentin (1:1000, chicken, Abcam, Cambridge, England). Anti-STAT3 antibody was diluted in Signal Boost antibody diluent (Cell Signaling Technology). Brain sections were incubated for 36 h with STAT3 antibody and overnight at 4°C for all other antibodies. After rinsing, brain slices were incubated for 1-2 h at room temperature with fluorescent secondary Alexa fluor®-conjugated antibodies (Invitrogen). Slices were stained with DAPI (1:2000, Sigma), mounted with FluorSave reagent (Calbiochem, La Jolla, CA) and analyzed by either epifluorescence (DM6000 Leica, Nussloch, Germany) or confocal microscopy (LSM 510; Zeiss, Thornwood, NY and TCS SPE or SP8, Leica).qRT-PCR. Mice were killed with an overdose of sodium pentobarbital. Mouse brains were rapidly collected and sliced into 1 mm-thick coronal sections with a brain matrix. The GFP-positive (GFP + ) area on each slice was dissected with 1 mm-diameter punches (Ted Pella, CA) under a fluorescence macroscope (Leica MacroFluo, Leica). Punches were stored in RNA later (Sigma) until further processing. Total RNA was isolated from striatal punches with Trizol (Invitrogen) and cDNA was synthesized from 0.2 µg of RNA with the VILO kit (Invitrogen) and diluted at 0.15 ng/µl. The Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) was used to perform qRT-PCR. Three housekeeping genes were tested and the peptidylprolyl isomerase A (cyclophilin A) gene was selected as the best normalizing gene, because it showed the minimal, non-significant, variation between groups. The abundance of each transcript of interest was then normalized to the abundance of cyclophilin A with the ∆Ct method. The efficiency of qRT-PCR was between 85 and 110% for each set of primers.Distilled water and RT-negative reactions were used as negative controls. The sequences of oligonucleotides used for qRT-PCR are as follows: ccl2 (forward: ACCAGCACCAGCCAACTCT; reverse AGGCCCAGAAGCATGACA), cyclophilin A (forward ATGGCAAATGCTGGACCAAA;Western blotting. Mice were killed with an overdose of sodium pentobarbital and their brains were rapidly collected and sliced into 1 mm-thick coronal sections with a brain matrix. The striatum or the dorsal hippocampus were dissected out. Samples were then homogenized with a glass homogenizer in 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% SDS, with protease (Roche, Indianapolis, IN) and phosphatase (Sigma) inhibitor cocktails. Protein concentration was determined by the BCA method. paired t-test for left-right comparisons. The fraction of cells expressing high levels of STAT3 was normalized by the arcsine transformation, before applying a Student t-test. The results of qRT-PCR were analyzed using one-way ANOVA test and Scheffé post-hoc test. The significance level was set at p < 0.05.

Figure 1 .

 1 Figure 1. Mouse models of AD and HD display astrocyte reactivity in vulnerable regions of the brain. A-C, Images of brain sections from mouse models of AD showing double staining for amyloid plaques (4G8, green) and astrocytes (GFAP, red). A, GFAP is strongly expressed in hippocampal astrocytes of 8-month-old APP/PS1dE9 mice around amyloid depositions (arrowheads) in the stratum lacunosum moleculare and the dentate gyrus. B, Quantification of the GFAP + area in the hippocampus of APP/PS1dE9 and WT mice. C, In the subiculum, 3xTg-AD mice display amyloid depositions that are surrounded by GFAP + reactive astrocytes (arrowheads). D, Quantification of the GFAP + area in the subiculum of 12-month-old 3xTg-AD mice and age-matched WT mice. E, Mice injected with lenti-Htt82Q in the striatum display EM48 + aggregates of mutated Htt (green). Expression of the mutated Htt in striatal neurons leads to astrocyte reactivity (arrowheads) as shown by increased GFAP and vimentin staining (red). F, Quantification of the GFAP + area in the lenti-Htt82Q-injected striatum relative to the control striatum injected with lenti-Htt18Q. N = 3-6/ group. ** p < 0.01; *** p < 0.001. Scale bars: 100 µm and 20 µm.

Figure 2 .

 2 Figure 2. The JAK/STAT3 pathway is activated in reactive astrocytes in APP/PS1dE9 mice. A-B, Images of brain sections from 8-month-old APP/PS1dE9 mice showing double staining for STAT3 (green) and reactive astrocyte markers (A: GFAP, B: vimentin). A-B, APP/PS1dE9 mice display reactive astrocytes that over-express GFAP, vimentin and STAT3, around amyloid plaques (arrowhead) in the hippocampus. STAT3 accumulates in the nucleus of reactive astrocytes (see enlargement). C, The number of GFAP + astrocytes co-expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) is significantly higher in APP/PS1dE9 mice than in WT mice. D, The percentage of cells showing strong staining for STAT3 is higher in APP/PS1dE9 mice than in WT mice. N = 3-4/ group. * p < 0.05. Scale bars: 20 µm and 5 µm.

Figure 3 .

 3 Figure 3. The JAK/STAT3 pathway is activated in reactive astrocytes in 3xTg-AD mice.A-B, Images of brain sections from the subiculum of 12-month-old 3xTg-AD mice. STAT3 (green) accumulates in the nucleus of reactive astrocytes labeled with GFAP (A, red) or vimentin (B, red),

Figure 4 .

 4 Figure 4. The JAK/STAT3 pathway is activated in reactive astrocytes in the mouse model of HD. A, Images of brain sections showing double staining for GFAP (red) and STAT3 (green) on mouse brain sections, 6 weeks after the infection of striatal neurons with lenti-Htt18Q or lenti-Htt82Q. Astrocytes in the Htt82Q striatum are hypertrophic and express higher levels of STAT3 in their nucleus relative to resting astrocytes in the Htt18Q striatum. B-C, The number of nSTAT3 + /GFAP + cells (B) and the percentage of cells displaying strong staining for STAT3 (C) are significantly higher in the Htt82Q striatum than in the Htt18Q striatum. N = 6. * p < 0.05. Scale bars: 20 µm and 5 µm.

Figure 5 .A,

 5 Figure 5. The JAK/STAT3 pathway is activated in reactive astrocytes in the primate model of HD.A, Images of brain sections from macaques injected with lenti-Htt82Q in the putamen showing triple staining for STAT3 (green), GFAP (red) and EM48 (magenta). Seventeen months after infection with lenti-Htt82Q, EM48+ aggregates of Htt are observed in the putamen, as well as prominent astrocyte reactivity. The immunoreactivity for STAT3 is much stronger in GFAP + reactive astrocytes than in resting astrocytes found outside the injected area in the same animal. Images are representative of all three macaques. Scale bars: 40 µm and 10 µm.

Figure 6 .

 6 Figure 6. The NF-κ κ κ κB pathway is not activated in 3xTg-AD mice and the lentiviral-based model of HD Western blot for IκBα and GAPDH in (A) 3xTg-Ad mice (3xTg) or their age-matched WT controls (WT) or (B) mice injected in the left striatum with lenti-Htt18Q (18Q) and in the right striatum with lenti-Htt82Q (82Q). IκBα expression is similar between 3xTg-AD mice and WT mice and between the left

Figure 7 .

 7 Figure 7. The JAK/STAT3 pathway is responsible for astrocyte reactivity in 3xTg-AD mice.A, Images of double staining for GFP (green) and STAT3 (red) in 7-8 month-old 3xTg-AD mice injected in the subiculum with lenti-GFP or lenti-SOCS3 + lenti-GFP (same total virus load). STAT3 expression becomes undetectable in astrocytes infected with lenti-SOCS3. B, The number of GFP +

Figure 8 .

 8 Figure 8. The JAK/STAT3 pathway is responsible for astrocyte reactivity in the lentiviral-based mouse model of HD. A, Immunofluorescent staining of GFP (green) and STAT3 (red) in mice injected in the right striatum with lenti-Htt82Q + lenti-GFP and the left striatum with lenti-Htt82Q + lenti-SOCS3 + lenti-GFP. STAT3 expression becomes undetectable in astrocytes infected with lenti-SOCS3. B-C, The number of GFP + /nSTAT3 + astrocytes (B) and the percentage of cells showing strong staining for STAT3 (C) is significantly lower in the right striatum injected with lenti-SOCS3 than in the control striatum. D, SOCS3 expression strongly reduces GFAP expression (red) in the injected area (GFP + , green).

  SOCS3 than in the control striatum. G, Immunofluorescent staining for the astrocyte marker S100β (red). N = 4. * p < 0.05; ** p < 0.01. Scale bars: 500 µm and 20 µm.

Figure 9 .

 9 Figure 9. SOCS3 normalizes the expression of markers of astrocyte reactivity and neuroinflammation. qRT-PCR analysis on mice injected in the striatum with lenti-Htt18Q + lenti-GFP; lenti-Htt82Q + lenti-GFP; or lenti-Htt82Q + lenti-SOCS3 + lenti-GFP (same total virus load). A, Socs3 mRNA is overexpressed after lenti-SOCS3 injection. The expression of gfap (B), vimentin (C), iba1 (D) and ccl2 (E) is induced by lenti-Htt82Q and is restored to levels observed in the Htt18Q control by the expression of SOCS3. N = 3-5/group. * p < 0.05, ** p < 0.01; *** p < 0.001.
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  Importantly, reactive cortical astrocytes acquire NSC potential only after acute injuries such as mechanical trauma or ischemia but not in the case of chronic pathological condition such as AD[START_REF] Sirko | Reactive glia in the injured brain acquire stem cell properties in response to sonic hedgehog. [corrected][END_REF]. In the spinal cord, ependymal cells lining the central canal behave as NSC upon SCI as they can give rise to both astrocytes and oligodendrocytes (Barnabe-Heider et

conditions

[START_REF] Goritz | Origin of new glial cells in intact and injured adult spinal cord[END_REF]

. Nevertheless, upon injury, specific subsets of reactive glial cells isolated from the lesioned tissue, display NSC properties in vitro. Genetic fate mapping identified a subset of cortical astrocytes that are able to generate multipotent cells in vitro

[START_REF] Buffo | Origin and progeny of reactive gliosis: A source of multipotent cells in the injured brain[END_REF][START_REF] Sirko | Reactive glia in the injured brain acquire stem cell properties in response to sonic hedgehog. [corrected][END_REF]

.

