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Hypothalamic astrocytes control systemic glucose metabolism and energy balance via regulation of extra-synaptic glutamate signaling
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The hypothalamus is key in the control of energy balance. However, to this day strategies targeting hypothalamic neurons failed to provide viable option to treat most metabolic diseases.

Conversely, the role of astrocytes in systemic metabolic control has remained largely unexplored. Here we show that obesity promotes anatomically restricted remodeling of hypothalamic astrocyte activity. In the paraventricular nucleus (PVN) of the hypothalamus, chemogenetic manipulation of astrocytes results in bidirectional control of neighboring neuron activity, autonomic outflow, glucose metabolism and energy balance. Such process recruits a mechanism involving the astrocytic control of ambient glutamate levels, which becomes defective in obesity. Positive or negative chemogenetic manipulation of PVN astrocyte Ca 2+ signals respectively worsen or improves metabolic status of diet-induced obese mice.

Collectively, these findings highlight a yet unappreciated role for astrocyte in the direct control of systemic metabolism and suggest potential targets for anti-obesity strategy.

Introduction

Obesity is a public health concern associated with a higher incidence of type 2 diabetes, cardiovascular disease and other life-threatening comorbidities [START_REF] Morton | Neurobiology of food intake in health and disease[END_REF][START_REF] Saklayen | The Global Epidemic of the Metabolic Syndrome[END_REF] Understanding the mechanisms underlying the onset and progression of the disease is essential to identify potential targets for therapeutic intervention.

Whereas some genetic loci were clearly identified and extensively studied as monogenic causes for obesity, it is widely accepted that the metabolic syndrome is in essence a multifactorial disease that encloses a complex network of molecular, cellular and physiologic alterations. In mammals, energy homeostasis results from the exquisite balance between energy expenditure and nutrient intake. To accomplish this, nervous inputs and circulating factors are integrated by discrete neural circuits in the brain, which, in turn, provide an adaptive behavioral, neuroendocrine and metabolic response [START_REF] Morton | Neurobiology of food intake in health and disease[END_REF]. Over the past 20 years, the hypothalamus has been identified as a major contributor in the pathophysiological processes leading to the metabolic syndrome. [START_REF] Dietrich | Hypothalamic control of energy balance: insights into the role of synaptic plasticity[END_REF]. Specialized hypothalamic neuronal populations maintain a strict monitoring of the peripheral metabolic state and regulate food intake and body metabolism by modulating the autonomic nervous system (ANS) [START_REF] Roh | Emerging role of the brain in the homeostatic regulation of energy and glucose metabolism[END_REF][START_REF] Timper | Hypothalamic circuits regulating appetite and energy homeostasis: pathways to obesity[END_REF][START_REF] Yi | The role of the autonomic nervous liver innervation in the control of energy metabolism[END_REF]. Impairment of appropriate regulation of autonomic outflow has become a key concern in diverse metabolic diseases, including obesity and diabetes [START_REF] Licht | Dysregulation of the autonomic nervous system predicts the development of the metabolic syndrome[END_REF][START_REF] Thayer | The relationship of autonomic imbalance, heart rate variability and cardiovascular disease risk factors[END_REF]. In particular, pre-autonomic neurons located in the paraventricular nucleus (PVN), have emerged as important hypothalamic autonomic/neuroendocrine regulators. They modulate feeding, energy expenditure, neurohormonal response and cardiovascular function, through autonomic efferents projecting to the brainstem and spinal autonomic outputs [START_REF] Betley | Parallel, redundant circuit organization for homeostatic control of feeding behavior[END_REF][START_REF] Dampney | Regulation of sympathetic vasomotor activity by the hypothalamic paraventricular nucleus in normotensive and hypertensive states[END_REF][START_REF] Li | Defined Paraventricular Hypothalamic Populations Exhibit Differential Responses to Food Contingent on Caloric State[END_REF][START_REF] Munzberg | Neural Control of Energy Expenditure[END_REF] and recent genome wide association studies further exemplify that most known and novel obesity-associated gene are concentrated in the hypothalamus [START_REF] Locke | Genetic studies of body mass index yield new insights for obesity biology[END_REF]. The activity of hypothalamic neurons is tightly dependent on adequate delivery of energy substrates provided by astrocytes, the major type of glial cells in the brain [START_REF] Garcia-Caceres | Role of astrocytes, microglia, and tanycytes in brain control of systemic metabolism[END_REF][START_REF] Verkhratsky | Physiology of Astroglia[END_REF]. In physiological and pathological conditions, astrocytes exert a wide spectrum of adaptive functions that can promote and preserve neuronal health, such as synaptogenesis, synaptic efficacy and plasticity within neuronal networks [START_REF] Freire-Regatillo | Non-Neuronal Cells in the Hypothalamic Adaptation to Metabolic Signals[END_REF][START_REF] Verkhratsky | Physiology of Astroglia[END_REF]. By occupying a strategic position in brain circuits, at the interface between blood vessels and neurons, they participate in the transport and sensing of nutrients and metabolic factors across the blood brain barrier [START_REF] Allen | Cell Biology of Astrocyte-Synapse Interactions[END_REF].

Recently, hypothalamic astrocytes are being recognized as important players in the control of systemic energy metabolism [START_REF] Caruso | Astrocytes: new targets of melanocortin 4 receptor actions[END_REF][START_REF] Garcia-Caceres | Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability[END_REF][START_REF] Garcia-Caceres | Hypothalamic astrocytes in obesity[END_REF][START_REF] Kim | Leptin signaling in astrocytes regulates hypothalamic neuronal circuits and feeding[END_REF]. Astrocytes are impacted by obesity, as central low-grade inflammation triggers inflammatory-like response in hypothalamic astrocytes and induces reactive gliosis in several hypothalamic areas, including the PVN [START_REF] Buckman | Regional astrogliosis in the mouse hypothalamus in response to obesity[END_REF][START_REF] Dalvi | High fat induces acute and chronic inflammation in the hypothalamus: effect of high-fat diet, palmitate and TNF-alpha on appetiteregulating NPY neurons[END_REF][START_REF] De Souza | Consumption of a fat-rich diet activates a proinflammatory response and induces insulin resistance in the hypothalamus[END_REF][START_REF] Milanski | Saturated fatty acids produce an inflammatory response predominantly through the activation of TLR4 signaling in hypothalamus: implications for the pathogenesis of obesity[END_REF][START_REF] Robb | Immunometabolic Changes in Glia -A Potential Role in the Pathophysiology of Obesity and Diabetes[END_REF][START_REF] Thaler | Obesity is associated with hypothalamic injury in rodents and humans[END_REF].

However, the direct contribution of astrocytes as gate keeper of PVN output, as well as their involvement in the control of body energy and glucose metabolism remain an open question.

In the current study, we took advantages of imaging and gain & loss of function approaches allowing for the direct and selective imaging and manipulation of astrocytes to explore the causal role of astrocyte in metabolic adaptation in physiology and pathophysiological conditions.

We first show that while obesity indeed promotes astrocyte calcium (Ca 2+ ) activity remodeling, these changes are anatomically defined to hypothalamic sub-nuclei. Among which the PVN showed drastic changes. High fat-induced remodeling of astrocytic network could be mimicked by chemogenetic activation of Gq-coupled Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) while in vivo activation or inhibition of PVN astrocyte Ca 2+ signals activity exerts a bidirectional control onto neighboring PVN neuron firing, autonomic outflow, glucose metabolism and energy balance. We found that the underlying mechanism by which astrocyte gate neural activity in the PVN relied on excitatory Amino-Acid Transporters (EAATs)dependent control of ambient glutamate. In obese mice, this mechanism was selectively impaired and chemogenetic increase (Gq) or decrease (Gi) of astrocytic Ca 2+ led to metabolic aggravation or amelioration respectively.

In conclusion, our findings show that PVN astrocytes exert a direct control onto systemic glucose metabolism and energy balance and support a concept in which obesity-associated diseases might be at least partially mediated through molecular and signaling modifications in hypothalamic astrocyte-neuron communication.

Results

Diet-induced obesity induces anatomically restricted astrocytic Ca 2+ signals remodeling in the hypothalamus

We first assessed how exposure to energy-rich diet and diet-induced obesity (DIO) alters astrocytic Ca 2+ signals as a proxy of astrocyte activity (Figure 1A). The genetically encoded Ca 2+ sensor GCaMP6f was expressed in astrocytes by crossing the tamoxifen-inducible Glast-CreER T2 line and the Cre-dependent GCaMP6f line [START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF]. Astrocyte-specific expression of GCaMP6f after tamoxifen treatment was evidenced by co-localization of the astrocyte marker s100β and GCaMP6f in stellated cells characteristic of astrocytes (Figure 1B).

