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Abstract

:

The growth hormone receptor (GHR) is expressed in brain regions that are known to participate in the regulation of energy homeostasis and glucose metabolism. We generated a novel transgenic mouse line (GHRcre) to characterize GHR-expressing neurons specifically in the arcuate nucleus of the hypothalamus (ARC). Here, we demonstrate that ARCGHR+ neurons are co-localized with agouti-related peptide (AgRP), growth hormone releasing hormone (GHRH), and somatostatin neurons, which are activated by GH stimulation. Using the designer receptors exclusively activated by designer drugs (DREADD) technique to control the ARCGHR+ neuronal activity, we demonstrate that the activation of ARCGHR+ neurons elevates a respiratory exchange ratio (RER) under both fed and fasted conditions. However, while the activation of ARCGHR+ promotes feeding, under fasting conditions, the activation of ARCGHR+ neurons promotes glucose over fat utilization in the body. This effect was accompanied by significant improvements in glucose tolerance, and was specific to GHR+ versus GHRH+ neurons. The activation of ARCGHR+ neurons increased glucose turnover and whole-body glycolysis, as revealed by hyperinsulinemic-euglycemic clamp studies. Remarkably, the increased insulin sensitivity upon the activation of ARCGHR+ neurons was tissue-specific, as the insulin-stimulated glucose uptake was specifically elevated in the skeletal muscle, in parallel with the increased expression of muscle glycolytic genes. Overall, our results identify the GHR-expressing neuronal population in the ARC as a major regulator of glycolysis and muscle insulin sensitivity in vivo.
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1. Introduction


In the central nervous system (CNS), the growth hormone receptor (GHR) is present in regions known to participate in the regulation of feeding, energy balance, and glucose metabolism, including the hypothalamus, hippocampus, and amygdala [1,2,3]. The expression of GHR within the CNS has been mapped by in situ hybridization and through detection of the downstream target, phosphorylated signal transducer, and activator of transcription (STAT) 5, revealing large numbers of GH-responsive neurons in various brain regions [3]. While these studies detected GHR expression within the CNS, the functional assessment of GHR-expressing neurons in various brain regions is lacking.



In recent years, it has become clear that GH action in the arcuate nucleus of the hypothalamus (ARC) represents an important component of energy homeostasis. We have recently shown that neuronal-specific deletion of GHR in leptin receptor (LepRb)-expressing neurons in the hypothalamus impaired hepatic glucose production and systemic lipid metabolism [4]. Additionally, mice lacking GHR, specifically in the orexigenic agouti-related peptide (AgRP) expressing neurons in the ARC, displayed impaired responses to fasting and food restriction, while the deletion of GHR from anorexigenic proopiomelanocortin (POMC) neurons in the ARC did not produce a significant metabolic phenotype [5,6]. Collectively, these results indicate unique roles of GHR signaling in the ARC neurons in metabolic control. However, it remains unknown whether GHR-expressing neurons in the ARC, per se, are directly involved in metabolic control.



In the current study, we specifically focused on studying the role of the in vivo activation of the GHR-expressing neurons in the ARC in the regulation of energy homeostasis and systemic glucose metabolism. To this end, we developed a novel GHR-driven cre mouse (GHRcre) that allowed us to both track and activate GHR-expressing neurons by directly enhancing the activity of the neurons in a non-invasive manner using designer receptors exclusively activated by designer drugs (DREADD) technology. We found that the activation of ARCGHR+ neurons increased the systemic glucose sensitivity, whole-body glycolysis, and insulin-stimulated muscle glucose uptake, accompanied with an elevation in muscle glycolytic genes. Overall, our study revealed a novel network of metabolic regulation through the hypothalamic GH responsive GHR axis in the ARC.




2. Materials and Methods


2.1. Animals


GHRcre mice were generated using the Clustered Regularly Interspaced Short Palindromic Repeats associated protein Cas9 (CRISPR/Cas9) at the University of Michigan Transgenic Core, as done previously [7]. A description of the procedures is described in the Supplementary Materials for tdTomato mice on the ROSA26 background (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; #007914, Jackson Laboratory, Bar Harbor, ME, USA). The generation of growth hormone releasing hormone (Ghrhcre) mice was previously described [8]. To allow for the cre-dependent expression of stimulatory DREADD receptors (hM3DGq) from the ROSA26 locus, we crossed hM3DGq transgenic mice [9] with Ghrhcre mice (GHRH::hM3DGq). Adult male mice (8–12 weeks old) were used for all of the studies. All procedures and experiments were carried out in accordance with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the University of Michigan and Wayne State University Institutional Animal Care and Use Committee. Approval number: IACUC-20-01-1712.




