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SUMMARY

Brown adipose tissue (BAT) is a critical regulator of glucose, lipid, and energy homeostasis, and 

its activity is tightly controlled by the sympathetic nervous system. However, the mechanisms 

underlying CNS-dependent control of BAT sympathetic nerve activity (SNA) are only partly 

understood. Here, we demonstrate that catecholaminergic neurons in the locus coeruleus (LC) 

adapt their firing frequency to extracellular glucose concentrations in a KATP-channel-dependent 

manner. Inhibiting KATP-channel-dependent control of neuronal activity via the expression of a 

variant KATP channel in tyrosine-hydroxylase-expressing neurons and in neurons of the LC 

enhances diet-induced obesity in mice. Obesity results from decreased energy expenditure, lower 
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steady-state BAT SNA, and an attenuated ability of centrally applied glucose to activate BAT SNA. 

This impairs the thermogenic transcriptional program of BAT. Collectively, our data reveal a role 

of KATP-channel-dependent neuronal excitability in catecholaminergic neurons in maintaining 

thermogenic BAT sympathetic tone and energy homeostasis.

INTRODUCTION

Besides its prominent role in thermoregulation, recent work has revealed that brown adipose 

tissue (BAT) is also involved in the control of glucose and lipid metabolism in rodents 

(Bartelt et al., 2011; Feldmann et al., 2009; Nedergaard et al., 2011; Waldén et al., 2012). 

BAT function is under the control of the sympathetic nervous system (SNS). However, the 

regulatory mechanisms of BAT sympathetic nerve activity (SNA) in response to energy 

availability are still not fully understood (Richard and Picard, 2011).

Retrograde labeling with pseudorabies viruses injected into BAT of different species has 

allowed for the identification of neuronal populations implicated in the regulation of BAT 

SNA, including neurons in the rostroventrolateral medulla (RVLM), raphe pallidum (RPa), 

and A5 noradrenergic region as well as the locus coeruleus (LC) along with later labeling of 

the paraventricular hypothalamic nucleus (PVN), lateral hypothalamus (LH), and 

dorsomedial hypothalamus (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al., 2002). 

Additional studies revealed robust neuroactivation in the majority of these nuclei upon cold 

exposure (Cano et al., 2003). Numerous studies have aimed to delineate the specific 

contribution of these sites to the control of thermogenesis via electrical or chemical 

activation or inactivation of these nuclei (Morrison, 2004; Morrison et al., 2012; Morrison et 

al., 2008).

In early studies, glucose was shown to induce thermogenesis when infused peripherally or 

directly into the CNS (Niijima, 1986; Sakaguchi and Bray, 1988). Moreover, studies 

revealed that intracerebroventricular (i.c.v.) injection of glucose stimulates BAT SNA and 

that 2-deoxyglucose inhibits BAT SNA (Egawa et al., 1989b; Holt and York, 1989a, b). 

These experiments indicated that glucose metabolism in neurons regulates sympathetic 

output to BAT and, thus, may contribute to the postprandial activation of thermogenesis. 

Furthermore, experiments with injections of glucose directly in nuclei from distinct areas of 

the hypothalamus revealed a stimulatory effect of glucose on BAT SNA when injected into 

the ventromedial hypothalamus (VMH), PVN, and LH, whereas, on the other hand, a 

stimulatory effect of glucose on BAT SNA was retained in rats with VMH lesions (Egawa et 

al., 1989a; Le Feuvre et al., 1991; Sakaguchi et al., 1988). Inversely, elegant studies have 

revealed that glucoprivation inhibits BAT thermogenesis (Egawa et al., 1989a, b), and 

additional studies elegantly delineated the circuitry underlying the inhibition of BAT SNA 

during glucose deprivation (Cao et al., 2010; Ritter et al., 1998; Madden, 2012). However, 

the circuitry involved in mediating the stimulatory effect of increased extracellular glucose 

on BAT thermogenesis, as well as the molecular mechanisms involved, remain less well 

defined.