GCaMP6f-expressing mice were fed either regular diet or high fat high sugar (HFHS, 45% fat and 35% sugar) diet for 2-3-months. Exposure to HFHS diet led to metabolic alteration characterized with increased body weight (Figure 1C), decreased glucose tolerance and increased glucose-induced plasma insulin (Supplemental Figure 1A,1B). Using wide-field fluorescence imaging that enabled the integration of global Ca 2+ signals, we imaged intrinsic Ca 2+ activity in hypothalamic astrocytes in acute brain slices. Active regions were identified using the spatio-temporal correlation screening method [START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF] (Figure 1E) and the dorsomedial nucleus of the hypothalamus (DMH) (Supplemental Figure 1E). Interestingly, in the ventromedial nucleus of the hypothalamus (VMH), astrocytes remained relatively protected from diet induced hyperactivity (Figure 1F). Taken together these results indicate that DIO causes heterogeneous and anatomically-restricted remodeling in astrocytic Ca 2+ activity in metabolically relevant hypothalamic structures.

PVN astrocytes control systemic glucose metabolism

Given the prominent role of PVN neural substrate in both autonomic and neuroendocrine control of metabolism [START_REF] Li | Defined Paraventricular Hypothalamic Populations Exhibit Differential Responses to Food Contingent on Caloric State[END_REF][START_REF] Sutton | The Role of PVH Circuits in Leptin Action and Energy Balance[END_REF], we next explored how direct manipulation of PVN astrocyte activity through cell-specific DREADDs engineering affects energy homeostasis.

Mice expressing the Cre enzyme under the astrocyte-specific promoter Aldehyde dehydrogenase family 1, member L1 [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF]) (Aldh1L1-Cre mice), received an intra-PVN injection of a mixture of Cre-dependent viruses allowing for the expression of (1) mCherry alone (AAV 2/5.EF1α.DIO.mCherry, control) or Gq-coupled hM3Dq DREADD fused with mCherry (AAV 2/5.EF1α.DIO.hM3Dq.mCherry, Gq-DREADD) together with (2) Cre dependent expression of the Ca 2+ sensor (pAAV5.CAG.Flex.GCaMP6f.WPRE) (Figure 1G). Astrocytespecific expression of hM3Dq was confirmed by the colocalization of mCherry fluorescent signal with Glial fibrillary acidic protein (GFAP) reactivity (Figure 1H). This combined viral approach allowed to monitor how selective activation of astrocytic Gq coupled hM3Dq by clozapine-Noxide (CNO) would affect PVN astrocytic intrinsic Ca 2+ activity in acute brain slices. Compared to minor effect in mCherry expressing control mice (Supplemental Figure 1F We next explored how direct manipulation of PVN astrocytes could affect systemic metabolism.

Aldh1L1-Cre +/-mice received bilateral PVN injection of viruses expressing either mCherry control (AAV5-EF1a-DIO-mCherry; Aldh1L1-Cre +/-:PVN mCherry ) or hM3Dq (AAV5-EF1a-DIO-hM3Dq-mCherry; Aldh1L1-Cre +/-:PVN hM3Dq ) (Figure 2A). To evaluate potential unspecific metabolic consequences of peripheral CNO injections [START_REF] Gomez | Chemogenetics revealed: DREADD occupancy and activation via converted clozapine[END_REF], we also injected AAV5-EF1a-DIO-hM3Dq-mCherry in Aldh1L1-Cre -/-mice (Aldh1L1-Cre -/-:PVN hM3Dq ) as a further control. CNO-mediated activation of PVN astrocytes had no consequence on overall whole body energy expenditure (EE), food intake or energy balance in control mice (Aldh1L1-Cre +/- PVN mCherry and Aldh1L1-Cre -/-:PVN hM3Dq ), nor in hM3Dq expressing mice (Aldh1L1-Cre +/- :PVN hM3Dq ; Supplemental Figure 2A-I). However, chemogenetic stimulation of PVN astrocytes by peripheral CNO administration decreased glucose clearance (Figure 2B), increased plasma insulin levels (Figure 2C) and corresponding insulinogenic index (Figure 2D), revealing increased insulin release after an oral glucose tolerance test in Aldh1L1-Cre +/-:PVN hM3Dq . No significant effect was found in control animals (Supplemental Figure 2J-Q).

Given this striking result, we sought to reproduce this phenomenon in an alternative genetic background. To this aim, C57BL/6 mice received bilateral intra-PVN injection of AAV5-GFAP-hM3Dq-mCherry (C57Bl6j:PVN hM3Dq ) or control vector AAV5-GFAP-mCherry (C57Bl6j:PVN mCherry ). While ineffective in control C57Bl6j:PVN mCherry (Supplemental Figure 3A-D), CNO-mediated activation of PVN astrocytes in C57Bl6j:PVN hM3Dq resulted in higher glucoseinduced insulin release (Supplemental Figure 3F), leading to a trend of altered insulin sensitivity as assessed by insulinogenic index (Supplemental Figure 3G). These results

suggest that chemogenetic manipulation of Gq GPCR pathway in PVN astrocytes readily impairs peripheral glucose metabolism and insulin release, both being the common outcomes preceding insulin resistance states.

We next probed the reciprocal phenomenon by specifically triggering Gi GPCR pathway in PVN astrocytes. Aldh1L1-Cre +/-mice received bilateral injection of AAV5 virus with a modified backbone (pAAV5-EF1a-DIO-HA-KORD-Citrine) to achieve astrocyte, Cre-dependent expression of kappa-opiod receptor (KORD), a recently developed chemogenetic GPCR that can be activated by the pharmacologically inert ligand salvinorin B (SalB) [START_REF] Vardy | A New DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior[END_REF] (Figure 2A). After PVN injection of a mixture of virus allowing the co-expression of KORD and GCaMP6f, we could assess astrocyte Ca 2+ signals before and after KORD activation in acute hypothalamic slices. Bath application of SalB led to a decrease in Ca 2+ signal strength (Figure 2E, 2F) and global synchronization (Figure 2G) in KORD expressing mice, while these effects appeared marginal in control mCherry expressing mice (Supplemental Figure 4A-C).

Accordingly, the decrease in intracellular Ca 2+ release was more pronounced after KORD activation compared to mCherry expressing mice (Supplemental Figure 4D). Astrocyte-specific KORD expression was corroborated by the colocalization of mCitrine and GFAP reactivity in PVN astrocytes (Figure 2H).

After validating the cellular consequences of KORD-mediated Gi signaling activation ex vivo, we proceeded further in vivo to assess the metabolic output arising from decreasing Ca 2+ activity in vivo in PVN astrocyte. Aldh1L1-Cre +/-(Aldh1L1-Cre +/-:PVN KORD ) or control Aldh1L1-Cre -/- (Aldh1L1-Cre -/-:PVN KORD ) mice received bilateral injections of AAV5-EF1a-DIO-HA.KORD-mCitrine in the PVN. In both control (Aldh1L1-Cre -/-:PVN KORD ) (Supplemental Figure 4E-L) and Aldh1L1-Cre -/+ :PVN KORD mice (Figure 2I-K), peripheral SalB administration did not affect glucose clearance, plasma insulin or insulinogenic index after an oral glucose load.

This result was similar when GFAP-driven expression of hM4Di was achieved in C57Bl6J background (C57Bl6j:PVN hM4Di ) (Supplemental Figure 5A-D). However, given the potency difference between hM4Di and KORD-mediated Gi intracellular signalling [START_REF] Vardy | A New DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior[END_REF] and the potential discrepancy between Aldh1l1-CRE and C57Bl6J genetic background, we further explored the metabolic consequence of KORD-mediated Gi signaling in GFAP positive astrocytes. C57Bl6j mice received intra-PVN injection of a mixture of AAV5-GFAP-Cre virus and AAV5-EF1a-DIO-HA.KORD-mCitrine allowing for KORD expression in GFAP-expressing cells upon Cre-mediated recombination (Supplemental Figure 3I). KORD expression was visualized by human influenza hemagglutinin (HA) tag presence in GFAP positive astrocytes (Supplemental Figure 3J). Here again, Gi signalling initiation through SalB-mediated KORD activation in C57Bl6j:PVN KORD mice did not affect any of the aforementioned parameters (Supplemental Figure 3K-N), in line with our observations in Aldh1L1-Cre +/-mice.

Similarly, metabolic efficiency analysis revealed that while peripheral injection of SalB had no effect in either of the control groups (Aldh1L1-Cre -/-:PVN KORD ; Aldh1L1-Cre +/-:PVN mcherry Supplemental Figure 4M-T), KORD/Gi-mediated modulation of PVN astrocytes did not modify EE (Figure 2L) but induced a decrease in food intake (Figure 2M) and RER (Figure 2N) while increasing FA oxidation (Figure 2O) during the light period. A similar output was observed in C57Bl6j:PVN KORD mice (Figure 2P-S). Accordingly, SalB administration to Aldh1L1-Cre +/- :PVN KORD affected energy balance during the light period (Figure 2T), with a trends for a decrease in C57Bl6j:PVN KORD mice (Figure 2U). No effect of SalB administration was observed in control mice Aldh1L1-Cre -/-:PVN KORD and Aldh1L1-Cre +/-:PVN mcherry (Figure 2V,2W). These results suggest that whereas Gq-coupled hM3Dq DREADD modify glucose metabolism and 10 insulin release, activation of astrocytic Gi-KORD receptor in both Aldh1L1 and GFAP expressing astrocytes in the PVN of lean mice promotes only subtle changes in energy utilization.