2.2. Surgery and Viral Injections


Stereotaxic viral injections were performed as described [10]. Briefly, animals were anesthetized using 1–3% isoflurane, and their heads were shaved and placed in a three-dimensional stereotaxic frame (Kopf 1900, Kopf instruments, Tujunga, CA, USA). This model provides a 1 micron precision and accuracy with a digital display readout. An alignment indicator provided a dimensional output with a 0.010 mm resolution to ensure head placement. The skull was exposed with a small incision, and two small holes were drilled for bilateral microinjection (200 nL/side) of the excitatory DREADD, AAV8-hSyn-DIO-hM3DGq-mCherry (#44361-AAV8, Addgene), into the ARC of the GHRcre mice at stereotaxic coordinates based on the Mouse Brain Atlas, as follows: A/P: −1.3, M/L: +/−0.2, and D/V: −5.85 [11]. After surgery, the mice were given 2 weeks of recovery to maximize the virally-transduced gene expression and to acclimate the animals to handling and the experimental paradigms before the study. The activation of the DREADD receptor was induced by intraperitoneal administration of the agonist, clozapine-n-oxide (CNO, #4936, Tocris). The expression was verified post hoc in all animals, and any data from animals in which the transgene expression was located outside the targeted area were excluded from analysis.




2.3. Metabolic Analysis


Following recovery, GHRcre mice with activating DREADD (hM3Dq) underwent glucose metabolism and energy expenditure assays. Intraperitoneal glucose tolerance tests were performed on mice that were fasted for 6 h. The mice were administered 0.9% saline or CNO 1 h before glucose injection. Glucose tolerance tests (GTTs) were performed one week apart, and the blood glucose levels were measured as described before [12]. Blood insulin was determined using a Mouse Insulin ELISA kit (#50-194-7920, Crystal Chem. Inc., Elk Grove Village, IL, USA). For peripheral GH stimulation (recombinant mouse GH, 12.5 µg/100 g BW, Harbor-UCLA Medical Center, Torrance, CA, USA), the mice were injected i.p. and perfused 1.5 h later, as before [4]. Metabolic measurements of the energy homeostasis were obtained using an indirect calorimetry system (PhenoMaster, TSE system, Bad Homburg, Germany). The mice were acclimatized to the cages for 3 days. Following acclimatization, the mice were monitored for 5 days. In the morning of the first assessed day, the GHR-hM3Dq mice received an i.p. injection of the vehicle, and the measurements were analyzed for the following 8 h under fed or fasted conditions. The mice remained in the metabolic chambers with or without food and water ad libitum, and 72 h later, the same experimental design was repeated, but the animals were treated with an i.p. injection of CNO (0.3 mg/kg) instead. Fat oxidation was calculated with the formula 1.69VO2-1.69VCO2-2.03n, and glucose oxidation was calculated with the formula 4.57VCO2-3.23VO2-2.60n. Data were analyzed as vehicle vs. CNO per mouse. Chemogenetic activation of the GHRH neurons was achieved by injecting CNO 1 h prior to glucose administration. The experimental animals were hMD3Gqlox/WT GHRHCre (GHRH::hM3DGq) and hMD3Gqlox/WT.




2.4. Hyperinsulinemic-Euglycemic Clamp


At 16–18 weeks of age, GHR-hM3Dq mice underwent hyperinsulinemic-euglycemic clamp. The right jugular vein and carotid artery were surgically catheterized, and male mice were given 5 days to recover from the surgery. After 5–6 h of fasting, hyperinsulinemic-euglycemic clamp studies were performed on unrestrained, conscious mice using the protocol adopted from the Vanderbilt Mouse Metabolic Phenotyping Center [13] from the University of Michigan Animal Phenotyping Core, consisting of a 90-min equilibration period followed by a 120-min experimental period (t = 0–120 min). At 90 min prior to insulin infusion, a bolus infusion of 1 μCi of [3-3H]-glucose (HPLC purified, Perkin Elmer, Norwalk, CT, USA) was given, and was followed by a 0.05 μCi/min infusion that was increased to 0.1 μi/min during a 2-h clamp procedure to assess the basal and insulin-stimulated whole-body glucose turnover. Hyperinsulinemic-euglycemic clamp was initiated with a prime-continuous infusion (16 mU/kg bolus, followed by 4.0 mU/kg/min or 24 pmol/kg/min) of human insulin (Novo Nordisk, Bagsvaerd, Denmark). Euglycemia was maintained during the clamp by measuring the blood glucose sampled from an arterial catheter every 10 min, and by adjusting the infusion rate of 50% glucose accordingly. CNO was injected 1 h before the beginning of the clamp. The blood samples were collected during a steady-state of glucose infusion at t = 80, 85, 90, 100, 110, and 120 min for the determination of the glucose specific activity. The blood insulin concentrations were determined from the samples taken at t = −10 and 120 min. At the end of the experiment, animals were anesthetized with an intravenous infusion of sodium pentobarbital, and the tissues were collected and immediately frozen in liquid nitrogen for later analysis of the tissue 14C radioactivity. Plasma insulin was measured using millipore rat/mouse insulin ELISA kits. For determination of the plasma radioactivity of [3-3H]-glucose and 2-[1-14C] deoxyglucose, plasma samples were deproteinized and counted using a liquid scintillation counter. The plasma 3H2O in each sample was determined by the difference in the 3H counts between an aliquot of the sample that was dried to remove 3H2O, and another aliquot that was directly counted without a drying process. For the analysis of the tissue 2-[1-14C] deoxyglucose 6-phosphate, tissues were homogenized in 0.5% perchloric acid, and the supernatants were neutralized with KOH. Aliquots of the neutralized supernatant with and without deproteinization were counted for determination of the content of 2-[1-14C] deoxyglucose phosphate. An aliquot of the neutralized supernatant was directly counted for the total tissue counts of [14C] 2DG and [14C] 2DGP. Another aliquot was deproteinized with ZnSO4 and Ba(OH)2 to remove [14C]2DGP, and was counted for [14C]2DG only. Whole body glycolysis was estimated as appearance of 3H2O in the total body water, adjusted by the plasma specific activity of [3H] glucose, as before [14].




