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Hypoglycemia sensing neurons of the ventromedial hypothalamus require AMPK-induced Txn2 expression but are dispensable for physiological counterregulation

The ventromedial nucleus of the hypothalamus (VMN) is involved in the counterregulatory response to hypoglycemia. VMN neurons activated by hypoglycemia (glucose inhibited, GI neurons) have been assumed to play a critical, although untested role in this response. Here, we show that expression of a dominant negative form of AMP-activated protein kinase (AMPK) or inactivation of AMPK α1 and α2 subunit genes in Sf1 neurons of the VMN selectively suppressed GI neuron activity. We found that Txn2, encoding a mitochondrial redox enzyme, was strongly down-regulated in the absence of AMPK activity and that reexpression of Txn2 in Sf1 neurons restored GI neuron activity. In cell lines, Txn2 was required to limit glucopeniainduced ROS production. In physiological studies, absence of GI neuron activity following AMPK suppression in the VMN had no impact on the counterregulatory hormone response to hypoglycemia nor on feeding. Thus, AMPK is required for GI neuron activity by controlling the expression of the anti-oxidant enzyme Txn2. However, the glucose sensing capacity of VMN GI neurons is not required for the normal counterregulatory response to hypoglycemia.

Instead, it may represent a fail-safe system in case of impaired hypoglycemia sensing by peripherally located gluco-detection systems that are connected to the VMN.

INTRODUCTION

The brain requires a continuous supply of glucose as a source of metabolic energy. This imposes that blood glucose concentrations never fall below the euglycemic level of ~5 mM. In healthy individuals, hypoglycemia does not usually occur because multiple counterregulatory mechanisms rapidly induce the secretion of hormones -glucagon, epinephrine, glucocorticoids, growth hormone -which together induce hepatic glucose production, suppress insulin secretion, and reduce insulin action on peripheral tissues to restore normoglycemia and glucose availability to the brain [START_REF] Verberne | Neural pathways that control the glucose counterregulatory response[END_REF]. However, in insulin-treated type 1 or type 2 diabetic patients, iatrogenic hypoglycemia is frequently observed and antecedent hypoglycemia increases the risk to develop subsequent hypoglycemic episodes of higher severity, due to progressive impairments in counterregulatory hormone secretion [START_REF] Cryer | Mechanisms of hypoglycemia-associated autonomic failure in diabetes[END_REF].

The counterregulatory hormone response to hypoglycemia is triggered in large part by glucose sensing cells of the nervous system [START_REF] Marty | Brain glucose sensing, counterregulation, and energy homeostasis[END_REF]. These cells regulate the activity of the autonomous nervous system, which is involved in the control of insulin, glucagon and epinephrine secretion and of glucose production by the liver; they also activate the hypothalamo-pituitary-adrenal axis, which controls glucocorticoid secretion. Glucoseresponsive neurons are present in many brain regions, including in the hypothalamus, the brainstem, and the thalamus [START_REF] Marty | Brain glucose sensing, counterregulation, and energy homeostasis[END_REF][START_REF] Labouebe | Glucose-responsive neurons of the paraventricular thalamus control sucrose-seeking behavior[END_REF][START_REF] Lamy | Hypoglycemia-Activated GLUT2 Neurons of the Nucleus Tractus Solitarius Stimulate Vagal Activity and Glucagon Secretion[END_REF]. These neurons fall into two categories, glucose excited (GE) neurons, whose firing rate increases in response to a rise in extracellular glucose concentration and glucose inhibited (GI) neurons, which are activated by hypoglycemia [START_REF] Routh | Glucose-sensing neurons: are they physiologically relevant?[END_REF] and which are thought to trigger the counterregulatory response to hypoglycemia.

The ventromedial nucleus of the hypothalamus (VMN) plays an important role in this counterregulatory response as evidenced by the observation that secretion of glucagon in response to insulin-induced hypoglycemia can be blocked by intra-VMN injection of glucose and that 2-deoxy-D-glucose (2DG) injection in the VMN of normoglycemic animals is sufficient to stimulate glucagon secretion (7; 8). More recently, it has been shown that inactivation of the vesicular glutamate transporter (vGlut2) gene in Sf1 neurons, which represent the majority of VMN neurons, suppresses glutamatergic synaptic transmission and prevents the normal counterregulatory response to hypoglycemia [START_REF] Tong | Synaptic glutamate release by ventromedial hypothalamic neurons is part of the neurocircuitry that prevents hypoglycemia[END_REF]. Also, the optogenetic activation of Sf1 neurons induces, whereas their silencing, suppresses glucagon secretion [START_REF] Meek | Functional identification of a neurocircuit regulating blood glucose[END_REF].

There is, thus, strong support for a role of VMN neurons in the control of glucagon secretion.