PVN astrocytes modulate sympathetic output and thermogenesis

Given the prominent role played by pre-autonomic PVN neurons in autonomic control of energy balance and glucose metabolism [START_REF] Geerling | Sympathetic nervous system control of triglyceride metabolism: novel concepts derived from recent studies[END_REF][START_REF] Stanley | Central Mechanisms of Glucose Sensing and Counterregulation in Defense of Hypoglycemia[END_REF][START_REF] Stern | Astrocytes Contribute to Angiotensin II Stimulation of Hypothalamic Neuronal Activity and Sympathetic Outflow[END_REF], we hypothesized that chemogenetic activation of PVN astrocytes could exert a control onto PVN-mediated sympathetic output. As a proxy of autonomic outflow, we first measured change in urine mono-aminergic content as a consequence of chemogenetic activation (Gq) or inhibition (Gi) of PVN astrocytes. ANOVA main effect probability indicated that while no change were observed following CNO or SalB administration in control Aldh1L1-Cre +/-:PVN mCherry mice (Figure 3A, 3C), activation of Gq signaling in PVN astrocytes in Aldh1L1-Cre +/-:PVN hM3Dq mice significantly increased urine monoamine concentrations (Figure 3B). In contrast, KORD mediated Gi activation showed the opposite effect, with a decrease in urine norepinephrine (NA), as well as tended to decrease dopamine (DA) and Serotonine (5HT) in Aldh1L1-Cre +/- :PVN KORD mice (Figure 3D). We further explored if astrocytes in the PVN participate in the regulation of brown adipose tissue (BAT) activity. We monitored in vivo BAT metabolic activity by ultrasound and spectral photoacoustic imaging [START_REF] Clemmensen | Coordinated targeting of cold and nicotinic receptors synergistically improves obesity and type 2 diabetes[END_REF][START_REF] Karlas | Multispectral Optoacoustic Tomography of Brown Adipose Tissue[END_REF]. We observed that PVN astrocyte activation increased local oxygen saturation in BAT blood supply in Aldh1L1-Cre +/-PVN hM3Dq mice (Figure 3E,3F). We next assessed the functional connection between PVN astrocyte activation and thermogenic output. Mice were administered the agonist of cold receptor transient receptor potential cation channel subfamily M member 8 (TRPM8) icilin in order to pharmacologically trigger an adaptive autonomic response similar to the one triggered by cold exposure [START_REF] Clemmensen | Coordinated targeting of cold and nicotinic receptors synergistically improves obesity and type 2 diabetes[END_REF]. We used BAT monoamine content as a readout of sympathetic outflow [START_REF] Virtue | Assessment of brown adipose tissue function[END_REF]. While CNO ip injection in control mice had no significant effect on BAT monoamine content (Figure 3G), astrocyte Gq activation in the PVN promoted increase in adrenaline (AD) and 5HT BAT content in Aldh1L1-Cre +/ :PVN hM3Dq mice (Figure 3H). Using telemetric core body temperature measurements, we next demonstrated that PVN astrocyte activation through chemogenetic Gq activation was coupled to increased whole body temperature in Aldh1L1-Cre +/-:PVN hM3Dq mice (Figure 3I). Finally, we confirmed that Gq signaling activation of PVN GFAP-positive astrocytes in C57Bl6 mice (C57Bl6j:PVN hM3Dq ; Figure 3J) recapitulated the increase in monoamine content and in BAT (Figure 3K), which were not observed in control C57Bl6j:PVN mCherry mice (Figure 3L). Altogether, these results suggest that PVN astrocytes exert efficient control onto ANS output, thermogenesis and possibly peripheral glucose metabolism.

PVN astrocytes exert a bidirectional control on systemic glucose metabolism and energy balance in obese mice

Control C57Bl6j:PVN mCherry mice and C57Bl6j:PVN hM3Dq mice were submitted to 8-weeks of HFHS and assessed for glucose control and metabolic efficiency change induced by PVN astrocyte Gq activation. CNO injection had no effects in obese control mice (Supplemental Whole body energy expenditure was reduced during the dark period (Figure 4G) and accordingly, showed higher positive energy balance (Figure 4H). These results suggest that activation of PVN astrocytes promotes disturbances in systemic glucose metabolism and thereby potentially exacerbates energy storage and metabolic syndrome during obesity.

We next probed whether Gi-coupled receptor activation in PVN astrocytes could have opposite effect on metabolic consequence. Gi activation had no impact on glucose tolerance in obese Yet consistently, plasma c-peptide release was reduced following activation of both receptors (Supplemental Figure 5H and Figure 4M). Moreover, SalB injection in C57Bl6j:PVN KORD promoted a decrease in food intake (Figure 4N) and RER (Supplemental Figure 6K), and an increase in FA oxidation (Supplemental Figure 6L), with no changes in energy expenditure (Figure 4O). Finally, contrary to astrocyte Gq receptor activation, KORD-mediated Gi stimulation in PVN astrocytes, promoted negative energy balance during the dark period in obese C57Bl6j:PVN KORD (Figure 4P). These results indicate that PVN astrocytes exert a bidirectional control onto systemic glucose metabolism and energy balance.

Chemogenetic modulation of astrocyte activity controls PVN parvocellular neuronal firing

We then set out to probe the cellular and molecular mechanism by which PVN astrocytes exert the dynamic control of whole-body metabolic outputs. Parvocellular pre-autonomic neurons in the PVN send efferent projections to autonomic centers in the brainstem and spinal cord to generate essential adaptive metabolic responses for proper systemic glucose metabolism and energy balance regulation [START_REF] Geerling | Sympathetic nervous system control of triglyceride metabolism: novel concepts derived from recent studies[END_REF][START_REF] Stanley | Identification of neuronal subpopulations that project from hypothalamus to both liver and adipose tissue polysynaptically[END_REF][START_REF] Stern | Astrocytes Contribute to Angiotensin II Stimulation of Hypothalamic Neuronal Activity and Sympathetic Outflow[END_REF]. We investigated astrocyte-neuron communication by patching parvocellular neurons and recording their activity (Figure . 5A) before and after chemogenetic manipulation of astrocyte Gq or Gi receptor in lean or obese mice. The recorded neurons displayed membrane properties characteristic of parvocellular pre-sympathetic neurons, namely the presence of a low-threshold spike and absence of a transient outward rectification [START_REF] Luther | Voltage-gated currents distinguish parvocellular from magnocellular neurones in the rat hypothalamic paraventricular nucleus[END_REF][START_REF] Stern | Electrophysiological and morphological properties of pre-autonomic neurones in the rat hypothalamic paraventricular nucleus[END_REF].

We combined this approach with simultaneous confocal imaging of astrocyte Ca We also quantified astrocytic Ca 2+ activity in an event-based manner using AQuA method [START_REF] Wang | Accurate quantification of astrocyte and neurotransmitter fluorescence dynamics for single-cell and population-level physiology[END_REF] for both lean and obese C57Bl6j:PVN hM3Dq mice. CNO failed to significantly increase the mean Ca 2+ event peak in lean or obese C57Bl6j:PVN hM3Dq mice. However, the basal Ca 2+ peaks in obese mice were significantly higher than lean mice (Figure . 5E,5F). On the other hand, CNO significantly prolonged Ca 2+ event duration, and increased Ca 2+ event synchrony both in lean and obese C57Bl6j:PVN hM3Dq mice (Figure . 5E,F). These results are in line with data obtained from wide-field fluorescence imaging (Figure . 1). We then evaluated the latency between astrocytic Ca 2+ upregulation and the increase in neuronal spike frequency. We found that CNO-induced Ca 2+ response appeared first in astrocytes followed by neurons, suggesting that changes in astrocyte Ca 2+ activity significantly preceded those in neuronal firing discharge. These results confirm a sequence of events in which astrocyte Gq activation promotes change in neural activity ( Astrocyte-mediated glutamate signaling to neurons could involve glutamate release and/or modulation of ambient glutamate levels via changes in the activity of astrocyte-selective excitatory Amino-Acid Transporters (EAATs) [START_REF] Rose | Astroglial Glutamate Signaling and Uptake in the Hippocampus[END_REF]. Thus, to determine whether the glutamate-dependent communication between astrocytes and neurons reported above inhibition (Supplemental Figure 7F). Together, these results suggest that the glutamatedependent increase and decrease of PVN neuronal activity following astrocyte Gq and Gi receptor activation, respectively, is mediated via a bidirectional control of glutamate transporter activity.