Endo et al., 1997; Naka et al., 1997; Starr et al., 1997). The

  

	. But the most potent
	negative regulator of the JAK/STAT signaling is the SOCS family of proteins.
	SOCS
	SOCS proteins are inducible inhibitors of cytokine signaling. Remarkably enough, three independent
	groups concurrently discovered SOCS proteins named as SOCS1, jak-binding protein 1 (JAB1) and
	STAT-induced STAT inhibitor 1 (SSI1, respectively (SOCS family of proteins also includes the cytokine-inducible SH2 domain-containing
	protein 1 (CIS1), which blocks IL-2, IL-3 and Epo5 signaling through inhibition of STAT5 (Yoshimura

et al., 1995; Ram and Waxman, 1999). Expression

  

	of SOCS proteins is rapidly induced by cytokines
	and thus acts as a negative feedback loop to regulate the JAK/STAT pathway activation (Yoshimura

et al., 2007).

  

	SOCS proteins regulate the JAK/STAT signaling in different ways. First, SOCS proteins contain a
	SOCS box, which is an adapter for substrate polyubiquitinilation and targeting to the proteasome (Kile
	There are eight SOCS proteins in mammals: SOCS1-7 and CIS. They all contain a C-terminal SOCS
	box, the SH2 domain and a variable N-terminal region.

et al., 2002) (Figure

  

Shea et al., 2013a; Vainchenker and Constantinescu, 2013).

  

	Immunity
	The JAK/STAT pathway is involved in the formation and maintenance of lymphoid cells including T
	cells, natural killer and B cells. Especially, TYK2 and JAK3 appear to play a crucial role in the
	development of lymphocytes as mutations in tyk2 and jak3 genes are associated with primary
	immunodeficiencies in humans (O'
	, several point mutations in JAK2 have been associated with hematologic diseases and
	cancers (O'The JAK2V617F mutation
	in JAK2 pseudokinase domain has been found in most patients with polycythemia vera as well as 50-
	60% of patients with essential thrombocythemia and primary myelofibrosis. The JAK2K539L mutation
	in the linker region between the pseudo-kinase has been found in patients with idiopathic
	erythrocytosis (O'Shea et al., 2013a). Finally, the JAK2T875N mutation resulting in a constitutively
	active kinase domain, has been identified in patients suffering from acute megakaryoblastic leukemia
	(Zou et al., 2011)

Shea et al., 2013b). Further

  mutations of STAT1 and STAT3 proteins are associated with immune deficiencies and high susceptibility to microbial infections. STATs

Clarke et al., 1994; Lin et al., 1995; Escartin et al., 2006). Therefore

  

	Okada et al. investigated the effects of targeting the JAK2/STAT3 pathway in reactive astrocytes. To
	this end, they deleted stat3 or socs3 with the Cre-loxP system in nestin-expressing cells. Nestin is
	expressed during development by progenitor cells and in the adult brain by NSCs in neurogenic areas
	(Kriegstein and Alvarez-Buylla, 2009). Under acute pathological or direct stimulation by cytokines,
	nestin expression can be induced in reactive astrocytes (, nestin promoter was used to interfere with the JAK2/STAT3
	pathway in reactive astrocytes after SCI. Conditional deletion of stat3 (nes-stat3 -/-) resulted in altered
	migration of reactive astrocytes and wound healing. By contrast, conditional deletion of socs3 (nes-
	socs3	-/-) enhanced glial scar formation (Okada et al., 2006). Similarly, stat3 deletion in reactive
	astrocytes (gfap-stat3	-/-) attenuated GFAP upregulation and disrupted glial scar formation after SCI
	(Herrmann et al., 2008). By interfering with the JAK/STAT pathway, these studies demonstrate that
	the JAK/STAT pathway in reactive astrocytes is necessary for glial scar formation.
	In addition, activation of STAT3 was observed in reactive astrocytes, in many injury models including
	TBI (Oliva

et al., 2012), neonatal brain injury (Nobuta et al., 2012), axotomy (Tyzack et al., 2014), infection (Na et al., 2007), glaucoma (Zhang et al., 2013), epilepsy (Xu et al., 2011), ischemia (Amantea et al., 2011) and in after exposure to neurotoxins (Sriram et al., 2004; O'Callaghan et al., 2014). STAT3

  

	activation was also reported in chronic pathological conditions such as ND. By contrast
	to acute injury models, activation of STAT3 was detected in reactive astrocytes as well as neurons
	and activated microglia. In AD patients and mouse models, Wan et al. mainly observed STAT3
	activation in neurons and very few reactive astrocytes (Wan et al., 2010). In patients and mouse
	models of ALS, activated STAT3 was detected in motorneurons, reactive astrocytes and activated
	microglia (Shibata

et al., 2009; Shibata et al., 2010). In models of neuropathic, activation of STAT3 was observed in reactive astrocytes (Tsuda et al., 2011) and activated

  

	injury, a model of neuropathic pain, reactive astrocytes in the spinal cord have been shown to
	proliferate. Pharmacological inhibition of JAKs and STATs decreases astrocyte reactivity along with
	proliferation in the spinal cord (	
		microglia (Dominguez et al.,
	2010).	
	These studies mainly rely on the detection of the phosphorylated form of STAT3 or the nuclear
	localization of STAT3, both reflecting its activation. However, this approach does not evidence the
	instrumental role of the JAK2/STAT3 pathway in mediating astrocyte reactivity in these models. Only
	few have investigated the direct requirement of this pathway to mediate astrocyte reactivity. For
	example, Sriram et al. showed that STAT3 was strongly upregulated in reactive astrocytes in the
	MPTP model of PD in mice. Pharmacological blockade of JAK2 with AG490, resulted in the
	attenuation of astrocyte reactivity after MPTP injection (Sriram et al., 2004). Nobuta et al. used a
	conditional deletion of stat3 in reactive astrocytes (gfap-stat3 -/-) in a model of neonatal white matter
	injury (WMI). LPS subcutaneously injected in the early postnatal period reproduces astrocyte reactivity
	observed in WMI in newborns. By contrast to WT mice, gfap-stat3	-/-mice failed to display astrocyte
	hypertrophy and GFAP upregulation after LPS injection (Nobuta et al., 2012). After peripheral nerve

Tsuda et al., 2011).

  

	Taken together, these data strongly suggest that the JAK/STAT pathway has an important role in
	astrocyte reactivity in vivo. However, due to the large number of models that have been studied,
	involving various pathological mechanisms, CNS regions and even cell types, it is difficult to dissect
	out the specific contribution of the JAK/STAT pathway activation in reactive astrocytes to
	injury/disease processes. In fact, only very few studies have investigated the requirement of this
	pathway, especially in ND models.
		d) Other signaling pathways associated with astrocyte reactivity
		i) The calcineurin-regulated signaling pathways
	The Ca	2+ /calmodulin-dependent serine/threonine phosphatase calcineurin (CN) is involved in the
	regulation of gene expression through the modulation transcription factors such as nuclear factor of
	activated T-cells (NFATs) and NF-κB (Furman and Norris, 2014). CN is a ubiquitous protein,
	although expressed at high levels in the brain. It regulates the growth, differentiation and cellular
	processes in T-cells, osteoclasts or myocytes (

Hogan et al., 2003).

  

	In addition, CN is activated upon inflammatory conditions. In primary cultures of astrocytes, CN is
	activated by known-inducers of astrocyte reactivity such as pro-inflammatory cytokines (IL1β, TNFα,
	IFNγ) or Aβ peptide (Furman and Norris, 2014). Several studies have linked NFAT/CN pathway to
	astrocyte reactivity, in particular in the context of AD. Indeed, CN immunoreactivity is increased in
	aged mice and around amyloid plaques both in AD patients and mouse models (Furman and Norris,
	2014). Overexpression of a constitutively activated form of CN in astrocytes resulted in enhanced
	GFAP expression after brain injury of LPS injection (

Fernandez et al., 2007). However, there are some discrepancies in the literature towards the effects of CN activation in reactive astrocytes in AD models. Pharmacological inhibition of CN restored cognitive deficits in the Tg2576 mouse model of AD (Dineley et al., 2007). Viral-mediated overexpression of the blocking peptide VIVIT to prevent

  

	NFAT/CN activation, resulted in the attenuation of astrocyte reactivity around amyloid depositions in
	APP/PS1 AD mice (Furman et al., 2012). By contrast, constitutive activation of CN in the same
	mouse model resulted in decreased amyloid load, attenuated astrocyte and microglia reactivity and
	restored cognitive deficits (

Fernandez et al., 2012).

  

	Interestingly, when activated, this pathway has been shown to regulate glutamate uptake in cultured
	astrocytes. Indeed, inhibition of NFAT/CN pathway by VIVIT prevented the decrease in GLT-1
	expression observed after stimulation with IL-1β and Aβ. Furthermore, by decreasing extracellular
	glutamate, VIVIT protected neurons from excitotoxicity (Sama

et al., 2008).

