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Tanycytes Control Hypothalamic Liraglutide Uptake and its Anti-Obesity Actions

Liraglutide, an anti-diabetic drug and agonist of the glucagon-like peptide 1 receptor (GLP1R), has recently been approved to treat obesity in individuals with or without type-2 diabetes. Despite its extensive metabolic benefits, the mechanism and site of action of liraglutide remain unclear.

Here, we demonstrate that liraglutide is shuttled to target cells in the mouse hypothalamus by specialized ependymoglial cells called tanycytes, bypassing the blood-brain barrier. Selectively silencing GLP1R in tanycytes or inhibiting tanycytic transcytosis by botulinum neurotoxin expression not only hampers liraglutide transport into the brain and its activation of target hypothalamic neurons, but also blocks its anti-obesity effects on food intake, body weight and fat mass, and fatty acid oxidation. Collectively, these striking data indicate that the liraglutide-induced activation of hypothalamic neurons and its downstream metabolic effects are mediated by its

Introduction

Glucagon-like peptide 1 (GLP1; 7-36 amide), an incretin hormone mainly secreted by intestinal L-cells in response to glucose and other ingested nutrients, induces insulin secretion via its receptor, GLP1R, in a glucose-regulated manner [START_REF] Kjems | The influence of GLP-1 on glucose-stimulated insulin secretion: effects on beta-cell sensitivity in type 2 and nondiabetic subjects[END_REF][START_REF] Peyot | Glucagonlike peptide-1 induced signaling and insulin secretion do not drive fuel and energy metabolism in primary rodent pancreatic beta-cells[END_REF]. GLP1 is also endogenously produced in several metabolic organs including pancreatic alpha cells [START_REF] Chambers | The Role of Pancreatic Preproglucagon in Glucose Homeostasis in Mice[END_REF] and neurons of the nucleus of the solitary tract (NTS), which mainly project to the hypothalamus [START_REF] Holt | Preproglucagon Neurons in the Nucleus of the Solitary Tract Are the Main Source of Brain GLP-1, Mediate Stress-Induced Hypophagia, and Limit Unusually Large Intakes of Food[END_REF]. However, the rapid degradation of native GLP1 by dipeptidyl peptidase 4 (DPP-4) in vivo limits its therapeutic potential. This has led to the development of GLP1R agonists with a longer half-life that promote a wide range of benefits including reduced food intake, increased weight loss and improved glycemic control, and some of these agonists have been approved by American and European health agencies for the treatment of obesity and type-2 diabetes (T2D) [START_REF] Drucker | Discovery, characterization, and clinical development of the glucagon-like peptides[END_REF]. The GLP1R agonist liraglutide has an amino acid sequence that is 97% identical to that of human GLP1 and carries an additional albumin-binding fatty-acid side-chain [START_REF] Garber | Long-acting glucagon-like peptide 1 receptor agonists: a review of their efficacy and tolerability[END_REF] that reduces its cleavage by DPP-4 and prolongs its half-life when compared to endogenous GLP1 [START_REF] Kim | The role of incretins in glucose homeostasis and diabetes treatment[END_REF]. Among its various metabolic effects, liraglutide reduces food intake and body weight, leading to its recent approval as an anti-obesity treatment for individuals with or without T2D [START_REF] Drucker | Discovery, characterization, and clinical development of the glucagon-like peptides[END_REF].

Extensive studies have shown that liraglutide regulates energy homeostasis by acting via the central nervous system (CNS), particularly the hypothalamus [START_REF] Adams | Liraglutide Modulates Appetite and Body Weight Through Glucagon-Like Peptide 1 Receptor-Expressing Glutamatergic Neurons[END_REF][START_REF] Beiroa | GLP-1 agonism stimulates brown adipose tissue thermogenesis and browning through hypothalamic AMPK[END_REF][START_REF] Secher | The arcuate nucleus mediates GLP-1 receptor agonist liraglutidedependent weight loss[END_REF][START_REF] Sisley | Neuronal GLP1R mediates liraglutide's anorectic but not glucose-lowering effect[END_REF][START_REF] Timper | GLP-1 Receptor Signaling in Astrocytes Regulates Fatty Acid Oxidation, Mitochondrial Integrity, and Function[END_REF] and the brainstem [START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF]. Initially, liraglutide was thought to reach target cells in the mediobasal hypothalamus that regulate metabolism by crossing the blood-brain barrier (BBB) either at the level of microvessels or at circumventricular organs (CVOs) such as the median eminence (ME) or the area postrema (AP), which lie adjacent to the arcuate nucleus of the hypothalamus (ARH) [START_REF] Banks | The blood-brain barrier as an endocrine tissue[END_REF][START_REF] Mullier | Differential distribution of tight junction proteins suggests a role for tanycytes in blood-hypothalamus barrier regulation in the adult mouse brain[END_REF][START_REF] Prevot | The Versatile Tanycyte: A Hypothalamic Integrator of Reproduction and Energy Metabolism[END_REF], and the nucleus of the solitary tract [START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF], respectively. However, its exact route of transport into these areas remains unknown. A recent study in which the AP was surgically resected suggests that this CVO is not required for the brain-mediated effects of liraglutide on food intake and body weight [START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF]. On the other hand, in the ME, highly specialized ependymoglial cells called tanycytes transport blood-borne metabolic signals such as leptin and ghrelin into the cerebrospinal fluid (CSF), thus acting as gatekeepers for these molecules [START_REF] Balland | Hypothalamic tanycytes are an ERK-gated conduit for leptin into the brain[END_REF][START_REF] Collden | Neonatal overnutrition causes early alterations in the central response to peripheral ghrelin[END_REF][START_REF] Duquenne | Leptin brain entry via a tanycytic LepR-EGFR shuttle controls lipid metabolism and pancreas function[END_REF][START_REF] Garcia-Caceres | Role of astrocytes, microglia, and tanycytes in brain control of systemic metabolism[END_REF][START_REF] Prevot | The Versatile Tanycyte: A Hypothalamic Integrator of Reproduction and Energy Metabolism[END_REF]. Due to the privileged position of ME tanycytes, which are in direct contact with blood-borne nutrients and hormones through the fenestrated endothelial walls of ME capillaries (Langlet et al., 2013b), we hypothesized that these cells could also mediate the entry of liraglutide into the mediobasal hypothalamus, enabling it to regulate energy homeostasis.

Results

Blood-borne liraglutide is transported by tanycytes into the median eminence

In order to "catch" liraglutide in the process of entering the brain and thereby determine its route of access, we fluorescently labeled liraglutide and administered it intravenously through the jugular vein. We observed that 60 seconds after its injection, liraglutide did not cross the microvascular endothelial cells of the BBB (Fig. 1a, yellow arrows), but extravasated through the fenestrated vessels of the ME. Its presence in tanycytes and neuronal cell bodies of the ventromedial ARH (vmARH) at this short time point suggests uptake by a direct action on cells lying outside the BBB (Fig. 1a). Furthermore, in an in vitro model of the BBB (Supplementary Fig. 1a-c) [START_REF] Helms | Generation of primary cultures of bovine brain endothelial cells and setup of cocultures with rat astrocytes[END_REF], neither GLP1 nor liraglutide crossed the BBB at endothelial cells, either by diffusion or by GLP1R-mediated uptake (Supplementary Fig. 1d), possibly because this receptor is not expressed by endothelial cells (Supplementary Fig. 1eV). To exclude the possibility that the fluorescent moiety modified the physiological route of liraglutide entry into the CNS, we tested the effects of the radioactively labeled compounds 125 I-GLP1 and 125 I-liraglutide. In the BBB model, both had lower permeability coefficients (P app ) compared to that of sodium fluorescein, but similar to that of FITC-dextran (FD-4), two markers of paracellular transport. Transcytosed levels of the 125 I-GLP1R-agonists (GLP1 or liraglutide) were not modified by the presence of an excess of unlabeled liraglutide or of the GLP1R antagonist, exendin 9-39, further indicating that blood-borne liraglutide does not cross BBB endothelial cells to reach the brain (Supplementary Fig. 1d).