Finally, we aimed to determine whether the function and/or expression of astrocyte EEATs is basally altered in obese mice. Western blot analysis of PVN samples showed no significant difference in EAAT2 protein expression levels between lean and obese mice (Figure 7E). We then tested and compared the effects of TBOA per se on membrane excitability and firing activity of PVN parvocellular neurons. In voltage clamp mode, we found that bath-applied TBOA produced a significant inward shift in I Holding in lean mice (Figure . 7F,7G), which we previously showed to be due to the slow build-up of glutamate in the extracellular space leading to activation of neuronal extrasynaptic NMDARs [START_REF] Fleming | Statedependent changes in astrocyte regulation of extrasynaptic NMDA receptor signalling in neurosecretory neurons[END_REF][START_REF] Stern | Astrocytes Contribute to Angiotensin II Stimulation of Hypothalamic Neuronal Activity and Sympathetic Outflow[END_REF][START_REF] Zhang | Altered NMDA receptor-evoked intracellular Ca(2+) dynamics in magnocellular neurosecretory neurons of hypertensive rats[END_REF]. Surprisingly, TBOA application failed to significantly affect I Holding in PVN 

Discussion

In the brain, the hypothalamus is regarded as a fundamental player in body weight homeostasis, directly regulating feeding and energy metabolism [START_REF] Locke | Genetic studies of body mass index yield new insights for obesity biology[END_REF][START_REF] Morton | Neurobiology of food intake in health and disease[END_REF].

Perturbations in hypothalamic functions result in obesity and metabolic pathologies [START_REF] Molavi | The prevention and treatment of metabolic syndrome and high-risk obesity[END_REF].

Despite significant endeavor, the approaches that primarily targeted neural substrate have failed to provide successful tools against the metabolic syndrome. This begs for an extended vision of how different brain cell types communicate for the control of energy balance in both physiological and pathophysiological conditions. Indeed, a growing number of studies highlight that glial cells contribute directly to the control of energy homeostasis [START_REF] Gao | Disruption of Lipid Uptake in Astroglia Exacerbates Diet-Induced Obesity[END_REF][START_REF] Garcia-Caceres | Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability[END_REF][START_REF] Kim | Leptin signaling in astrocytes regulates hypothalamic neuronal circuits and feeding[END_REF][START_REF] Timper | GLP-1 Receptor Signaling in Astrocytes Regulates Fatty Acid Oxidation, Mitochondrial Integrity, and Function[END_REF][START_REF] Vicente-Gutierrez | Astrocytic mitochondrial ROS modulate brain metabolism and mouse behaviour[END_REF][START_REF] Yang | Astrocytes control food intake by inhibiting AGRP neuron activity via adenosine A1 receptors[END_REF]Zhang et al., 2017) and specific gliopeptide have emerged as critical regulator of the melanocortin-dependant feeding circuit [START_REF] Bouyakdan | The gliotransmitter ACBP controls feeding and energy homeostasis via the melanocortin system[END_REF]. The current vision of how brain cells collaborate in both physiological and pathophysiological conditions have shown the pressing need to understand the glial-neuron communication mechanisms involved in the central regulation of energy balance and to develop anti-obesity approaches that extend beyond primarily targeting neural substrates. In the present study, we mobilized a multidisciplinary set of imaging, genetic and physiologic approaches to demonstrate that hypothalamic astrocytes can causally and directly control whole-body metabolism and the adaptive response to high-fat feeding and obesity in a region-specific manner. We show that PVN astrocytes exert a direct and reversible control on neuron firing, energy balance, systemic glucose metabolism and insulin sensitivity and that specific targeting of astrocyte activity in the PVN exerts beneficial effects on metabolic disturbances during obesity.

Astrocytes represent the most prevalent glial cells in the CNS. The multipartite synapse cradle includes astrocyte and microglial as integral part of synaptic formation [START_REF] Garcia-Caceres | Role of astrocytes, microglia, and tanycytes in brain control of systemic metabolism[END_REF][START_REF] Semyanov | Astrocytic processes: from tripartite synapses to the active milieu[END_REF], growth and transmission in multiple regions of the brain (Durkee and Araque, 2019), including the hypothalamus [START_REF] Bouyakdan | The gliotransmitter ACBP controls feeding and energy homeostasis via the melanocortin system[END_REF][START_REF] Clasadonte | Connexin 43-Mediated Astroglial Metabolic Networks Contribute to the Regulation of the Sleep-Wake Cycle[END_REF]. Astrocytes express a wide arrange of neuropeptide, hormonal and nutrient receptors and exhibit a specific type of excitability mediated by ionic signalling and fluctuations of intracellular Ca 2+ concentration [START_REF] Nedergaard | Glial calcium and diseases of the nervous system[END_REF]. Using Ca 2+ signals as a proxy of cellular activity, we show that obesity is associated with hyperactivity in hypothalamic astrocytes, recalling the previous association described between high-fat feeding and astrocyte reactivity. In that regard, hypothalamic inflammation and gliosis have been suggested to underlie hypothalamic circuit dysfunction which can lead to hyperphagia, insulin and leptin resistance and consequent obesity [START_REF] De Souza | Consumption of a fat-rich diet activates a proinflammatory response and induces insulin resistance in the hypothalamus[END_REF][START_REF] Douglass | Astrocyte IKKbeta/NF-kappaB signaling is required for diet-induced obesity and hypothalamic inflammation[END_REF][START_REF] Reis | Brain innate immunity regulates hypothalamic arcuate neuronal activity and feeding behavior[END_REF][START_REF] Thaler | Obesity is associated with hypothalamic injury in rodents and humans[END_REF]. In addition, abnormal Ca 2+ glial signaling has been associated to the pathophysiology function of astrocytes and regulation of reactive astrogliosis during brain injury and neuropathology [START_REF] Denisov | Caloric restriction modifies spatiotemporal calcium dynamics in mouse hippocampal astrocytes[END_REF][START_REF] Kanemaru | Calciumdependent N-cadherin up-regulation mediates reactive astrogliosis and neuroprotection after brain injury[END_REF][START_REF] Nedergaard | Glial calcium and diseases of the nervous system[END_REF]. We

show here a differential susceptibility to obesity-induced astrocyte modifications in the hypothalamus, as obesity affected hypothalamic astrocyte activity in a heterogenous manner, characterized by increased activity in the ARC, DMH and PVN but sparing the VMH. Regionally distinct astrocyte responses have also been observed at different time points after brain injury [START_REF] Hill | Regional heterogeneity in the response of astrocytes following traumatic brain injury in the adult rat[END_REF], supporting that astrocytes are not a functionally homogeneous cellular population throughout the brain, but rather exhibit inter and intra-regional differences in molecular and cellular profiles [START_REF] Ben Haim | Functional diversity of astrocytes in neural circuit regulation[END_REF][START_REF] Hill | Regional heterogeneity in the response of astrocytes following traumatic brain injury in the adult rat[END_REF][START_REF] Khakh | Diversity of astrocyte functions and phenotypes in neural circuits[END_REF]. Given the specificity and ascribed function of hypothalamic nuclei, one can hypothesize that the regionally distinct adaptive response of astrocyte physiology, either beneficial or detrimental to surrounding neurons, will alter feeding, thermogenic adaptation, neuroendocrine and autonomic response through local changes in the ARC, DMH or PVN respectively. In this study we focused our interest on the PVN, given its pivotal role in systemic metabolism control. Indeed, the PVN contains several key neuroendocrine neurons, including oxytocin (OT), vasopressin, corticotropin-releasing hormone (CRH), or thyrotropin-releasing hormone-synthesizing neurons (TRH), in addition to pre-autonomic neurons that project to the dorsal motor nucleus of the vagus nerves (DMX) rostral ventrolateral medulla (RVLM) and the inter-mediolateral cell column (IML), allowing the PVN to directly contribute to both parasympathetic and sympathetic outputs to peripheral tissues [START_REF] Swanson | The paraventricular nucleus of the hypothalamus: cytoarchitectonic subdivisions and organization of projections to the pituitary, dorsal vagal complex, and spinal cord as demonstrated by retrograde fluorescence double-labeling methods[END_REF][START_REF] Swanson | Paraventricular nucleus: a site for the integration of neuroendocrine and autonomic mechanisms[END_REF]. As an integrative hub, the PVN receives also inputs from the PBN, NTS, DMH and LH [START_REF] Buijs | The suprachiasmatic nucleus balances sympathetic and parasympathetic output to peripheral organs through separate preautonomic neurons[END_REF][START_REF] Sutton | The Role of PVH Circuits in Leptin Action and Energy Balance[END_REF].

