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 2 

Abstract 17 

Leptin is critical for energy balance, glucose homeostasis, and for metabolic and 18 

neuroendocrine adaptations to starvation. A prevalent model predicts that leptin’s 19 

actions are mediated through pro-opiomelanocortin (POMC) neurons that express leptin 20 

receptors (LEPRs). However, previous studies have used prenatal genetic 21 

manipulations, which may be subject to developmental compensation. Here, we tested 22 

the direct contribution of POMC neurons expressing LEPRs in regulating energy 23 

balance, glucose homeostasis and leptin secretion during fasting using a 24 

spatiotemporally controlled Lepr expression mouse model. We report a dissociation 25 

between leptin’s effects on glucose homeostasis versus energy balance in POMC 26 

neurons. We show that these neurons are dispensable for regulating food intake, but are 27 

required for coordinating hepatic glucose production and for the fasting-induced fall in 28 

leptin levels, independent of changes in fat mass. We also identify a role for sympathetic 29 

nervous system regulation of the inhibitory adrenergic receptor (ADRA2A) in regulating 30 

leptin production. Collectively, our findings highlight a previously unrecognized role of 31 

POMC neurons in regulating leptin levels. 32 

 33 

 34 

 35 

  36 
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Introduction 37 

Pro-opiomelanocortin (POMC) neurons of the arcuate nucleus of the hypothalamus 38 

(ARC) are critical regulators of energy balance and glucose homeostasis (Mercer, 39 

Hentges et al. 2013, Gautron, Elmquist et al. 2015). These neurons consist of a 40 

heterogeneous population with respect to neurotransmitters used and the receptors 41 

expressed (Hentges, Otero-Corchon et al. 2009, Williams, Margatho et al. 2010, Lam, 42 

Cimino et al. 2017). Electrophysiology and immunohistochemistry studies have 43 

established that ~30% of hypothalamic POMC neurons are responsive to leptin 44 

(Cheung, Clifton et al. 1997, Ernst, Wunderlich et al. 2009, Williams, Margatho et al. 45 

2010). Given the role of POMC neurons and leptin in metabolism, a conventional model 46 

indicates that a subset of POMC cells that expresses the leptin receptor (LEPR) are 47 

mediating the metabolic actions of leptin (Cheung, Clifton et al. 1997, Balthasar, 48 

Dalgaard et al. 2005). This idea was supported by early observations that prenatal 49 

manipulations of LEPR-expressing POMC neurons mildly affect body weight (Munzberg, 50 

Huo et al. 2003, Balthasar, Coppari et al. 2004, Huo, Gamber et al. 2009, Berglund, 51 

Vianna et al. 2012, Huang, Kong et al. 2012, Mercer, Hentges et al. 2013). However, 52 

POMC neurons share developmental origins with other cell types, including subsets of 53 

NPY/AgRP neurons (Padilla, Carmody et al. 2010, Lam, Cimino et al. 2017). As such, it 54 

is possible that developmental compensation, or Lepr deletion from non-POMC neurons, 55 

are behind the phenotypes observed with conventional transgenic models (Bouret, 56 

Draper et al. 2004, Lam, Cimino et al. 2017). In addition, although it was repeatedly 57 

suggested that leptin’s anorexigenic effects act through non-ARC POMC neurons 58 

(Myers, Munzberg et al. 2009, Berglund, Vianna et al. 2012, Berglund, Liu et al. 2013), 59 

the direct contribution of LEPR-expressing POMC neurons on glucose homeostasis has 60 

been difficult to dissect due to inevitable alterations of fat mass resulting from prenatal 61 

deletions. As such, dissociating the pathways involved in leptin’s and melanocortin’s 62 

effects on adiposity versus glucose homeostasis is key for the development of anti-63 

obesity and anti-diabetes therapies. 64 

The activity and expression of POMC is highly dependent on energy status 65 

(Mizuno, Kleopoulos et al. 1998). During obesity, there is an energy surplus and POMC 66 

levels are elevated (Schwartz, Seeley et al. 1997, Cowley, Smart et al. 2001). Inversely, 67 

during a state of negative energy balance, such as fasting, POMC expression is 68 
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decreased (Mizuno, Kleopoulos et al. 1998). Because POMC deficiency causes severe 69 

obesity, tremendous efforts have been made to understand a causative role of the 70 

POMC neurons in the pathophysiology of both syndromic and diet-induced obesity 71 

(Krude, Biebermann et al. 1998, Enriori, Evans et al. 2007). However, relatively little is 72 

known about the function of these neurons in the context of low energy levels, despite 73 

early suggestions that the effect of fasting to reduce POMC is physiologically relevant 74 

(Mizuno, Kleopoulos et al. 1998). In addition, fasting leads to a rapid fall in circulating 75 

leptin levels that is out of proportion to the loss in fat mass (Becker, Ongemba et al. 76 

1995, Moinat, Deng et al. 1995, Saladin, De Vos et al. 1995, Ahima, Prabakaran et al. 77 

1996, Flier 1998, Ahima, Kelly et al. 1999). Despite early suggestions that the fall in 78 

leptin represent a central physiologic response to fasting required for metabolic 79 

adaptations to low energy states, the mechanisms behind fasting-induced reductions in 80 

leptin are unknown (Ahima, Prabakaran et al. 1996, Flier 1998, Ahima, Kelly et al. 1999, 81 

Flier and Maratos-Flier 2017). Paradoxically, LEPR-null animals do not experience a 82 

decrease in leptin levels with fasting, suggesting that LEPRs themselves are required for 83 

the starvation-induced fall in leptin (Hardie, Rayner et al. 1996). Together, these 84 

observations indicate that neurons expressing LEPRs might play a role in repressing 85 

plasma leptin levels during starvation. However, the actual contribution of LEPR-86 

expressing POMC neurons in regulating leptin secretion is unknown. 87 

One way the CNS may regulate leptin is through altering activity of adrenergic 88 

receptors expressed by adipocytes. Acute activation of the sympathetic nervous system 89 

reduces leptin gene expression and leptin production through a β3-adrenoceptor 90 

(ADRB3)-dependent mechanism (Moinat, Deng et al. 1995, Gettys, Harkness et al. 91 

1996, Giacobino 1996, Mantzoros, Qu et al. 1996, Trayhurn, Duncan et al. 1996, Deng, 92 