We next investigated the role of tanycytes in liraglutide transport using primary cultures in a transwell system (Supplementary Fig. 1f I). Similar to the endothelial BBB model (Supplementary Fig. 1b), tanycytes, which replace the BBB at CVOs (Langlet et al., 2013b;[START_REF] Mullier | Differential distribution of tight junction proteins suggests a role for tanycytes in blood-hypothalamus barrier regulation in the adult mouse brain[END_REF], expressed organized tight-junction complexes in vitro, as they do in vivo (Fig. 1b). However, in contrast to endothelial cells (Supplementary Fig. 1e), primary cultured tanycytes also expressed GLP1R (Supplementary Fig. 1f IV), as in vivo (Supplementary Figure 1g). We compared the uptake of 125 I-liraglutide (0.7 nM) in the presence or absence of unlabeled liraglutide (10 μM) in the two culture models and found that liraglutide accumulation was approximately 4 times higher in tanycytes than in endothelial cells (Fig. 1c). Competition experiments revealed an S-shaped binding curve with an apparent KM of 300 nM (Fig. 1d), suggesting uptake by a single receptor across tanycytes. Subsequently, pulse-chase experiments in vitro revealed the rapid uptake of 125 I-liraglutide by tanycytes and the saturation of the process within 15 minutes. Upon removal of the radiolabeled substrate, its intracellular concentration immediately declined, indicating the exocytosis of the drug from tanycytes (Fig. 1e). Since previous in vitro studies have shown that liraglutide activates CREB phosphorylation (pCREB) [START_REF] Athauda | The glucagon-like peptide 1 (GLP) receptor as a therapeutic target in Parkinson's disease: mechanisms of action[END_REF][START_REF] Que | The GLP-1 agonist, liraglutide, ameliorates inflammation through the activation of the PKA/CREB pathway in a rat model of knee osteoarthritis[END_REF], we used pCREB as a readout for liraglutide-induced cell activation. Immunohistochemical labeling revealed that the intravenous administration of liraglutide markedly induced pCREB at 1 min in tanycytes and neuron-like cells of the ME and ventromedial ARH (vmARH), compared to saline-treated animals (Fig. 1 f-h). pCREB was also induced in rat primary tanycytes treated with liraglutide, an effect that was blunted by co-treatment with the GLP1R antagonist, exendin 9-39 (Supplementary Fig. 2a). Altogether, these observations suggest that liraglutide obtains access to hypothalamic neurons via GLP1R-expressing tanycytes rather than by crossing BBB vessels, but may also bind directly to vmARH neurons residing outside the BBB [START_REF] Djogo | Adult NG2-Glia Are Required for Median Eminence-Mediated Leptin Sensing and Body Weight Control[END_REF][START_REF] Schaeffer | Rapid sensing of circulating ghrelin by hypothalamic appetite-modifying neurons[END_REF][START_REF] Yulyaningsih | Acute Lesioning and Rapid Repair of Hypothalamic Neurons outside the Blood-Brain Barrier[END_REF].

Transgenic expression of botulinum toxin in tanycytes impedes liraglutide-mediated neuronal activation in the hypothalamus

To determine whether transcytosis across tanycytes mediates the liraglutide-induced activation of hypothalamic neurons, we used a conditional mouse model expressing the botulinum toxin serotype B light chain (BoNT/B), permitting the inducible cell-specific inhibition of SNARE-mediated exocytosis [START_REF] Slezak | Relevance of exocytotic glutamate release from retinal glia[END_REF]. BoNT/B expression in tanycytes was achieved by injecting the recombinant protein TAT-Cre into the third ventricle of BoNTB-EGFP loxP-STOP-loxP mice, as described previously (Langlet et al., 2013a). Creand vehicle-injected animals are hereafter referred to as iBot and control mice, respectively (Fig. 2a). The selective expression of the transgene in tanycytes of iBot mice was confirmed by the co-expression of GFP and BoNT/B in FACS-sorted cells from ME/ARH explants (Supplementary Fig. 2b). Furthermore, these cells expressed mRNA for Darpp-32 (a tanycytic marker) and Glp1r, but, in contrast to GFP-negative cells, did not express Npy (a neuronal marker) or Meca32 (an endothelial cell marker) (Supplementary Fig. 2c). Glp1r expression was comparable in GFP-positive and GFP-negative cells, i.e., in tanycytes and in other GLP1-sensitive hypothalamic cells, including neurons (Supplementary Fig. 2d). We next assessed whether intravenously injected liraglutide could stimulate c-Fos expression in the hypothalamus of iBot mice compared to control littermates. c-Fos expression occurs within minutes after cell activation [START_REF] Manna | Crosstalk of CREB and Fos/Jun on a single cis-element: transcriptional repression of the steroidogenic acute regulatory protein gene[END_REF], allowing us to identify first-order GLP1R-expressing cells. Ten minutes after the intravenous injection of liraglutide in control anesthetized mice, neurons in the anterior hypothalamic nucleus (AHN), paraventricular nucleus (PVH) and lateral hypothalamic (LHA) area were activated (Supplementary Fig. 3a,b,e). AHN and LHA have not previously been identified as targets of liraglutide treatment [START_REF] Adams | Liraglutide Modulates Appetite and Body Weight Through Glucagon-Like Peptide 1 Receptor-Expressing Glutamatergic Neurons[END_REF][START_REF] Salinas | Integrated Brain Atlas for Unbiased Mapping of Nervous System Effects Following Liraglutide Treatment[END_REF], although GLP1 binding sites have been documented in these nuclei [START_REF] Goke | Distribution of GLP-1 binding sites in the rat brain: evidence that exendin-4 is a ligand of brain GLP-1 binding sites[END_REF]. Notably, liraglutide failed to significantly induce c-Fos expression in hypothalamic neurons of iBot mice (Supplementary Fig. 3c-e). One hour after intraperitoneal injection of liraglutide, neurons in the PVH and the LHA, but not in the AHN, were seen to remain activated in control unanesthetized mice (Fig. 2b,c,f), whereas c-Fos expression was unaffected by liraglutide treatment in iBot littermates (Fig. 2d-f). While liraglutide did not significantly upregulate c-Fos expression in the dorsomedial nucleus of the hypothalamus (DMH) or the zona incerta (ZI) in control mice, its expression in these two regions was lower in liraglutide-treated iBot mice when compared to liraglutide-treated control littermates (Fig. 2b-f). Altogether, these results demonstrate that the blockade of vesicular trafficking in tanycytes blunts acute liraglutidemediated neuronal activation in the tuberal region of the hypothalamus and suggests that circulating liraglutide enters the hypothalamus via transcytosis through tanycytes.

