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The transcription factor E-twenty-six version 5 (ETV5) has been linked with obesity in genomewide association studies. Moreover, ETV5-deficient mice (knockout; KO) have reduced body weight, lower fat mass, and are resistant to diet-induced obesity, directly linking ETV5 to the regulation of energy balance and metabolism. ETV5 is expressed in hypothalamic brain regions that regulate both metabolism and HPA axis activity, suggesting that ETV5 may also modulate HPA axis function. In order to test this possibility, plasma corticosterone levels were measured in ETV5 KO and wildtype (WT) mice before (pre-stress) and after (post-stress) a mild stressor (intraperitoneal injection). ETV5 deficiency increased both pre-and post-stress plasma corticosterone, suggesting that loss of ETV5 elevated glucocorticoid tone. Consistent with this idea, ETV5 KO mice have reduced thymus weight, suggestive of increased glucocorticoid-induced thymic involution. ETV5 deficiency also decreased the mRNA expression of glucocorticoid receptor (GR), mineralocorticoid receptor (MR), and vasopressin receptor 1A in the hypothalamus, without altering vasopressin, corticotropin-releasing hormone, or oxytocin mRNA expression. In order to test whether reduced MR and GR expression affected glucocorticoid negative feedback, a dexamethasone suppression test was performed. Dexamethasone reduced plasma corticosterone in both ETV5 KO and WT mice, suggesting that glucocorticoid negative feedback was unaltered by ETV5 deficiency. In summary, these data suggest that the obesityassociated transcription factor ETV5 normally acts to diminish circulating glucocorticoids.

INTRODUCTION

ETV5 was first associated with obesity in multiple human genome-wide association studies [START_REF] Willer | Consortium Wellcome Trust Case Control; and ANthropometric Traits Consortium Genetic Investigation of. Six new loci associated with body mass index highlight a neuronal influence on body weight regulation[END_REF][START_REF] Thorleifsson | Genome-wide association yields new sequence variants at seven loci that associate with measures of obesity[END_REF]). More recently, ETV5 has been functionallylinked with obesity. ETV5-deficient (knockout; KO) mice have reduced body weight and adiposity compared to wildtype (WT) littermates [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF][START_REF] Schlesser | Effects of ETV5 (ets variant gene 5) on testis and body growth, time course of spermatogonial stem cell loss, and fertility in mice[END_REF]. Furthermore, they are resistant to high fat diet-induced obesity, suggesting that ETV5 normally promotes body fat and body weight gain [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF]. ETV5 KO mice are also glucose intolerant (despite reduced adiposity), due at least in part to impaired insulin secretion, suggesting that ETV5 also plays an important role in glucose metabolism [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF]. Importantly, ETV5 mRNA is expressed in brain regions that are critical for the regulation of energy balance (e.g., arcuate (ARC) and ventromedial (VMN) hypothalamic nuclei) and this expression varies with nutritional state, suggesting that ETV5 may contribute to metabolic regulation, at least in part, via its role in the brain [START_REF] Boender | Nutritional state affects the expression of the obesity-associated genes Etv5, Faim2, Fto, and Negr1[END_REF][START_REF] Schmid | Expression of fourteen novel obesity-related genes in Zucker diabetic fatty rats[END_REF][START_REF] Gutierrez-Aguilar | Expression of new loci associated with obesity in diet-induced obese rats: from genetics to physiology[END_REF].