2.5. Perfusion and Histology


Mice were anesthetized (IP) with avertin and were transcardially perfused [15]. For the immunohistochemistry, free-floating brain sections were stained with the following primary antibodies: DsRed (anti-rabbit, 1:5000, #NC9580775, Takara, Ann Arbor, MI, USA), GFP (anti-chicken, 1:1000, #ab13970, Abcam, Cambridge, MA, USA), anti-tdTom (anti-goat, 1:500, #AB8181-200, Sicgen, Cantanhede, Portugal), pSTAT5 (anti-rabbit, 1:500, #9359, Cell Signaling, Danvers, MA, USA), glial fibrillary acidic protein (GFAP; anti-chicken, 1:500, #Ab5541, Millipore, Burlington, MA, USA), Iba-1 (anti-goat, 1:1000, #ab5076, Abcam, Cambridge, MA, USA), ß-Endorphin (anti-rabbit, 1:400, #H-022-33, Phoenix Pharm, Burlingame, CA, USA), tyrosine hydroxylase (anti-rabbit, 1:200, #AB152, Millipore, Burlington, MA, USA), and cFos (anti-sheep, 1:500, #ab6167, Abcam, Cambridge, MA, USA). For the staining specificity control, immunohistochemical experiments were performed with brain sections, in which the primary antibody was omitted and substituted with serum.




2.6. Two-Plex Fluorescent In Situ Hybridization


Fixed-frozen ARC-containing GHRcre brain sections of 12-week old male mice (10 µm) were processed for the RNAscope Fluorescent Multiplex assay (Advanced Cell Diagnostics, Inc). The samples were double-labeled with probes for GHR (Mm-Ghr-C2 464951), GHRH (Mm-Ghrh-C2 470991), or somatostatin (SST; Mm-Sst-C2 404631), together with tdTom (tdTomato-C3 317041). Double-label in situ hybridization (ISH) and immunohistochemistry (IHC) were performed as previously described [16,17].




2.7. Images and Data Analysis


All of the sections used for ISH were blindly visualized with a Zeiss M2 microscope. All other fluorescent sections were visualized with a Nikon Eclipse Ni microscope coupled to a Nikon DS-Ri2 camera. The photomicrographs were captured using NIS-Elements Br 5.0 Zen software. Fiji ImageJ image-editing software was used to overlay the photomicrographs in order to construct merged images and to mount plates. Only the sharpness, contrast, and brightness were adjusted, and the same values for each target labeled were applied.




2.8. RNA Extraction and qPCR


Gastrocnemius muscle samples were carefully dissected. RNA was isolated using the QIAGEN RNeasy Kit (QIAGEN, Valencia, CA, USA), which was combined with the RNase-Free DNase Set (QIAGEN, Valencia, CA, USA) and reverse-transcribed using the iScript cDNA kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Each reaction was carried out in triplicate, as previously described [12].




2.9. Statistical Analysis


Unless otherwise stated, mean values ± standard error of the mean (SEM) are presented in graphics. The GTT data were analyzed with a residual maximum likelihood (REML) mixed model followed by Sidak’s post hoc, while the energy homeostasis parameters were analyzed through repeated-measures two-way analysis of variance (ANOVA) followed by Sidak’s post hoc, from the time of vehicle or CNO injection to the end of light cycle. The same parameters were also measured as the average of 4 h after vehicle or CNO injection, and were analyzed as two-tailed paired t-test. Post-hoc comparisons were only carried out when the p-value was significant for the effect and/or interactions. p < 0.05 was considered statistically significant.





3. Results


3.1. Characterization of the GHRcre Mice


To characterize the role of GHR-expressing neurons in the ARC, we developed a GHR cell-specific molecular tool (GHRcre) using CRISPR/Cas9 gene-editing technology (Figure 1A).



The GHRcre mice were reproduced with the Mendelian ratio and exhibited a normal body weight and fed/fasting blood glucose levels (Supplementary Figures S1 and S2A). The GHRcre mouse line was validated by a cre-dependent Rosa26-tdTomato reporter mouse. The expression pattern of the tdTomato reporter revealed the presence of GHRcre-expressing neurons in several areas of the hypothalamus (Figure 1B, Supplementary Figure S2B, and Supplementary Tables S1 and S2), including the midbrain and hindbrain. To validate the expression of GHR in our GHRtdTom mice, we performed RNA in situ hybridization with RNAscope, using probes against GHR and tdTomato in the ARC. As seen in Figure 1C, the majority of TdTomato+ neurons were positive for the expression of the GHR gene.