However, VMN neurons are part of a multi-synaptic circuit that includes an afferent and an efferent limb [START_REF] Bentsen | Revisiting How the Brain Senses Glucose-And Why[END_REF]. The afferent limb comprises glucose sensing neurons located outside of the blood brain barrier, such as those present in the hepatoportal vein area [START_REF] Marty | Brain glucose sensing, counterregulation, and energy homeostasis[END_REF] or in the nucleus of the tractus solitarius and which respond to small variations in blood glucose concentration (5; 12), and neurons located within the blood brain barrier, such as the GI neurons of the lateral parabrachial nucleus, which form direct synaptic contacts with VMN neurons [START_REF] Garfield | A parabrachial-hypothalamic cholecystokinin neurocircuit controls counterregulatory responses to hypoglycemia[END_REF]. The efferent limb, which regulates pancreatic alpha cell secretion, involves projections from the VMN to the bed nucleus of the stria terminalis, the periaqueductal gray, and pre-autonomic regions of the brainstem [START_REF] Lindberg | Conditional viral tracing reveals that steroidogenic factor 1positive neurons of the dorsomedial subdivision of the ventromedial hypothalamus project to autonomic centers of the hypothalamus and hindbrain[END_REF]. In this circuit, it is usually assumed that hypoglycemia sensing by VMN GI neurons plays an essential role in triggering the counterregulatory response. However, supporting evidence is only circumstantial, based on various, non-cell-specific pharmacological or gene silencing approaches [START_REF] Mccrimmon | Key role for AMP-activated protein kinase in the ventromedial hypothalamus in regulating counterregulatory hormone responses to acute hypoglycemia[END_REF][START_REF] Fioramonti | Ventromedial hypothalamic nitric oxide production is necessary for hypoglycemia detection and counterregulation[END_REF][START_REF] Hirschberg | Ventromedial hypothalamus glucoseinhibited neurones: A role in glucose and energy homeostasis?[END_REF]. Thus, the relative importance in triggering the counterregulation response of VMN GI neurons and of GI neurons present at other locations of the afferent limb is not established [START_REF] Bentsen | Revisiting How the Brain Senses Glucose-And Why[END_REF].

Activation of VMN GI neurons by hypoglycemia has been proposed to require the presence of AMP-dependent protein kinase (AMPK), which recruits a nitric oxide synthasesoluble guanylate cyclase pathway to amplify AMPK activity; this leads to the closure of the CFTR chloride channel and neuron firing [START_REF] Fioramonti | Hypothalamic nitric oxide in hypoglycemia detection and counterregulation: a two-edged sword[END_REF]. Here, we aimed at identifying the role of the AMPK 1 and 2 catalytic subunits in the glucose responsiveness of VMN Sf1 neurons using combination of genetic, electrophysiological, and physiological studies. We showed that GI neurons are no longer detected when AMPK is inactivated. We identified Txn2, encoding a mitochondrial redox protein, as one of the most down-regulated gene when AMPK is suppressed and showed that reexpression of Txn2 in Sf1 neurons is sufficient to restore the presence of GI neurons. Finally, we showed that mice with selective inactivation of VMN GI neurons activity had normal counterregulatory response to hypoglycemia and feeding behavior suggesting that the glucose sensitivity of these neurons is dispensable for the counterregulatory response.

RESEARCH DESIGN AND METHODS

Mice

AMPKα1 lox/lox , AMPKα2 lox/lox mice [START_REF] Boudaba | AMPK Re-Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver Development[END_REF] were crossed with Sf1-cre mice [START_REF] Tong | Synaptic glutamate release by ventromedial hypothalamic neurons is part of the neurocircuitry that prevents hypoglycemia[END_REF], to generate AMPKα1 lox/lox α2 lox/lox and Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice. Mice were on a C57BL/6 background. All studies used littermates as controls. Mice were age-matched and randomly assigned to experimental groups. Animals were housed on a 12 hour light/dark cycle and fed with a standard chow (Diet 3436, Provimi Kliba AG). All procedures were approved by the Veterinary office of Canton de Vaud (Switzerland).

Mouse genotyping

Mouse genotyping was performed by PCR analysis (Suppl. 

Viral vectors

All recombinant AAV constructs were produced at the Gene Therapy Center at the University of North Carolina (UNC, North Carolina, USA). Viruses were: pAAV8-EF1a-Flex-DN-AMPK-K45R-T2A-mCherry (α2 subunit mutant, AAV8-DIO-DN-AMPK) [START_REF] Kong | A Postsynaptic AMPK→p21-Activated Kinase Pathway Drives Fasting-Induced Synaptic Plasticity in AgRP Neurons[END_REF], pAAV8-For Peer Review Only Diabetes EF1a-Flex-CA-AMPK-H150R-T2A-mCherry (AAV8-DIO-CA-AMPK) [START_REF] Kong | A Postsynaptic AMPK→p21-Activated Kinase Pathway Drives Fasting-Induced Synaptic Plasticity in AgRP Neurons[END_REF], pAAV8-FLEX-EGFPL10a (AAV8-DIO-L10-eGFP) [START_REF] Nectow | Identification of a Brainstem Circuit Controlling Feeding[END_REF], rAAV8-EF1a-DIO-Txn2-P2A-eGFP (AAV8-DIO-Txn2-eGFP), rAAV8-EF1a-DIO-P2A-eGFP (AAV8-DIO-eGFP) the last two virus constructs have been produced in the laboratory. Lentivectors lenti-hPGK-DN-AMPK-K45R-T2A-mCherry; lenti-hPGK-CA-AMPK-H150R-T2A-mCherry; lenti-U6-shTxn2-DIO-eGFP were produced as described [START_REF] Salmon | Production and titration of lentiviral vectors[END_REF].