Metabolism is also influenced by the hypothalamic-pituitary-adrenocortical (HPA) axis. The HPA axis is a major neuroendocrine system that has a low basal level of activity that is markedly increased in response to stress (i.e., a real or perceived threat to homeostasis or well-being) (reviewed in (Ulrich-Lai and Herman 2009)). In this system, neurons in the paraventricular nucleus of hypothalamus (PVN) release corticotropin releasing hormone (CRH), vasopressin (AVP) and other releasing hormones from their terminals in the median eminence. These releasing hormones act on the anterior pituitary to release adrenocorticotrophic releasing hormone (ACTH) in the systemic circulation. ACTH then acts on the adrenal cortex to induce the production and release of glucocorticoids (e.g., cortisol in humans and corticosterone in rodents). Glucocorticoids exert negative feedback on the HPA axis by acting on their receptors (glucocorticoid receptors (GR) and mineralocorticoid receptors (MR)) in the brain and pituitary to decrease CRH and AVP expression, inhibit ACTH release, and limit further HPA axis activity [START_REF] Kageyama | Regulatory mechanisms underlying corticotropin-releasing factor gene expression in the hypothalamus[END_REF]. Furthermore, glucocorticoids act on peripheral metabolic tissues to mobilize stored energy by: 1) stimulating gluconeogenesis in the liver [START_REF] Baxter | Glucocorticoid hormone action[END_REF]; 2) enhancing lipolysis in the adipose tissue [START_REF] Peckett | The effects of glucocorticoids on adipose tissue lipid metabolism[END_REF]; and 3) modifying insulin secretion [START_REF] Lambillotte | Direct glucocorticoid inhibition of insulin secretion. An in vitro study of dexamethasone effects in mouse islets[END_REF][START_REF] Dinneen | Metabolic effects of the nocturnal rise in cortisol on carbohydrate metabolism in normal humans[END_REF]. All of these adaptations lead to an acute hyperglycemic state, thus providing energy to fuel appropriate behavioral and cognitive responses to stress.

Importantly, HPA axis function is reciprocally influenced by metabolic state. For instance, metabolism-regulatory brain regions (e.g., ARC, VMH) and metabolic hormones (e.g., insulin, leptin) all influence HPA axis activity (reviewed in (Ulrich-Lai and Ryan 2014). Taken together with the clear role that ETV5 plays in metabolic regulation (described above), this suggests that ETV5 is also well-positioned to regulate HPA axis activity. The present work addresses this hypothesis by measuring (1) pre-and post-stress plasma corticosterone, (2) hypothalamic expression of stress-regulatory genes, and (3) glucocorticoid negative feedback, in ETV5 KO and WT mice.

MATERIALS AND METHODS

Animals

The ETV5 KO mouse line was kindly donated by Dr. K. M. Murphy [START_REF] Chen | ERM is required for transcriptional control of the spermatogonial stem cell niche[END_REF]. KO and WT male littermate mice were bred in-house using breeding pairs that were heterozygous for a loss-of-function on ETV5. Mice from 6-9 litters were used in each experiment. These animals were individually housed under a 12 h/12 h light/dark cycle (lights on at 06:00h, lights off at 18:00 h) and allowed ad libitum access to water and pelleted standard chow (LM-485; Harlan-Teklad, Indianapolis, IN, USA). The University of Cincinnati Institutional Animal Care and Use Committee approved all animal protocols.

Pre-and post-stress plasma corticosterone

In a previous study [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF], a glucose tolerance test (GTT) was performed in ETV5 KO and WT mice at 12 weeks of age. Mice were briefly fasted (06:00-10:00 h), and at 10:00 h, tail blood samples were quickly collected immediately prior to (0 min) and at 15 and 30 min after intraperitoneal (i.p.) glucose injection (1.5 mg/g of body weight) for measurement of plasma glucose and insulin. In the present work, plasma corticosterone was measured by radioimmunoassay (RIA) in these plasma samples via a RIA kit (ICN Biomedical, Costa Mesa, Calif., USA) following manufacturer's instructions, as previously described [START_REF] Ulrich-Lai | Pleasurable behaviors reduce stress via brain reward pathways[END_REF], in order to assess the HPA response to the mild stress associated with the GTT procedure (e.g., i.p. injection). The minimum detection of the RIA Kit is 12.5 ng/ml.