Glucose-mediated neuronal excitation is partly controlled by ATP-dependent closure of 

potassium (KATP) channels (Jordan et al., 2010; Noma, 1983). Hence, KATP channels can 
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play a fundamental role as metabolic sensors because they link changes in cellular glucose 

metabolism to electrical activity. Notably, aside from their regulation via glucose-dependent 

metabolism in pancreatic β cells and neurons, cardiovascular KATP channels expressed in 

heart respond to other physiological stimuli than altered extracellular glucose concentrations 

(Suzuki et al., 2001). However, the specific role of KATP channels, which are widely 

expressed in defined neuronal populations (Thomzig et al., 2005) that control energy 

homeostasis, is only partly understood. KATP channels exhibit a wide expression pattern in 

the CNS, particularly clustering in a broad range of catecholaminergic neurons, including 

areas which control sympathetic outflow to BAT (Dunn-Meynell et al., 1998). Thus, the aim 

of the present study was to determine a potential function of KATP channels in 

catecholaminergic neurons in mediating the effect of glucose sensing on energy 

homeostasis.

RESULTS

Kir6.2 Is Expressed in Catecholaminergic Cells

Because previous experiments have indicated the presence of KATP channels in tyrosine 

hydroxylase (TH)-positive neurons (Dunn-Meynell et al., 1998; Thomzig et al., 2005), we 

used TH-IRES-Cre transgenic (TH-Cre) mice to genetically mark TH-positive cells and, 

ultimately, alter Kir6.2 function in this neuronal population (Lindeberg et al., 2004). 

Immunohistochemical analyses revealed the coexpression of endogenous TH with TH-Cre-

dependent expression of β-galactosidase in the arcuate nucleus (ARC), PVN, dopaminergic 

ventral tegmental area, LC, and RVLM (Figure 1A, Figure S1A available online). 

Furthermore, the colocalization of Kir6.2 and TH in these regions was confirmed by 

immunohistochemical analysis of TH-Cre-dependent GFP expression and Kir6.2 

immunoreactivity in immediately neighboring sections of these regions (Figures 1B and 

S1B). Altogether, Kir6.2, which can act as metabolic sensor, is expressed in the majority of 

catecholaminergic TH-positive neurons.

Generation of Kir6.2TH-Cre Mice

To directly address the functional role of Kir6.2 in TH-positive catecholaminergic neurons, 

we used a KATP channel variant (Kir6.2[K185Q,DN30]) that renders KATP channels resistant 

to closure by ATP, thereby disrupting the ability of increasing glucose concentrations to 

increase neuronal activity (Koster et al., 2000; Parton et al., 2007; Remedi et al., 2009). We 

crossed TH-Cre mice with those allowing for Cre-mediated expression of the variant Kir6.2 

subunit (Kir6.2TH-Cre mice) (Figure S2A).

Enhanced Diet-Induced Obesity in Kir6.2TH-Cre Mice

Monitoring body weight of control and Kir6.2TH-Cre mice both under normal chow diet 

conditions (ND) and after exposure to a high-fat diet (HFD) revealed a slight increase in 

body weight of the Kir6.2TH-Cre mice in comparison to controls upon exposure to ND 

(Figure 1C). Importantly, we had previously demonstrated that TH-Cre mice on the same 

C57BL/6 genetic background did not exhibit alterations in body weight or energy 

homeostasis (Könner et al., 2011). Interestingly, the difference in body weight was more 

apparent when the animals were exposed to HFD (Figure 1D). Furthermore, obesity in 
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Kir6.2TH-Cre mice was confirmed by the relative increase in fat mass and epididymal fat pad 

weight under both ND and HFD conditions (Figures 1E, 1F, and S2B) as well as by 

significant hyperleptinemia in Kir6.2TH-Cre mice on HFD (Figure S2C). Finally, 

morphological analysis of white adipose tissue (WAT) revealed hyperplasia of adipocytes in 

the Kir6.2TH-Cre mice (Figures 1G and 1H).