Stereotactic injection of viruses

This procedure was performed as described (4) using 12 week-old mice. Bilateral stereotactic injections in the VMN used the following coordinates: AP 1.3 / ML ± 0.6 / DV -5.3 mm. Two hundred nl of the virus preparations (10 11 to 10 14 viral genomes/ml) were injected in each hemisphere at a rate of 0.1 μl/min.

Electrophysiology

Eight to 12 weeks old mice were deeply anesthetized with isoflurane before decapitation, and 250 μm coronal sections containing VMN were prepared using a vibratome (VT1000S, Leica).

Electrophysiological recordings were conducted as previously described [START_REF] Lamy | Hypoglycemia-Activated GLUT2 Neurons of the Nucleus Tractus Solitarius Stimulate Vagal Activity and Glucagon Secretion[END_REF]. Whole-cell recordings were performed in current-clamp mode using a MultiClamp 700B amplifier associated with a 1440A Digidata digitizer (Molecular Devices). Neurons with an access resistance exceeding 25 MΩ or changed by more than 20% during the recording were excluded.

A hyperpolarization step (-20 pA, 500 ms) was applied every 30 s to measure membrane resistance. Membrane potential and neuronal firings were monitored over time at different extracellular glucose concentrations after a 10-15 min baseline. Signals were digitized at 10 kHz, collected and analyzed using the pClamp 10 data acquisition system (Molecular Devices).
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Translating Ribosome Affinity Purification (TRAP)

Translating Ribosomes Affinity Purification (TRAP) was performed as described [START_REF] Heiman | A translational profiling approach for the molecular characterization of CNS cell types[END_REF].

Sf1-cre mice were injected in the VMN with AAV8-DIO-L10-eGFP [START_REF] Nectow | Identification of a Brainstem Circuit Controlling Feeding[END_REF]. The VMN were microdissected and pools of six VMNs were constituted. Anti-GFP antibody (Sigma Aldrich, cat 11814460001) was used to immunoprecipitated RNAs from Sf1 positive cells. RNAs were amplified by single primer isothermal amplification with the Ovation RNA-Amplification System V2 (NuGEN), providing DNA libraries for RNA-sequencing. After reads were aligned and read counts were summarized with htseq-count (v. 0.6.1,(24)) using Mus musculus GRCm38.82 gene annotation. Library sizes were scaled using TMM normalization (EdgeR package version 3.16.3). To evaluate enrichment and depletion of control genes, moderated ttest was used comparing all six inputs compared to all six outputs.

GT1-7 cells

GT1-7 cells were cultured in DMEM containing 25 mM glucose, 10% FBS and 5% horse serum. Cells were transduced with lentivectors at a multiplicity of infection of 500, yielding ~95 percent transduction efficiency. 5x10 5 cells/well were then plated in 6 wells dishes. For superoxide production measurements GT1-7 cells were incubated in 0.1mM or 30 mM glucose for 48 hours before adding Mitosox (Thermo Fisher, cat: M36008). After 45 minutes cells were trypsinized and analyzed using a fluorescence activated cell sorter (BD Accuri C6, BDbioscience). Western blot and qRT-PCR analysis were performed as previously described [START_REF] Modi | Glutamine Stimulates Biosynthesis and Secretion of Insulinlike Growth Factor 2 (IGF2), an Autocrine Regulator of Beta Cell Mass and Function[END_REF]. Rabbit antibodies against ACC (Cell Signaling, cat 3662), anti-phospho-Ser79-ACC (Cell Signaling, cat 3661), anti-Txn2 (Abcam, cat ab185544) and anti-Actin (Sigma Aldrich, cat A2066) were used. The secondary antibody was a goat horseradish peroxidase-coupled antirabbit antibody (GE Healthcare, cat:NA934). Quantitative RT-PCR analysis was performed using the following primers, for Txn2 (5'-TTC CCT CAC CTC TAA GAC CCT-3', 5'-CCT For Peer Review Only Diabetes GGA CGT TAA AGG TCG TCA-3'), Actin (5'-CTA AGG CCA ACC GTG AAA AGA T-3', 5'-CAC AGC CTG GAT GGC TAC GT-3').

Glucose and insulin tolerance tests, glucagon measurements and hypoglycemic clamps

Glucose tolerance tests (2 g/kg, i.p.) were performed in 15 hours fasted mice and insulin tolerance tests (0.8 units/kg, i.p.) with 6 hour fasted mice as described [START_REF] Tarussio | Nervous glucose sensing regulates postnatal beta cell proliferation and glucose homeostasis[END_REF]. Plasma glucagon concentrations were measured by ELISA (Mercodia, Uppsala, Sweden) from blood collected by submandibular puncture under isoflurane anesthesia into aprotinin/EDTA containing tubes.

Plasma catecholamines were determined by liquid chromatography-tandem mass spectrometry [START_REF] Dunand | High-throughput and sensitive quantitation of plasma catecholamines by ultraperformance liquid chromatography-tandem mass spectrometry using a solid phase microwell extraction plate[END_REF]. Hypoglycemic clamps were performed as previously described [START_REF] Burcelin | Evidence that extrapancreatic GLUT2-dependent glucose sensors control glucagon secretion[END_REF] in 5 hour fasted mice.