To track GH-mediated STAT5 phosphorylation (pSTAT5), an acute intraperitoneal GH injection was given to the GHRtdTom mice. We found that pStat5 was colocalized with the majority of ARCGHR+ neurons in comparison with the saline-treated GHRtdTom mice (p < 0.05, Figure 1D,E). We detected minimal colocalization of GHRtdTom+ cells in astrocytes positive to glial fibrillary acidic protein (GFAP; colocalization ~ 7%, Supplementary Figure S3A–C). Additionally, the Iba1, a marker of microglia, was co-localized with tdTomato at ~4%, (Supplementary Figure S3B,C), indicating that GHR signaling principally targets neurons and not glial cells.



To determine whether ARCGHR+ neurons overlap with other known ARC populations that are involved in neuroendocrine regulation, we further examined the expression of SST and GHRH in the identified ARCGHR+ neurons using two-plex fluorescent ISH. We found colocalization of GHRH or SST and tdTomato mRNAs in the ARC of GHRtdTom mice (Figure 2A,B,F). In support of previous studies [5,18], we further confirmed a substantial overlap of GHR+ neurons in the ARC with AgRP-expressing neurons in the GHRtdTom mice (Figure 2C,F). Additionally, in support of single-cell sequencing data [18], we found a low (<10%) colocalization with dopaminergic neurons (GHRtdTom+/TH+ cells), and with POMC neurons (GHRtdTom+/β-endorphin+ cells, ~2–3%) in the ARC (Figure 2D–F).




3.2. ARCGHR+ Neurons Regulate Energy Homeostasis


To establish the significance of ARCGHR+ neurons in the control of energy utilization, we employed a cre-dependent DREADD (designer receptors exclusively activated by designer drugs) virus to acutely modulate the neuronal activity in response to the peripheral injection of an otherwise inert compound, clozapine n-oxide (CNO) [10]. To determine whether the activation of ARCGHR+ neurons can influence energy homeostasis, we enhanced the ARCGHR+ neuronal activity of GHRCre mice by stereotactically injecting AAV8-DIO-hM3Dq-mCherry into the ARC (thereafter, GHR-hM3Dq mice), and activated the transduced cells with CNO. The activation of ARCGHR+ neurons is demonstrated by cFos expression as a marker of neuronal activation in GHR-hM3Dq mice treated with the vehicle or CNO (Figure 3A and Supplementary Figure S4A, p < 0.05). To analyze the components of energy expenditure, we injected ad libitum-fed 12-week-old male GHR-hM3Dq mice with CNO in the morning during the light cycle. Using a single-subject approach where each mouse served as its control, we showed that the stimulation of ARCGHR+ neurons produced a significant increase in the respiratory exchange ratio (RER) (Figure 3B,C p < 0.05). This effect was also associated with a slight increase in heat production. The total locomotor activity was not significantly different (Figure 3D,E and Supplementary Figure S5A,B). This effect was associated with an increase in food intake in these animals upon CNO administration (Figure 3F,G), suggesting that ARCGHR+ neurons are orexigenic neurons functionally similar to the AgRP/SST neuronal cluster in the ARC [18].




3.3. ARCGHR+ Neurons Regulate Glucose Tolerance


The fasting blood glucose and serum insulin concentrations were indistinguishable between the vehicle and CNO-administered GHR-hM3Dq mice (Figure 4C,D). Despite unchanged fasting blood glucose levels, the CNO-treated mice displayed significantly increased glucose tolerance, indicating increased sensitivity in response to an intraperitoneal glucose load (p < 0.05, Figure 4E,F). Each animal served as its own control (e.g., saline vs. CNO). Of note, the hM3Dq virus alone injected into the control animals (hM3DqWT) did not affect the glucose tolerance (Supplementary Figure S4B). To distinguish between different neuronal subsets within the GH axis, we next assessed the role of GHRH+ neurons in glucose tolerance. For this purpose, we utilized the recently generated GHRHCre mice. The expression pattern of GHRH in these animals demonstrated the presence of cre-expressing neurons in the expected areas of the hypothalamus, including the ARC [8]. For the cre-dependent expression of hM3DGq in the GHRH neurons, we crossed GHRHcre mice with the stimulatory hM3DGq transgenic mice (GHRH::hM3Dq). CNO administration in GHRH::hM3Dq transgenic mice induced cFos immunoreactivity in the ARC of these mice (Figure 5A). In contrast to the ARCGHR activation in the GHR-hM3Dq mice, the selective activation of all GHRH neurons in the GHRH::hM3Dq mice had no effect on the glucose tolerance (Figure 5B).