  

1) Huntington's disease

  

	a) General characteristics of Huntington's disease
	i) Epidemiology
	Huntington's disease (HD) is a fatal genetic neurodegenerative disease caused by an autosomal
	dominant mutation in the huntingtin gene (htt) (The Huntington's disease Collaborative Research
	Group, 1993). This mutation consists in a pathological expansion of CAG repeats encoding a
	polyglutamine (polyQ) track in the mutant Htt (mHtt) protein. A length of 36 to 39 CAG repeats in htt is
	associated with uncomplete penetrance of HD phenotype. Above 40 CAG repeats, the penetrance is
	complete and mHtt carriers will develop HD. There is an inverse correlation between the number of
	CAG repeats and the onset of symptoms in patients with HD. Thus, juvenile forms of HD are observed
	in 5-10% of HD cases, in persons carrying a large number of CAG repeats (>60 CAG) (Ross

and Tabrizi, 2011). The

  mean disease onset for HD is approximately 45 years of age (Ross

et al., 2014).

  

	The prevalence of the disease is about 6 per 100 000 in Europe, North American, and Australian
	populations. By contrast, the prevalence for HD is lower in Asia with 0.40 per 100 000 (

Pringsheim et al., 2012).

  

Landles and Bates, 2004; Cattaneo et al., 2005; Zuccato et al., 2010; Arrasate and Finkbeiner, 2012; Sepers and Raymond, 2014).

  

et al., 2014; Wu et al., 2014).

  There are many lines of evidence suggesting that reactive astrocytes in AD display alterations of their functions (metabolism, oxidative stress, calcium signaling, connectivity ect…) that are deleterious for neighboring neurons. First, the metabolic support of astrocytes to neurons is likely to be altered in the context of AD. For example, in neuron-astrocyte co-culture, astrocyte internalization of Aβ peptides triggers intracellular changes that enhance glucose utilization, release of lactate, neurotoxic factors (oxygen peroxide) and glutathione[START_REF] Allaman | Amyloidbeta aggregates cause alterations of astrocytic metabolic phenotype: impact on neuronal viability[END_REF]. These metabolic changes in astrocytes were associated with decreased neuronal survival in vitro. More importantly, in co-culture with no physical contact between neurons and astrocytes, Aβ-treated astrocyte medium decreased the viability of neurons[START_REF] Allaman | Amyloidbeta aggregates cause alterations of astrocytic metabolic phenotype: impact on neuronal viability[END_REF]. Altogether, these results suggest that Aβ peptides can bind receptors and be internalized in astrocytes to increase clearance of the pathogenic molecule. In turn, this leads to alteration of astrocytic functions that are crucial for neuronal survival and thus contribute to AD pathogenesis.

	. The majority of
	AD cases are sporadic but approximately 1% of cases are associated with mutations in genes related
	to AD pathogenesis (amyloid precursor protein (APP), presenilin 1 and 2 (PS1, PS2)) (Bertram et al.,
	Xiao et al. showed that enhancement of the lysosomal biogenesis selectively in astrocytes can
	influence amyloid pathology in a mouse model of AD (Xiao et al., 2014). They used viral-mediated
	overexpression of transcription factor EB to enhance lysosome biogenesis and increase expression of
	lysosomal enzymes, cathepsins in the hippocampus of APP/PS1dE9 mouse model of AD. This
	resulted in the decrease of Aβ peptides and number of amyloid plaques in the hippocampus of AD

2010)

. At the cellular level, AD is characterized by extracellular accumulation of Aβ peptide forming amyloid depositions and neurofibrillary tangles formed by the accumulation of hyperphosphorylated Tau protein. AD is characterized by severe neuronal loss; primarly located in the hippocampus and the enthorinal cortex, the most vulnerable brain regions in AD

[START_REF] Huang | Alzheimer mechanisms and therapeutic strategies[END_REF]

.

As for HD, astrocyte reactivity is detected in the brain of patients with AD before symptoms onset with imaging and proteomic techniques

[START_REF] Owen | Proteomics-determined differences in the concanavalin-A-fractionated proteome of hippocampus and inferior parietal lobule in subjects with Alzheimer's disease and mild cognitive impairment: implications for progression of AD[END_REF][START_REF] Carter | Evidence for astrocytosis in prodromal Alzheimer disease provided by 11C-deuterium-L-deprenyl: a multitracer PET paradigm combining 11C-Pittsburgh compound B and 18F-FDG[END_REF]

. Reactive astrocytes are found around amyloid plaques in patients with AD and in mouse models of AD

[START_REF] Nagele | Astrocytes accumulate A beta 42 and give rise to astrocytic amyloid plaques in Alzheimer disease brains[END_REF][START_REF] Wyss-Coray | Adult mouse astrocytes degrade amyloid-beta in vitro and in situ[END_REF]

. In addition to their apposition to amyloid depositions, reactive astrocytes can take up amyloid plaques and Aβ peptides

[START_REF] Nagele | Astrocytes accumulate A beta 42 and give rise to astrocytic amyloid plaques in Alzheimer disease brains[END_REF]

. In AD brains, double immunohistochemistry showed that reactive astrocytes internalize Aβ deposits

[START_REF] Wyss-Coray | Adult mouse astrocytes degrade amyloid-beta in vitro and in situ[END_REF]

. In advanced AD cases, reactive astrocytes undergo cell lysis and form extracellular deposits that are GFAP + and contain neuronal-derived Aβ peptides

[START_REF] Nagele | Astrocytes accumulate A beta 42 and give rise to astrocytic amyloid plaques in Alzheimer disease brains[END_REF]

. Other studies showed that primary cultures of astrocytes from AD mouse were able to take up and degrade Aβ peptides and that this degradation was dependent upon the expression of apolipoprotein E (ApoE), a key player in AD pathogenesis

[START_REF] Koistinaho | Apolipoprotein E promotes astrocyte colocalization and degradation of deposited amyloid-beta peptides[END_REF]

. This phenomenon also occurs in vivo as observed after the transplantation of GFP fluorescent astrocytes in the hippocampus in the APP/PS1dE9 mouse model of AD. Authors showed that astrocytes migrated towards amyloid plaques and internalized Aβ peptides (Pihlaja et al., 2008). Aβ peptides were degraded in reactive astrocytes lysosomes but this function is known to be altered in AD (Wyss-Coray et al., 2003). In a recent study, mice (Xiao et al., 2014).

Calcium signaling in astrocytes is also altered in mouse models of AD and in vitro when astrocytes are stimulated by Aβ. Reactive astrocytes in several mouse models of AD displayed hyperactive Ca 2+ transients that were not observed WT mice using two-photon in vivo live imaging

[START_REF] Takano | Two-photon imaging of astrocytic Ca2+ signaling and the microvasculature in experimental mice models of Alzheimer's disease[END_REF][START_REF] Kuchibhotla | Synchronous hyperactivity and intercellular calcium waves in astrocytes in Alzheimer mice[END_REF]

.

The release of gliotransmitters by astrocytes is also modified in AD. Data from in vitro experiment reported that stimulation of primary astrocyte culture with Aβ induced the release of ATP. Exogenous but not astrocyte-released ATP restored Aβ-induced synaptic dysfunction in neuronal cultures

[START_REF] Jung | Astrocyte-originated ATP protects Abeta(1-42)induced impairment of synaptic plasticity[END_REF]

. Very recently, two concomitant studies have provided evidence that reactive astrocytes release abnormal amounts of GABA that contribute to cognitive impairement in two mouse models of AD

[START_REF] Jo | GABA from reactive astrocytes impairs memory in mouse models of Alzheimer's disease[END_REF][START_REF] Wu | Tonic inhibition in dentate gyrus impairs long-term potentiation and memory in an Alzhiemer's disease model[END_REF]

. They showed that reactive astrocytes abundantly released GABA, which resulted in a tonic inhibition of dentate gyrus granule cells in the hippocampus of AD mice. Inhibition of GABA synthesis or pharmacological blockade of GABA transporters restored synaptic plasticity and memory deficits in mouse models of AD (Jo Finally, as for many pathological conditions, neuroinflammation is a key feature of AD

[START_REF] Birch | Modulation of inflammation in transgenic models of Alzheimer's disease[END_REF]

. Brains of patients with AD and mouse models displayed elevated levels of pro-inflammatory cytokines such as TNFα, IL-1β or COX2

(Medeiros and LaFerla, 2013)

. Several evidence points towards deleterious effects of neuroinflammation in AD pathogenesis. For example, blockade of TNFα interaction with its receptor prevented Aβ-induced synaptic loss and memory deficits in a mouse model of AD

[START_REF] Medeiros | Connecting TNF-alpha signaling pathways to iNOS expression in a mouse model of Alzheimer's disease: relevance for the behavioral and synaptic deficits induced by amyloid beta protein[END_REF][START_REF] Medeiros | The role of TNF-alpha signaling pathway on COX-2 upregulation and cognitive decline induced by beta-amyloid peptide[END_REF]

. Interestingly, AD transgenic mice

et al., 2010; Sosunov et al., 2013). Reactive

  There is a growing body of evidence that ALS and FTD share early cellular dysfunctions that participate in the pathogenesis (Ling

	et al., 2013).
	For ALS, many of the evidence on the pathogenic mechanisms come from the study of models
	carrying SOD1 mutations identified in familial forms of ALS. Pionnering work of D.Cleveland's
	laboratory clearly demonstrated that ALS pathogenesis involves non-cell autonomous mechanisms.
	Several studies on a transgenic mouse model of ALS, expressing the mutant Cu/Zn superoxide
	dismutase 1 (mSOD1) showed that disease onset depends mSOD1 expression in motor neurons
	whereas its expression in glial cells (microglia, astrocytes, oligodendrocytes and Schawnn cells)
	influenced disease progression (Boillee
	b) ALS
	ALS is a fatal neurodegenerative disorder characterized by the progressive loss of upper motor
	neurons in the motor cortex and lower motor neurons in the brainstem and spinal cord. Most forms of
	ALS are sporadic but approximately 10% of patients have an inherited form. Mutations in four genes

a) Alexander disease

Alexander disease (AxD) is a rare genetic disorder characterized by leukoencephalopathy, psychomotor retardation and seizures. AxD is caused by heterozygous mutations in the gfap gene