Food intake

Continuous food consumption was measured in 12-chamber Oxymax system (Columbus Instruments, Columbus, Ohio, USA). Measurements of feeding initiation after a fast were performed with mice food-deprived for 15 hours, placed in individual cages with weighted food pellets which were weighted at the indicated intervals.

Statistics

Values are reported as mean ± SEM. Data were analyzed with GraphPad PRISM software (GraphPad Software, Inc., San Diego, CA). Statistical significance was assessed using appropriate statistical tests that are mentioned in each figure's legend. The levels of significance are indicated as follows: ***p < 0.001; **p < 0.01; *p < 0.05; n.s., non-significant.

Data and Resource Availability

RNASeq data have been deposited in the GEO database under accession number GSE153872.
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The datasets and reagents generated during and/or analyzed during the current study are available from the corresponding author upon reasonable request.
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RESULTS

Glucose-sensing by Sf1 VMN neurons

To identify Sf1 neurons in brain slices we injected an AAV-DIO-eGFP in the VMN of Sf1-cre mice (Fig. 1A). The electrical activity of cells expressing eGFP was then characterized by whole-cell patch-clamp recordings in the presence of 2.5 mM and 0.5 mM glucose. These concentrations represent those found in the brain parenchyma in normoglycemic and hypoglycemic states, respectively (29); these have been routinely used to identify GE and GI neurons [START_REF] Song | Convergence of pre-and postsynaptic influences on glucosensing neurons in the ventromedial hypothalamic nucleus[END_REF]. Forty-three percent of the analyzed Sf1 neurons were GE (Fig. 1B,C) characterized by their decreased firing activity during hypoglycemia associated with a hyperpolarization (-54.9 ± 1.0 mV vs. -65.7 ± 1.1 mV in 2.5 mM and 0.5 mM glucose, respectively; p < 0.001; Fig. 1D) and lower membrane resistance (957.7 ± 81.8 mOhm vs. 535.9 ± 54.3 mOhm in 2.5 mM and 0.5 mM glucose, respectively; p < 0.001; Fig. 1E). GI neurons comprised 23.3% of the recorded neurons (Fig 1B). At 0.5 mM glucose, firing activity was increased, membrane potential was reduced (-68.9 ± 1.3 mV vs. -58.7 ± 1.7 in 2.5 mM and 0.5 mM glucose, respectively; p <0.001) and membrane resistance was increased (601.7 ± 74.8 mOhm vs. 846.4 ± 94.3 mOhm in 2.5 mM and 0.5 mM glucose, respectively; p <0.01) (Fig. 1H). Of note, the membrane potential and membrane resistance of GE and GI neurons in normoglycemic conditions were significantly different suggesting different complements of ion channels involved in glucose-sensing (Fig. 1L andM; p < 0.01). Finally, 33.3 percent of the recorded neurons did not change their membrane potential and/or membrane resistance upon changes in glucose concentrations and were classified as non-responding (NR) neurons (Fig. 1I-K). We also characterized the glucose responsiveness of non-Sf1 neurons of the VMN. Only 21% were glucose responsive with a predominance of GE neurons (Fig. 1N). Thus, the Sf1 neurons of the VMN, which form the majority of VMN neurons, comprise two-third of glucose responsive neurons and ~40 percent of those are GI neurons.
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AMPK α1 and α2 subunits are required for GI neuron response

In a first approach to test the role of AMPK in the glucose responsiveness of the VMN neurons we expressed a dominant negative form of AMPK in Sf1 neurons. This was achieved by stereotactic injection of an AAV-DIO-DN-AMPK-mCherry in the VMN of Sf1-cre mice (Fig. 2A andB). Electrophysiological recordings of the transduced neurons, identified by their red fluorescence, revealed the presence of GE and NR neurons but no GI neurons could be detected (Fig. 2C, D-F andG-I).

In a second approach, we generated Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice, which displayed efficient recombination of the AMPKα1 and AMPKα2 genes only in the VMN (Suppl. Fig. 1). To identify Sf1 neurons, an AAV-DIO-eGFP was injected in the VMN (Fig. 2J) and electrophysiological recordings of these neurons confirmed that inactivation of AMPKα1 and AMPKα2 suppressed the GI neurons (Fig. 2K); GE and NR neurons were still present in the same proportions as found using the DN-AMPK approach. In addition, the reexpression of AMPKα1 and AMPKα2 genes in VMN of those mice allowed the reappearance of GI neurons (Suppl. Fig. 2).

We next tested which of the α1 and α2 AMPK subunits was required for the GI response.

We generated Sf1-cre;AMPKα1 lox/lox and Sf1-cre;AMPKα2 lox/lox mice, injected an AAV-DIO-eGFP in their VMN, and performed electrophysiological analysis of eGFP-labelled Sf1 neurons (Figure 3A-D). Inactivation of either the AMPKα1 or AMPKα2 gene did not suppress the presence of GI neurons and the distribution of GE, GI and NR neurons was not significantly different from that of control mice (Fig. 3, panels A-D; p > 0.05).