Dexamethasone suppression test

ETV5 KO and WT mice were given a low dose of the synthetic glucocorticoid dexamethasone (0.1 mg/kg, s.c.) vs. saline vehicle at 20 weeks of age. At 2 hours after dexamethasone injection, a tail blood sample was quickly collected (0 min). Mice were then immediately placed into a new, clean home cage (this cage change served as a mild acute stressor) and tail blood samples were quickly collected at 30 and 60 min for determination of plasma corticosterone.

Adrenal and thymus weights

Mice (at 16 weeks of age) were sacrificed by decapitation at 10:00 h. Adrenal and thymus glands were collected, cleaned and weighed as general indices of chronic HPA axis tone. Adrenal weight is often used as an indirect index of cumulative ACTH exposure, as ACTH stimulates adrenal growth (Ulrich-Lai et al. 2006). Thymus weight is often used as an indirect index of cumulative glucocorticoid exposure, as glucocorticoids induce thymic shrinkage (Ulrich-Lai et al. 2006;[START_REF] Dimitrijevic | End-point effector stress mediators in neuroimmune interactions: their role in immune system homeostasis and autoimmune pathology[END_REF].

Semiquantitative real-time PCR

The hypothalamus was also quickly collected at time of sacrifice, and total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA) and purified by RNeasy Mini Kit (Qiagen, Valencia, CA), according to manufacturer's instructions. cDNA was produced by SuperScript First Strand Synthesis Kit (Invitrogen, Carlsbad, CA). mRNA expression was measured on an ABI 7900HT real-time PCR system with the following Taqman probes: arginine vasopressin (avp; Mm00437761_g1), arginine vasopressin receptor 1A (avpr1a; Mm00444092_m1), glucocorticoid receptor (GR) nuclear receptor subfamily 3, group C, member 1 (nr3c1; Mm00433832_m1), mineral glucocorticoid receptor (MR) nuclear receptor subfamily 3, group C, member 2 (nr3c2; Mm01241596_m1), oxytocin (oxy; Mm00726655_s1), corticotropin releasing hormone (crh; Mm01293920_s1), and the housekeeping gene the ribosomal protein L32 (L32; Mm02528467_g1). Samples were run in triplicate and the mRNA expression was expressed relative to the housekeeping L32 gene.

Statistical analysis

All results are shown as means ± SEM. Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). For organ weight and gene expression data, two-tailed t-tests were used to compare the 2 genotypes. For plasma corticosterone data, a two-way ANOVA with repeated measures, followed by a Bonferroni post-hoc test, was used to compare Treatment Group and Time. Plasma corticosterone area-under-thecurve (AUC) was calculated using the trapezoidal rule and analyzed by 2-tailed t-test. Statistical significance was taken as p<0.05.

RESULTS

Pre-and post-stress plasma corticosterone

Prior to stress (0 min), plasma corticosterone was ~2.3 fold higher in the ETV5 KO mice compared to their WT littermates (Figure 1A). Exposure to mild stress (i.p. injection) increased plasma corticosterone in both ETV5 KO and WT mice. However, the difference between the genotypes persisted after stress exposure (30 and 60 min), such that plasma corticosterone remained higher (~1.6 fold) in the ETV5 KO mice after stress. These data indicate that ETV5 deficiency elevates both pre-and post-stress plasma corticosterone. Consistent with this, analysis of the plasma corticosterone area-under-the-curve shows that the total integrated plasma corticosterone response is greater in KO mice (Figure 1B).

Adrenal and thymus weights

Neither total adrenal weight (Figure 2A), nor adrenal weight normalized to body weight (Figure 2C), differed by genotype. In contrast, thymus weight (Figure 2B) and thymus weight normalized to body weight (Figure 2D) were both reduced in ETV5 KO mice when compared to WT littermates. These data indicate that ETV5 deficiency reduces thymus weight even after considering differences in overall body weight, suggesting the possibility that ETV5 KO mice experienced a history of chronically elevated glucocorticoids.