Moinat et al. 1997, Trayhurn, Duncan et al. 1998, Caron, Lee et al. 2018). In addition, 93 

forcing the expression of human 2-adrenoreceptor (ADRA2) in mouse adipose tissue 94 

results in elevated leptin (Valet, Grujic et al. 2000), suggesting that the ADRA2/ADRB3 95 

balance in adipocytes is critical for leptin regulation. These observations suggest that 96 

leptin could regulate its own expression through a negative feedback loop from the brain 97 

to the adipose tissue. However, the central pathways and the mechanisms underlying 98 

these actions are yet to be fully characterized. 99 

Here, we report that a subset of POMC neurons that express LEPRs directly 100 

control glucose homeostasis and are necessary to regulate leptin synthesis, 101 



 5 

independent of changes in fat mass. We used a tamoxifen-inducible PomcCreERt2 102 

transgenic mouse model to generate mice in which Lepr expression is spatiotemporally-103 

controlled in a neuron-specific fashion. Within one week of deleting LEPRs from POMC 104 

neurons in adult mice, hepatic glucose production was impaired, while body weight, food 105 

intake, and energy expenditure were unaltered. In addition, mice with adult deletion of 106 

LEPRs in POMC neurons showed an impairment in the fasting-induced fall in leptin 107 

levels. We also identified an important role for adipose tissue ADRA2A in regulating 108 

leptin synthesis. Our results support a model predicting that LEPR-expressing POMC 109 

neurons coordinate metabolic responses to fasting via suppression of leptin levels. 110 

 111 

RESULTS 112 

LEPR-expressing POMC neurons are required for normal liver insulin 113 

sensitivity in adult mice 114 

The use of conventional prenatal PomcCre models was key in deciphering the 115 

contribution of many receptors and pathways in glucose and energy homeostasis 116 

(Balthasar, Coppari et al. 2004, Caron, Labbe et al. 2016). However, it is now 117 

appreciated that prenatal manipulations may lead to compensatory events during 118 

development (Padilla, Carmody et al. 2010, Bouret, 2004 #6646). Importantly, there is a 119 

subpopulation of cells that express PomcCre during development, but do not express 120 

POMC in adults (Padilla, Carmody et al. 2010). To circumvent these issues, we used a 121 

tamoxifen-inducible PomcCreERt2 transgenic mouse model (Berglund, Liu et al. 2013) to 122 

generate PomcCreERt2::Leprflox/flox mice in which Lepr expression is spatiotemporally 123 

controlled in a neuron-specific fashion. We first assessed the impact of adult deletion of 124 

LEPR-expressing POMC neurons on glucose homeostasis. Fed and fasting glycemia 125 

were not different before, or one week after, injection of tamoxifen, indicating that the 126 

drug per se, did not impair glucose levels (Figure 1A). However, adult ablation of LEPRs 127 

from POMC neurons resulted in significantly higher fasting glycemia as early as two 128 

weeks post-deletion, while fed glycemia was greater at three weeks (Figure 1A). This 129 

effect was sustained for the entire experimental period.  Fed and fasting insulin and 130 

glucagon levels were not different between groups (Figure 1B-C). Although no changes 131 

in glycemia were detectable in the first week, insulin response was already substantially 132 
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impaired, as assessed by an insulin tolerance test (Figure 1D-E). We did not observe 133 

any difference in glycemia following a glucagon stimulation test (Figure 1-figure 134 

supplement 2). 135 

We further explored the impact of deleting LEPRs in adult POMC neurons on 136 

systemic glucose metabolism by performing hypersulinemic-euglycemic clamp assays 137 

one week after the deletion in an independent cohort of animals. The glucose infusion 138 

rate needed to maintain euglycemia (119.3 ± 3.9 vs 122.0 ± 8.2 mg/dl) was significantly 139 

decreased in knock-out animals (Figure 1F), further demonstrating whole-body insulin 140 

resistance. Importantly, glucose disposal was unaltered, but insulin-induced suppression 141 

of hepatic glucose production was drastically impaired in the clamped state (Figure 1G-142 

H). Moreover, the ability of insulin to suppress lipolysis during the clamped state was 143 

unaltered, suggesting that insulin resistance occurred specifically in the liver (Figure 1I). 144 

Deletion of LEPRs in POMC neurons in adult mice did not affect fed or fasting levels of 145 

insulin, NEFA and triglycerides (data not shown), again suggesting that impaired liver 146 

insulin sensitivity, but presumably not impaired insulin secretion, contributes to systemic 147 

insulin resistance. Altogether, these data demonstrate that LEPR-expressing POMC 148 

neurons directly regulate liver metabolism in adult mice. This is in agreement with 149 

previous findings (Hill, Elias et al. 2010, Berglund, Vianna et al. 2012) in which LEPRs 150 

were deleted during development. We found that insulin resistance can be detected one 151 

week post-deletion (Figure 1D-I), however blood glucose levels did not rise until two 152 

weeks post-deletion (Figure 1A). These findings suggest that deletion of LEPRs in adult 153 

POMC neurons impairs liver insulin sensitivity, and the resulting hepatic insulin 154 

resistance leads to the development of hyperglycemia. 155 

LEPR-expressing POMC neurons are dispensable for the regulation of 156 

energy balance in adult mice 157 

It has generally been assumed that LEPR-expressing POMC neurons are 158 

important for feeding and weight regulation (Cheung, Clifton et al. 1997, Balthasar, 159 

Dalgaard et al. 2005), despite evidence that other subsets of POMC neurons are more 160 

likely to regulate energy balance (Berglund, Liu et al. 2013). Because prenatal deletion 161 

of Lepr in POMC neurons impairs body weight and fat mass, the direct contribution of 162 

these neurons in regulating glucose homeostasis has always been hard to dissect. Here, 163 

we show that deleting LEPRs from POMC neurons in adult mice does not affect body 164 
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weight or body composition (Figure 2A-C). Four weeks following the deletion, we 165 

evaluated food intake and energy expenditure using metabolic cages. We observed that 166 

food intake was unchanged in mice lacking LEPRs in adult POMC neurons (Figure 2D). 167 

Moreover, oxygen consumption, respiratory exchange ratio (VCO2/VO2) and physical 168 

activity were all unaltered (Figure 2E-G). These results suggest that LEPR-expressing 169 