Here we found that astrocyte-specific expression and activation of Gq-coupled DREADD receptor in the PVN increases astrocytic Ca 2+ events (Figure 1 and Supplemental Figure 1) as observed following high-fat feeding, while activation of Gi-coupled DREADD led to a decrease of astrocytic Ca 2+ events and temporal synchronization. Using patch clamp electrophysiology, we show that Gq and Gi DREADD manipulation of PVN astrocytes bidirectionally controlled neighboring parvocellular neuronal firing in a glutamate-dependent manner (Figures 5 and6).

Further, we demonstrate that a core mechanism by which the PVN astrocyte-neuron interaction adapts to nutrient overload involves an adaptive control ambient glutamate levels via changes in the activity of the astrocyte glutamate transporter GLT1 (Figure 7). At the integrated level, chemogenetic-induced Gq or Gi signaling in PVN astrocytes was sufficient to bidirectionally affect circulating and tissue catecholamine content (Figure 3), glucose metabolism and insulin sensitivity in vivo (Figure 2 and4).

Strikingly, manipulating PVN astrocytic Ca 2+ signals through chemogenetic Gq/Gi engineering respectively aggravated (Gq) or improved (KORD-Gi) the metabolic condition in obese mice.

Correspondingly, previous evidence supports beneficial consequences of astrocyte Gi receptor activation, as it corrects astrocyte atrophy and behavioral outputs observed during neurodegenerative diseases [START_REF] Douglass | Astrocyte IKKbeta/NF-kappaB signaling is required for diet-induced obesity and hypothalamic inflammation[END_REF][START_REF] Yu | Context-Specific Striatal Astrocyte Molecular Responses Are Phenotypically Exploitable[END_REF]. To our knowledge, this is the first demonstration that PVN astrocytes exert a direct and reversible control of energy balance, systemic glucose metabolism and insulin sensitivity. One could even suggest that astrocyte-mediated control of PVN neuron activity might be an essential component of a recently-described functional PVN-pancreas transneuronal circuits directly connecting the PVN to autonomic control beta cell function and glucose metabolism [START_REF] Papazoglou | A distinct hypothalamus-to-beta cell circuit modulates insulin secretion[END_REF].

Our data collected using simultaneous ex-vivo whole-cell patch clamp electrophysiology and dynamic Ca 2+ imaging allowed us to establish that chemogenetic control and nutritional modulation of astrocyte networks within the PVN exert a direct and dominant control onto neighboring parvocellular neurons firing activity. Indeed, increases or decreases in astrocyte Ca 2+ activity achieved through ligand-based activation of Gq or KORD-Gi coupled DREADDs resulted in substantial increases and decreases, respectively, in the firing discharge of PVN neurons. In all cases, changes in astrocytic Ca 2+ events preceded the one observed in neuronal firing, further establishing that change in PVN neuron firing were a consequence of DREADDmediated activation of astrocytic Ca 2+ events.

At the mechanistic level, astrocyte-evoked effects on PVN firing activity were prevented by glutamate receptor blockade, supporting the notion that glutamate signaling is a core component of astrocytic control of PVN neuronal activity. Glutamate-mediated astrocyte-neuron crosstalk could involve active vesicular and non-vesicular glutamate release [START_REF] Bezzi | Prostaglandins stimulate calcium-dependent glutamate release in astrocytes[END_REF][START_REF] Fellin | Neuronal synchrony mediated by astrocytic glutamate through activation of extrasynaptic NMDA receptors[END_REF], Araque, 1998 #2;[START_REF] Innocenti | Imaging extracellular waves of glutamate during calcium signaling in cultured astrocytes[END_REF]. Additionally, astrocytes could also influence ambient levels of glutamate via the activity of potent glutamate transporters, particularly GLT1. Pharmacological block or knockout of the astrocyte GLT1 transporter results in slow buildup of glutamate in the extracellular space, leading to an elevated glutamatergic tone and increased excitability in neighboring neurons [START_REF] Murphy-Royal | Astroglial glutamate transporters in the brain: Regulating neurotransmitter homeostasis and synaptic transmission[END_REF][START_REF] Rothstein | Knockout of glutamate transporters reveals a major role for astroglial transport in excitotoxicity and clearance of glutamate[END_REF].

In our hands, selective blockade of glutamate transport activity prevented the change in neuron firing initiated by either Gq or Gi chemogenetic manipulation of PVN astrocytes (Supplemental figure 7A, B and 7D, E) further supporting the notion that astrocyte-neuronal communication critically depended on the control of ambient glutamate levels by the astrocyte glutamate transporter.

Moreover, the delayed firing response of PVN neurons following astrocytic manipulations is consistent with a slow buildup of glutamate and establishment of a glutamatergic tone in the extracellular space. These results align with previous studies pointing at astrocyte GLT1 as a key regulator of astrocyte-neuronal communication in the PVN and supraoptic nucleus (SON) [START_REF] Fleming | Statedependent changes in astrocyte regulation of extrasynaptic NMDA receptor signalling in neurosecretory neurons[END_REF][START_REF] Gordon | Astrocyte-mediated distributed plasticity at hypothalamic glutamate synapses[END_REF]Zhang et al., 2017).

In the PVN specifically, angiotensin II activation of Gq AT1 receptors (a phenomenon that is often observed during hypertension) on astrocytes inhibited GLT1 transporter activity, leading to an elevation of extracellular glutamate levels, activation of extrasynaptic N-methyl-D-aspartate receptor (NMDARs) and increased firing of PVN neurons [START_REF] Stern | Astrocytes Contribute to Angiotensin II Stimulation of Hypothalamic Neuronal Activity and Sympathetic Outflow[END_REF]. Hence, it is possible that Gq DREADD-mediated increase of astrocyte Ca 2+ activity results in inhibition of GLT1 activity, buildup of extracellular glutamate levels, leading in turn to activation of extrasynaptic NMDARs and subsequent glutamate-mediated increase in PVN firing activity [START_REF] Fleming | Statedependent changes in astrocyte regulation of extrasynaptic NMDA receptor signalling in neurosecretory neurons[END_REF]Zhang et al., 2017). Given a similar pharmacological profile and time course of DREADD/Gi-mediated effects, a similar GLT1-based mechanism could mediate the bimodal regulation of PVN neurons by local astrocytes.

Given that 80% of glutamate released undergo active reuptake by astrocyte through GLT-1 and EAAT1 transporters, a critical role for astrocyte glutamate transport in PVN region would have been expected. This is specifically true considering previous observation pointing at glutamate as a primary neurotransmitter mediating body weight regulation by Melanocortin receptor 4

MC4R -bearing neurons in the PVN [START_REF] Xu | Glutamate mediates the function of melanocortin receptor 4 on Sim1 neurons in body weight regulation[END_REF]. Where our study provides a shift in paradigm is by furnishing experimental evidence that, beyond the buffering glutamate at the multipartite synapse, astrocytes act as gatekeepers of neuronal activity, by being able to establish and impose a degree of freedom through which PVN neurons are allowed to operate.

Targeting astrocyte activity, therefore, may offer an upstream control of PVN output, thereby coping with obesity-associated metabolic defect.

We found indeed that obesity is associated with metabolic impairment and disrupted astrocyteneuronal communication in the PVN. Principally, CNO failed to upregulate neuronal firing in obese mice. This occurred despite activation of DREADDs and modulation of astrocytic Ca 2+ activity persisted. Thus, we propose that the blunted CNO effect on PVN firing activity is a consequence of a steady-state inhibition of GLT1 activity by basally enhanced astrocyte Ca 2+ activity in obese mice. This is supported by our results showing an almost completely blunted/occluded effect of TBOA per se on the extrasynaptic glutamate tonic current and firing activity of PVN neurons in obese mice. The fact that no changes in GLT1 protein levels were observed further corroborates a blunted activity of GLT1 in astrocytes in this condition. The mechanisms underlying the exacerbated basal astrocyte Ca 2+ activity and blunted GLT1 activity in obese mice remain at present unknown. Likewise, non-Ca 2+ dependent mechanism in astrocytes might also contribute to control long-term adaptive change of astrocyte-neurons in response to nutrient overload.

Our data point at extrasynaptic glutamate signaling as being yet an unappreciated mechanism by which astrocytes, at least in the PVN, gate the activity of neighboring neurons. A similar disbalance of extracellular glutamate homeostasis has been commonly observed in many neuropathological processes [START_REF] Lau | Obesity-induced astrocyte dysfunction impairs heterosynaptic plasticity in the orbitofrontal cortex[END_REF][START_REF] Lewerenz | Chronic Glutamate Toxicity in Neurodegenerative Diseases-What is the Evidence?[END_REF][START_REF] Nedergaard | Glial calcium and diseases of the nervous system[END_REF][START_REF] Stern | Astrocytes Contribute to Angiotensin II Stimulation of Hypothalamic Neuronal Activity and Sympathetic Outflow[END_REF]. Whether these changes in obese mice contribute to exacerbated PVN neuronal activity and sympathoexcitatory outflow from the PVN remains to be determined.