Hypothalamic stress-related gene expression

In order to assess whether differences in plasma corticosterone were accompanied by changes in central HPA regulation, the expression of several stress-related genes was assessed in hypothalamic tissue from ETV5 KO and WT mice (Figure 3). The expression of nr3c1 (GR), nr3c2 (MR), and avpr1a (vasopressin receptor 1a) mRNAs were significantly down-regulated in the hypothalamus of ETV5 KO mice compared to WT littermates. In contrast, avp, crh and oxy mRNAs did not differ between genotypes. These data suggest that ETV5 deficiency reduces the mRNA expression of some stress-regulatory genes in the hypothalamus. More specifically, reduced expression of MR and GR is often associated with reduced glucocorticoid negative feedback [START_REF] Herman | Regulatory changes in neuroendocrine stress-integrative circuitry produced by a variable stress paradigm[END_REF][START_REF] Mizoguchi | Chronic stress attenuates glucocorticoid negative feedback: involvement of the prefrontal cortex and hippocampus[END_REF], suggesting this as a possible mechanism for elevated plasma corticosterone in ETV5 deficient mice.

Dexamethasone suppression test

Since altered expression of corticosterone receptors (Figure 3) could influence the ability of glucocorticoids to exert negative feedback on the HPA axis, this possibility was tested in a dexamethasone suppression test. In this test, the synthetic glucocorticoid dexamethasone is administered and its ability to suppress subsequent stress-induced corticosterone secretion is used as an index of glucocorticoid negative feedback. In saline-injected mice, plasma corticosterone was generally higher in ETV5 KO mice (compared to WT littermate controls), particularly at 60 min after cage change stress (Figure . 4), consistent with earlier results (Figure 1A). Moreover, dexamethasone significantly reduced plasma corticosterone in WT mice at 30 and 60 min, and in KO mice at 0, 30 and 60 min. These data suggest that ETV5 deficiency does not prevent effective glucocorticoid negative feedback.

DISCUSSION

ETV5 was recently linked with obesity [START_REF] Thorleifsson | Genome-wide association yields new sequence variants at seven loci that associate with measures of obesity[END_REF], and it plays an important role in regulating energy balance and glucose metabolism [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF]. The present work addressed the hypothesis that ETV5 also contributes to HPA axis regulation. ETV5 KO mice had increased pre-and post-stress plasma corticosterone and decreased thymus weight, suggesting they experienced chronically elevated glucocorticoid tone. MR and GR mRNA expression was reduced in the hypothalamus of ETV5 KO mice, but a dexamethasone suppression test showed intact glucocorticoid negative feedback. Taken together, these data show that ETV5 deficiency elevates glucocorticoids, suggesting that ETV5 normally acts to decrease glucocorticoid tone.

HPA axis regulation by actions of ETV5 in brain

ETV5 is highly expressed in brain, including several hypothalamic brain regions (e.g., ARC, VMH) that are important for regulation of both metabolism and HPA activity (reviewed in (Ulrich-Lai and Ryan 2014), suggesting that ETV5 may influence HPA axis activity via its actions in brain. Consistent with this idea, the mRNA expression of several HPA-regulatory genes, including MR and GR, are down-regulated in the hypothalamus of ETV5 KO mice, implying that decreased glucocorticoid negative feedback could be responsible for the elevated HPA axis tone. However, assessment of the glucocorticoid negative feedback by dexamethasone suppression test showed intact negative feedback in ETV5 deficient mice, indicating that this is unlikely to the mechanism by which ETV5 regulates glucocorticoids levels. Instead the down-regulation of MR and GR expression may be the consequence of the increased plasma corticosterone, since chronically-elevated glucocorticoids can decrease brain MR and GR expression -though usually to a great extent in forebrain than hypothalamus [START_REF] Herman | Regulatory changes in neuroendocrine stress-integrative circuitry produced by a variable stress paradigm[END_REF][START_REF] Mizoguchi | Chronic stress attenuates glucocorticoid negative feedback: involvement of the prefrontal cortex and hippocampus[END_REF].