POMC neurons regulate liver insulin sensitivity independently of changes in body weight.  170 

 Fasting reduces Pomc mRNA expression in the ARC (Mizuno, Kleopoulos et al. 171 

1998), and this reduction contributes to the promotion of hunger (Mercer, Hentges et al. 172 

2013). We found that adult deletions of LEPRs in POMC neurons did not affect fed or 173 

fasting levels of Pomc mRNA (Figure 3A). Another population of hypothalamic neurons 174 

that regulate energy balance and glucose homeostasis are the orexigenic neuropeptide 175 

Y (NPY) / agouti-related peptide (AgRP) neurons (Schwartz, Woods et al. 2000, Morton, 176 

Cummings et al. 2006). During fasting, the activity of these neurons increases, which 177 

promotes food-seeking and eating behaviors (Takahashi and Cone 2005). Moreover, 178 

leptin inhibits NPY/AgRP neurons and fasting relieves this inhibition (Schwartz, Seeley 179 

et al. 1996). Interestingly, mice with adult deletions of LEPRs in POMC neurons had 180 

blunted mRNA levels of Npy and Agrp in response to starvation (Figure 3B-C). This 181 

suggests that despite normal food intake in unrestrained conditions (Figure 2), fasting-182 

induced hyperphagia might be impaired in mice lacking LEPR in adult POMC neurons. 183 

However, we found that mice consumed the same amount of food when access to 184 

laboratory chow was restored after a 48-h fast (Figure 4A). Interestingly, feeding-185 

induced hyperglycemia was higher in mice lacking LEPRs in adult POMC neurons 186 

(Figure 4B). Together, these results reinforce the idea that LEPR-expressing POMC 187 

neurons are dispensable for the regulation of energy balance in adult mice. Moreover, 188 

these data further demonstrate impaired glucose homeostasis when LEPRs are deleted 189 

from adult POMC neurons. At this point, it remains unclear whether manipulating LEPR-190 

expressing POMC neurons results in dysfunction of NPY/AgRP neurons or if the 191 

receptors themselves are critical for the fasting response. 192 

LEPR-expressing POMC neurons are required for the fasting-induced fall in 193 

leptin levels independent of changes in fat mass in adult mice 194 

Fasting leads to a rapid fall in circulating leptin levels, despite no initial  changes in fat 195 

mass (Becker, Ongemba et al. 1995, Moinat, Deng et al. 1995, Saladin, De Vos et al. 196 
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1995, Ahima, Prabakaran et al. 1996, Flier 1998, Ahima, Kelly et al. 1999). However, 197 

this regulation in leptin levels is blunted in LEPR-null animals (Hardie, Rayner et al. 198 

1996), suggesting that LEPRs per se are required for the starvation-induced fall in leptin. 199 

In order to better understand the potential contribution of LEPR-expressing POMC 200 

neurons in regulating leptin production, we compared the impact of 48 h of fasting in 201 

prenatal and adult models. In contrast to prenatal deletions (Figure 5A-B), deleting 202 

LEPRs in POMC neurons in adult mice did not affect fasting-induced decreases in body 203 

weight or fat-mass loss (Figure 5E-F). Consistent with previous reports (Moinat, Deng et 204 

al. 1995, Trayhurn, Thomas et al. 1995, Ahima, Prabakaran et al. 1996, Hardie, Rayner 205 

et al. 1996), fasting induced a robust fall in both circulating leptin and visceral adipose 206 

Lep mRNA levels in wild-type littermate controls (Figure 5C-D and G-H). Strikingly, this 207 

effect was prevented in mice with either prenatal (Figure 5C-D) or adult (Figure 5G-H) 208 

deletions of LEPRs in POMC neurons. Although modest, expression of Lep in visceral 209 

adipose tissue was significantly higher, in fed mice lacking LEPRs in adult POMC 210 

neurons (Figure 5D and H), suggesting that the deletion may affect leptin regulation 211 

even in the fed state. Collectively, these results indicate that LEPR-expressing POMC 212 

neurons are required for the starvation-induced fall in leptin, independent of changes in 213 

fat mass. Preventing fasting-induced falls in leptin might explain the blunted response 214 

observed in Agrp and Npy expression (Figure 3B-C). 215 

Gi-coupled alpha-2A adrenergic receptors (ADRA2A) regulate leptin 216 

synthesis 217 

Given that adult deletions of LEPRs in POMC neurons are sufficient to prevent the 218 

fasting-induced fall in circulating leptin levels, we next sought to determine how these 219 

neurons regulate leptin production in adipose tissue. One way the CNS may negatively 220 

regulate leptin is through the activation of ADRB3 (Moinat, Deng et al. 1995, Collins and 221 

Surwit 1996, Gettys, Harkness et al. 1996, Giacobino 1996, Mantzoros, Qu et al. 1996, 222 

Trayhurn, Duncan et al. 1996, Trayhurn, Duncan et al. 1998, Evans, Agar et al. 1999). In 223 

addition, overexpression of ADRA2 in mouse adipose tissue increases leptin levels 224 

(Valet, Grujic et al. 2000), suggesting that the ADRA2/ADRB3 balance in adipocytes is 225 

critical for regulation of leptin. We first investigated the expression of the nine identified 226 

adrenergic receptors in visceral adipose tissue (Figure 6A). The expression of most of 227 

the adrenergic receptors was unchanged in mice with adult deletions of LEPRs in POMC 228 

neurons compared to wild-type littermates. However, the fasting-induced decrease in 229 
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Adra2a mRNA expression was not only prevented, but reversed following the deletion of 230 

LEPRs in adult POMC neurons (Figure 6A). Using an independent cohort, we found that 231 

this observation was not only reproducible, but also specific to visceral adipose tissue 232 

(Figure 6B-C). This result is in line with the fact that visceral but not subcutaneous 233 

adipose tissue is the primary source of leptin in rodents (Trayhurn, Thomas et al. 1995). 234 