[START_REF] Brenner | Mutations in GFAP, encoding glial fibrillary acidic protein, are associated with Alexander disease[END_REF]

. Indeed, overexpression of the human gfap gene is sufficient to trigger AxD-like phenotype in mice, displaying decreased lifespan and motor symptoms

[START_REF] Messing | Fatal encephalopathy with astrocyte inclusions in GFAP transgenic mice[END_REF]

. At the cellular level, AxD is characterized by the presence of cytoplasmic aggregates in astrocytes, called Rosenthal fibers, which contain mutant GFAP associated and other proteins such as heat shock proteins. Brains of patients with AxD show extensive demyelination and neurodegeneration

[START_REF] Sawaishi | Review of Alexander disease: beyond the classical concept of leukodystrophy[END_REF]

. Interestingly, both in patients with AxD and in several mouse models, astrocytes are reactive. They strongly upregulate GFAP and show a marked hypertrophy of their primary processes

[START_REF] Sosunov | Phenotypic conversions of "protoplasmic" to "reactive" astrocytes in Alexander disease[END_REF]

. These morphological changes are associated with functional alterations of astrocytes and neuron-astrocyte interactions. For example, glutamate synthesis and glutamine transfer to neurons, measured by nuclear magnetic resonance spectroscopy, is altered in a mouse model of AxD

[START_REF] Meisingset | Alteration of glial-neuronal metabolic interactions in a mouse model of Alexander disease[END_REF]

. In addition, reactive astrocytes in AxD mouse models displayed alterations of GLT-1 expression and function, which impaired astrocyte ability to protect neurons from excitotoxicity (Tian astrocytes also display altered coupling in the hippocampus suggesting a dysfunction of astroglial networks

[START_REF] Sosunov | Phenotypic conversions of "protoplasmic" to "reactive" astrocytes in Alexander disease[END_REF]

. Overall, AxD is the first example of a brain disorder primarly caused by astrocyte dysfunction, which as deleterious consequences on neighboring neurons and oligodendrocytes.

(c9orf72, sod1, tardbp and fus/tls) account for over 50% of the familial cases

[START_REF] Ling | Converging mechanisms in ALS and FTD: disrupted RNA and protein homeostasis[END_REF]

.

Interestingly, the exanucleotide expansion in the c9orf72 gene was found to be a common genetic cause for ALS and frontotemporal dementia, which is another ND characterized by impairements of cognitive functions and language skills (Lagier-Tourenne et al., 2013).

et al., 2006; Lobsiger and Cleveland, 2007; Ilieva et al.,

  

al., 2012; Kraft et al., 2013; Frakes et al., 2014; Jo et al., 2014; Kang et al., 2014; Wu et al., 2014).

  These discrepancies are usually explained by the fact that astrocyte reactivity is a heterogeneous response that encompasses multiple functional states depending on the disease, brain region or signalling cascade involved.Therefore, in this study, we aimed at characterizing intracellular signaling pathways that specifically mediate astrocyte reactivity in multiple models of ND. By the development of original viral tools, we aimed at determining the contribution of astrocyte reactivity to disease progression in models of a prototypic ND, HD. Last, we aimed at modeling astrocyte reactivity in the absence of pathological condition to characterize reactive astrocyte functional features.

Table 1 Transgenic and lentiviral mouse models of ND

 1 

	Anesthetic	Mice Dose (mg/kg) Rats		
	Ketamine	150	75		
	Xylazine	10	10		
	Lidocaine	5	5		
			Mice		Rats
	Injection site	striatum	subiculum	hippoca mpus	striatum
	Stereotaxic coordinates	mm	mm	mm	mm
	Tooth bar	0	0	0	-3.3
	Ear bars	4	4	4	6
	Antero-posterior	1	-2.92	-2	+0.5
	Lateral	+/-2	+/-1.5	+/-1.5	+/-3
	Ventral	-2.5	-1.5	-1.3	-4

Abbreviations: Mo/hu: chimeric mouse/human gene, Htt: Huntingtin, polyQ: polyglutamine; +/Tg: hemizygous, Tg/Tg: homozygous, LTP: long-term potentiation

Table 2 Anesthetic and injection settings used for stereotaxic injections of viral vectors in the rodent brain.

 2 Mice and rats are anesthetized with a mixture of Ketamine and Xylazine. Lidocaine is injected subcutaneously 5 minutes prior to surgery. Depending of the experiment, mice were either injected in the striatum, subiculum or hippocampus. Rats were injected in the striatum. Ventral stereotaxic coordinates were determined using the dura.

	Anesthetic	Mice Dose (mg/kg) Rats		
	Ketamine	150	75		
	Xylazine	10	10		
	Lidocaine	5	5		
			Mice		Rats
	Injection site	striatum	subiculum	hippoca mpus	striatum
	Stereotaxic coordinates	mm	mm	mm	mm
	Tooth bar	0	0	0	-3.3
	Ear bars	4	4	4	6
	Antero-posterior	1	-2.92	-2	+0.5
	Lateral	+/-2	+/-1.5	+/-1.5	+/-3
	Ventral	-2.5	-1.5	-1.3	-4

AAV vectors Dose (VG/site) Volume (μl)

  Lentiviral vectors were diluted in 0.1 M PBS with 1% BSA at a final concentration of 100 ng p24/µl. AAV were diluted in 0.1M PBS with 0.001% pluronic acid. The table below summarizes the characteristics of all viral vector injections performed for this project.

					Injections	
								Selection of
								STAT3 and JAK2
	mouse	C57BL/6	striatum					constructs to
								induce astrocyte
								activation
	rat	CNTF model striatum	CNTF+GFP CNTF+SOCS3+GFP	50+250 50+200+ 50 3 3	left right	CNTF model activation in the Inhibition of astrocyte
								Modulation of
								astrocyte reactivity
								in the lentiviral-
	mouse	C57BL/6	striatum					based HD model
								Inhibition of
								astrocyte reactivity
				Htt82Q+ GFP	150+ 200	3,5	left	in HD
		3xTg-AD and					
	mouse	B9129Sv	subiculum				
		controls					
							Injections/
							hem isphere
	mouse	N171-82Q and B6C3 controls	striatum	SOCS3+GFP GFP JAK2ca+GFP	4.10 9 + 1.10 9 2 5.10 9 2 4.10 9 + 1.10 9 2	bilateral bilateral bilateral	Effect of reactive astrocytes on N171-82Q mice phenotype
								characterization of
				JAK2ca+GFP	4.10 9 + 1.10 9 2	bilateral	activated:
								microarray
								characterization of
	mouse	C57BL/6	striatum	Tomato+ GFP	4.10 9 + 1.10 9 2	bilateral	activated:
								microarray
								characterization of
				GFP	5.10 9	2	bilateral	activated:
								microarray
	mouse	C57BL/6	pus (CA1) Hippocam-	JAK2ca+GFP	4.10 9 + 1.10 9 2	bilateral	characterization of activated astrocytes:
				GFP	5.10 9	2	bilateral	electrophysiology

Table 3 List of experiments with stereotaxic injections of lentiviral and AAV vectors

 3 

Table 4 List of antibodies and their concentrations for different applications.

 4 

Abbreviations: IHC, immunohistochemistry; IF: immunofluorescence and WB: western blot

al., 2008; Doyle et al., 2008; Orre et al., 2014b),

  

	microglia (Orre et al., 2014b), neurons (Doyle et al., 2008), oligodendrocytes (Cahoy et al., 2008;
	Okaty et al., 2011).

INDUCTION OF ASTROCYTE REACTIVITY BY JAK2ca

  In addition to lentiviral vectors, we developed AAV vectors encoding SOCS3 that were used to modulate astrocyte reactivity in the N171-82Q HD mouse model (see § C.2). The table below summarizes the different applications of these newly validated viral tools. They allow the selective induction (JAK2ca) or inhibition (SOCS3) of astrocyte reactivity in vivo. We have already validated their use in a number of experimental paradigms including different species (mice and rats) and models (wild-type and transgenic mouse models of AD and HD).

	Species	Animals	Age	Disease model	Lentiviral-based models	Brain region Viral vector	Results
	rat	Sprague-Dawley	8 weeks		CNTF-mediated astrocyte activation	striatum	AAV	no induction of astrocyte reactivity *
	mouse	C57BL/6	8 weeks			striatum	lentiviral	astrocyte activation
						striatum and		
	mouse	C57BL/6	8 weeks			hippocampus	AAV	astrocyte activation
						(CA1)		
	mouse	C57BL/6	8 weeks	HD	LV-Htt18Q(G)/ LV-Htt82Q(D)	striatum	lentiviral	Increased astrocyte reactivity
	mouse	N171-82Q	13 weeks	HD		striatum	AAV	Increased astrocyte reactivity
	mouse	Hdh140	12 months HD		striatum	lentiviral	Increased astrocyte reactivity
	mouse	APP/PS1dE9 12 months AD		hippocampus (CA1)	AAV	Increased astrocyte reactivity #
	INHIBITION OF ASTROCYTE REACTIVITY BY SOCS3			
	Species	Animals	Age	Disease model	Lentiviral-based models	Brain region Viral vector	Results
	rat	Sprague-Dawley	8 weeks		lenti-CNTF	striatum	lentiviral	prevention of CNTF-mediated astrocyte activation
	rat	Sprague-Dawley	8 weeks		CNTF-mediated astrocyte activation	striatum	AAV	prevention of CNTF-mediated astrocyte activation
	mouse	C57BL/6	8 weeks	HD	LV-Htt18Q(G)/ LV-Htt82Q(D)	striatum	lentiviral	Prevention of LV-Htt82Q-induced astrocyte reactivity
	mouse	APP/PS1dE9 12 months AD		hippocampus (CA1)	AAV	Prevention of astrocyte reactivity #
	mouse	3xTg-AD	12 months AD		subiculum	lentiviral	Prevention of astrocyte reactivity

Table 5 . Summary of injections experiments to induce or prevent astrocyte reactivity in various models

 5 

. * data from M-A.Carrillo de Sauvage, # data from K.Ceyzeriat.