The assessment of food intake and energy expenditure by indirect calorimetry in control and 

Kir6.2TH-Cre mice on HFD revealed no significant change in food intake of Kir6.2TH-Cre 

mice on HFD (Figure 2A). In contrast, energy expenditure was significantly reduced in these 

animals (Figure 2B). On the other hand, energy content in feces and food efficiency 

remained unaltered in Kir6.2TH-Cre mice on HFD (Figure S2D). Collectively, decreased 

energy expenditure rather than increased food intake may account for the exacerbated 

obesity in Kir6.2TH-Cre mice.

We also determined blood glucose and plasma insulin concentrations, which showed 

hyperglycemia and hyperinsulinemia in HFD-fed Kir6.2TH-Cre mice in comparison to 

controls (Figures S2E and S2F). Kir6.2TH-Cre mice exhibited slightly impaired glucose 

tolerance and slightly impaired insulin tolerance, even under ND conditions (Figures S2G 

and S2H). Moreover, HFD-mediated impairment in glucose tolerance, but not insulin 

sensitivity, was significantly enhanced in Kir6.2TH-Cre mice (Figures S2G and S2H). 

Collectively, the expression of the variant Kir6.2 subunit in TH neurons impairs glucose 

tolerance as well as insulin sensitivity even under ND conditions, and this effect was 

enhanced when these animals were exposed to HFD.

Reduced Sympathetic Outflow to BAT in Kir6.2TH-Cre Mice

To further define the underlying mechanism of enhanced sensitivity to obesity and 

impairment of glucose metabolism in Kir6.2TH-Cre mice, we assessed the morphology of 

BAT. Although BAT of control mice exhibited the normal appearance of multivacuolar 

brown adipocytes (Figure 2C, upper panel), the histomorphological characteristics of brown 

adipocytes in Kir6.2TH-Cre mice had a rather macrovacuolar, white-adipocyte-like phenotype 

(Figure 2C, lower panel). Moreover, BAT of Kir6.2TH-Cre mice exhibited slightly reduced 

messenger RNA expression of the brown adipocyte differentiation marker Cidea, Ppargc1a, 

and Ucp1 as key regulators of mitochondrial biogenesis and uncoupling (Figure 2D). 

Moreover, protein expression of UCP1 in BAT of Kir6.2TH-Cre mice in comparison to 

controls was reduced (Figure 2E).

Given that BAT function is tightly regulated by the SNS and that sympathetic denervation of 

BAT has been shown to result in similar histomorphological changes, as observed in 

Kir6.2TH-Cre mice (Minokoshi et al., 1986), we measured BAT SNA in control and 

Kir6.2TH-Cre mice. This analysis revealed a significant reduction in BAT SNA in 

Kir6.2TH-Cre mice in comparison to controls (Figure 2F). In contrast, adrenal SNA (Figure 

2G) and SNA of inguinal WAT (Figure S3A) remained unaltered in these animals, which 

was consistent with unaltered circulating plasma epinephrine and norepinephrine 

concentrations (Figures S3B and S3C). Moreover, the regulation of heart rate and blood 

pressure in Kir6.2TH-Cre mice remained unaltered (Figures 2H and 2I). Restrain stress 
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induced serum corticosterone concentrations in Kir6.2TH-Cre mice and controls to a similar 

extent (Figure S3D).

Centrally Applied Glucose Fails to Increase BAT SNA in Kir6.2TH-Cre Mice

Next, we assessed BAT SNA response to i.c.v. injection of glucose. Although glucose 

increased BAT SNA by almost 4-fold in control mice, this response was largely attenuated in 

Kir6.2TH-Cre mice (Figures 2J and 2K). Thus, KATP-channel-dependent neuronal excitability 

of TH-expressing neurons is critical for centrally applied glucose to activate BAT SNA.