These findings suggest that ADRA2A may be a candidate for mediating the starvation-235 

induced fall in leptin. 236 

The function of ADRA2A in adipocyte physiology and pathophysiology is well 237 

known (Lafontan and Berlan 1995, Garg, Sankella et al. 2016). However, its role in leptin 238 

synthesis has never been investigated. To functionally validate a role for ADRA2 in 239 

regulating leptin expression and production, C57BL/6J mice were intraperitoneally 240 

injected with the ADRA2 agonist clonidine, and visceral adipose tissue was collected 1 241 

hour later. Strikingly, clonidine increased Lep mRNA expression by 6 fold (Figure 7A). In 242 

another cohort of C57BL/6J mice, we also observed that clonidine rapidly increased 243 

plasma leptin levels (Figure 7B). We next sought to evaluate whether clonidine 244 

treatment altered leptin production in mice with adult deletions of LEPRs in POMC 245 

neurons. Because clonidine affects every ADRA2, including those express in the CNS, 246 

we performed the experiment using adipose tissue explants from mice that were fed or 247 

fasted for 48 h prior to the euthanasia. In fed animals, we found higher leptin release in 248 

knock-out animals (Figure 7C), consistent with the higher expression of Lep mRNA 249 

observed in visceral adipose tissue (Figure 5D, H). Furthermore, in the fasted condition, 250 

clonidine was effective at inducing leptin release only in adipose tissue explants from 251 

mice with LEPRs deleted in adult POMC neurons (Figure 7C). These explant studies 252 

indicate that this effect is adipose tissue-autonomous and not mediated through central 253 

effects. These results are in line with the observation that Adra2a mRNA expression 254 

increases with fasting in visceral adipose tissue of knock-out animals (Figure 6A). 255 

Clonidine was ineffective in subcutaneous adipose tissue (Figure 7D), again suggesting 256 

that the regulation of leptin production is specific to visceral fat. Together, these results 257 

suggest a role for ADRA2 as critical regulator of both leptin expression and production. 258 

In addition, these data suggest that ablation of LEPRs in adult POMC neurons prevents 259 

the starvation-induced fall in leptin by increasing ADRA2A activity in visceral white 260 

adipose tissue. 261 

 262 
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Discussion 263 

Leptin signaling in POMC neurons has been predicted to be key in regulating energy 264 

balance and glucose homeostasis (Munzberg, Huo et al. 2003, Balthasar, Coppari et al. 265 

2004, Kievit, Howard et al. 2006, Huo, Gamber et al. 2009, Berglund, Vianna et al. 2012, 266 

Huang, Kong et al. 2012, Mercer, Hentges et al. 2013). Our current findings dissociate 267 

the effects of LEPR-expressing POMC neurons on glucose homeostasis and changes in 268 

energy balance. In addition, our results suggest that POMC neurons are key regulators 269 

of leptin levels. This is interesting as one of the questions in leptin biology is the 270 

mechanism behind starvation-induced falls in leptin (Friedman 2016, Beshel, Dubnau et 271 

al. 2017). Although it may appear paradoxical that a subset of LEPR-expressing POMC 272 

cells controls leptin synthesis, previous studies have suggested that LEPRs are required 273 

for the starvation-induced fall in leptin (MacDougald, Hwang et al. 1995, Hardie, Rayner 274 

et al. 1996, Commins, Watson et al. 2000). This supports previous models that falling 275 

leptin is required to activate neuroendocrine responses (Ahima, Prabakaran et al. 1996, 276 

Ahima, Kelly et al. 1999). We also identify a role for ADRA2A in regulating leptin levels 277 

during starvation. This is in agreement with a report in which expression of human 278 

ADRA2A in adipocytes resulted in elevated leptin levels (Valet, Grujic et al. 2000). 279 

Collectively, our study highlights a previously unrecognized role of POMC neurons in the 280 

regulation of leptin levels and provides a new framework for the understanding of leptin 281 

action and regulation in the context of changing states of energy balance.  282 

The current study highlights the ongoing importance of developing more refined 283 

transgenic tools, including adult-inducible models. Here, we used a tamoxifen-inducible 284 

PomcCreERt2 transgenic mouse model to generate mice in which Lepr expression is 285 

spatiotemporally controlled in a neuron-specific fashion. Recent findings have 286 

demonstrated a need for the development of such a tool. First, the central melanocortin 287 

pathways are developmentally plastic, and as such developmental and non-288 

developmental compensations might affect the resulting phenotype, inherently limiting 289 

the conclusions that can be drawn (Bouret, Draper et al. 2004, Wu, Boyle et al. 2009, 290 

Padilla, Carmody et al. 2010, Bouret, Bates et al. 2012, Wu, Clark et al. 2012). In 291 

addition, POMC neurons share developmental origin with other cell types, including their 292 

NPY/AgRP counterparts (Padilla, Carmody et al. 2010). For instance, over 25% of 293 

POMC-positive neurons were shown to express high levels of Agrp (Lam, Cimino et al. 294 
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2017). Likewise, we recently developed an AgrpCreERt2 transgenic mouse model to better 295 

study the role of AgRP neurons in ghrelin response (Wang, Liu et al. 2014). These 296 

inducible tools will allow us to revisit fundamental beliefs about the central melanocortin 297 

system.  298 

The canonical effect of leptin action in the brain is to regulate energy balance 299 

(Millington 2007, Mercer, Hentges et al. 2013). Despite early evidence that ablating 300 

LEPRs only in POMC neurons results in moderate changes in body weight (Balthasar, 301 

Coppari et al. 2004), leptin action on POMC neurons in the ARC is considered a 302 

prototypical site of action in the control of food intake and energy expenditure. We and 303 

others have previously proposed that leptin directly acts on POMC neurons to regulate 304 

glucose homeostasis (Huo, Gamber et al. 2009, Berglund, Vianna et al. 2012). There is 305 

also evidence that subpopulations of POMC neurons that do not express LEPRs may 306 

regulate food intake (Xu, Jones et al. 2008, Williams, Margatho et al. 2010, Berglund, Liu 307 

et al. 2013, Campbell, Macosko et al. 2017). It is also possible that the mild obesity 308 

observed in previous studies is the consequence of Lepr deletion from a proportion of 309 

AgRP neurons. Our data indicate that the effects of leptin on energy balance are not 310 

through direct actions on POMC neurons. 311 

Here we show that action of leptin on POMC neurons regulates glucose 312 

homeostasis independent of its effects on energy balance. Specifically, removing LEPRs 313 

from POMC neurons in adult mice resulted in insulin resistance and impaired hepatic 314 

glucose production within one week following deletion. This was followed by sustained 315 

hyperglycemia, independent of changes in insulin and glucagon levels, in glucose 316 

disposal, or in the ability of insulin to suppress lipolysis. Although food intake was 317 

unaltered both in ad libitum or refeeding conditions, postprandial glycemia was impaired 318 

in mice lacking LEPRs in adult POMC neurons. Together, this suggests that altering 319 

leptin signaling in POMC neurons results in rapid-onset hepatic insulin resistance 320 