Zamanian et al., 2012).

  

	PROBE ID	GENE SYMBOL	GENE NAME	P VALUE	FOLD CHANGE	DAVID
	Interaction with other pathways (FGF, NFKB)			
		Nfk bia	nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha	7,50E-03	4,6	no
		Nfk biz	nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, zeta	8,40E-04	3,5	no
		Nk iras1	NFKB inhibitor interacting Ras-like protein 1	1,30E-02	0,5	no
		Trim59	tripartite motif-containing 59, RING finger protein 1	8,40E-04	0,2	no
		Fgfr2	fibroblast growth factor receptor 2	1,19E-03	0,5	no
		Fgfbp3	fibroblast growth factor binding protein 3	1,30E-02	1,5	no
	Uquitin-proteolysis				
		Keap1	kelch-like ECH-associated protein 1, NRF2 cytosolic inhibitor	N/A		yes
		Keap1	kelch-like ECH-associated protein 1, NRF2 cytosolic inhibitor	N/A		yes
		Nhlrc1	NHL repeat containing 1, E3 ubiquitin-protein ligase NHLRC1	N/A		yes
		Anapc7	anaphase promoting complex subunit 7	N/A	0,7	yes
		LOC639931		4,66E-03	0,5	yes
		Ube2d1	ubiquitin-conjugating enzyme E2D 1	N/A		yes
		Ube2l3	ubiquitin-conjugating enzyme E2L 3	N/A		yes
		Syvn1	synovial apoptosis inhibitor 1, synoviolin	N/A		yes
		Map3k 1	mitogen-activated protein kinase kinase kinase 1, E3 ubiquitin protein ligase	N/A	0,9	yes
		Ube2h	ubiquitin-conjugating enzyme E2H	N/A	1,9	yes
		Ube2o	ubiquitin-conjugating enzyme E2O	N/A		yes
		Ube2q2	ubiquitin-conjugating enzyme E2Q family member 2	N/A	1,6	yes
		Itch	itchy E3 ubiquitin protein ligase	N/A		yes
		Fbxo4	F-box protein 4	N/A	1,2	yes
		Ube2k	ubiquitin-conjugating enzyme E2K	3,93E-03	1,6	yes
		Ube2b	ubiquitin-conjugating enzyme E2B	8,00E-03	2,0	yes
		Uba1	ubiquitin-like modifier activating enzyme 1	2,20E-02	1,5	yes
	Lysosome					
		Sgsh	N-sulfoglucosamine sulfohydrolase	2,00E-02	2,4	yes
		Laptm5	lysosomal protein transmembrane 5	1,33E-03	2,0	yes
		Ctss	cathepsin S	9,00E-03	2,9	yes
		Ctsz	cathepsin Z	1,76E-02	1,6	yes
		Ctsz	cathepsin Z	1,01E-02	1,6	yes
		Ctsb	cathepsin B	1,89E-02	1,3	yes
		Ctsc	cathepsin C	5,60E-03	4,9	yes
		Gm2a	GM2 ganglioside activator	2,39E-02	1,4	yes
		Cd63	CD63 molecule, lysosomal-associated membrane protein 3	3,69E-03	1,3	yes
		Cd68	macrophage antigen CD68	N/A	1,7	yes
		Atp6v0a1	ATPase, H+ transporting, lysosomal V0 subunit a1	7,00E-03	1,5	yes
		Hyal1	hyaluronoglucosaminidase 1	N/A		yes
		Npc1	Niemann-Pick type C1	N/A		

yes Antigen processing and presentation and inflammation

  

	B2m	beta-2 microglobulin	1,50E-04	3,6	yes
	B2m	beta-2 microglobulin	3,80E-04	3,5	yes
	Ctss	cathepsin S	9,00E-03	2,9	yes
	Ctsb	cathepsin B	1,89E-02	1,3	yes
	H2-D1	histocompatibility 2, D region locus 1	7,00E-03	2,1	yes
	H2-T23	histocompatibility 2, T region locus 23	7,00E-03	2,4	yes
	H2-T23	histocompatibility 2, T region locus 23	8,00E-03	2,4	yes
	H2-Q8	histocompatibility 2, Q region locus 8	1,40E-02	2,0	yes
	H2-Q6	histocompatibility 2, Q region locus 6	1,40E-02	1,6	yes
	LOC641240		N/A		yes
	H2-Ab1	histocompatibility 2, class II antigen A, beta 1	N/A		yes
	Hsp90ab1	heat shock protein 90kDa alpha (cytosolic), class B member 1	2,10E-02	0,6	yes
	Lyz	lysozyme	4,33E-04	3,7	no
	Lyzs	lysozyme s	9,99E-04	2,7	no
	Lyzs	lysozyme s	3,27E-03	2,8	no
	C1qb	complement component 1 q	2,19E-02	2,3	no
	Il1b	interleukin 1 beta	#DIV/0!	#DIV/0!	no
	Klf6	Kruppel-like factor 6	#DIV/0!	#DIV/0!	no
	Atf3	activating transcription factor 3	#DIV/0!	2,2	no
	Mfge8	milk fat globule-EGF factor 8 protein	0,03747875	1,1	no
	Megf10	multiple EGF-like-domains 10	0,01405585	0,4	no
	Oxidative metabolism				
	Cox17	COX17 cytochrome c oxidase copper chaperone	2,00E-02	0,6	
					yes
	Ndufv1	NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa	1,80E-02	0,5	yes
	Cox6a1	cytochrome c oxidase subunit VIa polypeptide 1	2,95E-03	0,6	yes
	Uqcrc2	ubiquinol-cytochrome c reductase core protein II	1,83E-02	0,6	

yes

Ndufs6

NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase) 9,80E-03 0,7

  or in NI control mice. This study was performed in collaboration with Drs. S. Oliet, A. Panatier and J.Veran, at the Neurocentre Magendie, in Bordeaux.