Given the pivotal role of the ANS in the control of virtually every metabolically active tissue, a profound mal-adaptation of astrocyte-dependent control of these neurons will inevitably result in a chronic perturbation of peripheral organ activity, a feature that has been proposed as a possible central cause of the metabolism syndrome (Buijs et al., 2006;Marina et al., 2016;[START_REF] Zhang | Altered NMDA receptor-evoked intracellular Ca(2+) dynamics in magnocellular neurosecretory neurons of hypertensive rats[END_REF]. Unfortunately, the tools currently available to finely dissect astrocyte function in vivo with respect to their diversity are still scarce. Hence, we were not able to discriminate whether the entire PVN astrocyte population or a subset of molecularly and anatomically-defined astrocyte subpopulation were involved in systemic metabolic control, neither could we specify the identity of the neurons among the many endocrine and/or preautonomic PVN neurons.

In sum, our study demonstrates that PVN astrocyte exert a direct and reversible control of systemic glucose metabolism, insulin sensitivity and energy balance suggesting that future antiobesity strategies leverage on astrocyte function. Further studies are however warrant to identify the genetic and metabolic signature that specifies sub-population of astrocytes in discrete hypothalamic nuclei. The latter being a requisite to harness the full benefit of astrocytedirected approaches to cope with metabolic diseases.
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Animal studies
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Method details

Viral constructs

Designer receptor exclusively activated by designer drugs (DREADD) and GCaMP6f viruses were purchased from http://www.addgene.org/, unless stated otherwise. pAAV-EF1α-DIO-For all surgical procedures, mice were rapidly anesthetized with isoflurane (3%), followed by intraperitoneal (ip) injection of analgesic Buprenorphine (Buprecare, 0.3 mg/kg, Recipharm, Lancashire, UK) and Ketoprofen (Ketofen, 10 mg/kg, France) and maintained under 1.5% isoflurane anesthesia throughout the surgery.

Stereotaxic surgery. Male Aldh1-L1-Cre +/-, Aldh1-L1-Cre -/-and male C57BL/6J mice were placed on a stereotactic frame (David Kopf Instruments, California, USA) and bilateral viral injections were performed (0.3 µl) in the PVN (stereotaxic coordinates: AP -0.8mm, L +0.3mm, V -4.9mm), following the surgical procedures previously described [START_REF] Berland | Circulating Triglycerides Gate Dopamine-Associated Behaviors through DRD2-Expressing Neurons[END_REF]. Mice recovered for at least 3 weeks after the surgery before being involved in experimental procedures.

Continuous body temperature telemetry implantation. Two-weeks after stereotaxic delivery of viral vectors, additional groups of male C57BL/6J mice were implanted with telemetric devices (HD-XG, Data Sciences International (DSI), Minnesota, USA) in the abdominal cavity. After a seven-day period recovery time, the implanted mice were then installed on the DSI receiver.

Data were collected using a Ponemah acquisition system (DSI).

Photoacoustic BAT imaging

Male Aldh1L1-Cre +/-mice previously injected in the PVN with DREADD viruses were anesthetized under isoflurane and placed on a heated platform. Respiration and cardiac rhythm were constantly monitored. Hair was removed above the interscapular BAT and optic gel was applied before positioning the transducer to ensure a good transmission of the signal. Image acquisition, before and after vehicle (0.9% Sterile sodium chloride solution (Fisher Scientific, Illkrich, France) or Clozapine-N-oxide dihydrocloride (CNO, 0.6mg/kg, Tocris, Bristol, UK) ip injection, was performed using a Vevo LAZR system (FujiFilm VisualSonics, Toronto, ON, Canada) which combine ultrasound and photoacoustic imaging. Light generated from a tunable laser (680-970 nm) is delivered to the tissue through fiber optic bundles integrated into linear-arrays mounted on the ultrasonic transducer (LZ400, fc = 30 MHz). Spectral unmixing analyses were performed with Vevo®Lab software.

Indirect calorimetry analysis

After stereotaxic surgery and viral delivery, male Aldh1-L1-Cre +/-, Aldh1-L1-Cre Hellobio, Dunshaughlin, Republic of Ireland) were ip injected with a two-day interval between injections depending on the corresponding DREADD expressing group. Food and water intake, whole energy expenditure (EE), oxygen consumption and carbon dioxide production, respiratory exchange ratio (RER=VCO2/VO2, where V is volume) and locomotor activity were recorded as previously described [START_REF] Berland | Circulating Triglycerides Gate Dopamine-Associated Behaviors through DRD2-Expressing Neurons[END_REF]. Additionally, fatty acid oxidation [START_REF] Frayn | Calculation of substrate oxidation rates in vivo from gaseous exchange[END_REF][START_REF] Herrera Moro Chao | The Iminosugar AMP-DNM Improves Satiety and Activates Brown Adipose Tissue Through GLP1[END_REF] and energy balance [START_REF] Hall | Energy balance and its components: implications for body weight regulation[END_REF] were calculated as previously reported. Before and after indirect calorimetry assessment, body mass composition was analyzed using an Echo Medical systems' EchoMRI (Whole Body Composition Analyzers, EchoMRI, Houston, USA).

Oral glucose tolerance test

Viral injected male Aldh1-L1-Cre +/-, Aldh1-L1-Cre -/-and C57BL/6J mice and non-injected GCaMP6f/Glast-CreER T2 mice were fasted for four hours. A small tail cut incision was performed to take blood samples and measure glycemia with a glucometer (A. Menarini Diagnostics, France). The mice were ip injected firstly with Vehicle, CNO (0.6 mg/kg) or SalB (10 mg/kg) and fifteen minutes after received a glucose oral gavage (2 g/kg). Blood glucose levels were measured after 0,5,10,15,20,30,45,60,90 and 120 minutes and blood samples were only taken at 0, 15, 30, and 90 minutes after receiving the glucose oral gavage. Plasma samples were further processed for insulin (mouse ultrasensitive insulin ELISA kit, ALPCO, Salem, USA) and c-peptide (mouse C-peptide ELISA kit, Crystal Chem, IL, USA) measurements.

Insulinogenic index (AUC of plasma insulin during OGTT/ AUC of glycaemia during OGTT) was calculated as previously described [START_REF] Singh | Surrogate markers of insulin resistance: A review[END_REF].

Ex-vivo epifluorescence calcium imaging

Male Aldh1-L1-Cre +/-mice previously injected with GCamP6f and DREADDs viral constructs and GCaMP6f/Glast-CreER T2 mice were terminally anaesthetized using isoflurane. the imaging objective via an optical fiber. Fluorescence signal was collected with a 40x 0.8NA or a 63x 1.0NA water immersion objective (Zeiss, Germany) and a digital electron-multiplying charge-coupled device (EMCCD Cascade 512B, Photometrics, Birmingham, UK) as previously described [START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF]. A double-band dichroic/filter set was used to reflect the excitation wavelength (470 nm) to slices and filter the emitted GCaMP6 green fluorescence (Di03-R488/561-t3; FF01-523/610, Semrock). The same filter was used for slices expressing both GCaMP6 and DREADD-mCherry. PVN slices were transferred to the imaging chamber, where 3-minute astrocyte spontaneous activity recordings were performed in slices of GCaMP6f/Glast-CreER T2 mice. In the case of PVN slices of Aldh1-L1-Cre +/-mice, we performed a basal epifluorescence recording (60 seconds), followed by a 120 second bath application of CNO (10µM) or SalB (100µM) and 240 seconds recording over the washing of the compounds.

The responsive regions displaying Ca 2+ signals were scrutinized by the three-dimensional spatio-temporal correlation screening method [START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF]. Background signal was subtracted from the raw images by using the minimal intensity projection of the entire stack.

Ca 2+ signals of individual responsive regions were normalized as dF/F 0 , with F 0 representing the baseline intensity and quantified using Matlab (The MathWorks, France) and Igor Pro (Wavemetrics, USA). We gauged signal strength of Ca 2+ traces of single responsive regions by calculating their temporal integration and normalizing per minute. The global temporal synchronization of detected Ca 2+ signals was determined by the temporal Pearson's correlation coefficients of all combinations between single Ca 2+ regions [START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF].