Next, we monitored body temperature in control and Kir6.2TH-Cre mice during exposure to 

4°C, revealing that, after cold exposure, Kir6.2TH-Cre mice had a reduced body core 

temperature (Figure 2L). In summary, the expression of an ATP-insensitive Kir6.2 subunit in 

catecholaminergic neurons of mice results in obesity and reduced sympathetic outflow to 

BAT as well as an inability to increase BAT SNA in response to centrally applied glucose, 

resulting in an appropriate thermogenic response under cold conditions.

TH-Positive Neurons in the Locus Coeruleus Are Responsive to Glucose

Retrograde tracing experiments had demonstrated that sympathetic innervation of BAT 

arises from a neurocircuitry including the PVN, RVLM, and RPa as well as the LC 

(Bamshad et al., 1999; Cano et al., 2003; Oldfield et al., 2002). KATP-dependent regulation 

of neuronal activity indicates glucose responsiveness (Miki and Seino, 2005), and neurons in 

these regions express not only the Kir6.2 subunit (Figures 1B and S1B) but also glucokinase, 

a key regulator of the glucose-sensing machinery (Lynch et al., 2000). Because the major 

regulatory neurons in control of sympathetic innervation, which are located in the RVLM, 

have been shown to be glucose inhibited (Madden, 2012), we sought to identify TH-positive 

neurons, which are glucose activated. Thus, we investigated the response of LC neurons to 

variant glucose concentrations. Comparing action potential frequency in noradrenergic LC 

neurons of control and Kir6.2TH-Cre mice revealed a reduced firing frequency of LC neurons 

in Kir6.2TH-Cre mice in comparison to controls (Figures 3A and 3B). Decreasing 

extracellular glucose concentrations from 5 to 3 mM led to a decrease in firing frequency 

and membrane hyperpolarization in ~ 40% of LC neurons in control mice (Figure 3C); a 

response that could be reversed via blocking KATP channels through the application of the 

KATP channel blocker tolbutamide (Figure 3C). Out of all neurons recorded under this 

condition (n = 30), we also found two glucose-inhibited neurons (data not shown). 

Consistent with the role of KATP channels in the glucose-mediated regulation of LC neurons, 

the glucose responsiveness of these cells was abolished in Kir6.2TH-Cre mice (Figures 3D 

and 3E). Conversely, increasing glucose concentrations from 5 to 8 mM increased the firing 

of a subset of LC neurons in control mice; an effect that was absent in LC neurons of 

Kir6.2TH-Cre mice (Figures 3F–3H). Altogether, TH-positive neurons in the LC respond to 

alterations in extracellular glucose concentrations with concomitant changes in firing 

properties in a KATP-channel-dependent manner.

KATP-Dependent Control of LC Neurons Regulates BAT SNA

Thus, we directly addressed the potential functional role of KATP-channel-dependent 

regulation of LC neuron excitability on energy homeostasis in vivo. For this purpose, we 
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performed bilateral stereotactic injections of recombinant adeno-associated viral vectors 

(AAVs) expressing either GFP or Cre into the LC of Rosa26Kir6.2 mice (Figure 4A). 

Immunohistochemical staining of brain sections from these animals with a GFP antibody 

revealed the successful targeting of the LC (Figure 4B). Monitoring of body weight revealed 

an increase in body weight of mice that had been injected with AAV-Cre in comparison to 

those injected with AAV-GFP as early as 10 days after microinjections, and this difference 

became most prominent 4 weeks after gene delivery (Figure 4C). Consistent with increased 

weight gain upon selective expression of the variant Kir6.2 subunit in the LC, these mice 

exhibited increased adiposity, as indicated by an elevated total body fat content (Figure 4D) 

and epigonadal fat pad mass (Figure 4E) as well as WAT hyperplasia (Figure 4F). BAT 

exhibited a similar change in histomorphological appearance as observed in Kir6.2TH-Cre 

mice (compare Figure 4G to Figure 2C), and the expression of Ucp1 in BAT was reduced by 