(Brown and Goldstein 2008). This specific effect is consistent with many reports showing 321 

direct consequences in the liver following genetic manipulations in POMC neurons (Hill, 322 

Elias et al. 2010, Xu, Berglund et al. 2010, Berglund, Vianna et al. 2012, Berglund, Liu 323 

et al. 2013, Shi, Zhou et al. 2013, Williams, Liu et al. 2014, Caron, Labbe et al. 2016). It 324 

was also recently shown that POMC neurons are important for hepatic parasympathic 325 

nerve activity in response to leptin (Bell, Harlan et al. 2018). A recent study also stresses 326 

the importance of insulin signaling in POMC neurons in regulating adipose tissue 327 
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lipolysis and the development of liver steatosis (Shin, Filatova et al. 2017). However, 328 

whether POMC neurons regulate glucose and lipid hepatic metabolism directly through 329 

the autonomic nervous system, or indirectly by altering metabolic hormone requires 330 

further investigation. It is nevertheless clear from our study that LEPR-expressing POMC 331 

neurons play a pivotal role in liver metabolism, independently of changes in energy 332 

balance. 333 

Our data also highlight an unexpected role for LEPR-expressing POMC neurons 334 

in regulating the fasting-induced fall in leptin. We show that the ability of fasting to 335 

suppress leptin is impaired in transgenic mouse models with either prenatal or adult 336 

deletion of LEPRs in POMC neurons. Although there is a general consensus that leptin 337 

levels are tightly correlated to adiposity (Frederich, Hamann et al. 1995, Considine, 338 

Sinha et al. 1996), our data suggest that this fasting-dependent regulation is 339 

independent of changes in body weight or fat mass. Moreover, this effect appears 340 

specific to visceral adipose tissue, which is in line with the fact that leptin is 341 

predominantly secreted from visceral white adipocytes in rodents (Trayhurn, Thomas et 342 

al. 1995).  343 

However, one important question still remains. In a particular, how does LEPR 344 

signalling in POMC neurons regulate adipocyte leptin secretion during fasting? One 345 

speculation is that the deletion of leptin receptors reduces POMC activity and renders 346 

the neurons less effective at activating downstream targets. Another possibility is more 347 

provocative. In particular, we propose that LEPR-expressing POMC neurons are part of 348 

a regulatory loop that is important for adaptative responses to fasting. Fasting rapidly 349 

alters key metabolic signals and decreases the circulating peripheral hormones (such as 350 

insulin) which are required to maintain normal leptin levels (Saladin, De Vos et al. 1995, 351 

D'Souza A, Neumann et al. 2017). These changes are all sensed by POMC neurons. 352 

However, drops in leptin trigger neuroendocrine responses that promote survival, 353 

including the inhibition of the sexual and thyroid axes and activation of the stress axis 354 

(Ahima, Prabakaran et al. 1996, Ahima, Kelly et al. 1999). These survival responses are 355 

extreme and safeguards may have evolved to ensure that they are not initiated too 356 

quickly. LEPR-expressing POMC neurons might represent such a “gatekeeper” to 357 

control the inhibition of leptin production. Thus, removing LEPRs from POMC neurons 358 

would prevent their ability to sense small fluctuations in leptin levels ultimately blunting 359 

the ability to fully suppress leptin levels.  360 
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In support of this model, we observed that fasting-induced expression of Npy and 361 

Agrp in the mediobasal hypothalamus was impaired in PomcCreERt2::Leprflox/flox mice, 362 

suggesting that the falling leptin might be an important signal activating NPY/AgRP 363 

neurons during starvation (Bi, Robinson et al. 2003). Although this impaired response 364 

might be a direct consequence of elevated fasting-leptin levels, we did not observe any 365 

differences in food intake. Importantly, this does not invalidate the role of these neurons 366 

in regulating re-feeding behavior after a fast. However, these results indicate that 367 

preventing the normal fall in leptin levels during fasting have major repercussions, not 368 

only on the neuroendocrine system (Ahima, Prabakaran et al. 1996), but also on 369 

behavioral, metabolic and neuronal responses.  370 

Mechanistically, we show that visceral adipose tissue expression of Adra2a, 371 

which normally decreases with fasting, is actually increasing in mice lacking fasted mice 372 

lacking LEPRs in adult POMC neurons. Interestingly, the expression of Adra2a is not 373 

altered in subcutaneuous adipose tissue, further supporting visceral-dependent effect. It 374 

is noteworthy that the sympathetic regulation differs between different fat depots, both in 375 

terms of innervation and outflow (Brito, Brito et al. 2007, Brito, Brito et al. 2008, Nguyen, 376 

Barr et al. 2017). These findings also add another layer of complexity to the way the 377 

brain regulates peripheral tissues through the activation of GPCRs. Our pharmacological 378 

experiments also support the notion that ADRA2 are important for leptin regulation. 379 

ADRB3 is well-known to negatively regulate leptin though a cAMP-dependent 380 

mechanism (Moinat, Deng et al. 1995, Gettys, Harkness et al. 1996, Giacobino 1996, 381 

Mantzoros, Qu et al. 1996, Slieker, Sloop et al. 1996, Trayhurn, Duncan et al. 1996, 382 

Deng, Moinat et al. 1997, Trayhurn, Duncan et al. 1998, Caron, Lee et al. 2018). 383 

Because ADRB3 is Gs-coupled, we hypothesize that Gi-coupled ADRA2 might have the 384 

opposite action on leptin synthesis. Treating mice with an ADRA2 agonist is sufficient to 385 

increase both circulating leptin and mRNA levels in visceral fat. We also found that this 386 

regulation is tissue-autonomous, as clonidine effectively affected leptin release only in 387 

visceral adipose tissue explants from mice lacking LEPRs in adult POMC neurons. From 388 

a translational point of view, the observation that ADRA2A activation stimulates leptin 389 

production is meaningful. Human adipocytes express high levels of ADRA2A but few or 390 

no ADRB3, while murine adipocytes show high levels of ADRB3 and very low number of 391 