Finally, we investigated whether overexpression of a constitutively active form of AMPK in Sf1 neurons, using an AAV-DIO-AMPK-CA-mCherry, would modify the proportion of GE and GI neurons. However, when overexpressed in Sf1 neurons it did not affect the proportion of GE, GI and NR neurons (Fig. 3E,F; p > 0.05).

Taken together, the above data showed that the response of Sf1 GI neurons to hypoglycemia depends on AMPK but that the α1 and the α2 subunits have redundant roles.

Furthermore, the expression of a constitutively active form of AMPK in Sf1 neurons does not change the distribution of GE, GI and NR neurons, indicating that activation of AMPK is not sufficient to convert NR or GE neurons into GI neurons. This further implies that GI neurons have specific glucose signaling mechanisms, in which AMPK activity must play a specific role.

Thioredoxin 2 is an AMPK-regulated gene required for the GI response

To search for potential regulators of the GI neuron response to hypoglycemia, we used a Transcribing Ribosome Affinity Purification (TRAP) approach to selectively characterize the transcriptome of Sf1 neurons. Sf1-cre mice were injected in the VMN with an AAV-DIO-mCherry or an AAV-DIO-AMPK-DN-mCherry and both groups of mice received at the same time an AAV-DIO-L10-GFP encoding a L10 ribosomal protein-GFP fusion protein that integrates in Sf1 neurons ribosomes. The day before the experiment, the mice were fasted overnight. Their VMNs were then dissected out, lysed and the ribosomes immunoprecipitated with an anti-GFP antibody. RNA sequencing was then performed on the immunoprecipitated ribosomal fraction (output) and on the non-immunoprecipitated (input) material. RNA-Seq data from control and AMPK-DN overexpressing VMN were first combined and analyzed to confirm that the immunoprecipitated fractions were enriched in mRNAs known to be expressed in the VMN (Nr5a1 (Sf1), Fezf1, Sox14, Gpr149) [START_REF] Kurrasch | The neonatal ventromedial hypothalamus transcriptome reveals novel markers with spatially distinct patterning[END_REF] and depleted in mRNAs expressed by non-VMN neurons (Agrp, Npy, Scl16a11 (Gat-3), Th), glial cells (ApoE, Gfap, Opalin) and oligodendrocytes (Olig1, Plp1, Mal) (Fig. 4A). Then, for each mRNA, we measured their enrichment in the immunoprecipitated fraction (ratio of output vs. input) and calculated how these ratios differ in Sf1 neurons expressing or not the AMPK-DN. These data are presented in the volcano plot of Figure 4B.

Among the dysregulated genes, we focused on the downregulation of mitochondrial thioredoxin 2 (Txn2). This down-regulation was observed in the three RNA samples from neurons expressing the AMPK-DN (Fig. 4C) and was confirmed by qRT-PCR analysis of mRNAs immunoprecipitated from a second TRAP experiment (Fig. 4D). Thioredoxin 2 is a mitochondrial enzyme involved in redox reactions (32; 33), which can modulate mitochondrial respiration [START_REF] Hu | Loss of thioredoxin 2 alters mitochondrial respiratory function and induces cardiomyocyte hypertrophy[END_REF] and apoptosis [START_REF] Matsuzawa | Thioredoxin and redox signaling: Roles of the thioredoxin system in control of cell fate[END_REF]. It also participates in the regulation of reactive oxygen and nitrogen species that are increased following insulin-induced hypoglycemia, and which may control the response of glucose sensitive neurons (16; 18; 36; 37).

To assess whether Txn2 participates in the response of GI neurons to hypoglycemia, we transduced Sf1 neurons of Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice with an AAV-DIO-Txn2-eGFP virus (Fig. 5A andB). Electrophysiological analysis of the transduced neurons revealed that Txn2 overexpression restored the presence of GI neurons (Fig. 5G-I), which displayed membrane depolarization (59.9 ± 2.7 mV vs. 65.6 ± 2.3 mV in 2.5 mM and 0.5 mM glucose, respectively; p < 0.01) and increased membrane resistance (692.3 ± 90.9 mOhm vs. 888.8 ± 108.2 mOhm in 2.5 mM and 0.5 mM glucose, respectively; p < 0.01) similar to those measured in control GI neurons. The electrophysiological properties of GE (Fig. 5D-F) and NR (Fig 5 J-L) neurons were not affected by Txn2 overexpression. The proportion of GE, GI and NR neurons was also restored by Txn2 overexpression (Fig. 5C). Restoration of GI neuron activity was also obtained when using a lentiviral instead than an AAV vector for Txn2 reexpression (not shown).

Thus, Txn2 expression is strongly reduced when AMPK activity is suppressed and overexpression of Txn2 in Sf1 neurons is sufficient to restore the presence GI neurons.

For Peer Review Only Diabetes Overexpression of Txn2, however, does not modify the number of GE or NR neurons, suggesting that its role is specific for the response of GI neurons to hypoglycemia.