HPA axis regulation by actions of ETV5 in pituitary and adrenal

HPA axis activity can also be regulated at the level of the pituitary (e.g., increased ACTH response to CRH/AVP) [START_REF] Aguilera | Regulation of pituitary ACTH secretion during chronic stress[END_REF]) and adrenal gland (e.g., increased corticosterone response to ACTH) (Ulrich-Lai, [START_REF] Ulrich-Lai | Adrenal splanchnic innervation contributes to the diurnal rhythm of plasma corticosterone in rats by modulating adrenal sensitivity to ACTH[END_REF][START_REF] Spiga | ACTH-dependent ultradian rhythm of corticosterone secretion[END_REF][START_REF] Ulrich-Lai | Adrenal splanchnic innervation modulates adrenal cortical responses to dehydration stress in rats[END_REF]). ETV5 appears to be ubiquitously expressed in mice and humans [START_REF] Hollenhorst | Expression profiles frame the promoter specificity dilemma of the ETS family of transcription factors[END_REF][START_REF] Chotteau-Lelievre | Expression patterns of the Ets transcription factors from the PEA3 group during early stages of mouse development[END_REF], suggesting that ETV5 may contribute to HPA regulation via direct actions in pituitary or adrenal. Unaltered adrenal gland weight in ETV5 KO mice could indicate that ETV5 deficiency does not alter pituitary secretion of ACTH, but unfortunately this possibility could not be directly assessed since the volume of blood collected from mice is too small to permit measurement of plasma ACTH. Alternatively, ETV5 may act locally in the adrenal to regulate glucocorticoid production. For instance, ETV5 is important for the development and function of other steroidogenic tissues, such as testes and ovaries [START_REF] Schlesser | Effects of ETV5 (ets variant gene 5) on testis and body growth, time course of spermatogonial stem cell loss, and fertility in mice[END_REF][START_REF] Eo | Complex ovarian defects lead to infertility in Etv5-/-female mice[END_REF]. However, in these tissues ETV5 deficiency results in diminished steroid hormone production, suggesting that this is unlikely to explain the elevated glucocorticoids that are seen in ETV5 KO mice. Otherwise, it is also possible that ETV5 could increase adrenal responsivity to ACTH, or else increase corticosteroid-binding globulin leading to greater total (bound plus free) circulating glucocorticoids -though these possibilities need to be tested.

Role of ETV5 in mediating interactions between the HPA axis and metabolism

Lastly, ETV5 could influence HPA axis activity indirectly via its marked effects on energy balance and metabolic state. For instance, ETV5 KO mice have reduced adiposity [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF], which can influence HPA axis tone. ETV5 KO mice also have altered levels of metabolic hormones (e.g., reduced insulin) [START_REF] Gutierrez-Aguilar | The role of the transcription factor ETV5 in insulin exocytosis[END_REF], that can themselves influence HPA axis activity.

On the other hand, elevated glucocorticoids could contribute to the metabolic abnormalities that are observed in ETV5 KO mice, including reduced insulin secretion, glucose intolerance, and hyperglycemia. For example, glucocorticoids can suppress glucosestimulated insulin secretion in vivo [START_REF] Plat | Effects of morning cortisol elevation on insulin secretion and glucose regulation in humans[END_REF][START_REF] Dinneen | Metabolic effects of the nocturnal rise in cortisol on carbohydrate metabolism in normal humans[END_REF] and in vitro [START_REF] Billaudel | Direct effect of corticosterone upon insulin secretion studied by three different techniques[END_REF][START_REF] Barseghian | Effect of corticosterone on insulin and glucagon secretion by the isolated perfused rat pancreas[END_REF][START_REF] Lambillotte | Direct glucocorticoid inhibition of insulin secretion. An in vitro study of dexamethasone effects in mouse islets[END_REF][START_REF] Gremlich | Dexamethasone induces posttranslational degradation of GLUT2 and inhibition of insulin secretion in isolated pancreatic beta cells. Comparison with the effects of fatty acids[END_REF]. In addition, glucocorticoids can promote hyperglycemia [START_REF] Mangos | Cortisol inhibits cholinergic vasodilation in the human forearm[END_REF][START_REF] Rizza | Cortisol-induced insulin resistance in man: impaired suppression of glucose production and stimulation of glucose utilization due to a postreceptor detect of insulin action[END_REF] by stimulating liver gluconeogenesis [START_REF] Baxter | Glucocorticoid hormone action[END_REF]. Consistent with this idea, glucose intolerance in men is associated with elevated plasma cortisol [START_REF] Reynolds | Altered control of cortisol secretion in adult men with low birth weight and cardiovascular risk factors[END_REF]) Taken together, this suggests that increased HPA axis tone in ETV5 KO mice may contribute, at least in part, to their metabolic dysfunction.