GLP1R-dependent tanycytic transport is required for the anti-obesity effects of liraglutide

We next explored the anti-obesity actions of liraglutide in control and iBot littermates after a 3-day treatment (Fig. 3a). We first found in controls that liraglutide markedly reduced energy expenditure (Supplementary Fig. 4a)and food intake (Fig. 3b), while promoting body weight loss and fat mass reduction (Fig. 3c,d) in association with increased fatty acid oxidation (Fig. 3e). However, in iBot mice, these effects were abrogated (Fig. 3b-d,f), suggesting that the central metabolic actions of liraglutide require tanycyte-mediated access to the hypothalamic neural substrate [START_REF] Adams | Liraglutide Modulates Appetite and Body Weight Through Glucagon-Like Peptide 1 Receptor-Expressing Glutamatergic Neurons[END_REF][START_REF] Cavalcanti-De-Albuquerque | Regulation of substrate utilization and adiposity by Agrp neurons[END_REF][START_REF] He | Direct and indirect effects of liraglutide on hypothalamic POMC and NPY/AgRP neurons -Implications for energy balance and glucose control[END_REF][START_REF] Secher | The arcuate nucleus mediates GLP-1 receptor agonist liraglutidedependent weight loss[END_REF]. To determine whether GLP1R expression in tanycytes (Supplementary Fig. 1g) plays a role in mediating the effects of liraglutide in the hypothalamus, tanycytic GLPIR expression was specifically knocked down by the AAV1/2-mediated expression of a Glp1r-silencing shRNA (Glp1r TanycyteKD mice) and green fluorescent protein (GFP) (Supplementary Fig. 4b). RNAscope in situ hybridization studies revealed that GLP1R was abundantly expressed in cells of the ARH, including in vimentin-immunoreactive tanycytic cell bodies lining the wall of the third ventricle and their processes, in mice transduced with a control virus (Fig. 4a), but was selectively blunted in tanycytes of Glp1r TanycyteKD mice (Fig. 4b). Furthermore, FACS experiments demonstrated that the virus-mediated expression of Glp1r shRNA markedly and selectively blunted the expression of Glp1r transcripts in GFP-positive cells (Fig. 4c), which expressed mRNA for the tanycytic marker Gpr50 but not proopiomelanocortin (Pomc), indicating that GLP1Rexpressing POMC neurons of the ARH were spared (Supplementary Fig. 4c). Like iBot mice, Glp1r TanycyteKD mice were resistant to the effects of liraglutide on food intake (Fig. 4d), body weight reduction (Fig. 4e) and fatty acid oxidation (Fig. 4f and4g). To investigate whether the tanycyte-specific blunting of GLP1R expression in Glp1r TanycyteKD mice was linked to an alteration of the GLP1R-dependent transport of blood-borne liraglutide into the hypothalamus, microdialysis probes were implanted into the dorsomedial hypothalamus of AAV1/2-transduced mice (Fig. 4h). Thirty minutes after an intraperitoneal bolus of liraglutide, an ELISA for GLP1 (which also recognizes related peptides such as liraglutide) (Supplementary Fig. 4d) revealed a significant peak in the concentration of these peptides in intrahypothalamic dialysates from control mice but not from Glp1r TanycyteKD mice (Fig. 4i). Altogether, these results demonstrate that tanycytic GLP1R binding is required for the transport of blood-borne liraglutide into the hypothalamus, where it exerts its effects on food intake and lipid metabolism.

Discussion

Several studies to date have shown that the effects of liraglutide on weight loss are predominantly mediated by its actions in the brain [START_REF] Adams | Liraglutide Modulates Appetite and Body Weight Through Glucagon-Like Peptide 1 Receptor-Expressing Glutamatergic Neurons[END_REF][START_REF] Beiroa | GLP-1 agonism stimulates brown adipose tissue thermogenesis and browning through hypothalamic AMPK[END_REF][START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF][START_REF] Secher | The arcuate nucleus mediates GLP-1 receptor agonist liraglutidedependent weight loss[END_REF][START_REF] Sisley | Neuronal GLP1R mediates liraglutide's anorectic but not glucose-lowering effect[END_REF]. Although the exact route of entry of liraglutide into the brain has not been investigated, previous studies have reported the direct entry of blood-borne GLP1 and its analog, exendin-4, into the brain across the BBB [START_REF] Kastin | Entry of exendin-4 into brain is rapid but may be limited at high doses[END_REF][START_REF] Kastin | Interactions of glucagon-like peptide-1 (GLP-1) with the blood-brain barrier[END_REF]. However, our present results indicate that blood-borne liraglutide does not cross the BBB through endothelial cells, which do not appear to express GLP1R, but by transcytosis through hypothalamic tanycytes, which, in conjunction with the fenestrated vessels of the ME, are also components of the BBB [START_REF] Prevot | Tanycytes in the infundibular nucleus and median eminence and their role in the blood-brain barrier[END_REF]. This route of entry is in perfect accord with the key role played by the tanycytic shuttle in transporting other peripheral metabolic signals, such as leptin, ghrelin and insulin, into the mediobasal hypothalamus [START_REF] Balland | Hypothalamic tanycytes are an ERK-gated conduit for leptin into the brain[END_REF][START_REF] Collden | Neonatal overnutrition causes early alterations in the central response to peripheral ghrelin[END_REF][START_REF] Duquenne | Leptin brain entry via a tanycytic LepR-EGFR shuttle controls lipid metabolism and pancreas function[END_REF][START_REF] Kumar | Insulin signalling in tanycytes gates hypothalamic insulin uptake and regulation of AgRP neuron activity[END_REF].

The actions of liraglutide in the hypothalamus are extremely rapid -it is internalized by tanycytes in a matter of seconds following its administration, and activates responsive neurons in deeper nuclei that are shielded by the BBB in a matter of minutes. Interestingly, blocking the tanycytic liraglutide shuttle blunts the activation of deeper neurons as well as changes in food intake, fatty acid oxidation and weight loss, indicating the critical importance of the tanycyte-mediated access of liraglutide to hypothalamic nuclei protected by the BBB for its metabolic effects. In fact, even though liraglutide directly activates pCREB in neurons bordering the ME by extravasation from fenestrated vessels, in order to exert its effects on neurons protected by the BBB, such as those of the dorsomedial ARH, its transport across the BBB by tanycytes is essential. This dual mode of access is also similar to that observed with leptin [START_REF] Duquenne | Leptin brain entry via a tanycytic LepR-EGFR shuttle controls lipid metabolism and pancreas function[END_REF]. Moreover, by knocking-down GLP1R specifically in tanycytes, we demonstrate that liraglutide transcytosis into the brain and its anti-obesity effects require tanycytic GLP1R binding and the activation of its downstream signaling cascade, again evoking the receptor-mediated transcytotic mechanism involved in leptin transport [START_REF] Duquenne | Leptin brain entry via a tanycytic LepR-EGFR shuttle controls lipid metabolism and pancreas function[END_REF]. It remains to be seen how tanycytic barrier properties, which are modulated by energy status (Langlet et al., 2013a), and their transport of GLP1R agonists may themselves be altered by obesity (or T2D), thus affecting the entry and efficacy of the very drugs needed to treat it.