Simultaneous ex-vivo whole-cell patch clamp electrophysiology and confocal Ca 2+

imaging Viral injected male Aldh1-L1-Cre +/-and C57BL/6J mice were anesthetized with pentobarbital (50 mg kg -1 ip) and subsequently perfused through the heart with 30 mL of ice cold aCSF sucrose solution with NaCl replaced by equal-osmol sucrose (in mM: 200 sucrose, 2.5 KCl, 1 MgSO 4 , 26 NaHCO 3 , 1,25 NaH 2 PO 4 , 20 D-Glucose, 0.4 ascorbic acid, and 2.0 CaCl 2 ; pH 7.2; 300-305 mosmol l -1 ). The brain was subsequently removed, mounted in the chamber of a vibratome (Leica VT1200s, Leica Microsystems, Buffalo Grove, IL, USA) using superglue and the ventral surface pressed firmly against a block of 3% KCl agar. The brain was submerged in sucrose solution and bubbled constantly with 95% O 2 /5% CO 2 . Coronal slices (240 µm thickness) containing the PVN were cut and placed in a holding chamber filled with aCSF and bubbled with 95% O 2 /5% CO 2 . The aCSF is identical in composition to the sucrose solution, but with 200 mM sucrose replaced by 119 mM NaCl. The slice chamber was warmed using a water bath at 32°C

for 20 minutes before placement at room temperature for a total minimum of 60 minutes rest before proceeding with the experiment.

Slices were placed into a chamber on the stage of a microscope and perfused constantly (~3 ml/min) with aCSF bubbled continuously with 95% O 2 /5% CO 2 and warmed to 32°C.

Parvocellular neurons were targeted for patch clamp using morphological properties such small soma size relative to their magnocellular counterparts, as well as their proximity to as many GCaMP-expressing astrocytes as possible. Whole cell current clamp recordings were obtained from PVN parvocellular neurons using pipettes (2.5-4 MΩ) pulled from borosilicate glass (o.d. neuron, a series of increasingly negative current injections was applied to the cell from a resting membrane potential of -60mV. The activation of a low threshold depolarization in response to the cessation of current injection confirms parvocellular identity [START_REF] Tasker | Electrophysiological properties of neurones in the region of the paraventricular nucleus in slices of rat hypothalamus[END_REF].

Basal recordings of parvocellular and astrocytic Ca 2+ activity were firstly performed for a minimum of 250 seconds before bath application of either CNO (10 µM) or SalB (100 µM) for 250 seconds. Additional recordings adding CNO or SalB combined with kynurenic Acid (KYN, 1 mM, Abcam, Cambridge, UK) or TBOA (1 µM, Tocris, Bristol, UK), were performed after washout for a minimum of 5 minutes after initial application of CNO/SalB. Data were analyzed using either Clampfit or Igor Pro 8 (Wavemetrics Inc.)

Simultaneously, GCaMP6f expression in astrocytes was visualized using the Dragonfly 200 laser spinning disk confocal imaging system and an iXon 888 EMCCD camera (Andor Technology, Belfast, UK). Using Andor's FUSION software, we captured time series images with z-stacking to maximize acquisition of astrocytic Ca 2+ events near the patched neuron. To quantify network-wide Ca 2+ signals within the confocal plane, we employed the Astrocyte Quantification and Analysis (AQuA) method that extracts event-based information from optical sectioning image series [START_REF] Wang | Accurate quantification of astrocyte and neurotransmitter fluorescence dynamics for single-cell and population-level physiology[END_REF]. Image background was subtracted, and images were converted from FUSION's native file format to TIFFs in ImageJ (NIH). Imaging videos of astrocytic GCaMP were then processed using the AQuA script run through Matlab (v2019b) (MathWorks, Natick, MA, USA). Full details of the script functionality and code can be found at:

https://github.com/yu-lab-vt/AQuA. The parameters used for the analysis are as follows:

intensity threshold scaling factor 1, smoothing (sigma) 1.5, minimum Size (pixels) 24, temporal cut threshold 2, growing z threshold 1, rising time uncertainty 2, slowest delay in propagation 2, propagation smoothness 1, z score threshold 2, maximum distance 0, minimum correlation 0, maximum time difference 2, temporally extended events disabled, ignore delay tau enabled. We filtered out events lasting longer than 60 seconds and whose amplitude exceeded a 10 dF/F 0 change in amplitude to minimize inclusion of artifacts in the analysis. Event data were imported into Prism 8 for analysis (GraphPad, San Diego, CA, USA). Some waveform data and figures were generated in Igor Pro (Wavemetrics, Portland OR, USA).

Brain tissue Immunofluorescence

Viral injected male Aldh1-L1-Cre +/-and C57BL/6J mice received Vehicle, CNO or SalB ip injection. Sixty minutes later, the mice were euthanized with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France). An additional group of GCaMP6f/Glast-CreER T2 mice was also euthanized.

Mice were transcardially perfused with 0.1 M sodium phosphate buffer (PBS, pH 7.5) followed by 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.2). Brains were removed and postfixed overnight in 4% paraformaldehyde. Afterwards, the brains were transferred to 30% sucrose in PBS for 2 days for cryoprotection. Next, 25 µm brain sections were cut in a freezing cryostat (Leica, Wetzlar, Germany) and further processed for immunofluorescence following the procedure previously described [START_REF] Berland | Circulating Triglycerides Gate Dopamine-Associated Behaviors through DRD2-Expressing Neurons[END_REF]. Free-floating brain sections were incubated at 4°C overnight with chicken anti-Green fluorescent protein (GFP, 1:500, Aves Labs, Davis, California, USA), rabbit anti-s100β (1:500, Abcam, Cambridge, UK), rabbit Ds Red 

Western Blotting

C57BL/6J mice were euthanized with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France)

and shortly after decapitated. The mouse head was then immediately immersed in liquid nitrogen for 4 seconds. After removal of the brain, the anterior hypothalamus was dissected on ice-cold surface and brain lysates were prepared in a solution containing 1% Sodium dodecyl sulfate (SDS, Sigma-Aldrich, Saint-Louis, USA), 0.2% phosphatase inhibitors (phosphatase inhibitor cocktail, Sigma-Aldrich, Saint-Louis, USA) and 0.1% protease inhibitors (protease inhibitor cocktail, Roche, Boulogne-Billancourt, France). Protein content in the hypothalamic lysates was measured with a BC Assay protein quantification Kit (Interchim Uptima, Montlucon, France). Western blotting was performed as previously described [START_REF] Berland | Circulating Triglycerides Gate Dopamine-Associated Behaviors through DRD2-Expressing Neurons[END_REF].

Membranes were immunoblotted with rabbit anti-EEAT2 (1:500, Novus Biologicals, Abingdon, UK). HRP-coupled secondary antibody anti-rabbit (1:10000, Cell Signaling Technology, Charles Renard, France) was matched with an ECL detection system. Quantification was performed using Image J software (NIH).

Mono-aminergic content determination

Viral injected male Aldh1-L1-Cre +/-and C57BL/6J mice were injected ip with Vehicle or CNO, followed by icilin ip (5 mg/kg, Tocris, Bristol, UK) and sacrificed with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France) after sixty minutes. Interscapular brown adipose tissue (BAT) was dissected and immediately snap frozen in liquid nitrogen. Additional viral injected male Aldh1-L1-Cre +/-and C57BL/6J mice received Vehicle, CNO or SalB ip injection and were euthanized sixty minutes later. Urine (removed from the bladder) was collected and immediately stored at -80°C. Monoamine analyses were performed at the Bioprofiler platform of the Unit "Biologie Fonctionnelle et Adaptative", University of Paris, BFA, UMR 8251 CNRS, F75205, Paris, France. Catecholamines and metabolites were analyzed by reversed phase-High-performance Liquid Chromatography using a Shimadzu system connected to a Waters 2465 electrochemical detector (HPLC-ED, Waters, USA) with a glassy carbon working electrode (0.7V, 10nA). BAT was homogenized in an ice-cold solution, containing 0.4% ethylenediaminetetraacetic acid and 0.1M perchloric acid, while urine samples were processed using MonoSpin PBA columns

  Figure 1C, 1D).We observed that basal astrocyte Ca 2+ signals in obese mice showed an overall

  , 1G), CNO bath application significantly increased astrocytic Ca 2+ strength in the PVN as a result of hM3Dq activation (Figure 1I, 1J). Using temporal correlation between Ca 2+ signals as an evaluation of their synchronization, we observed that in contrast to control mice (Supplemental Figure 1H), CNO activation of astrocytic hM3Dq drastically increased Ca 2+ signals synchronization as compared to spontaneous signals (Supplemental Figure 1I). This result demonstrates that Gq signaling modulation enables selective activation and synchronization of Ca 2+ signals in PVN astrocytes.

Figure

  Figure 6A-H), however, in obese C57Bl6j:PVN hM3Dq mice, it led to an acute and drastic

C57Bl6j:

  Figure 5F and Figure4K), or insulinogenic index (Supplemental Figure5Gand Figure4L).

  2+ signals after expression of GCaMP6f in either GFAP or Aldh1L1 expressing astrocytes. Activation of Gqcoupled hM3Dq expressing PVN astrocytes by CNO significantly increased neuronal firing frequency from lean C57Bl6j:PVN hM3Dq mice (Figure. 5B, 5C). Conversely, a blunted effect was observed in obese mice (Figure. 5B, 5C). CNO failed to affect firing frequency in the control group of C57Bl6j:PVN mcherry mice (Figure. 5D).