To circumvent the confounding effect of the altered food intake, we analyzed the components of energy expenditure in fasted animals. We activated GHR-hM3Dq mice with CNO, 1 h before the onset of fasting at the beginning of the dark cycle. Using the same approach, we show that during fasting, the activation of ARCGHR+ neurons by CNO produced a significant increase in RER compared with the vehicle (Figure 3H,I, p < 0.05). The heat production and locomotor activity were decreased (Figure 3J,K and Supplementary Figure S5C,D). Interestingly, fat oxidation was significantly decreased (p < 0.05), and there was a tendency for elevated glucose oxidation during fasting (Figure 4A,B). These data suggest that under fasting conditions, the activation of ARCGHR+ neurons promotes the utilization of glucose over fat in the body.




3.4. ARCGHR+ Neurons Control Whole-Body Glycolysis and Muscle Glucose Uptake


We next performed a hyperinsulinemic-euglycemic clamp on GHR-hM3Dq mice. Consistent with an improvement in glucose tolerance, the glucose infusion rate (GIR) required to maintain euglycemia was nearly two-fold higher in the GHR-hM3Dq mice administered with CNO (AUC, p < 0.003, Figure 6A). Accordingly, the glucose turnover rate was elevated to a greater extent under basal and clamp conditions upon activation of the ARCGHR+ neurons (p < 0.004, Figure 6B). This was accompanied by a significant increase in the total body glycolytic rate (p < 0.05, Figure 6C), demonstrating that the activation of ARCGHR+ neurons stimulates glucose utilization. On the other hand, the suppression of hepatic glucose production (HGP) under clamp conditions was not significantly different between groups (Figure 6D). To identify the tissue(s) responsible for the increase in glucose utilization, we quantified the glucose uptake into insulin-responsive tissues. Skeletal muscle accounts for the majority of postprandial glucose disposal and, indeed, was significantly increased in the insulin-stimulated state in the GHR-hM3Dq mice upon CNO administration compared with the vehicle (p < 0.05, Figure 6E). Glucose utilization in the white adipose tissue (WAT) or brown adipose tissue (BAT) was not significantly different between groups (Figure 6F). In support of this, steady-state expression levels of the key metabolic genes that control glycolytic flux were greater in the muscle of CNO treated mice than in the control animals after the glucose clamp (Figure 6G–I). These data indicate that the observed increase in whole-body glucose tolerance upon activation of the ARCGHR+ neurons is driven mainly by the changes in glucose uptake by skeletal muscle.





4. Discussion


Our data identify a novel role for hypothalamic GHR-expressing neurons in the ARC in the regulation of whole-body glucose metabolism. Using a new mouse model that expresses cre recombinase driven by the GHR promoter, in combination with DREADD-mediated activation of ARCGHR+ neurons, we show that the chemogenetic activation of these cells strongly enhances glucose handling, as manifested by significant increases in the rates of whole-body glucose tolerance and glycolysis, as well as a specific increase in skeletal muscle insulin sensitivity.



ARCGHR neurons represent a heterogeneous population, which includes neurochemically-defined neurons that control specific physiologic functions. For example, the acute chemogenetic activation of AgRP neurons alters food intake and decreases energy expenditure [10]. Additionally, the activation of AgRP neurons acutely impairs systemic insulin sensitivity by inhibiting glucose uptake in brown adipose tissue [9]. However, while the majority of GHR+ neurons in the ARC co-localize with AgRP neurons, GHR represents only a very small cluster within the AgRP neuronal population [18]; therefore, it remains possible that other GHR+ neuronal populations in the ARC contribute to ARCGHR-mediated enhanced glycemia. The activation of ARCGHR+ neurons in the fed state is probably AgRP-neuron dependent and, specifically, contributes to the regulation of short-term feeding by AgRP neurons [10]. In contrast, during fasting, ARCGHR+ neurons positively regulate systemic glucose sensitivity, suggesting that different neurocircuits are involved in the control of feeding compared with those activated at times of limited food availability.



Our clamp results indicate that activating ARCGHR+ neurons was robust in the basal state and during the hyperinsulinemic clamp. These results suggest that activating ARCGHR+ neurons can promote insulin-independent effects on whole-body glucose metabolism, in addition to the effects involving changes in the insulin action. Numerous studies indicate that the brain can stimulate insulin-independent glucose disposal. For example, in streptozotocin-induced diabetes rats, central administration of leptin can reverse hyperglycemia, regardless of insulin deficiency [19]. Additionally, hypothalamic infusion of FGF19 to leptin-deficient ob/ob mice increased insulin-independent glucose disposal [20]. Similarly, in a rat model of diabetes, the intracerebroventricular (i.c.v) injection of FGF1 delayed the onset of β-cell dysfunction without an effect on glucose-induced insulin secretion or insulin sensitivity, suggesting that FGF1 can act in the brain to stimulate insulin-independent glucose clearance [21]. Interestingly, some metabolic effects of FGF1 can involve the suppression of excessive hypothalamic–pituitary–adrenal axis activity [22]. Although a detailed understanding of mechanisms mediating the effect of ARCGHR+ neurons on the systemic glucose sensitivity awaits further study, our data support the model of hypothalamic insulin-independent control of blood glucose levels.