~50% in comparison to control mice (Figure 4G), indicative of reduced BAT SNA upon the 

inhibition of KATP-channel-dependent neuronal excitation specifically in the LC. Moreover, 

although glucose stimulated BAT SNA by 4-fold in mice that had been injected with AAV-

GFP, glucose failed to activate BAT SNA when the mutant Kir6.2 subunit was expressed in 

the LC upon AAV-Cre injection (Figures 4H and 4I). In contrast, mice injected with AAV-

Cre exhibited no difference in adrenal or renal SNA as well as in blood pressure and heart 

rate in comparison to controls (Figures S4A–S4C). Moreover, in comparison to mice 

injected with AAV-GFP, mice that received AAV-Cre microinjections into the LC exhibited 

an impaired cold tolerance (Figure 4J). Altogether, glucose-elicited, KATP-channel-

dependent control of neuronal activity of LC neurons contributes to the regulation of BAT 

SNA as well as adaptive responses to high-fat feeding in order to maintain energy 

homeostasis.

DISCUSSION

Our current understanding of both the neuronal circuitry that controls BAT SNA and the 

cellular mechanisms adapting this activity to the nutrient availability of the organism is still 

incomplete. Numerous elaborate studies have revealed a role for hypothalamic centers, 

which receive information about the energy availability of the organism and, in part, directly 

respond to varying extracellular glucose concentrations in control of BAT SNA outflow via 

brainstem centers (Morrison et al., 2012; Richard and Picard, 2011). Particularly, the ability 

of centrally applied glucose to stimulate BAT SNA has been intensely studied (Egawa et al., 

1989a, b; Holt and York, 1989a, b; Madden, 2012).

Retrograde tracing from BAT had indicated that the neurons labeled from BAT to large 

proportion represent TH-positive sympathetic premotor neurons, such as those located in the 

RVLM and RPa and also TH-positive neurons in the PVN, and these sites have been shown 

to exhibit the activation of cFos expression upon cold exposure, a condition for promoting 

BAT SNA (Cano et al., 2003; Miyata et al., 1995). Indeed, a series of elegant studies by 

Morrison et al., 2012, 2008, and others has clearly established a critical role for these 

neurons in control of sympathetic innervation of BAT. TH expression in these sites clearly 

overlaps with the expression of Kir6.2 (Dunn-Meynell et al., 1998). Therefore, the 

experiments provided in the current study establish that KATP-channel-dependent control of 

neuronal excitability in catecholaminergic neurons controls BAT SNA and that this 
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regulation is required for the control of energy and glucose homeostasis. The attenuated 

ability of centrally applied glucose to activate BAT SNA may stem from direct impairment 

of glucose sensing in the sympathetic premotor neurons in the RVLM, RPa, or the 

intermediolateral nucleus (IML). At least Kir6.2-dependent, glucose-mediated neuronal 

activation in the RVLM appears unlikely, given that it has been demonstrated that RVLM-

neurons are activated by glucoprivation and that this, in turn, activates GABAergic 

innervation of the RPa in order to inhibit BAT SNA. Nevertheless, we cannot rule out that 

the abrogation of Kir6.2-mediated control of RPa, IML, or other catecholaminergic neurons 

may contribute to the obese phenotype of Kir6.2TH-Cre mice.