AMPK regulation of Txn2

To investigate, in a cellular system, the link between AMPK and Txn2 expression, we used the GT1-7 neuronal cell line. These cells were transduced with recombinant lentiviruses encoding either the dominant negative or the constitutively active form of AMPK and incubated in the presence of 0.1mM glucose. Quantitative RT-PCR (Fig. 6A) and Western blot analysis (Fig. 6B-D) showed that overexpression of AMPK-DN reduced Txn2 mRNA and protein expression; a reduction of acetyl-CoA-carboxylase (ACC) phosphorylation confirmed that AMPK-DN overexpression effectively reduced endogenous AMPK activity. In contrast, overexpression of the constitutively active form of AMPK did not impact Txn2 expression nor ACC phosphorylation, indicating that the endogenous AMPK was maximally active in the presence of 0.1 mM glucose.

Hypoglycemia induces ROS production and Txn2 may be required to detoxify ROS to preserve hypoglycemia detection by GI neurons. To test this hypothesis GT1-7 cells were first exposed to 0.1 mM or 30 mM glucose and superoxide production was assessed by measuring MitoSox red fluorescence intensity (Fig. 6E). We could confirm that exposure to low glucose levels induced ROS production (Fig. 6F). We then transduced GT1-7 cells with a recombinant lentivirus encoding a control or a Txn2-specific shRNA, which led to a very strong reduction of Txn2 mRNA (Fig. 6G). Exposing these cells to 0.1 mM glucose induced a significantly higher increase in MitoSox red staining when Txn2 expression was silenced (Fig. 6H).

Thus, AMPK controls the level of Txn2 expression; this was also observed when AMPK-DN was transduced in the Hepa1-6 mouse hepatoma cell line and therefore seems to be a general mechanism (Suppl Fig. 3). In addition, suppressing Txn2 expression lead to increased ROS production in the presence of low glucose concentrations. Whether exaggerated ROS production negatively impact GI neurons activity is, however, to be further explored experimentally.

Counterregulatory response to hypoglycemia in Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice We analyzed glucose homeostasis and counterregulatory hormone secretion in control and Sf1cre;AMPKα1 lox/lox α2 lox/lox mice. Glycemic levels were identical in both groups of mice in the fed and 24 hr fasted states (Figure 7A) and their fasted plasma glucagon were also identical (Figure 7B). Their response to an insulin tolerance tests was also identical (Figure 7C), indicating the same insulin sensitivity and counterregulatory response to normalize hypoglycemia. We next assessed plasma glucagon, epinephrine and norepinephrine levels in response to insulin-induced hypoglycemia. Figure 7D shows that the blood glucose levels in control and mutant mice were the same 60 minutes after saline injection and that hypoglycemia induced by insulin injections reached the same levels. The basal plasma levels of glucagon, epinephrine and norepinephrine were identical between control and mutant mice as were their levels after induction of hypoglycemia (Figure 7E-G); insulin-induced glucagon secretion was also not different between female and control and mutant mice (not shown). To confirm these results, we measured plasma glucagon at the end of a hyperinsulinemic, hypoglycemic clamp.

The same rates of glucose infusion were required to maintain hypoglycemia in CTRL and Sf1cre;AMPKα1 lox/lox α2 lox/lox animals and their plasma glucagon levels measured at the end of the clamp were similar (Fig. 7 H-J).

The VMN and AMPK expressed in Sf1 neurons have also been involved in the control of feeding [START_REF] Viskaitis | Modulation of SF1 Neuron Activity Coordinately Regulates Both Feeding Behavior and Associated Emotional States[END_REF]. We, thus, tested feeding of CTRL and Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice over a 48 hr period (Fig. 7K) and no difference in the cumulative food absorption over time could
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DISCUSSION

In the present study we used a combination of genetic and electrophysiological approaches to dissect the role of AMPK α1 and α2 subunits in glucose sensing by VMN Sf1 neurons. We found that suppressing AMPK activity led to the selective depletion of GI neurons, without affecting the presence of GE neurons. These observations allowed us to further investigate two aspects of hypoglycemia sensing. First, the molecular components participating in hypoglycemia-induced neuron activation and second, the impact of suppressing GI neurons activity in physiological regulations. We found that Txn2 expression was strongly decreased when AMPK was inactivated and we showed that reexpression of Txn2 in Sf1 neurons of Sf1cre;AMPKα1 lox/lox α2 lox/lox mice restored GI neuron activity. We further showed that silencing Txn2 led to exaggerated ROS production in cells exposed to low glucose concentrations. This suggests that the role of AMPK is to maintain sufficient levels of Txn2 expression to prevent the deleterious effect of ROS on GI neuron function. Importantly, in physiological studies, we found that suppression of VMN GI neuron activity had no impact on the counterregulatory hormone response nor on feeding.

AMPK is an evolutionary conserved, ubiquitously expressed energy sensing kinase, that is activated in conditions such as fasting, hypoglycemia or hypoxia (39; 40). In the central nervous system, in particular in the ventromedial hypothalamus (VMN + arcuate nucleus), it has been reported that its activation by hypoglycemia or 2DG-induced neuroglucopenia is involved in the control of feeding [START_REF] Minokoshi | AMP-kinase regulates food intake by responding to hormonal and nutrient signals in the hypothalamus[END_REF] and the secretion of counterregulatory hormones [START_REF] Mccrimmon | Key role for AMP-activated protein kinase in the ventromedial hypothalamus in regulating counterregulatory hormone responses to acute hypoglycemia[END_REF].