ADRA2 (Lafontan and Berlan 1993, Lafontan and Berlan 1995). By creating mice that 392 

have a human-like pattern of adrenoreceptors, researchers previously established that 393 
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the ADRA2/ADRB2 balance in adipocytes is critical for regulating fat mass (Valet, Grujic 394 

et al. 2000). Increasing the ADRA2/ADRB3 balance in adipose tissue resulted in 395 

increased circulating levels of leptin, suggesting that this balance is also important for 396 

regulating leptin production. However, because these mice were obese, the direct 397 

contribution of the ADRA2/ADRB3 balance was hard to define. Here, we show that 398 

despite no changes in body weight, the ADRA2/ADRB3 balance in adipocyte is still 399 

important for leptin regulation.  400 

In conclusion, our study indicates that a subset POMC neurons that express 401 

LEPRs directly controls glucose homeostasis and is necessary to control leptin 402 

synthesis, independently of changes in fat mass. We also identified an important role for 403 

adipose tissue ADRA2A in regulating leptin synthesis. From a conceptual standpoint, our 404 

results predict that leptin regulates its own expression through a negative feedback loop 405 

between POMC neurons and adipose tissue. 406 

 407 

Materials and methods 408 

Animals 409 

Animal work described in this manuscript has been approved and conducted under the 410 

oversight of the UT Southwestern Institutional Animal Care and Use Committee 411 

(IACUC). Male mice were housed at an ambient temperature of 23 ± 1˚C and maintained 412 

on a 12-hour light/dark cycle (lights on 0700-1900) and fed with normal mouse chow diet 413 

(Harlan, Teklad Global 16% Protein Rodent Diet 2016; 12% kcal from fat, 3 kcal/g). 414 

PomcCre (RRID:IMSR_JAX:005965) mice (Balthasar, Coppari et al. 2004) and 415 

PomcCreERt2 (RRID:MGI:5569339) mice (Berglund, Liu et al. 2013) were crossed with 416 

Leprflox/flox (RRID:MGI:3511747) mice (McMinn, Liu et al. 2004) to generate mice with 417 

constitutive deletion of LEPRs in POMC neurons (PomcCre::Leprflox/flox) and adult deletion 418 

of LEPRs in POMC neurons (PomcCreERt2::Leprflox/flox) respectively. Mice were maintained 419 

on a C57Bl/6J (RRID:IMSR_JAX:000664) background at UT Southwestern Medical 420 

Center. Adult ablation was induced by tamoxifen. Tamoxifen (0.15 mg/kg; Sigma-Aldrich, 421 

T5648) was suspended in corn oil (Sigma-Aldrich, C8267) and was administered 422 

intraperitoneally (three injections every 48 h for 5 days) to 10-12-week-old 423 
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PomcCreERt2::Leprflox/flox and PomcCreERt2::Lepr+/+ (littermate control) mice. Fasting 424 

experiments were performed from 0800 to 0800 (48 h) or from 1600 to 0800 (16 h). The 425 

efficiency of the recombination following tamoxifen was performed by crossing 426 

PomcCreERt2 mice with Ai14(RCL-tdT)-D mice (RRID:IMSR_JAX:007914) mice. Validation 427 

of the is presented in Figure 1-figure supplement 1. 428 

Immunohistochemistry and validation of the inducible mice 429 

Immunohistochemistry was performed to visualize phospho-Stat3 (Tyr705, Cell 430 

Signaling Technology Cat# 9131, RRID:AB_331586), β-endorphin (Phoenix 431 

Pharmaceuticals Cat# H-022-33, RRID:AB_2314007), as well as the fluorescent reporter 432 

tdTomato (Santa Cruz Biotechnology Cat# sc-33354, RRID:AB_639922) in the brain and 433 

pituitary (Scott, Lachey et al. 2009, Williams, Margatho et al. 2010). For leptin-induced 434 

Stat3 activation experiments, mice were fasted for 16 h (1600 to 0800) and injected i.p. 435 

with mouse recombinant leptin (5 mg/kg; National Hormone and Peptide Program, 436 

AFP1783). Mice were anesthetized 45 minutes later using an i.p. injection of chloral 437 

hydrate (350 mg/kg) and then perfused transcardially with 0.9% saline followed by 10% 438 

neutral buffered formalin. 439 

Assessment of insulin sensitivity and glucose levels 440 

Blood samples were collected from the tail vein and glucose was measured using a 441 

glucometer (Bayer’s Contour Blood Glucose Monitoring System; Leverkusen, Germany). 442 

For insulin tolerance test (ITT), mice were fasted for 4 hours and then administered 443 

insulin by intraperitoneal injection (0.75 U/kg body weight, human insulin, Eli Lilly).  444 

Hyperinsulinemic-euglycemic clamps 445 

Hyperinsulinemic-euglycemic clamps were performed on conscious, unrestrained mice 446 

as previously described (Holland, Miller et al. 2011). Euglycemia was maintained by 447 

variable infusion of 20% dextrose. Steady state was achieved 80 minutes after initiating 448 

hyperinsulinemia and maintained for 40 minutes. Additional blood samples were taken 449 

before initiating hyperinsulinemia and at the end of the clamp for analysis of insulin and 450 

free fatty acids.  451 

Glucagon stimulation test 452 
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Glucagon stimulation test was performed in mice fasted for one hour (0800 to 0900). 453 

Briefly, human recombinant glucagon (120 µg/kg i.p.) was given and blood glucose 454 

monitored every 10 min for one hour. 455 

Assessment of leptin, insulin and glucagon levels 456 

Blood was collected in EDTA tubes. Plasma was isolated by centrifugation (4000 g x 10 457 

min at 4°C) and was stored at -80°C for further biochemical analyses. Plasma leptin 458 

(Mouse / Rat Leptin ELISA, ALPCO, 22-LEPMS-E01), insulin (Mouse Ultrasensitive 459 

Insulin ELISA, ALPCO, 80-INSMSU-E01), and glucagon (Mercodia Glucagon ELISA, 10-460 