The majority of ARCGHR neurons in the ARC are pSTAT5 immunoreactive after GH treatment, confirming their sensitivity to GH. The activation of ARCGHR neurons modulates aspects of both glucose and energy homeostasis, indicating that ARCGHR neurons lie within glucoregulatory and energy balance neurocircuits. While our current studies do not indicate which specific neuronal subpopulations within ARCGHR are responsible for controlling whole-body glycolysis, genetic deletion of GHR in AgRP neurons did not affect glucose metabolism or energy homeostasis [5], indicating that the role of GHR in AgRP- populations in the ARC is to coordinate these responses. ARCGHR neurons only partially overlap with SST and GHRH neurons, thus the contribution of these ARC neuronal populations to ARCGHR-mediated metabolic effects remains to be clarified.



In summary, using a novel GHRtdTom mouse model, we demonstrate that GHR neurons in the ARC comprise a unique neuronal population capable of controlling glucose metabolism and muscle insulin sensitivity. While the significance of the ARC subpopulation of GH-responsive neurons in the control of certain aspects of energy balance and glucose regulation remains to be elucidated, our study emphasizes the role of GH neurocircuitry as an essential hypothalamic network in regulating metabolic functions, and identifies these neurons as a promising therapeutic target for insulin resistance.
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	central nervous system



	GH
	growth hormone
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	signal transducer and activator of transcription 5
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	growth hormone releasing hormone
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	agouti-related peptide







References


	



Hojvat, S.; Baker, G.; Kirsteins, L.; Lawrence, A. Growth hormone (GH) immunoreactivity in the rodent and primate CNS: Distribution, characterization and presence posthypophysectomy. Brain Res. 1982, 239, 543–557. [Google Scholar] [CrossRef]

	



Kastrup, Y.; Le Grevès, M.; Nyberg, F.; Blomqvist, A. Distribution of growth hormone receptor mRNA in the brain stem and spinal cord of the rat. Neuroscience 2005, 130, 419–425. [Google Scholar] [CrossRef] [PubMed]

	



Furigo, I.C.; Metzger, M.; Teixeira, P.D.S.; Soares, C.R.J.; Donato, J. Distribution of growth hormone-responsive cells in the mouse brain. Beiträge und Referate zur Anatomie und Entwickelungsgeschichte 2017, 222, 341–363. [Google Scholar] [CrossRef] [PubMed]

	



Cady, G.; Landeryou, T.A.; Garratt, M.; Kopchick, J.J.; Qi, N.; Garcia-Galiano, D.; Elias, C.F.; Myers, M.G.; Miller, R.A.; Sandoval, D.A.; et al. Hypothalamic growth hormone receptor (GHR) controls hepatic glucose production in nutrient-sensing leptin receptor (LepRb) expressing neurons. Mol. Metab. 2017, 6, 393–405. [Google Scholar] [CrossRef]

	



Furigo, I.C.; Teixeira, P.D.; de Souza, G.O.; Couto, G.C.; Romero, G.G.; Perelló, M.; Frazão, R.; Elias, L.L.; Metzger, M.; List, E.O. Growth hormone regulates neuroendocrine responses to weight loss via AgRP neurons. Nat. Commun. 2019, 10, 662. [Google Scholar] [CrossRef]

	



Quaresma, P.G.F.; Teixeira, P.D.S.; Furigo, I.C.; Wasinski, F.; Couto, G.C.; Frazao, R.; List, E.O.; Kopchick, J.J.; Donato, J., Jr. Growth hormone/STAT5 signaling in proopiomelanocortin neurons regulates glucoprivic hyperphagia. Mol. Cell. Endocrinol. 2019, 498, 110574. [Google Scholar] [CrossRef] [PubMed]

	



Burger, L.L.; Vanacker, C.; Phumsatitpong, C.; Wagenmaker, E.R.; Wang, L.; Olson, D.P.; Moenter, S.M. Identification of Genes Enriched in GnRH Neurons by Translating Ribosome Affinity Purification and RNAseq in Mice. Endocrinology 2018, 159, 1922–1940. [Google Scholar] [CrossRef]

	



Rupp, A.C.; Allison, M.B.; Jones, J.C.; Patterson, C.M.; Faber, C.L.; Bozadjieva, N.; Heisler, L.K.; Seeley, R.J.; Olson, D.P.; Myers, M.G. Specific subpopulations of hypothalamic leptin receptor-expressing neurons mediate the effects of early developmental leptin receptor deletion on energy balance. Mol. Metab. 2018, 14, 130–138. [Google Scholar] [CrossRef]

	



Steculorum, S.M.; Ruud, J.; Karakasilioti, I.; Backes, H.; Ruud, L.E.; Timper, K.; Hess, M.E.; Tsaousidou, E.; Mauer, J.; Vogt, M.C.; et al. AgRP Neurons Control Systemic Insulin Sensitivity via Myostatin Expression in Brown Adipose Tissue. Cell 2016, 165, 125–138. [Google Scholar] [CrossRef]

	