The VMN, however, consists of several neuronal subpopulations, characterized by the expression of different transcription factors, neurotransmitter receptors or neuropeptides (42; 43) and by their differential glucose responsiveness (30; 44). Thus, expression of AMPK in different subpopulations may have different physiological impacts that are not revealed in the studies mentioned above. Here, we investigated the role of the AMPK α1 and α2 subunits specifically in glucose sensing in Sf1 neurons of the VMN. Overexpression of a dominant negative form of the kinase or genetic inactivation of both AMPK α1 and α2 genes suppressed GI activity. These observations are in agreement with published data showing that AMPK is required for hypoglycemia detection by GI neurons of the VMH [START_REF] Hirschberg | Ventromedial hypothalamus glucoseinhibited neurones: A role in glucose and energy homeostasis?[END_REF]. They, however, extend these previous data by showing that both α1 and α2 isoforms similarly contribute to GI neurons glucose sensing. They also show that the loss of AMPK activity does not impact GE neuron response. Thus, AMPK is selectively required for the GI neurons activity.

AMPK regulates multiple cellular functions by direct protein phosphorylation [START_REF] Hardie | Minireview: the AMP-activated protein kinase cascade: the key sensor of cellular energy status[END_REF] or transcriptional regulation [START_REF] Collodet | AMPK promotes induction of the tumor suppressor FLCN through activation of TFEB independently of mTOR[END_REF]. Here, we identified Txn2 as an AMPK regulated mRNA. Thioredoxin 2 (Txn2) is part of a redox system that detoxifies ROS and reactive nitrogen species [START_REF] Netto | The Roles of Peroxiredoxin and Thioredoxin in Hydrogen Peroxide Sensing and in Signal Transduction[END_REF]; it is distinct from Txn1, a cytosolic enzyme [START_REF] Lu | The thioredoxin antioxidant system[END_REF]. Hypoglycemia is known to induce ROS production in the brain and in the VMN (37; 48; 49) whereas hyperglycemia reduces ROS production in a UCP2-dependent manner in GE neurons of the VMN [START_REF] Toda | UCP2 Regulates Mitochondrial Fission and Ventromedial Nucleus Control of Glucose Responsiveness[END_REF]. ROS levels have also been shown to have antagonistic effects on NPY/Agrp and POMC neurons, reducing the activity of the first ones and stimulating the activity of the second ones [START_REF] Diano | Peroxisome proliferation-associated control of reactive oxygen species sets melanocortin tone and feeding in diet-induced obesity[END_REF]. Thus, depending on the cellular context and also on their intracellular concentrations, ROS can have positive signaling effects on neuron activity and gene expression or toxic effects leading to cell apoptosis [START_REF] Shadel | Mitochondrial ROS signaling in organismal homeostasis[END_REF]; the concept of mitohormesis describes that ROS can shift from positive regulators of cellular function to inducers of cell death [START_REF] Ristow | Unraveling the truth about antioxidants: mitohormesis explains ROS-induced health benefits[END_REF].

In GT1-7 cells shifted from 30 mM to 0.1 mM glucose, there is a strong induction of superoxide production, in agreement with the fact that hypoglycemia increases ROS production [START_REF] Páramo | Pathways involved in the generation of reactive oxygen and nitrogen species during glucose deprivation and its role on the death of cultured hippocampal neurons[END_REF] by shifting metabolism to beta-oxidation [START_REF] Kajihara | Low glucose induces mitochondrial reactive oxygen species via fatty acid oxidation in bovine aortic endothelial cells[END_REF]. If increased ROS production is associated with a normal firing activity of neurons, the loss of GI response when Txn2 is suppressed, and restoration of such activity by its reexpression, suggests that Txn2 plays a protective role against a toxic effect of ROS. How ROS production can prevent activation of GI neurons is not known.

However, one possibility is that superoxide ions produced in the mitochondria can be transported into the cytosol, where they can react with NO to produce peroxinitrite (ONOO-) [START_REF] Shadel | Mitochondrial ROS signaling in organismal homeostasis[END_REF]. As NO production is required for GI neurons activity [START_REF] Fioramonti | Hypothalamic nitric oxide in hypoglycemia detection and counterregulation: a two-edged sword[END_REF], this reaction may dampen the GI neuron response.

The fact that Txn2 restores GI neuron activity in the absence of AMPK activity suggests that the role of this kinase is not in the acute signaling of hypoglycemia. Instead, its role may be to protect against the deleterious effects of ROS on signal transduction by controlling the level of expression of antioxidant proteins, in particular Txn2. In support of this hypothesis is the observation that among the other genes that were down-regulated when AMPK-DN was overexpressed was Pdss2 (or Coq1B), which codes for an enzyme involved in the biosynthesis of the prenyl side chain of Coenzyme Q (CoQ). This cofactor transports electrons from Complex I to Complex II of the electron transport chain and, in its reduced form, also acts as an antioxidant [START_REF] Wang | The Complexity of Making Ubiquinone[END_REF]. Decreased expression of Pdss2 and CoQ deficiency have been linked to increased ROS production and cell death (55; 56). Thus, AMPK activity may protect cells against ROS toxicity also by increasing the expression of this biosynthetic enzyme. Along the same line, a previous study performed in a rat model of hypoglycemia-associated autonomic failure showed that the loss of VMN GI neurons could be prevented by overexpressing the cytosolic form of thioredoxin, Txn1 [START_REF] Zhou | Thioredoxin-1 Overexpression in the Ventromedial Nucleus of the Hypothalamus Preserves the Counterregulatory Response to Hypoglycemia During Type 1 Diabetes in Male Rats[END_REF].