	3133448 2689931 PROBE ID	Mfge8 Megf10 GENE SYMBOL	milk fat globule-EGF factor 8 protein multiple EGF-like-domains 10 GENE NAME	0,03747875 0,01405585 P VALUE	1,1 0,4 FOLD CHANGE	no no DAVID
	Oxidative metabolism Interaction with other pathways (FGF, NFKB)			
	3160517 1218605	Cox17 Nfk bia	COX17 cytochrome c oxidase copper chaperone nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha	2,00E-02 7,50E-03	0,6 4,6	yes no
	2842572 2755008	Ndufs6 Nfk biz	NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase) 9,80E-03 nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, zeta 8,40E-04	0,7 3,5	yes no
	2702704 1238326	Ndufv1 Nk iras1	NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa NFKB inhibitor interacting Ras-like protein 1	1,80E-02 1,30E-02	0,5 0,5	yes no
	2638875 2515081	Cox6a1 Trim59	cytochrome c oxidase subunit VIa polypeptide 1 tripartite motif-containing 59, RING finger protein 1	2,95E-03 8,40E-04	0,6 0,2	yes no
	2435140 1225071	Uqcrc2 Fgfr2	ubiquinol-cytochrome c reductase core protein II fibroblast growth factor receptor 2	1,83E-02 1,19E-03	0,6 0,5	yes no
	1224781 2841593	Ndufs2 Fgfbp3	NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A fibroblast growth factor binding protein 3 1,30E-02	1,1 1,5	yes no
	2704165 Uquitin-proteolysis Ndufs2	NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A	1,2	yes
	2691936 1258406	Ndufs1 Keap1	NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (NADH-coenzyme Q reductase) N/A kelch-like ECH-associated protein 1, NRF2 cytosolic inhibitor N/A	1,3	yes yes
	2914507 2993267	Ndufb6 Keap1	NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6, 17kDa kelch-like ECH-associated protein 1, NRF2 cytosolic inhibitor	N/A N/A	1,9	yes yes
	2682019 2595091	Ndufa8 Nhlrc1	NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8, 19kDa NHL repeat containing 1, E3 ubiquitin-protein ligase NHLRC1	N/A N/A		yes yes
	2769064 2870688	Sdhb Anapc7	succinate dehydrogenase complex, subunit B, iron sulfur (Ip) anaphase promoting complex subunit 7	N/A N/A	0,8 0,7	yes yes
	2769065 2754636	Sdhb LOC639931	succinate dehydrogenase complex, subunit B, iron sulfur (Ip)	N/A 4,66E-03	0,9 0,5	yes yes
	3155380 2435025	Cycs Ube2d1	cytochrome c, somatic ubiquitin-conjugating enzyme E2D 1	N/A N/A	1,2	yes yes
	1243149 2471793	Atp6v0b Ube2l3	ATPase, H+ transporting, lysosomal 21kDa, V0 subunit b ubiquitin-conjugating enzyme E2L 3	N/A N/A	1,1	yes yes
	1237507 2628258	Dlst Syvn1	dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex) synovial apoptosis inhibitor 1, synoviolin	N/A N/A		yes yes
	2692509 2614380	Dlst Map3k 1	dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex) mitogen-activated protein kinase kinase kinase 1, E3 ubiquitin protein ligase	N/A N/A	0,9	yes yes
	2997022 2451035	Idh3g Ube2h	isocitrate dehydrogenase 3 (NAD+) gamma ubiquitin-conjugating enzyme E2H	2,14E-02 N/A	0,6 1,9	yes yes
	2703657 1245815	Dld Ube2o	dihydrolipoamide dehydrogenase ubiquitin-conjugating enzyme E2O	N/A N/A	0,5	yes yes
	2655677 2826027	Mdh1 Ube2q2	malate dehydrogenase 1, NAD (soluble) ubiquitin-conjugating enzyme E2Q family member 2	N/A N/A	1,6 1,6	yes yes
	1245079 2569275	Adssl1 Itch	adenylosuccinate synthetase like 1 itchy E3 ubiquitin protein ligase	N/A N/A		yes yes
	2958099 2869312	Adssl1 Fbxo4	adenylosuccinate synthetase like 1 F-box protein 4	9,10E-03 N/A	0,6 1,2	yes yes
	2593496 2655066	Got2 Ube2k	glutamic-oxaloacetic transaminase 2, mitochondrial ubiquitin-conjugating enzyme E2K	N/A 3,93E-03	0,5 1,6	yes yes
	1234740 2959247	Aspa Ube2b	aspartoacylase ubiquitin-conjugating enzyme E2B	N/A 8,00E-03	2,0	yes yes
	2925947 2430374	Abat Uba1	4-aminobutyrate aminotransferase ubiquitin-like modifier activating enzyme 1	N/A 2,20E-02	0,8 1,5	yes yes
	Lysosome					
	2491670	Sgsh	N-sulfoglucosamine sulfohydrolase	2,00E-02	2,4	yes
	1217849	Laptm5	lysosomal protein transmembrane 5	1,33E-03	2,0	yes
	1246861	Ctss	cathepsin S	9,00E-03	2,9	yes
	2839569	Ctsz	cathepsin Z	1,76E-02	1,6	yes
	2666007	Ctsz	cathepsin Z	1,01E-02	1,6	yes
	2683316	Ctsb	cathepsin B	1,89E-02	1,3	yes
	3008858	Ctsc	cathepsin C	5,60E-03	4,9	yes
	2661971	Gm2a	GM2 ganglioside activator	2,39E-02	1,4	yes
	3128907	Cd63	CD63 molecule, lysosomal-associated membrane protein 3	3,69E-03	1,3	yes
	2689785	Cd68	macrophage antigen CD68	N/A	1,7	yes
	1247682	Atp6v0a1	ATPase, H+ transporting, lysosomal V0 subunit a1	7,00E-03	1,5	yes
	1253049	Hyal1	hyaluronoglucosaminidase 1	N/A		yes
	2762823	Npc1	Niemann-Pick type C1	N/A		yes
	Antigen processing and presentation and inflammation			
	1216746	B2m	beta-2 microglobulin	1,50E-04	3,6	yes
	2739999	B2m	beta-2 microglobulin	3,80E-04	3,5	yes
	1246861	Ctss	cathepsin S	9,00E-03	2,9	yes
	2683316	Ctsb	cathepsin B	1,89E-02	1,3	yes
	2462745	H2-D1	histocompatibility 2, D region locus 1	7,00E-03	2,1	yes
	2777471	H2-T23	histocompatibility 2, T region locus 23	7,00E-03	2,4	yes
	2777474	H2-T23	histocompatibility 2, T region locus 23	8,00E-03	2,4	yes
	2771182	H2-Q8	histocompatibility 2, Q region locus 8	1,40E-02	2,0	yes
	2675337	H2-Q6	histocompatibility 2, Q region locus 6	1,40E-02	1,6	yes
	2607675	LOC641240		N/A		yes
	1226525	H2-Ab1	histocompatibility 2, class II antigen A, beta 1	N/A		yes
	1238221	Hsp90ab1	heat shock protein 90kDa alpha (cytosolic), class B member 1	2,10E-02	0,6	yes
	2878071	Lyz	lysozyme	4,33E-04	3,7	no
	2939681	Lyzs	lysozyme s	9,99E-04	2,7	no
	2939681	Lyzs	lysozyme s	3,27E-03	2,8	no
	2619620	C1qb	complement component 1 q	2,19E-02	2,3	no
	2777498	Il1b	interleukin 1 beta	#DIV/0!	#DIV/0!	no
	1232041	Klf6	Kruppel-like factor 6	#DIV/0!	#DIV/0!	no
	2619408	Atf3	activating transcription factor 3	#DIV/0!	2,2	no
	3133448	Mfge8	milk fat globule-EGF factor 8 protein	0,03747875	1,1	no
	2689931	Megf10	multiple EGF-like-domains 10	0,01405585	0,4	no
	Oxidative metabolism				
	3160517	Cox17	COX17 cytochrome c oxidase copper chaperone	2,00E-02	0,6	yes
	2842572	Ndufs6	NADH dehydrogenase (ubiquinone) Fe-S protein 6, 13kDa (NADH-coenzyme Q reductase) 9,80E-03	0,7	yes
	2702704	Ndufv1	NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa	1,80E-02	0,5	yes
	2638875	Cox6a1	cytochrome c oxidase subunit VIa polypeptide 1	2,95E-03	0,6	yes
	2435140	Uqcrc2	ubiquinol-cytochrome c reductase core protein II	1,83E-02	0,6	yes
	1224781	Ndufs2	NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A	1,1	yes
	2704165	Ndufs2	NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-coenzyme Q reductase) N/A	1,2	yes
	2691936	Ndufs1	NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (NADH-coenzyme Q reductase) N/A	1,3	yes
	2914507	Ndufb6	NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6, 17kDa	N/A	1,9	yes
	2682019	Ndufa8	NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8, 19kDa	N/A		yes
	2769064	Sdhb	succinate dehydrogenase complex, subunit B, iron sulfur (Ip)	N/A	0,8	yes
	2769065	Sdhb	succinate dehydrogenase complex, subunit B, iron sulfur (Ip)	N/A	0,9	yes
	3155380	Cycs	cytochrome c, somatic	N/A	1,2	yes
	1243149	Atp6v0b	ATPase, H+ transporting, lysosomal 21kDa, V0 subunit b	N/A	1,1	yes
				N/A		

Thompson et al., 2009; Juenemann et al., 2013).

  Early in vitro studies pointed towards an impairment of the UPS in HD cellular models. By contrast, studies in mouse models of HD reported no global impairment of the UPS activity(Bowman et al.

, 2005; Bett et al., 2006; Tydlacka et al., 2008; Maynard et al., 2009).

  Moreover, inhibition of UPS in a knock-in mouse model of HD resulted in increased accumulation of the toxic N-terminal fragments of mHtt but not full-length mHtt, suggesting an efficient degradation of N-terminal mHtt fragments by the UPS(Li Tydlacka et al. showed that this system is more active in glial cells than neurons to clear mHtt.

	et al., 2010). In any case, this degradation system has mainly been studied in neurons, in which mHtt
	aggregates are mainly found (Davies et al., 1997; DiFiglia et al., 1997). Indeed, only one study
	evaluated UPS activity in astrocytes in mouse models of HD. Using UPS reporter in vivo and in vitro,
	Although, they did not observe any difference in the UPS activity between WT and Hdh150 knock-in
	HD mice, proteasome inhibition increased the number of mHtt aggregates in cultured glial cells
	(Tydlacka et al., 2008).

Shin et al., 2005; Faideau et al., 2010; Tong et al.,

  

	2014). Therefore, further experiments would be needed to determine the location of mHtt aggregates
	in the lentiviral-based model of HD and to evaluate if mHtt aggregates location is changed with
	modulation of the JAK2/STAT3.
	In fact, in the field of ND, there is growing evidence that misfolded or aggregates of disease-causing
	proteins can spread from cell to cell and that this propagation is a key feature of ND pathogenesis
	(Garden and La Spada, 2012; Guo and Lee, 2014). However, until recently, this question was rather
	less investigated in HD compared with other ND (Guo and Lee, 2014). Indeed, a recent study
	convincingly suggests that mHtt can propagate from cell to cell through cortico-striatal connexions.

Pecho-Vrieseling et al. showed with several in vitro, ex vivo on organotypic slices and in vivo in mice that mHtt aggregates could form in naïve WT neurons (Pecho-Vrieseling et al., 2014). Particularly, they injected lentiviral vectors in WT mice, to express the exon 1 of Htt with 72 polyQ repeats along with GFP in cortical neurons to visualize the infected cells and their projections onto striatal MSN. By this approach, authors were able to show the propagation of mHtt aggregates in MSN highly innervated by cortical axons. In vitro, they showed that inhibition of vesicular exocytosis decreased this phenomenon (Pecho-Vrieseling et al., 2014). However, for HD as for other ND, this trans-cellular propagation of misfolded proteins or aggregates has only been observed between neurons and not between neurons and glial cells.
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MATERIAL AND

METHODS

RESULTS

2) Overexpression of a constitutively active form of JAK2 successfully activates astrocytes in the mouse brain

We decided to target the JAK2/STAT3 pathway to manipulate reactive astrocytes in vivo. We developed new viral tools to activate the JAK2/STAT3 pathway in astrocytes and induce their reactivity. We used viral vectors to overexpress wild-type or mutant forms of JAK2 and STAT3 proteins.

a) Lentiviral-mediated expression of wild-type and mutated forms of JAK2 and STAT3 proteins differentially activate astrocytes

We used the lentiviral vectors described in the previous paragraph to express WT or mutants forms of STAT3 and JAK2 in astrocytes. We used two mutant constructs of STAT3: STAT3C encodes a mutated form of STAT3 carrying a substitution of two cysteine residues in the SH2 domain that leads to spontaneous dimerization and nuclear translocation of the mutant protein [START_REF] Bromberg | Stat3 as an oncogene[END_REF].