1281-01) were measured following manufacturer recommendations.  461 

Assessment of body composition 462 

Fat mass and lean mass were assessed by nuclear magnetic resonance (NMR) 463 

spectroscopy using a nuclear magnetic resonance (NMR) spectroscopy (Bruker 464 

Minispec mq10 NMR 0.23T/10MHz). 465 

Metabolic cages studies 466 

A combined indirect calorimetry system (CaloSys Calorimetry System, TSE Systems 467 

Inc.) was used for all metabolic studies. Experimental animals were acclimated for 5 468 

days in a metabolic chamber with food and water. Oxygen consumption (VO2), carbon 469 

dioxide production (VCO2), respiratory exchange ration (RER) and food intake were 470 

measured after acclimation. Locomotion was measured using a multi-dimensional 471 

infrared light beam system. 472 

Quantitative real-time PCR 473 

Total mRNA was isolated from visceral (epidymal) and subcutaneous (inguinal) white 474 

adipose tissues using the RNeasy Lipid Tissue Mini Kit (Qiagen, 74104). Total mRNA 475 

was isolated from liver using RNA STAT-60 reagent (Tel-Test, Inc). The RNA 476 

concentrations were estimated from absorbance at 260 nm. cDNA synthesis was 477 

performed using a High Capacity cDNA Kit (Applied Biosystems). mRNA extraction and 478 

cDNA synthesis were performed following the manufacturer’s instructions. cDNA was 479 

diluted in DNase-free water before quantification by real-time PCR. mRNA transcript 480 

levels were measured in duplicate samples using a ABI 7900 HT Sequence Detection 481 
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System (Applied Biosystems). The relative amounts of all mRNAs were calculated using 482 

the ΔΔCT assay. Primers for 18s (Hs99999901_s1), Adra1a (Mm00442668_m1), 483 

Adra1b (Mm00431685_m1), Adra1d (Mm01328600_m1), Adra2a (Mm00845383_s1), 484 

Adra2b (Mm00477390_s1), Adra2c (Mm00431686_s1), Adrb1 (Mm00431701_s1), 485 

Adrb2 (Mm02524224_s1), Adrb3 (Mm02601819_g1), Agrp (Mm00475829_g1), Lep 486 

(Mm00434759_m1), Npy (Mm00445771_m1) and Pomc (Mm00435874_m1) were 487 

purchased from Applied Biosystems.  488 

Pharmacological activation of ADRA2 in vivo 489 

The ADRA2 agonist clonidine hydrochloride (Sigma-Aldrich, C7897) was administered 490 

intraperitoneally (1 mg/kg) to 10-12-week-old C57BL/6J mice following 4 hours of 491 

fasting. Two independent cohorts were used to evaluate leptin RNA expression and 492 

circulating levels. 493 

Ex vivo leptin release assay 494 

PomcCreERt2::Leprflox/flox and PomcCreERt2::Lepr+/+ (littermate control) mice were 495 

fasted for 48 hours and ~10-20 mg of visceral (epidydimal) and subcutaneous (inguinal) 496 

white adipose tissues were cultured in 384 wells plate containing 0.200 ml of Krebs-497 

Ringer Bicarbonate Buffer containing 5 mM glucose and 4% fatty acid-free BSA, as 498 

described (Caviglia, Betters et al. 2011). Tissues were subsequently treated either with 499 

or without 1 µM clonidine hydrochloride (Sigma-Aldrich, C7897) for basal and clonidine 500 

conditions respectively, and leptin release was measured by ELISA and corrected to 501 

tissue weight. 502 

Statistical analysis 503 

Data are expressed as mean ± SEM. Comparison between 2 experimental conditions 504 

were analyzed by Student’s unpaired t test. Two-way ANOVA followed by Bonferroni 505 

post hoc test was used to compare more than two experimental conditions. All statistical 506 

tests were performed using GraphPad Prism (version 7.0), and p<0.05 was considered 507 

statistically significant. 508 

 509 

 510 
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Key Resources Table    

Reagent type (species) or 
resource 

Designation 
Source or 
reference 

Identifiers 

strain (Tg(Pomc-cre)1Lowl) PomcCre 
mouse PMID: 17556551 RRID:IMSR_JAX:010714 

strain (Tg(Pomc-
cre/ERT2)#Jke) 

PomcCreERt2 

mouse 
PMID: 24177424 RRID:MGI:5569339 

strain (Leprtm1.1Chua) Lepr
flox/flox 

mouse 
PMID: 
15389315  

RRID:MGI:3511747 

strain 
(Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze) 

Ai14(RCL-tdT)-D 
mouse 

PMID: 20023653 RRID:IMSR_JAX:007914 

antibody (AB_331586) 
phospho-Stat3 
antibody 

Tyr705, Cell 
Signaling 
Technology Cat# 
9131,  

RRID:AB_331586 

antibody (AB_2314007) 
β-endorphin 
antibody 

Phoenix 
Pharmaceuticals 
Cat# H-022-33 

RRID:AB_2314007 

antibody (AB_639922) tdTomato antibody 
Santa Cruz 
Biotechnology 
Cat# sc-33354,  

RRID:AB_639922 
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Figure legends 768 

Figure 1. LEPR-expressing POMC neurons are required for normal liver 769 

insulin sensitivity in adult mice. A) Fed and fasting (16 h) glucose one week before, 770 

and every week for four weeks after, PomcCreERt2::Leprflox/flox and littermate controls were 771 

injected with the last dose of tamoxifen (n=12). B) Fed and fasting (48 h) insulin four 772 

weeks after tamoxifen was given (n=4-6). C) Fed and fasting (48 h) glucagon four weeks 773 

after tamoxifen was given (n=4-6). D) Glucose excursion during an insulin tolerance test 774 

(ITT) only one week following the last injection of tamoxifen (n=5-6). E) Area under the 775 

curve for the ITT shown in B (n=5-6). F) Glucose infusion rate (GIR) needed to maintain 776 

euglycemia (119.3 ± 3.9 vs 122.0 ± 8.2 mg/dl) during an hyperinsulinemic-euglycemic 777 

clamp performed only one week following the last injection of tamoxifen (n=6). G) 778 

Glucose disposal (Rd) during the same hyperinsulinemic-euglycemic clamp (n=6). H) 779 

Basal and clamped hepatic glucose production (HPG) (n=6). I) Basal and clamped 780 

lipolysis rate as assessed by free fatty acid (FFA) (n=6). The data are expressed as the 781 

mean ± SEM. ***p < 0.001, **p < 0.01 and *p < 0.05 versus littermate controls.  782 