Overall summary and conclusions

Taken together, this work indicates that ETV5, a transcription factor that was recently associated with obesity in multiple human genome wide association studies, also regulates the HPA axis. More specifically, genetic ETV5 deficiency elevates plasma corticosterone, suggesting that ETV5 normally acts to diminish circulating glucocorticoids. This might occur directly via ETV5 actions on the HPA axis system, and/or indirectly via ETV5induced alterations in metabolic factors that then influence the HPA axis.

HIGHLIGHTS

• Loss of ETV5 elevates glucocorticoid tone.

• ETV5 deficiency decreases GR, MR and avpr1 hypothalamic transcripts.

• ETV5 deficiency does not alter avp, crh, or oxy mRNA expression.

• Glucocorticoid negative feedback is unaltered by ETV5 deficiency. 

Figure 1 .

 1 Figure 1.A) ETV5 deficiency increases pre-and post-stress plasma corticosterone. Plasma corticosterone was assessed in ETV5 knockout (KO) and wildtype (WT) littermate mice prior to (0 min) and after (15 and 30 min) a mild stressor (i.p. injection). Two-way ANOVA with repeated measures followed by Bonferroni post-hoc test, *p<0.05, **p<0.01. B) Analysis of area-under-the-curve (AUC) shows increased integrated plasma corticosterone in KO mice (two-tailed t-test, **p<0.01). Data are presented as mean ± SEM. n = 7 KO -8 WT/group.

Figure 2 .

 2 Figure 2. ETV5 deficiency reduced thymus, but not adrenal, weight. (A) Total (left + right) adrenal gland weight, (B) thymus weight, (C) adrenal weight normalized to body weight, and (D) thymus weight normalized to body weight, of ETV5 knockout (KO) and wildtype (WT) littermate mice. Data are presented as mean ± SEM. Two-tailed t-tests, **p<0.01. n = 5 KO-6 WT/group.

Figure 3 .

 3 Figure 3. ETV5 deficiency reduced the mRNA expression of several stress-regulatory genes in the hypothalamus. Arginine vasopressin (avp), arginine vasopressin receptor (avpr1), corticotropin-releasing hormone (crh), oxytocin (oxy), glucocorticoid receptor (nr3c1) and mineralocorticoid receptor (nr3c2). Data are presented as mean ± SEM. Two-tailed t-tests, *p<0.05, **p<0.01. n = 7 KO -8 WT/group.

Figure 4 .

 4 Figure 4. ETV5 deficiency does not prevent glucocorticoid negative feedback in a dexamethasone suppression test. Two hours after dexamethasone (DEX) or vehicle (VEH) administration, plasma corticosterone was assessed before (0 min) and after (30 and 60 min) a mild stressor (cage change) in ETV5 knockout (KO) and wildtype (WT) littermate mice. Data are presented as mean ± SEM. Two-way ANOVA with repeated measures followed by Bonferroni post-hoc test, *p<0.001. n = 4 KO -5 WT/group.
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