One of the initial goals of our study was to identify the physiological functions controlled by VMN GI neurons, in particular whether selective impairment in the counterregulatory response to hypoglycemia could be demonstrated. However, plasma glucagon in fasted mice and insulin tolerance tests were similar in control and Sf1cre;AMPKα1 lox/lox α2 lox/lox mice. Similarly, glucagon, epinephrine and norepinephrine secretion in response to insulin-induced hypoglycemia as well as plasma glucagon levels at the end of an hyperinsulinemic, hypoglycemic clamp were identical. Thus, suppression of GI activity in the VMN does not reduce hypoglycemia-induced counterregulatory hormone secretion. Another aspect of the response to hypoglycemia is the stimulation of food intake but we could not observe any difference in food intake measured over a 48-hour period, nor in the rate of refeeding after an overnight fast.

Together, these results indicate that the intrinsic glucose sensitivity of GI neurons of the VMN is dispensable for the physiological response to hypoglycemia. These neurons are part of a circuit that includes afferent, glucose sensing neurons directly sensitive to small variations in blood glucose concentrations, such as those present in the hepatoportal vein area and of the nucleus of the tractus solitarius. In this circuit, these peripheral sensing cells probably have a primary role in triggering the counterregulatory response to hypoglycemia. The glucose sensing capacity the VMN GI neurons may, thus, represent a fail-safe system, activated only in case of failure of the peripheral sensing cells leading to development of brain hypoglycemia.

In summary, the present study establishes that AMPK α1 and α2 subunits play redundant roles in allowing the hypoglycemia detection capacity of Sf1 GI neurons. It identifies Txn2 as a necessary element in the GI neurons response to hypoglycemia, which can restore GI activity even in the absence of AMPK. This suggests that the primary role of AMPK in GI neurons is to control the expression of Txn2, and possibly other enzymes, participating in the anti-oxidant protection against ROS produced during hypoglycemia. Finally, these data show that the intrinsic hypoglycemia sensing capacity of VMN Sf1 neurons is dispensable for triggering counterregulatory hormone secretion or feeding and rather represents a fail-safe system in case of failure of peripheral hypoglycemia sensing system allowing development of hypoglycemia in the VMN.

Page 21 of 42

For Peer Review Only Diabetes Hyperinsulinemic, hypoglycemic clamps were performed to maintain glycemic levels at ~2.5 mM glucose (H); the glucose infusion rates were identical to maintain hypoglycemia (I) and the plasma glucagon levels were the same at the end of the clamp in CTRL and KO mice (J, n = 23, 11 CTRL, 12 KO). (K) Identical food intake between CTRL and KO mice in ad lib condition followed for 48 hours (n = 10, 5 CTRL, 5 KO, two-way ANOVA, p = 0.7521). (L) Refeeding experiment after over-night fast shows no difference between CTRL and KO mice in term of food intake (n= 18, 7 CTRL, 11 KO, two-way ANOVA, p = 0.4760). For all panels, Two-tailed t test was used. ***p < 0.001; **p < 0.01; *p < 0.05; n.s., non-significant.
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  Fig 1). Primers for AMPK 1 lox/lox were P11 (5'-ATT AAA CAC CAC TAA TTG GAA AAC ATT CCC-3'), and P21 (5'-GGG CAA GTA AGG CCT GCA GCC CTA CAC TGA-3'), AMPK 1 : P1 and P31(5'-GAC CTG ACA GAA TAG GAT ATG CCC AAC CTC-3'), AMPK 2 lox/lox PCR were P12 (5'-GTT ATC AGC CCA ACT AAT TAC AC-3'), and P22 (5'-GCT TAG CAC GTT ACC CTG GAT GG-3'), AMPK 2 were P32 (5' TTG GCG CTG TCT AGA TCA GGC TTG C -3') and P42 (5'-GTG CTT CCT AAC TGC AGA TGC AGT G -3').Analysis of genetic recombination in brain regions was performed with DNA extracted (DNeasy Kit, Qiagen, cat: 69504) from tissue punches (Fine Science Tools punch, ref. 18036) prepared from 1 mm-thick brain sections.
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 1 Figure 1: VMN Sf1 neurons are glucose responsive.
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 2 Figure 2: Loss of GI neurons following suppression of AMPK activity.
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 3 Fig. 3: AMPK alpha subunits have redundant role in GI neurons activation

Figure 4 :

 4 Figure 4: Txn2 expression is strongly suppressed in the absence of AMPK activity.

Figure 5 :

 5 Figure 5: Expression of Txn2 in Sf1-cre;AMPKα1 lox/lox α2 lox/lox restores GI neuron activity.

Figure 6 :

 6 Figure 6: Txn2 expression is controlled by AMPK and reduces ROS accumulation.
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 7 Figure 7: Normal counterregulation and feeding in Sf1-cre;AMPKα1 lox/lox α2 lox/lox mice.
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