STAT3Copt is a codon-optimized sequence of STAT3C leading to increased transgene expression (produced by Geneart). We also used a construct encoding the wild-type JAK2 protein (JAK2WT) and two constitutively active mutant of JAK2. JAK2Y570F lacks an inhibitory phosphorylation at the residue 570 (JAK2Y570F) [START_REF] Robertson | Regulation of Jak2 function by phosphorylation of Tyr317 and Tyr637 during cytokine signaling[END_REF] and JAK2T875N has a constitutively active kinase domain [START_REF] Haan | SOCS-mediated downregulation of mutant Jak2 (V617F, T875N and K539L) counteracts cytokine-independent signaling[END_REF][START_REF] Zou | Differential biological activity of disease-associated JAK2 mutants[END_REF].

First, we transfected HEK293T with plasmids encoding STAT3, STAT3Copt, JAK2WT, JAK2Y570F and JAK2T875N to validate these constructs. Twenty-four hours post-transfection, western blot analysis was performed to detect STAT3 and JAK2 protein levels in HEK293T cells (Figure 31A).

Both JAK2 and STAT3 proteins were detected in all conditions at the expected molecular weight (160kDa for JAK2 and 86 kDa for STAT3). In addition, STAT3Copt led to higher protein expression than STAT3C, as expected with the codon-optimized sequence. JAK2WT appeared more expressed than the JAK2Y570F and JAK2T875N mutant constructs (Figure 31A). This result showed that all wild-type and mutant constructs of JAK2 and STAT3 were efficiently expressed in vitro.

We then co-injected C57BL/6 mice in the striatum with lentiviral vectors encoding STAT3 (lenti-STAT3) and JAK2 (lenti-JAK2) wild-type or mutant constructs (250 ng p24) and with lenti-GFP (50 ng p24). To visualize infected cells, we performed co-injection of the different constructs with lenti-GFP.

In addition, we used several control groups to evaluate the effect of control lentiviral vector injection and surgery on astrocyte reactivity. Mice were injected with lenti-GFP alone (250 ng) or with the vehicle used to dilute lentiviral vectors (PBS/BSA). We also used non-injected (NI) mice as additional controls for the basal expression of the markers we studied. Post-mortem analysis was performed 1.5 month after injection.

We first detected GFAP by immunohistochemistry to determine if the overexpression of JAK2 and STAT3 constructs would induce astrocyte reactivity in the mouse striatum. In NI mice, GFAP expression was undetectable whereas it was locally up regulated in PBS and lenti-GFP-injected number of BrdU + cells in the SVZ does not appear to be qualitatively different between the GFP and JAK2ca groups (Figure 35). Overall, these results show that injection of lentiviral vector encoding JAK2ca specifically induces astrocyte activation in the injected area. JAK2ca causes mild microglial activation and does not lead to detectable neuronal toxicity or cellular proliferation in the mouse striatum.

Lentiviral vectors elicited a non-specific inflammatory reaction in the B6C3 mouse strain (N171-82Q mice). Therefore, to overexpress JAK2ca in N171-82Q mice, we had to use AAV vectors.

ii) AAV-JAK2ca

We used AAV vectors encoding JAK2ca to functionally characterize reactive astrocytes in the striatum and the hippocampus. AAV encoding JAK2ca were systematically co-injected with AAV-GFP (AAV-JAK2ca + AAV-GFP in figure legends). Therefore, infected cells are detected with GFP in JAK2ca and GFP groups. Again, we controlled that JAK2ca overexpression led to activation of the JAK2/STAT3 pathway in infected astrocytes. C57BL/6 mice were injected in the striatum or in the CA1 region of the hippocampus with AAV-JAK2ca or AAV-GFP. One month post-injection, immunofluorescence staining for STAT3 and GFAP was performed in both groups. STAT3 staining was increased in mice injected with AAV-JAK2ca compared to GFP controls both in the striatum (Figure 36A) and the hippocampus (Figure 36B).

V V

Six to eight week-old male and female N171-82Q and age-matched controls were distributed in three groups. WT or N171-82Q mice were injected in the striatum with AAV-GFP (WT-GFP and N171-GFP mice). N171-82Q mice were injected with AAV-JAK2ca and AAV-GFP (N171-JAK2ca) or with AAV-SOCS3 and AAV-GFP (N171-SOCS3), at the same total virus load.

Five weeks post-injection, we assessed motor coordination on these mice with the rotarod test.

Females displayed high anxiety levels despite the habituation protocol. Their performances at the rotarod test were too variable for interpretation, thus we only analyzed the performances of male mice (Figure 48).

Unexpectedly, we observed that WT-GFP mice displayed abnormal performances at the rotarod test compared with non-injected mice from the first cohort, which stayed longer than 250 sec on the rotarod (see §C.2.a, Figure 46A). In fact, in this experiment, we were not able to evidence any difference in motor performances between WT-GFP and N171-GFP mice. They both displayed very low mean latencies to fall of the rod (82.5 ± 6.9 and 78.0 ± 5.0 sec, respectively) (Figure 48). N171-JAK2ca mice also poorly performed at the rotarod test, as they showed a mean latency to fall of approximately 60 sec. Interestingly, N171-SOCS3 showed a tendency to perform better at the rotarod.

The mean latency to fall in the SOCS3 group was 107.6 ± 6.9 (Figure 48). Motor performances at the rotarod test of WT and N171-82Q male mice injected in the striatum with AAV-GFP, AAV-JAK2ca or AAV-SOCS3. 5 weeks post-injection, both WT and N171-82Q mice poorly perform at the rotarod test. At the third day of testing, N171-SOCS3 mice tend to perform better than the other groups. N= 4/ group. Ns, repeated measure ANOVA.

Mice were euthanized at 3-3.5 months of age, one brain hemisphere was used for histological analysis and the other for qRT-PCR. We first controlled transgene overexpression in the different groups. As JAK2ca and SOCS3 cannot be detected by histology due to the lack of specific antibodies, we detected jak2 and socs3 mRNA levels by qRT-PCR. Jak2 mRNA was upregulated 10-fold in N171-JAK2ca mice, and socs3 mRNA was upregulated approximately 150-fold in N171-SOCS3-injected

V. DISCUSSION

In this study, we have investigated the role of the JAK2/STAT3 pathway in reactive astrocytes. We showed that this pathway is a universal signaling cascade that mediates astrocyte reactivity in several mouse models of ND. By the development of new viral tools, we have manipulated this pathway in two different and complementary mouse models of HD. We found that, in both models, manipulating astrocyte reactivity does not influence neuronal dysfunction. However, preventing astrocyte reactivity in the lentiviral-based model of HD influences the accumulation of Htt aggregates. Finally, we conducted experiments to characterize functional changes occuring in reactive astrocytes. We found that activation of the JAK2/STAT3 pathway in reactive astrocytes causes profound changes in their gene expression profile and could impact synaptic transmission. These interesting results raise questions about the universality of astrocyte reactivity, the functional changes that characterize reactive astrocytes and their consequences on neurons. These points will be discussed in the following part of the manuscript.

A. Astrocyte reactivity is a universal feature of pathological conditions in the CNS

Astrocyte reactivity is a hallmark of both acute and progressive pathological conditions in the CNS. We have studied astrocyte reactivity in multiple ND models of AD, HD and PD. We found that the JAK2/STAT3 pathway, a well-known inducer of astrocyte reactivity in acute models, is also activated in reactive astrocytes in a variety of ND models. Thus, the JAK2/STAT3 pathway is a common feature of astrocyte reactivity to virtually all pathological conditions in the CNS.

1) Identification of reactive astrocytes

Reactive astrocytes as compared with resting astrocytes are mainly identified by morphological changes. They become hypertrophic and upregulate several markers including intermediate filaments.

Astrocyte reactivity is a hallmark of any pathological condition in the CNS, either acute or chronic.

While reactive astrocytes have received a substantial attention in the context of acute injury involving the formation of a glial scar, in chronic pathological conditions, astrocyte reactivity is much less studied. The study of reactive astrocytes is dampened by the lack of specific markers to detect their reactive state. Thus, upregulation of GFAP and vimentin are considered as gold standards to label reactive astrocytes. In acute pathological conditions or when astrocytes are experimentally activated (e.g by cytokines, growth factors or toxic molecules), nestin, a marker of radial glial cells, can also be re-expressed by mature astrocytes. A recent study involving the study of transcriptional changes in reactive astrocytes after LPS injection or in a model of ischemia has identified two proteins that are highly upregulated by reactive astrocytes, serpina3n and lcn2 [START_REF] Zamanian | Genomic analysis of reactive astrogliosis[END_REF]. Upon pathways such as the Ced-1/Draper/Megf10 [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF]. Furthermore, they recently showed that activation of this pathway in astrocytes was necessary for the refinement of synaptic connexions both during development and in the adult brain [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. Intriguingly, Megf10 is significantly downregulated in JAK2ca astrocytes along with an increase gene expression of its ligand

Mfge8. This result suggests that, activation of the JAK2/STAT3 pathway in striatal astrocytes of an adult mouse does not induce the expression of genes involved in this phagocytic machinery.