  Figure. 5G). The latency between activation of astrocytes and upregulation of neuronal spike activity did not differ significantly between lean and obese mice (Figure. 5G, right).Astrocytes maintain a constant bidirectional communication with neurons, and glutamate is recognized as a key signaling molecule underlying neuro-glial interactions[START_REF] Durkee | Diversity and Specificity of Astrocyte-neuron Communication[END_REF]. Therefore, we investigated if glutamatergic communication is involved in the excitation of parvocellular neurons following astrocyte chemogenetic activation. Blockade of ionotropic glutamate receptors (KYN, 1 mM) prevented the CNO-induced increase in neuronal activity both in lean and obese C57Bl6j:PVN hM3Dq mice (Figure. 5H, I). Interestingly, while CNO effects on astrocyte Ca 2+ event synchrony persisted in the presence of KYN (Figure5J, right), CNO effects on Ca 2+ event duration were partially blunted (Figure5J, left).We next assessed the effect of astrocyte KORD-Gi-mediated activation on parvocellular neuronal firing. SalB application significantly lowered neuronal activity in acute brain PVN slices of lean Aldh1L1-Cre +/-:PVN KORD mice (Figure.6A, 6B) but had no effect in control Aldh1L1-Cre +/-:PVN mcherry mice (Figure. 6C). Importantly, KORD-Gi activation also decreased astrocyte intracellular Ca 2+ activity, which was manifested as a reduction in event amplitude, event synchrony, and event frequency (Figure. 6D, 6E), while event duration remained unchanged (data not shown). As we observed with chemogenetic activation of Gq in astrocyte, KORD-Gi mediated inhibition of astrocyte Ca 2+ activity preceded the evoked inhibition of neuronal spike activity (Figure. 6F). Similar to CNO, we found that KYN prevented the SalB-evoked decrease in neuronal activity in Aldh1L1-Cre +/-:PVN KORD mice (Supplemental Figure7A, 7B), while the decrease in astrocyte Ca 2+ activities persisted (Supplemental Figure7C). Taken together, our results indicate that PVN astrocytes exert a bidirectional control over parvocellular firing activity, and that both effects involve a glutamate-dependent mechanism.Astrocytic control of extracellular glutamate is impaired during obesity and instrumentalin the control of PVN neuron firing.

  involved modulation of EAAT activity, we repeated experiments in the presence of the glutamate transport blocker DL-threo-β-Benzyloxyaspartic acid (TBOA). In this condition, activation of astrocytes by CNO failed to upregulate neuronal activity both in lean and obese C57Bl6j:PVN hM3Dq mice (Figure. 7A, 7C), while CNO effects on astrocyte Ca 2+ event synchrony persisted (Figure. 7D). Similarly, TBOA also prevented the KORD-mediated inhibition on neuronal firing (Supplemental Figure 7D, 7E), without impacting KORD-induced astrocyte Ca 2+

  neurons in obese mice (Figure. 7F, 7G), resulting in a significantly smaller inward shift in I Holding in obese compared to lean mice (Figure. 7G, right). Similarly, we found that while TBOA produced a significant membrane depolarization (Figure. 7H, 7I) and increase in spike frequency (Figure. 7J, left) in neurons in lean mice, these effects were absent in obese mice (Figure.7H-J). Taken together, our results showing a blunted effect of TBOA on membrane excitability and firing activity in obese mice support the notion that in this condition, astrocyte glutamate uptake activity is severely blunted. Hence, it is tempting to speculate that obesityinduced alteration of PVN astrocytic glutamate uptake is a leading mechanism contributing to altered astrocyte-neuronal communication and metabolism alteration as a consequence of defective PVN sympathoexcitatory outflow in obese mice.
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 4 Figure 4. Astrocytes in the PVN exert a bidirectional control on systemic glucose
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 5 Figure 5. Chemogenetic activation of Gq-coupled receptor in PVN astrocytes enhances
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 6 Figure 6. Astrocyte KORD-Gi receptor chemogenetic activation inhibits PVN
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 7 Figure 7. Astrocyte glutamatergic transport signaling contributes to PVN astrocyte-

(

  APAFIS # 2015062611174320), Institut Biologie Paris Seine of Sorbonne University (C75-05-24) or the Georgia State University IAUCUC protocols. Twelve to fifteen-week-old male Aldh1-L1-Cre (Tg(Aldh1l1-cre)) JD1884Htz, Jackson laboratory, Bar Harbor, USA), male C57BL/6J (Janvier, Le Genest St-Isle, France) or male GCaMP6f/Glast-CreER T2[START_REF] Pham | Mapping astrocyte activity domains by light sheet imaging and spatio-temporal correlation screening[END_REF] mice were individually housed at constant temperature (23± 2°C) and submitted to a 12/12h light/dark cycle. All mice had access to regular chow diet (Safe, Augy, France) and water ad libitum, unless stated otherwise. Additionally, age matched C57BL/6J or GCaMP6f/Glast-CreER T2 mice groups were fed with either chow diet or high-fat high-sugar diet (HFHS, cat n. D12451, Research Diets, New Brunswick, USA) for twelve to sixteen weeks. Body weight was measured every week and body weight gain was estimated as the difference of body weight in week one of HFHS diet consumption to twelve to sixteen weeks after HFHS diet exposure.
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 5 mm) using a P-97 flaming/brown horizontal micropipette puller (Sutter Instruments, Novato, CA). The pipette internal solution consisted of (in mM): 135 KMeSO 4 , 8 NaCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 6 phosphocreatine, 0.2 EGTA with pH 7.2-7.3 and 285-295 mOsmol (kg H 2 O) -1 . The liquid junction potential for the KMeSO 4 internal was approximately -10 mV and was not corrected. Occasionally, Alexa 555 (50 μM, Invitrogen, MA, USA) was included to visualize the neuron. For current clamp recordings, traces were obtained with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) and digitized using an Axon 1440B Digitizer (Axon Instruments, Foster City, CA) at 10 kHz on a desktop computer running Clampex 10 software (Molecular Devices). In the experiments where DL-threo-beta-Benzyloxyaspartate (TBOA, 1 µM, Tocris, Bristol, UK) alone was bath applied, cells were recorded in voltage clamp, held at -70 mV, and filtered at 2 kHz. Data were discarded if series resistance exceeded a 20% change over the course of the recording. To positively confirm a patched cell was indeed a parvocellular

( 1 :

 1 1000, Living colors, Takara Bio, St-Germain-en-Laye, France), mouse anti-Glial fibrillary acidic protein (GFAP, 1:1000, Sigma-Aldrich, Saint-Louis, USA) or rabbit anti-HA epitope tag (1:2000, Rockland, Limerick, USA) primary antibodies. The next day, sections were rinsed in Tris-buffered saline (TBS, 0.25M Tris and 0.5M NaCl, pH 7.5) and incubated for 2 hours with secondary antibodies (1:1000, Thermo fisher Scientific, MA, USA) conjugated with fluorescent dyes: goat anti-chicken Alexa 488, donkey anti-rabbit Alexa 594, donkey anti-mouse Alexa 488 and donkey anti-rabbit Alexa 647. After rinsing, the sections were mounted and coverslipped with DAPI (Vectashield, Burlingade, California, USA) and examined with a confocal laser scanning microscope (Zeiss LSM 510, Oberkochen, Germany) with a color digital camera and AxioVision 3.0 imaging software.
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(Interchim, Montlucon, France). After centrifugation, the supernatant was further analyzed with HLPC-ED. Mobile phase (58,5 mM Sodium Acetate (Sigma, St Louis, USA), 0.7mM Octane Sulfonic Acid (Sigma O 0133, St Louis, USA), pH 3,8 for mobile phase A and 100% MeOH for mobile phase B) was pumped at a flow rate of 1ml/min and monoamines and metabolite concentrations were detected at an oxidation potential of 750mV compared to the reference electrode. Compounds were separated by an isocratic flow (93% A / 10% B) using a Kromasil® AIT column (length 250mm; internal diameter 4.6mm; particle size 5µm) at 30°C. Catecholamines and metabolites were quantified using LabSolution software (Shimadzu, Kyoto, Japan) by integration of the peak absorbance area, employing a calibration curve established with known catecholamine concentrations.

Quantification and statistical analysis

Statistical analysis

Results are expressed as the mean ± SEM. All statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA, USA). Data were analyzed by T-test, two-way or one-way ANOVA depending on each experimental design. Pairwise comparisons were evaluated with a Tukey post-hoc test. Blood glucose, plasma insulin, %SO 2 and body temperature values were analyzed by ANOVA of repeated measures with 2 between subject factors: Time and

Substance. An adjustment of Bonferroni was performed with significant values set as p<0.05. All details related to statistical analyses are summarized in Table S1.