To conclude, our study reveals that liraglutide acts directly on its target neurons in the hypothalamus to improve energy homeostasis, and pinpoints the role of tanycytes, which express GLP1R and actively transport blood-borne liraglutide into the brain, in this process. Our results further cement the position of these unique cells, which act as a bridge between the peripheral circulation and the brain, as master regulators of the body's energy/metabolic status.

Limitations of the study

In order to identify the route of entry of liraglutide by catching it in flagrante delicto, in the process of crossing the BBB, and determine the consequences of its action through its immediate target neurons in the hypothalamus, we limited our studies to a 3-day treatment. However, while this was sufficient to identify the tanycytic shuttle as essential for liraglutide transport into the brain, and while a previous study has shown that the effects of liraglutide on food intake are attenuated after the first 24h [START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF][START_REF] Killion | Anti-obesity effects of GIPR antagonists alone and in combination with GLP-1R agonists in preclinical models[END_REF], it is entirely possible that some of these effects are cumulative [START_REF] Secher | The arcuate nucleus mediates GLP-1 receptor agonist liraglutidedependent weight loss[END_REF][START_REF] Sisley | Neuronal GLP1R mediates liraglutide's anorectic but not glucose-lowering effect[END_REF] or that the long-term effects of GLP1R agonists on food intake through other brain areas, such as the area postrema or the nucleus of the solitary tract [START_REF] Brierley | Central and peripheral GLP-1 systems independently suppress eating[END_REF][START_REF] Fortin | GABA neurons in the nucleus tractus solitarius express GLP-1 receptors and mediate anorectic effects of liraglutide in rats[END_REF], contribute to their efficacy. Further evaluation of the effects of liraglutide or other GLP1R agonists at longer time points is necessary to completely understand the mode of action of these drugs on the brain.

Star Methods

Resource Availability

Lead contact-Additional information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Dr. Vincent Prevot (Vincent.prevot@inserm.fr).

Materials availability-This study did not generate new unique reagents.

Data and code availability--Data S1. Unprocessed data underlying the display items in the manuscript, related to Figures 1234, S1-4.

-This paper does not report original code

Experimental Model And Subject Details

Animals-All C57Bl/6J mice and Sprague Dawley rats were housed under specific pathogen-free conditions in a temperature-controlled room (21-22°C) with a 12h light/ dark cycle and ad libitum access to chow diet (Scientific Diets, SAFE A03) and water. Health status checks of the animal house were performed 4 times per year by the animal facility staff to assure the pathogen-free status. tdTomato loxP-STOP-loxP , C57BL/6J background, (Stock No.007914; RRID:IMSR_JAX:007914) were purchased from the Jackson Laboratories (Bar Harbor, ME, USA) and Tg(CAG-BoNT/B,EGFP)U75-56wp/J, C57BL/6J background, mice have been engineered by Dr. Franck Pfrieger (University of Strasbourg, France; JAX Stock No. 018056; (RRID:IMSR_JAX:018056) as previously described [START_REF] Slezak | Relevance of exocytotic glutamate release from retinal glia[END_REF]. Transgenic model mice were bred and genotyped in house to generate experimental animals. Control male C57Bl/6J (RRID:MGI:5657312) mice were purchased from Charles River. Male Sprague Dawley (RRID:MGI:5651135) rats were purchased from Janvier laboratories (France) or Taconic (Denmark). All experiments were performed in 8-10 weeks-old male mice and in P2-P10 rat pups of both sexes and 8 weeks-old male rats. All animals were habituated to handling and experimental conditions prior to experimentation and littermate controls were used. 

Primary cultures

Astrocytes: Rat primary astrocytes were isolated from the cerebral cortices of 2-4 days old Sprague Dawley rat pups as previously described [START_REF] Hertz | A Dissection and Tissue Culture. Manual of the Nervous System[END_REF]. In brief, the rat pups were decapitated and the pooled cortices were pushed through an 80 μm nylon net filter (Millipore) into Dulbecco's modified Eagle's medium (DMEM) with 20 % fetal bovine serum. The cell suspension was cultured in T75 culture flasks (2 flasks per brain) until confluent. Serum content was gradually reduced to 15 and 10 % through a period of three weeks. During the final week, the cell culture medium was harvested as astrocyteconditioned medium (ACM). Cells were passaged, frozen at -80 °C and subsequently stored in liquid nitrogen.

Brain capillaries: Primary brain capillaries were isolated from the brain cortices of calves below 12 months (Mogens Nielsen Kreaturslagteri A/S), and from rat and mice cerebral cortices using the same techniques of recovering the microvessels form grey matter suspension, but adapted to the size of the different species as previously described [START_REF] Helms | Generation of primary cultures of bovine brain endothelial cells and setup of cocultures with rat astrocytes[END_REF]. Capillaries were frozen in aliquots (10 per brain) and stored in liquid nitrogen until their use in culture. In brief, rat brain capillaries were isolated from 8 weeks old male Sprague Dawley rats. Six cortices were isolated using blunt dissection and the meninges were removed by rolling the cortices on filter paper. The cortices were put into DMEM (5 ml per cortex) and homogenized using a 7 ml Dounce Tissue Grinder (Wheaton Science Products). The homogenates were mixed 1:1 with a 32 % (w/v) dextran solution (60000-76000 kDa, Sigma-Aldrich, D8821), and centrifuged (1500 g, 15 minutes). The capillary enriched pellet was washed once in DMEM and filtered through 80 μm nylon net filters (Millipore). The capillaries were digested for 30 minutes with papain dissociation system according to the manufacturer's protocol (Worthington Biochemical). The digested microvessels were seeded directly in culture flasks (one T75 for 6 rat cortices) pre-coated with collagen IV and fibronectin (10 μg/ml of both; Millipore CC076 and FIBRP-RO, respectively).

Tanycytes: Primary cultures of tanycytes were generated by isolating the median eminence of 10-day-old Sprague-Dawley rat pups. After median eminence dissociation, cells were incubated with selective tanycyte medium as previously described [START_REF] Prevot | Activation of erbB-1 signaling in tanycytes of the median eminence stimulates transforming growth factor beta1 release via prostaglandin E2 production and induces cell plasticity[END_REF]. In brief, thirty rat pups were decapitated and the median eminences were microdissected and pooled into DMEM + 10 % donor bovine serum. The collected median eminences were pushed through a 20 μm nylon net filter and the resulting cell suspension was seeded in a T75 flask and cultured for 10 days before initial change of culture medium. Medium was then changed every 2-3 days for an additional week of culture. Cells were passaged and seeded on permeable supports 17 days after isolation.

Method Details

Stereotaxic TAT-Cre delivery-Tanycyte-specific genetic modification was performed with the Cre/LoxP system by stereotaxic infusion of a TAT-Cre fusion protein as previously described [START_REF] Peitz | Ability of the hydrophobic FGF and basic TAT peptides to promote cellular uptake of recombinant Cre recombinase: a tool for efficient genetic engineering of mammalian genomes[END_REF]. TAT-cre or vehicle was stereotaxically infused into the third ventricle (2 μl; at 0.2 μl/min; anteroposterior, -1.7 mm; midline, 0 mm; dorsoventral, -5.6 mm) of isoflurane-anesthetized tdTomato loxP-STOP-loxP or BoNTB-EGFP loxP-STOP-loxP mice 2 weeks before commencing the experiments.