Figure 2. LEPR-expressing POMC neurons are dispensable for the 783 

regulation of energy balance in adult mice. A) Body weight before, and up to four 784 

weeks after, PomcCreERt2::Leprflox/flox and littermate controls were injected with tamoxifen 785 

(n=12). B) Fat mass and C) Lean mass as assessed by nuclear magnetic resonance 786 

(NMR) four weeks following tamoxifen administration (n=12). D) Daily food intake, E) 787 

Oxygen consumption (VO2), F) Respiratory exchange ratio (RER), and G) locomotor 788 

activity in CaloSys Calorimetry System cages four weeks after the administration of 789 

tamoxifen (n=5). Summary graphs showing average data for light (ZT0-ZT12) and dark 790 

(ZT12-ZD24) cycles are presented under each diurnal graph. The data are expressed as 791 

the mean ± SEM.  792 

Figure 3. Deletion of LEPRs in POMC impairs fasting-induced expression of 793 

orexigenic neuropeptides in the mediobasal hypothalamus. A) Pomc, B) Agrp and 794 

C) Npy mRNA expression in mediobasal hypothalamus of fed and fasted (48 h) 795 

PomcCreERt2::Leprflox/flox and littermate control mice four weeks after tamoxifen was given 796 

(n=8-14). The data are expressed as the mean ± SEM. ***p < 0.001 versus littermate 797 

controls.  798 
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Figure 4. Deletion of LEPRs in POMC neurons impairs postprandial 799 

glycemia. A) Food intake and B) Blood glucose up to six hours after food access was 800 

restored to 48-h fasted PomcCreERt2::Leprflox/flox and littermate control mice, four weeks 801 

after tamoxifen was given (n=8). The data are expressed as the mean ± SEM. **p < 0.01 802 

and *p < 0.05 versus littermate controls. 803 

Figure 5. LEPR-expressing POMC neurons in adult mice are required for 804 

the fasting-induced fall in leptin levels, independent of changes in fat. A) Weight 805 

loss, and B) fat-mass loss after a 48-h fast in mice with constitutive (prenatal) deletion of 806 

LEPRs in POMC neurons and littermate controls (n=7-10). C) Plasma leptin levels, and 807 

D) visceral adipose tissue Lep mRNA expression in fed or fasted (48 h) mice with 808 

constitutive deletion of LEPRs in POMC neurons and littermate controls (n=7-14). E) 809 

Weight loss, and F) fat-mass loss after a 48-h fast in PomcCreERt2::Leprflox/flox and 810 

littermate control mice four weeks after tamoxifen was given (n=12). G) Plasma leptin 811 

levels, and H) visceral adipose tissue Lep mRNA expression in fed or fasted (48 h) in 812 

PomcCreERt2::Leprflox/flox and littermate control mice four weeks after tamoxifen was given 813 

(n=6-13). The data are expressed as the mean ± SEM. ***p < 0.001, **p < 0.01 and *p < 814 

0.05 versus littermate controls. 815 

Figure 6. Deletion of LEPRs in POMC impairs visceral adipose tissue 816 

expression of Adra2a with fasting. A) Expression of the nine adrenergic receptors in 817 

fed of fasted (24 h – 48 h) PomcCreERt2::Leprflox/flox and littermate control mice four weeks 818 

after tamoxifen was given (n=8-14). B) Comparison of the expression of Adra2a and C) 819 

Adrb3 in epidydimal (eWAT) versus inguinal (iWAT) adipose tissue in an independent 820 

cohort of fed of fasted (48 h) PomcCreERt2::Leprflox/flox and littermate control mice four 821 

weeks after tamoxifen was given (n=5-6). The data are expressed as the mean ± SEM. 822 

***p < 0.001 and *p < 0.05 versus littermate controls. 823 

Figure 7. Pharmacological activation of ADRA2 stimulates leptin 824 

production. A) Visceral adipose tissue Lep mRNA expression one hour following an 825 

intraperitoneal (1 mg/kg) injection of the ADRA2 agonist clonidine (n=10-12). B) Plasma 826 

leptin levels up to two hours following the administration of clonidine in an independent 827 

cohort (n=4-7). C) Leptin release from epidydimal (eWAT) and D) inguinal (iWAT) 828 

adipose tissue explants from fed and fasted (48 h) PomcCreERt2::Leprflox/flox and littermate 829 

control mice following the addition of clonidine (1 µM) (n=6). This experiment was 830 
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performed four weeks after tamoxifen was given. The data are expressed as the mean ± 831 

SEM. ***p < 0.001, **p< 0.01, and *p < 0.05 versus littermate controls. 832 

Figure 1-figure supplement 1. Validation of the PomcCreERt2 mice. A) 833 

PomcCreERt2 mice were crossed with Ai14(RCL-tdT)-D mice, injected with tamoxifen using 834 

the described paradigm. Using immunohistochemistry, tdTomato expression (red) was 835 

colocalized with -endorphin (marker of POMC neurons) expression (green) 2 weeks 836 

later. B) The inducible Cre model does not recombine in extra-hypothalamic areas, 837 

except for a few -endorphin+ cells located in the nucleus tractus solitarius in the HB 838 

and the pituitary. C) Leptin-induced Stat3 activation in the arcuate nucleus of the 839 

hypothalamus. Mice were injected with tamoxifen using the described paradigm and 840 

leptin (5 mg/kg, i.p.) was administrated in 16h-fasted animals. Animals were decapitated 841 

45 minutes later and pStat3 was evaluated by immunohistochemistry. A representative 842 

image of n=3 animals per group is shown. CB, cerebellum, CTX, cortex; DR, dorsal 843 

raphe; HB, hindbrain; HIP, hippocampus; OB, olfactory bulb; PT, pituitary; SC, spinal 844 

cord; STR, striatum. 845 

Figure 1-figure supplement 2. Glucagon stimulation test. 846 

PomcCreERt2::Leprflox/flox and littermate control mice (n=8) were treated with tamoxifen as 847 

described. 4 weeks after treatment, they were fasted for one hour and glucagon (120 848 

µg/kg, i.p.) was administrated. Blood glucose was then monitored every 10 min for one 849 

hour. The data are expressed as the mean ± SEM.  850 
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Figure 1-supplement 1
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