Krashes, M.J.; Koda, S.; Ye, C.; Rogan, S.C.; Adams, A.C.; Cusher, D.S.; Maratos-Flier, E.; Roth, B.L.; Lowell, B.B. Rapid, reversible activation of AgRP neurons drives feeding behavior in mice. J. Clin. Investig. 2011, 121, 1424–1428. [Google Scholar] [CrossRef]

	



Paxinos, G.F.; Franklin, K. The Mouse Brain in Stereotaxic Coordinates; Elsevier Academic Press: Amsterdam, The Netherlands, 2003. [Google Scholar]

	



Debarba, L.; Mulka, A.; Lima, J.; Didyuk, O.; Fakhoury, P.; Koshko, L.; Awada, A.; Zhang, K.; Klueh, U.; Sadagurski, M. Acarbose protects from central and peripheral metabolic imbalance induced by benzene exposure. Brain Behav. Immun. 2020, 89, 87–99. [Google Scholar] [CrossRef] [PubMed]

	



Ayala, J.E.; Bracy, D.P.; Malabanan, C.; James, F.D.; Ansari, T.; Fueger, P.T.; McGuinness, O.P.; Wasserman, D.H. Hyperinsulinemic-euglycemic Clamps in Conscious, Unrestrained Mice. J. Vis. Exp. 2011, 2011, e3188. [Google Scholar] [CrossRef]

	



Stromsdorfer, K.L.; Yamaguchi, S.; Yoon, M.J.; Moseley, A.C.; Franczyk, M.P.; Kelly, S.C.; Qi, N.; Imai, S.-I.; Yoshino, J. NAMPT-Mediated NAD + Biosynthesis in Adipocytes Regulates Adipose Tissue Function and Multi-organ Insulin Sensitivity in Mice. Cell Rep. 2016, 16, 1851–1860. [Google Scholar] [CrossRef]

	



Sadagurski, M.; Landeryou, T.; Cady, G.; Kopchick, J.J.; List, E.O.; Berryman, D.E.; Bartke, A.; Miller, R.A. Growth hormone modulates hypothalamic inflammation in long-lived pituitary dwarf mice. Aging Cell 2015, 14, 1045–1054. [Google Scholar] [CrossRef]

	



Cravo, R.; Margatho, L.; Osborne-Lawrence, S.; Donato, J.; Atkin, S.; Bookout, A.; Rovinsky, S.; Frazão, R.; Lee, C.; Gautron, L.; et al. Characterization of Kiss1 neurons using transgenic mouse models. Neuroscience 2011, 173, 37–56. [Google Scholar] [CrossRef] [PubMed]

	



Zigman, J.M.; Jones, J.E.; Lee, C.E.; Saper, C.B.; Elmquist, J.K. Expression of ghrelin receptor mRNA in the rat and the mouse brain. J. Comp. Neurol. 2005, 494, 528–548. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, J.N.; Macosko, E.Z.; Fenselau, H.; Pers, T.H.; Lyubetskaya, A.; Tenen, D.; Goldman, M.; Verstegen, A.M.; Resch, J.M.; McCarroll, S.A.; et al. A molecular census of arcuate hypothalamus and median eminence cell types. Nat. Neurosci. 2017, 20, 484–496. [Google Scholar] [CrossRef] [PubMed]

	



Hidaka, S.; Yoshimatsu, H.; Kondou, S.; Tsuruta, Y.; Oka, K.; Noguchi, H.; Okamoto, K.; Sakino, H.; Teshima, Y.; Okeda, T.; et al. Chronic central leptin infusion restores hyperglycemia independent of food intake and insulin level in streptozotocin-induced diabetic rats. FASEB J. 2002, 16, 509–518. [Google Scholar] [CrossRef] [PubMed]

	



Morton, G.J.; Matsen, M.E.; Bracy, D.P.; Meek, T.H.; Nguyen, H.T.; Stefanovski, D.; Bergman, R.N.; Wasserman, D.H.; Schwartz, M.W. FGF19 action in the brain induces insulin-independent glucose lowering. J. Clin. Investig. 2013, 123, 4799–4808. [Google Scholar] [CrossRef] [PubMed]

	



Scarlett, J.M.; Muta, K.; Brown, J.M.; Rojas, J.M.; Matsen, M.E.; Acharya, N.K.; Secher, A.; Ingvorsen, C.; Jorgensen, R.; Høeg-Jensen, T.; et al. Peripheral Mechanisms Mediating the Sustained Antidiabetic Action of FGF1 in the Brain. Diabetes 2019, 68, 654–664. [Google Scholar] [CrossRef]

	



Perry, R.J.; Lee, S.; Ma, L.; Zhang, D.; Schlessinger, J.; Shulman, G.I. FGF1 and FGF19 reverse diabetes by suppression of the hypothalamic–pituitary–adrenal axis. Nat. Commun. 2015, 6, 6980. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 01093 g001 550] 