GLP1R knockdown in tanycytes-Tanycytic specific knockdown of GLP1R was performed in of isoflurane-anesthetized 8-weeks old wild type C57Bl/6J male mice (Charles Rives), by stereotaxically injection of either AAV1/2-shRNA-GLP1R (AAV1/2-EGFP-U6-mGLP1R-shRNA (ACC GCG TCA ACT TTC TTA TCT TC ACT CGA GTG AAG ATA AGA AAG TTG ACG C TTTTT); serotype 1:2 chimeric; titer=5.7 x 10 10 ; Vector Biolabs) or AAV1/2-GFP (AAV1/2-EGFP-U6(SapI); serotype 1:2 chimeric; titer=6.5 x 10 10 ; Vector Biolabs) in the lateral ventricle (2 μl; at 0.2 μl/min; anteroposterior, -0.3 mm; midline, -1 mm; dorsoventral, -2.5 mm), 2 weeks before starting the experiments.

In vivo Brain Microdialysis-Male control and GLP1R tanKO between 30-35g were deeply anesthetized with isoflurane (3% in 1 L/min air flow) in an induction chamber, placed in a stereotaxic apparatus equipped with a mask to maintain anesthesia during all the experiment (isoflurane 1% in 0.7 L/min air flow). Body core temperature was maintained at 37 °C with an electrical blanket controlled by a thermostat. A microdialysis cannula (CMA7, 6 kDa, 2 mm membrane length; CMA microdialysis AB, Sweden) was stereotaxically implanted in the mediobasal hypothalamic area (antero-posterior: -1.4; midline; -0.3 dorsoventral: -6.2 mm). Microdialysis probe was first perfused with sterile artificial cerebrospinal fluid (CMA Perfusion Fluid CNS. NaCl 147 mmol/L, KCl 2.7mmol/L, CaCl2, 1.2 mmol/L and MgCl2 0.85 mmol/L; CMA, Stockholm, Sweden) at a rate of 2 μL/min using a microinjection pump (CMA 402; CMA). Following a stabilization period of 55 min, one dialysate of 15 min was collected to use as a basal reading. At the end of the basal collection, a liraglutide (0.1 mg/Kg) was intraperitoneally administrated and five dialysates every 15 min were recovered. Brain dialysates were placed in a fraction collector (CMA/ 820) during the experiment and immediately stored at -80°C until analysis. At end of experiment, mice were euthanized by decapitation and brains stored immediately in fresh paraformaldehyde 4%. Brain section of 80 μm were cut in vibratome and counterstained with DAPI (BD Biosystems) to verify proof localization and GFP immunohistochemistry to proof AAV1/2 injection.

Intrajugular administration of liraglutide-Under ketamine-xylazine anesthesia (100 mg/Kg, 20 mg/Kg respectively), an intravenous catheter (Optiva® Jelco IV Catheter Radiopaque, 24G, REF5063) was implanted in the exposed right branch of the jugular vein of 8-10 weeks year old male mice. Either fluorescent (liraglutide 564 ) or no fluorescent (both provided by Novo Nordisk) were administrated (90 nmol/Kg), and animals were euthanatized at different time points by either decapitation for brain post-fixation for 4 hours in PBS 0.1M -4 % paraformaldehyde (PFA, pH 7.4) after fluorescent liraglutide 564 injection or transcardially perfused with 20 mL of saline followed by either borate 0.1M-4% PFA buffer (pH 9.5) or 0.1M PBS-4% PFA buffer (pH 7.4) (for c-Fos and pCREB immunohistochemistry respectively) after non-labelled liraglutide injection. Brains were collected, post-fixed in the same fixative for 2 to 4 hours at 4°C, cryoprotected with PB 20% sucrose, and embedded in OCT embedding medium (Tissue-Tek), frozen in isopentane, cooled with dry ice, and stored at -80°C until coronal cryosectioning. Serial coronal sections through the rostro-caudal extent were cut on a cryostat (Leica CM3050S; Leica Microsystems) and either adhered to Superfrost/Plus glass slides (Fisher Scientific Co.) to obtain four sets of slides for post-fixed 18 μm-thick sections after liraglutide 564 injection, or perfused 30 μm-thick sections were collected free floating in 0.01M PBS for c-Fos and pCREB immunohistochemistry after non-labelled liraglutide administration. The slide-adhered brain sections were desiccated at room temperature for 4 hours and stored at -80 C. Free-floating tissue sections were kept at 4C in anti-freezer solution until processed for double-labeling immunofluorescence.

Indirect calorimetry study-Mice were individually housed and acclimatized to the cages for 48h before experimental measurements in a 12h light/dark cycle (lights from 07:00 to 19:00 hours) and an ambient temperature of 22 ± 1°C. Thereafter all mice were injected at 14h saline (200 μl) during 3 consecutive days and then injected with liraglutide (Sisley et al., 2014) (0.1 mg/kg) for 3 consecutive days. Mice were analyzed for total energy expenditure, oxygen consumption and carbon dioxide production, food intake using calorimetric cages (Labmaster, TSE Systems GmbH) [START_REF] Tschöp | A guide to analysis of mouse energy metabolism[END_REF]. Fat oxidation was calculated as described before [START_REF] Bruss | Calorie restriction increases fatty acid synthesis and whole body fat oxidation rates[END_REF], using energy expenditure, oxygen consumption and carbon dioxide production. Mice were monitored daily for body weight and body composition at the beginning and the end of the experiment. Body mass composition (lean tissue mass, fat mass, free water and total water content) was analyzed using a body composition scanner by nuclear magnetic resonance (NMR) technology (Minispec mq series, Bruker) according to manufacturer's instructions.

Isolation of tanycytes by FACS-

The ME from TAT-Cre injected tdTomato loxP/+ , BoNTB-EGFP loxP/+ and AAV1/2 GFP control or AAV1/2 GFP-shRNA-GLP1R injected mice were microdissected, and enzymatically dissociated using Papain Dissociation System (Worthington Papain) to obtain single-cell suspensions as described before [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. Fluorescence Activated Cell Sorting (FACS) experiments were performed using an EPICS ALTA Cell Sorter Cytometer device (Beckman Coulter). The cell sort decision was based on measurements of tdTomato fluorescence or EGFP fluorescence (Tomato: excitation 488nm, detection: bandpass 675+/-20nm; EGFP: excitation: 488 nm; 50 mW; detection: EGFP bandpass 530/30 nm, autofluorescence bandpass 695/40 nm) by comparing cell suspensions from non-infected brain sites (the cortex) and infected brain sites (median eminence). For each animal, 4000 cells tdTomato positive or 200 cells EGFP positive and negative cells were sorted directly into 10μL extraction buffer: 0,1% Triton® X-100 (Sigma-Aldrich) and 0,4 U/μl RNaseOUT ™ (Thermo Fisher).

Quantitative RT-PCR analyses-For gene expression analyses, mRNAs obtained from FACS-sorted tanycytes, were reverse transcribed using SuperScript® III Reverse Transcriptase (Thermo Fisher) and a linear preamplification step was performed for the sorted cells using the TaqMan® PreAmp Master Mix Kit protocol (P/N 4366128, Applied Biosystems). Real-time PCR was carried out on Applied Biosystems 7900HT Fast Real-Time PCR System (RRID:SCR_018060) using exon-boundary-specific TaqMan® Gene Expression Assays: GLP1R (Mm00445292_m1), DARPP32 (Ppp1r1b_Mm00454892_m1), GPR50 (Mm00439147_m1), NPY (NPY-Mm03048253_m1), POMC (Mm00435874_m1) and MECA32 (Plvap-Mm00453379_m1). Control housekeeping genes: r18S (18S-Hs99999901_s1); ACTB (Actb-Mm00607939_s1). Gene expression data were analyzed using SDS 2.4.1 and Data Assist 3.0.1 software (Applied Biosystems).