By contrast, activation of the JAK2/STAT3 pathway in astrocytes strongly increases the expression of genes of the lysosomal degradation pathway, which was not found in other studies (Figure 57). 

c) Unraveling the regional heterogeneity of reactive astrocytes

Last, it would be particularly interesting to repeat this experiment by injecting JAK2ca in other brain regions (cortex, hippocampus) to compare the transcriptomic changes in reactive astrocytes from one region to another. This experiment would allow studying the regional heterogeneity of reactive astrocytes. Indeed, astrocyte population is now recognized as heterogeneous as neurons (see § 

C. Article

The JAK/STAT3 pathway is a universal inducer of astrocyte reactivity in of Alzheimer's and Huntington's diseases. 
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Abstract

Astrocyte reactivity is a hallmark of neurodegenerative diseases (ND). Reactive astrocytes are observed in vulnerable brain regions in both patients and animal models of ND, but their effects on disease outcome remain highly debated. Elucidation of the signaling cascades inducing reactivity in astrocytes during ND would help characterize the function of these cells and identify novel molecular targets to modulate disease progression. The JAK/STAT3 pathway is associated with reactive astrocytes in models of acute injury, but it is unknown whether this pathway is directly responsible for astrocyte reactivity in progressive pathological conditions such as ND.

In this study, we examined whether the JAK/STAT3 pathway promotes astrocyte reactivity in several animal models of ND. The JAK/STAT3 pathway was activated in reactive astrocytes in two transgenic mouse models of Alzheimer's disease and in a mouse and a non-human primate lentiviral vectorbased model of Huntington's disease. To determine whether this cascade was instrumental for astrocyte reactivity, we used a lentiviral vector that specifically targets astrocytes in vivo to overexpress the endogenous inhibitor of the JAK/STAT3 pathway (Suppressor of Cytokine Signaling 3, SOCS3). SOCS3 overexpression significantly inhibited this pathway in astrocytes, efficiently prevented astrocyte reactivity in models of both diseases and restored a resting phenotype to astrocytes.

Our data demonstrate that the JAK/STAT3 pathway is a common mediator of astrocyte reactivity that is highly conserved between disease states, species and brain regions. This universal signaling cascade represents a powerful target to study the functional features of reactive astrocytes and examine their role in ND.

Protein samples were diluted in NuPAGE LDS sample buffer with NuPAGE® Sample Reducing agent (Life technologies, Carlsbad, CA) boiled for 5 min, loaded on a 4-12% Bis-Tris gel, submitted to SDS-PAGE and transferred to a nitrocellulose membrane, with an iBlot transfer device (Life technologies).

Membranes were blotted overnight at 4°C with antibodies against GAPDH (1:4000, mouse, Abcam) or

IκBα (1: 500, mouse, Cell Signaling Technology) diluted in Tris Buffer saline with 0.1% Tween-20 and 5% BSA. After rinsing, secondary antibodies coupled to horseradish peroxidase were incubated with the membrane for 1 h (for IκBα: 1:500; Cell Signaling Technology and for GAPDH: 1:5000, Vector Laboratories, Burlingame, CA). Antibody binding was detected by a Fusion FX7 camera system (Fisher scientific, Whaltam, MA) after incubation with the enhanced chemiluminescence Clarity substrate (BioRad, Hercules, CA). Band intensity for IκBα were measured with Image J and normalized to GAPDH. Positive controls for NF-κB pathway activation were included. They were prepared from HeLA cells treated with TNFα (Cell Signaling Technology).

Quantification of immunostaining. Immunostaining was quantified from stacked confocal images (18 steps, Z-step: 1 µm, maximum intensity stack) acquired with the 40x objective on three slices per mouse and three fields on each slice. The GFAP + area was measured on each 40x Z-stack image with the threshold function of Image J Software (http://imagej.nih.gov/ij/, 1997-2012, Bethesda, MA). The GFAP + area was divided by the area of the image and expressed as a percentage. The average number of GFAP + cells expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) was quantified on these images. In lenti-GFP injected mice, we also quantified the average number of GFP + infected astrocytes co-expressing STAT3 (GFP + /STAT3 + cells) or GFAP (GFP + /GFAP + cells). Finally, astrocyte soma was manually segmented and the corresponding mean gray value for STAT3 staining was measured with Image J. We then determined the number of cells with a mean gray value for STAT3 over a fixed threshold for each experiment. These cells were considered as cells expressing high levels of STAT3. Unfortunately, the presence of autofluorescent puncta in the subiculum, made it impossible to quantify reliably the intensity of STAT3 staining in WT and 3xTg-AD mice. Microscope settings and Image J thresholds were identical for all images and mice, within each experiment.

Statistical analysis. Results are expressed as mean ± SEM. Statistical analysis was performed with Statview software. We used Student's t-test to compare two experimental groups and a Student's GFAP and vimentin, relative to the contralateral striatum injected with lenti-Htt18Q (Fig. 1E and4A).

The GFAP + area within the injected area was six times larger in the Htt82Q-side than in the Htt18Qside (p = 0.0098, df = 5, n = 6 mice, Student's paired t-test; Fig. 1F).

The JAK/STAT3 pathway is activated in reactive astrocytes in AD and HD mouse models

We next evaluated whether astrocyte reactivity observed in these models was associated with activation of the JAK/STAT3 pathway.

The phosphorylated form of STAT3 (pSTAT3) was undetectable by immunofluorescence or western blotting in these progressive models of ND. Following activation, pSTAT3 translocates to the nucleus where it stimulates the transcription of a set of target genes including the Stat3 gene itself (Campbell et al., 2014). We thus considered STAT3 nuclear localization and increased immunoreactivity as indexes of JAK/STAT3 pathway activation, as reported in previous publications (Escartin et al., 2006;Tyzack et al., 2014). This also enabled us to identify cell types displaying an active JAK/STAT3 pathway.

Interestingly, STAT3 staining was predominantly observed in astrocytes in all models. In the 8 monthold APP/PS1dE9 mice, there was an accumulation of STAT3 in the nucleus of GFAP + and vimentin + reactive astrocytes, whereas in age-matched WT mice, STAT3 was expressed at basal level throughout astrocyte cytoplasm (Fig. 2A,B). The number of GFAP + astrocytes expressing STAT3 in the nucleus (nSTAT3 + /GFAP + cells) was higher in APP/PS1dE9 mice than in age-matched WT mice (p = 0.0235, df = 5, n = 3-4 mice/group, Student's t-test; Fig. 2C). We also measured STAT3 immunoreactivity in astrocyte cell bodies. The percentage of cells with high STAT3 expression was more than 3 fold higher in APP/PS1dE9 mice than in WT mice, reflecting STAT3 activation in this mouse model of AD (p = 0.0226, df = 5, n = 3-4 mice/group, Student's t-test; Fig. 2D).

In the subiculum of 12 month-old female 3xTg-AD mice, there was also a strong increase in STAT3 immunoreactivity in the nucleus of reactive astrocytes overexpressing GFAP and vimentin, (Fig. 3A,B). The number of astrocytes co-expressing GFAP and STAT3 in the nucleus was more than 10 fold higher in 3xTg-AD mice than in age-matched WT mice (p < 0.0001, df = 6, n = 3-5 mice/group, Student's t-test; Fig. 3C).

We then investigated whether the JAK/STAT3 pathway was also activated in the mouse model of HD.

STAT3 staining was strongly up-regulated in reactive astrocytes found in the lenti-Htt82Q-injected

The JAK/STAT3 pathway is responsible for astrocyte reactivity in AD and HD models

We sought to investigate directly whether the JAK/STAT3 pathway was responsible for astrocyte reactivity; therefore we inhibited this pathway by overexpressing its endogenous inhibitor SOCS3 through selective lentiviral gene transfer in astrocytes.

We used Mokola-pseudotyped lentiviral vectors that efficiently and selectively target astrocytes (Colin et al., 2009 and see Fig. 7C,8D). We did not detect transgene expression in other brain cell types such as NeuN + -neurons, IBA1 + -microglia, NG2 + -oligodendrocyte progenitors or MBP + -myelinating oligodendrocytes (data not shown). In addition, we checked that infection of astrocytes with a control lentiviral vector (lenti-GFP) did not lead to their activation in the striatum of WT mice or in the subiculum of 3xTg-AD mice. In both models, GFAP expression was similar between lenti-GFP controls and non-injected mice (data not shown).

We detected SOCS3 overexpression by qRT-PCR following lenti-SOCS3 injection (Fig. 9A), but we were not able to show SOCS3 expression by immunohistochemistry due to the lack of specific antibodies. Therefore, for each experiment, we co-injected lenti-GFP with lenti-SOCS3 to visualize infected cells and their morphology. Indeed, we controlled that injection of two lentiviral vectors leads to a large majority of infected astrocytes co-expressing the two transgenes (88.7 ± 2 %). Control mice were injected with lenti-GFP alone, at the same total virus load.

We injected lenti-SOCS3 + lenti-GFP or lenti-GFP alone into the subiculum of 7 to 8 month-old 3xTg-AD mice and analyzed the mice 4.5 months later. We first tested whether SOCS3 overexpression in astrocytes was able to inhibit the JAK/STAT3 pathway in situ. SOCS3 strongly decreased STAT3 expression in astrocytes from 3xTg-AD mice (Fig. 7A). The number of GFP + -astrocytes showing STAT3 immunoreactivity in the nucleus was significantly lower in mice co-infected with lenti-SOCS3 than in those infected with lenti-GFP alone (p = 0.0375, df = 6, n = 3-5 mice/group, Student's t-test; Fig. 7B). Furthermore, GFAP expression was 73% lower in the SOCS3 group than in the GFP controls, although this difference was not statistically significant (p = 0.0827, df = 6, n = 3-5 mice/group, Student's t-test; Fig. 7C,D). There were significantly fewer GFP + -astrocytes coexpressing GFAP in the SOCS3 group than in the control (-94%, p = 0.0149, df = 6, n = 3-5 mice/group, Student's t-test; Fig. 7E). GFP expression in infected astrocytes allowed us to visualize their morphology in both groups. Astrocytes in the subiculum of 3xTg-AD mice displayed a morphology characteristic of reactive astrocytes with enlarged soma and large GFAP + primary