Figure 1. Characterization of growth hormone receptor (GHR)-expressing neurons in the arcuate nucleus of the hypothalamus (ARC). (A) Diagram of knock-in insert containing the cre enzyme. T2A—self-cleaving peptide; HA—homology arm. (B) Immunofluorescent image of GHR+ neurons in the hypothalamus (red, TdTomato). The dashed box indicates a digitally enlarged region of the ARC. (C) Two-plex fluorescent in situ hybridization of GHR mRNA (green) and tdTomato mRNA (red) in the ARC. The dashed box indicates the colocalization of GHR and tdTomato mRNA in the ARC (white arrows). (D) Representative images for pSTAT5 in 12-week-old GHRtdTom mice injected i.p. with a vehicle (saline) or GH. pSTAT5 (green), TdTomato (red), and merged images (colocalization is shown by arrows). 3V—third ventricle. Scale bar: 100 µm. (E) Quantification of double labeled cells of pSTAT5 and tdTomato to the total % red-labeled cells.* p < 0.05 t-test. See also Figures S1–S3. 
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Figure 2. GHR-expressing neuron colocalization with ARC neuronal subpopulations. Two-plex fluorescent in situ hybridization of (A) SST mRNA (green), tdTomato mRNA (red), and DAPI (blue), and (B) growth hormone releasing hormone (GHRH) mRNA (green), tdTomato mRNA (red), and DAPI (blue). In situ hybridization of (C) AgRP mRNA (white) with immunohistochemistry for tdTomato (red). Immunofluorescent staining for (D) tyrosine hydroxylase (green) and (E) ß-endorphin (green) with tdTomato (red). The dashed box indicates digitally enlarged images demonstrating colocalization (white arrows). (F) Percentage of cells expressing targets in relation to the total amount of TdTomato+ (n = 4). 3V—third ventricle. Scale bar: 100 µm. 
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Figure 3. Acute activation of ARCGHR neurons alters the energy homeostasis in fed and fasted mice. (A) Neuronal activation by cFos (green) was assessed 1 h after clozapine n-oxide (CNO) stimulation. immunohistochemistry (IHC) for mCherry (red) identifies the AAV-hM3Dq expression in the ARCGHR+ neurons. The merged image and dashed box indicate the colocalization of cFos and mCherry. 3V—third ventricle. Scale bar: 100 µm. Mice in metabolic chambers injected with saline (grey) or CNO (red) at 10:30 a.m. (B) Respiratory exchange ratio (RER) and (C) area under the curve (AUC) for the RER light cycle period. (D) Heat production and (E) AUC for heat production in the light cycle. (F) Food intake and (G) AUC of the light cycle period for food intake beginning at the treatment time. Mice in metabolic chambers were i.p. injected with either saline (grey) or CNO (red) at 5 pm, 1 h prior the start of the fasting period. (H) Respiratory exchange ratio (RER) and (I) AUC for RER dark cycle average. (J) Heat production and (K) AUC for heat production in the dark cycle. Data were analyzed by repeated measure two-way ANOVA followed by Tukey’s post-hoc; n = 7; * p < 0.05. See also Figure S5. 
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Figure 4. Acute activation of ARCGHR neurons decreases fat oxidation and increases glucose tolerance. (A) Fasted fat oxidation and (B) fasted glucose oxidation, measured in metabolic chambers. Mice were i.p. injected with either saline (grey) or CNO (red) 1 h prior the start of the fasting period during the dark cycle. (C) Fasted blood glucose, (D) fasted insulin, (E) glucose tolerance tests (GTT), and (F) AUC of 12-week old male mice. Saline (gray) or CNO (0.3 mg/kg BW i.p, red) was injected 1 h before i.p. GTT. The effect of ARCGHR activation was analyzed using a residual maximum likelihood (REML) mixed model followed by Sidak’s post hoc. The AUC was analyzed with a paired t-test. Mean ± SEM, n = 7; * p < 0.05. See also Figure S4B. 
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Figure 5. GHRH+ neuron activation does not alter metabolic parameters. (A) Representative immunofluorescence for Ghrh::hM3Dq mice injected with CNO. mCherry (red) and c-Fos (green), dashed box indicates the region of the ARC demonstrating colocalization. 3V—third ventricle. Scale bar: 100 µm. (B) Glucose tolerance tests (GTT) of 12-week old male control and Ghrh::hM3Dq mice performed one week apart. PBS or CNO was injected 1 h before i.p. glucose injection (n = 3). 
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Figure 6. Hyperinsulinemic-euglycemic clamp during acute activation of ARCGHR neurons. (A) Glucose infusion rates (GIR) and AUC. (B) Glucose turnover rate under basal and steady-state conditions. (C) Whole body glycolysis under basal and steady-state conditions. (D) Percentage suppression of hepatic glucose production. (E) Glucose uptake rates in skeletal muscle (gastroc, gastrocnemius muscle), and (F) brown adipose tissue (BAT), and white adipose tissue. V. fat—visceral fat; S. fat—subcutaneous fat. (G) HkII, (H) Pfk, and (I) Ldha mRNA expression in muscle in vehicle and CNO injected mice at 18–20 weeks of age; n = 7 mice per group. Mean ± SEM, *, p < 0.05. 
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