Hormone measurements-Microdialysis samples were analyzed using Northern Lights Mercodia Total GLP-1 NL-ELISA (Mercodia Inc, Cat# 10-1278-01, RRID: AB_2892202) according to the manufacturer's instructions.

Establishment of in-vitro BBB and tanycyte-models

Bovine endothelial/rat astrocyte BBB vessel model: Frozen bovine brain capillaries from liquid nitrogen storage were thawed and cultured for 4 days (37 °C, 10 % CO 2 ) in DMEM-Comp (D6429 medium, Sigma-Aldrich): ACM (1:1) supplemented with 125 μg/ml heparin in collagen type IV/fibronectin coated T75 flasks. For the first two days after thawing, the medium was supplemented with 4 μg/ml puromycin to kill pericytes. The endothelial cells were passaged with a brief trypsinization and seeded on collagen IV/fibronectin coated Transwell polycarbonate permeable supports (90 000 cells/cm 2 , Area = 1.12 cm2, pore radius = 0.4 μm, Corning Life Sciences). Astrocytes were seeded on the bottom of the supports two days prior to endothelial cell seeding (120 000 cells/cm 2 ). The co-cultures were cultured for three days in DMEM-Comp + 125 μg/ml heparin under a humid atmosphere of 5% CO 2 and 95% air at 37 °C, followed by three days of culture in differentiation medium consisting of DMEM without NaHCO3-(D5648 medium, Sigma-Aldrich), supplemented with 10 % fetal bovine serum (Gibco), 1 % (v/v) non-essential amino acid mixture, 100 U/ml -100 μg/ml penicillin-streptomycin solution, 312.5 μM 8-(4-CPT)-cyclic adenosine monophosphate (all Gibco), 0.5 μM dexamethasone (all Merck Millipore), 17.5 μM RO-20-1724 (Calbiochem) and 50 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, all Gibco).

Endothelial rat/mouse BBB vessel model: Endothelial cells from rat and mouse brains were cultured for 4-5 days in a culture flask, in mouse endothelial cell culture medium using the supplement kit (PB-M1168-KIT, PeloBiotech), which contained 4 μg/ml puromycin for the two first days. Endothelial cells were passaged similar to the bovine cells and seeded in monocultures on coated permeable supports (90 000 cells/cm 2 ). The endothelial cells were cultured for two days in mouse endothelial cell culture medium (with supplement kit) followed by three days in differentiation medium as described [START_REF] Helms | Generation of primary cultures of bovine brain endothelial cells and setup of cocultures with rat astrocytes[END_REF], under a humid atmosphere of 5% CO 2 and 95% air at 37 °C.

BBB tanycytes model: Tanycytes were passaged and seeded in monocultures on coated permeable supports (90 000 cells/cm 2 ) 17 days after isolation similar to the endothelial cells. The tanycytes were then cultured for four days in DMEM (D5796 medium, Sigma-Aldrich) complemented with 10% donor bovine serum, followed by three days in serum-free medium consisting of DMEM/F12 (D6434 medium, Sigma-Aldrich) with 15 mM HEPES, 1% penicillin/streptomycin, 1% L-glutamine (all Gibco), bovine insulin (5 μg/ml) and putrescine (100 μM) (all Sigma-Aldrich), under a humid atmosphere of 5% CO 2 and 95% air at 37 °C.

TEER and transport assessments-Transcellular transport studies were performed in the BBB models on day 6 on a permeable support. The transendothelial electrical resistance (TEER) was measured at room temperature prior to all experiments, using an Endohm-12 cup electrode chamber (World Precision Instruments) connected to a Millicell-ERS device (Millipore). The culture medium was replaced with pre-heated uptake buffer (as described above) and the cells were added to a solution containing 125 I-GLP-1 (0.5 nM, 1 μCi/ml), 125 I-liraglutide (0.7 nM, 1 μCi/ml), 4 kDa FITC-dextran (10 mg/ml) (Sigma-Aldrich) or sodium fluorescein (1 mg/ml) (Merck Millipore) to the apical compartment. Transport of the radiolabeled compounds was investigated alone and in the presence of 10 μM unlabeled compound or 1000 nM exendin9-39. The cells were placed on a temperature-controlled shaking table at 37 °C for 90 rounds per minute. Samples were taken from the receiver compartment after 30, 60, 120, 180 and 240 minutes and from the donor compartment after 240 minutes (to confirm mass balance). After 240 minutes, the experiments were terminated and permeable supports were washed and collected as described above. Samples were transferred to Ultima Gold scintillation fluid (Perkin-Elmer) and treated as described above.

Uptake studies-On day 6 (BBB vessel model) or day 7 (BBB tanycytes model), on permeable-transwell supports, the culture medium was replaced with Hank's balanced salt solution with calcium and magnesium (Gibco) supplemented with 0.1 % ovalbumin (Sigma-Aldrich), 0.005 % Tween 20 and 10 mM HEPES (Gibco) (pH set to 7.4) (uptake buffer). The cells were incubated 15 minutes at 37 °C with in clean uptake buffer or uptake buffer + 1000 nM exendin9-39. For uptake of fluorescently-labelled compounds (Alexa 594-liraglutide or Alexa 488-GLP-1), the cells were added either clean uptake buffer (control) or uptake buffer + fluorescently-labelled compound (final concentration of 100 nM) to the apical compartment and incubated one hour at 37 °C with shaking. For uptake of 125 I-liraglutide, the cells were added to uptake buffer containing 0.7 nM 125 I-liraglutide (1 μCi/ml) with varying amounts of unlabeled liraglutide (10 -10 000 nM) in the apical compartment and uptake buffer in the basolateral compartment. The cells were incubated 60 minutes at 37 °C with shaking. Receiver and donor samples were withdrawn, the uptake buffer was aspirated and the cells were washed three times in ice-cold uptake buffer. The supports from the uptake studies with fluorescently-labelled compounds were fixed in 4 % paraformaldehyde, permeabilized in 0.1 % triton x-100 and blocked in phosphate buffered saline + 2 % bovine serum albumin (Sigma-Aldrich). The cells were subsequently incubated with Hoechst (1 μg/ml) and visualized using confocal microscopy as above. The supports from the isotope experiments were either cut out to quantify uptake or added fresh uptake buffer to measure release. For the release studies, the cells were incubated up to one hour in uptake buffer. The permeable supports were put into a picocount scintillation plate (PicoPlate-96, Perkin Elmer) and counted in a (Perkin Elmer). Counts per minute were converted to molar quantities using a standard curve of 125 I-liraglutide in uptake buffer run in parallel. The amounts were standardized relative to the amounts present in the individual donor solutions to obtain the amount of compound taken up relatively to the amount added.

Immunohistochemistry

In vitro models: Freshly isolated mouse capillary fragments, tanycyte-and endothelial cell cultures were fixed in methanol:acetone (1:1) for 1 minute at -20°C, washed three times in PBS + 2 % bovine serum albumin and subsequently blocked for 30 minutes in the same buffer. Samples were incubated with primary antibodies, In vivo models: As detailed above, 18 μm post-fixed brain sections from liragluitde 5 64 IV-administrated mice were collected in slides, and after 3 washes in 0.01 M PBS, an immunohistochemistry of vimentin (AB5733, Merck Millipore, RID:AB_11212377) was performed as described before (Langlet et al., 2013b), followed by an incubation with Alexa 488-conjugated secondary antibody goat anti-chicken IgG (1:400, A11039, Invitrogen, RRID:AB_142924).

Double immunohistochemistry pCREB-vimentin:

Ten minutes after saline or liraglutide IV administration (90 nmol/Kg), 30 μm free-floating perfused sections were incubated with both chicken anti vimentin (AB5733, Merck Millipore, RID:AB_11212377) and rabbit anti phospho-CREB [START_REF] Hagiwara | Coupling of hormonal stimulation and transcription via the cyclic AMP-responsive factor CREB is rate limited by nuclear entry of protein kinase A[END_REF] (provided by Marc R. Montminy, Salk Institute, La Jolla, CA, USA) as previously described [START_REF] Sanchez | Contribution of TNF-alpha and nuclear factor-kappaB signaling to type 2 iodothyronine deiodinase activation in the mediobasal hypothalamus after lipopolysaccharide administration[END_REF]. c-Fos immunohistochemistry: One hour or ten minutes after saline or liraglutide IV administration (90 nmol/Kg), control and iBot mice were perfused and brains were processed as described above. A 30 μm free-floating sections were blocked in an incubation solution of PBS, 0.25% bovine serum albumin (BSA, A9418, Sigma-Aldrich), and 0.3% Triton X-100 (T8787, Sigma-Aldrich) with 4% normal goat serum (NGS, D9663, Sigma-Aldrich, RRID:AB_2810235) for 2h at room temperature (RT, 20-25 °C). Then, sections were incubated with rabbit c-Fos antibody (1:500, 226 008, Synaptic Systems, Gottingen, Germany, RRID:AB_2231974) in the same blocking buffer for 48h in agitation at 4 °C. After PBS rinses, sections were incubated with biotinylated-goat anti rabbit antibody (1:400, 111-065-144, Jackson ImmunoResearch, West Grove, PA, USA, RRID:AB_2337965) for 2h at RT. After PBS washes, immunoreactivity was revealed using with Alexa-Fluor 568streptavidin (1:400, S11226, Invitrogen, RRID:AB_2315774) for 90 minutes. After Hoechst 33258 (pentahydrate bis-benzimide, 1μg/mL, Invitrogen, RRID:AB_2651133) incubation for nuclei visualization, sections were mounted in slides and covered with mount containing Mowiol medium (Calbiochem, Merck Millipore).

GFP immunohistochemistry: After the microdialysis experiment in control and GLP1R tanKO mice, brains were collected and postfixed in 4% PFA for 24 hours and then kept in 0.01M PBS-0.05% Na azide until its processing. Brain section of 80 μm were cut in vibratome and free-floating sections were blocked in an incubation solution of PBS, 0.25% bovine serum albumin (BSA, A9418, Sigma-Aldrich), and 0.3% Triton X-100 (T8787, Sigma-Aldrich) with 4% normal goat serum (D9663, Sigma-Aldrich, RRID:AB_2810235) for 2h at room temperature (RT, 20-25 °C). Then, sections were incubated with rabbit GFP antibody (1:500, A11122, Thermo Fisher Scientific Cat# A-11122, RRID:AB_221569) in the same blocking buffer for 48h in agitation at 4 °C. After PBS rinses, immunoreactivity was revealed with Alexa 488-conjugated secondary antibody goat anti-chicken IgG (1:400, A11039, Invitrogen, RRID:AB_142924) for 90 minutes. After Hoechst 33258 (pentahydrate bis-benzimide, 1μg/mL, Invitrogen, RRID:AB_2651133) incubation for nuclei visualization, sections were mounted in slides and covered with mount containing Mowiol medium (Calbiochem, Merck Millipore).

RNAscope fluorescent in situ hybridization-Mouse GLP1R mRNA fluorescent in situ hybridization was performed on frozen brain sections in the mediobasal hypothalamus control and GLP1R tanKO mice with the RNAscope® Multiplex Fluorescent Kit v2 according to the manufacturer's protocol (Advanced Cell Diagnostics, Inc., Newark, CA, USA). Specific probes were used to detect GLP1R (Mm-Glp1r-C3, NM_021332.2) mRNA.

Hybridization with a probe against the Bacillus subtilis dihydrodipicolinate reductase (dapB) gene (320871) was used as negative control. Following GLP1R FISH, a vimentin immunostaining was done using chicken anti-Vimentin antibody (1:500 Millipore Cat# AB1620, RRID:AB_90774), revealed with Goat anti-chicken 647 (1:500; Thermo Fisher Scientific Cat# A-21449, RRID:AB_2535).

Image Analysis-The capillaries or cultured endothelial cells were mounted on coverslips and visualized with a Zeiss LSM 510 laser confocal microscope (Carl Zeiss, Jena, Germany, RRID:SCR_018062). Images from brain sections were taken with a Zeiss under the curve (AUC) in control (e) and iBot (f) animals 3 days after liraglutide injection, compared to saline (n = 8 mice per group). Two-way ANOVA with Tukey's post hoc test (control saline vs. control liraglutide: 20.00, p = 0.0191; 21.00, p = 0.0311; 22.00, p = 0.0061; 2.00, p = 0.0408; 4.00, p = 0.0066) (n = 9, 8 mice). Red dotted lines indicate liraglutide or vehicle administration. AUC, paired two-tailed t-test t (5) = 3.62 p = 0.0152, n = 6 mice in (e) and t (5) = 2.39, p = 0.0624, n = 6 mice in (f). iBot saline vs. iBot liraglutide, # p < 0.05; † p < 0.05 control liraglutide vs. iBot liraglutide, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

  Animal studies were performed with the approval of the Institutional Ethics Committees for the Care and Use of Experimental Animals of the University of Lille and the French Ministry of National Education, Higher Education and Research (APAFIS#2617-2015110517317420 v5) and under the guidelines defined by the European Union Council Directive of September 22, 2010 (2010/63/EU).

  rabbit claudin-5 (1:200, 34-1600, Zymed, Thermo Fisher; RRID:AB_2533157), rabbit Phospho-CREB (1:400; 9198s, Cell Signaling, Danvers, MA, USA; RRID:AB_2561044), rabbit GFAP (1:2000, Z0334, DakoCytomation, DakoCytomation, Glostrup, Denmark; RRID:AB_10013382), mouse GLP1-R (1:1000, mouse anti-mouse MAB 7f38 Novo-Nordisk; RRID:AB_2618101), chicken vimentin (1:2000, AB5733 Merck Millipore, Burlington, MA, USA; RRID:AB_11212377), rabbit von Willebrand's Factor (1:200, F3520, Sigma-Aldrich; RRID:AB_259543), rabbit PECAM-1 (1:500, sc1506, Santa Cruz Biotechnology, Dallas, TX, USA; RRID:AB_2161037), or mouse ZO-1 (1:200, 339111, Zymed, Thermo Fisher; RRID:AB_87182) in different combinations over night at 4 °C. Following three washing steps of five minutes, samples were incubated with Alexa 488 or Alexa 568-conjugated secondary antibodies, either goat α-rabbit IgG (1:200; Alexa 488, A11008, RRID:AB_143165; Alexa 568 A11011, RRID:AB_143157 Invitrogen, Carlsbad, CA, USA), goat α-mouse IgG (1:200, Alexa 488, A11002, RRID:AB_1500639; Alexa 568, A11031, Invitrogen, RRID:AB_144696) or goat α-chicken IgG (1:200, Alexa 568, A11041, Invitrogen; RRID:AB_2534098) combined with Hoechst 33258 (pentahydrate bisbenzimide, 1μg/mL, Invitrogen, RRID:AB_2651133) for one hour at room temperature.

Figure 1 .

 1 Figure 1. Blood-borne liraglutide does not cross the brain-blood barrier (BBB) at endothelial cells, but is transcytosed by tanycytes and has direct access to putative neurons lying outside the BBB in the ME.(a) Representative photomicrographs of the tuberal region of the hypothalamus showing tanycytic processes (arrows) and cell bodies (arrowheads) labelled by vimentin (green) and fluorescent liraglutide 564 (white), 15 and 60 seconds after intravenous injection (90 nmol/Kg). Note that some neuron-like cell bodies also appear to internalize liraglutide 564 (red arrowheads) and that liraglutide 564 does not extravasate from BBB vessels (yellow arrows). Scale bar 200 μm. (b) Representative images of immunohistochemical staining for the tight junction markers Claudin-5 (green) and ZO-1 in primary tanycytes. Scale

Figure 2 .

 2 Figure 2. Liraglutide-induced c-Fos activation is abolished in the hypothalamus of iBot mice selectively expressing botulinum toxin in tanycytes.

  (a) Protocol for Cre-dependent induction of BoNT/B in tanycytes followed by the injection of recombinant TAT-Cre or vehicle into the third ventricle of BoNTB-EGFP loxP-STOP-loxP mice. (b-e) Representative photomicrographs of c-Fos immunohistochemistry in the hypothalamus of control (b, c) and iBot (d, e) mice 1h after intraperitoneal injection of saline (left panels) or liraglutide (90 nmol/Kg, right panels). AHN: anterior hypothalamic nucleus; ARH: arcuate nucleus of the hypothalamus; DMH: dorsomedial hypothalamic nucleus; LHA: lateral hypothalamic nucleus; PVH: paraventricular nucleus of the hypothalamus; TUB: tuberal nucleus; ZI: zona incerta. Scale bar 200 μm. (f) Quantification of the number of c-Fos positive cells in mouse hypothalamic sections 1 hour after intraperitoneal injection of either saline (black, grey) or liraglutide (0,1 mg/kg) (green, blue) in control (black and green) and iBot mice (grey and blue). (n = 3, 4, 3, 4 animals per group; 6 to 7 sections per animal). PVH: two-way ANOVA, genotype: F (1, 10) = 6.96, p = 0.024; treatment: F (1, 10) = 0.586, p = 0.024; interaction: F (1, 10) = 6.502, p = 0.0289. Fisher's LSD post hoc test, control saline vs. control liraglutide, p = 0.0410 and control liraglutide vs. iBot liraglutide, p = 0.0027. LHA: two-way ANOVA, genotype: F (1, 10) = 15.54, p = 0.0028; treatment: F (1, 10) = 5.19, p = 0.045; interaction: F (1, 10) = 4.468, p = 0.0607. Fisher's LSD post hoc test, control saline vs. control liraglutide, p = 0.011 and control liraglutide vs. iBot liraglutide, p = 0.0009. DMH: two-way ANOVA, genotype: F (1, 10) = 5.21, p = 0.0456; treatment: F (1, 10) = 0.1, p = 0.756; interaction: F (1, 10) = 3.827, p = 0.078. Fisher's LSD post hoc test, control liraglutide vs. iBot liraglutide, p = 0.0089. ZI: two-way ANOVA, genotype: F (1, 10) = 2.25, p = 0.164; treatment: F (1, 10) = 0.03, p = 0.871; interaction: F (1, 10) = 6.15, p = 0.032. Fisher's LSD post hoc test, control liraglutide vs. iBot liraglutide, p = 0.0124. Data are expressed as means ± SEM. *p < 0.05; ** p < 0.01, control saline vs. control liraglutide; # p < 0.05; ## p < 0.01, control liraglutide vs. iBot liraglutide.

Figure 3 .

 3 Figure 3. The anti-obesity effects of liraglutide are abolished by using Botulinum toxin expression to block vesicular transport in tanycytes.

  (a) Experimental setup to measure the metabolic effects of liraglutide (panels b-f). (b) Cumulative food intake in the different light/dark phases 3 days after liraglutide treatment, compared to baseline (Night phase: two-way ANOVA, genotype: F (1, 28) = 1.64, p = 0.210; treatment: F (1, 28) = 42.36, p < 0.0001 interaction: F (1, 28) = 13.69, p = 0.0009. Tukey's post hoc test, control saline vs. control liraglutide, p <0.0001and iBot saline vs. iBot liraglutide, p = 0.240; sum: two-way ANOVA, genotype: F (1, 28) = 2.63, p = 0.116; treatment: F (1, 28) = 16.59, p = 0.0003 interaction: F (1, 28) = 10.69, p = 0.0029. Tukey's post hoc test, control saline vs. control liraglutide, p <0.0001and iBot saline vs. iBot liraglutide, p = 0.945) (n = 8, 9, 8, 7 mice). (c) Body weight change after the experiment shown in (a) (two-way ANOVA, genotype: F (1, 31) = 8.98, p = 0.53; treatment: F (1, 31) = 32.85 , p < 0.0001; interaction: F (1, 31) = 1.01, p = 0.324. Tukey's post hoc test, control saline vs. control liraglutide, p = 0.0001and iBot saline vs. iBot liraglutide, p = 0.0154; control liraglutide vs. iBot liraglutide, p = 0.042) (n = 10, 9, 8, 8 mice). (d) Fat mass change after the experiment shown in (a). Data were analyzed using an unpaired one-tailed t-test (fat mass, t (18) = 2.53, p = 0.0104; body weight change, p = 0.0495) (n = 10, 10 mice). (e, f) Fatty acid oxidation and area

Figure 4 .

 4 Figure 4. Knocking down GLP1R in tanycytes abolishes both the shuttling of blood-borne liraglutide into the hypothalamus and its anti-obesity effects. (a, b) Representative photomicrographs of the tuberal region of the hypothalamus showing vimentin-immunoreactive tanycytic processes and cell bodies (red) and GLP1R mRNA expression (white dots) after transduction of tanycytes with a control AAV1/2 (a) or an AAV1/2 expressing GLP1R shRNA (b). Empty arrowheads indicate tanycytic cell bodies expressing GLP1R in the vmARH and white arrows point to tanycytic processes where vimentin and Glp1-r transcripts are colocalized. Scale bar: 200 μm. (c) Schematic diagram: sorting of GFP-positive putative tanycytes following AAV1/2 control or AAV1/2 shRNA-GLP1R infusion into the lateral ventricle. Bar graph: expression of GLP1R mRNA in GFP-positive and -negative FACS-sorted cells. Unpaired one-tailed t-test (positive cells;
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