Interestingly, aside from the neurons directly implied in control of BAT SNA, the largest 

catecholaminergic cell group in the CNS—namely, the LC—has been identified by 

retrograde tracing from BAT, although at later stages of infection with rabies viruses (Cano 

et al., 2003). Nevertheless, c-Fos immunoreactivity in the LC is activated within 3 to 24 hr of 

cold exposure, and bilateral lesions of the LC cause obesity in monkeys (Miyata et al., 1995; 

Redmond et al., 1977). These experiments pointed toward the possibility that neurons in the 

LC modulate BAT SNA. This is unlikely to be controlled via direct stimulation of 

sympathetic premotor neurons, given that the LC clearly acts as a center for integrating 

information of sympathetic stimuli (Samuels and Szabadi, 2008a). It serves critical functions 

in adapting higher brain functions such as arousal, cognitive performance, and autonomic 

output to sensory input from the periphery of the organism. However, in addition to these 

widespread cortical projections, the LC provides also catecholaminergic innervation to key 

regulatory centers of BAT SNA, including the sympathetic premotor neurons in the RVLM 

and RPa (Samuels and Szabadi, 2008a, b; Tanaka et al., 1996). It was also demonstrated that 

the ability of neuropeptide Y-expressing neurons in the ARC to regulate BAT thermogenesis 

coincides with an altered sympathetic output via TH neurons in the PVN and LC (Shi et al., 

2013). Interestingly, LC projections have been demonstrated to inhibit RVLM neurons, 

which, in turn, provide inhibitory input to RPa neurons (Samuels and Szabadi, 2008a; Van 

Bockstaele et al., 1989). On the other hand, projections from the LC to the RPa are likely to 

have excitatory effects via alpha1-adrenoreceptor activation (Samuels and Szabadi, 2008a). 

Collectively, the glucose-evoked activation of the LC potentially inhibits RVLM neurons to 

disinhibit RPa neurons in control of BAT SNA. This would be in line with a general view 

that catecholaminergic innervation serves rather a modulatory effect for adapting the 

precision and threshold of neuronal activation. Nevertheless, the attenuation of glucose-

evoked activation of BAT SNA upon the inhibition of KATP-channel-dependent 

neuroactivation in the LC points to an unrecognized modulatory role for TH neurons in the 

LC for controlling BAT SNA and energy homeostasis. This may be of clinical relevance, 

given that LC neurons are also subject to neurodegeneration in diseases such as Alzheimer’s 

and Parkinson’s (Del Tredici and Braak, 2013). Thus, LC neuron loss may contribute to 

altered autonomic innervation and, ultimately, to metabolic disturbances associated with 

these neurodegenerative disorders.
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EXPERIMENTAL PROCEDURES

Animal Care

All animal procedures and euthanasia were reviewed by the animal care committee of the 

University of Cologne, approved by local government authorities (Bezirksregierung Köln), 

and performed in accordance with National Institutes of Health guidelines. Mouse 

husbandry was performed as previously described (Könner et al., 2007).

Generation of Kir6.2TH-Cre Mice

TH-IRES-Cre mice (Lindeberg et al., 2004) were mated with Rosa26-Kir6.2[K185Q, ΔN30] 

mice (Remedi et al., 2009), and breeding colonies were maintained by mating homozygous 

ROSA26Kir6.2 mice with TH-IRES-Cre mice in order to obtain Kir6.2TH-Cre mice and the 

respective controls.

Analysis of Body Composition

Nuclear magnetic resonance (NMR) was employed in order to determine the whole-body 

composition of live animals with the minispec mq7.5 NMR Analyzer (Bruker Optik).

Immunohistochemistry

Free-floating coronal sections were cut at 25 μm through the ARC, PVN, ventrotegmental 

area, substantia nigra, LC, and RVLM from paraformaldehyde-fixed brains with a freezing 

microtome (Leica), and sections were subsequently stained with the indicated antibodies 

(detailed information can be found in the Supplemental Experimental Procedures).

Electrophysiology

Perforated patch clamp recordings were performed as previously described (Könner et al., 

2011). For detailed information, see the Supplemental Experimental Procedures.

In Vivo AAV Injections

Homozygous Rosa26Kir6.2 mice (8 weeks of age, exposed to HFD from 3 weeks of age on) 

were anesthetized and positioned in a Stoelting stereotaxic frame, and a bilateral injection 

with AAV-Cre or AVV-GFP into the LC was performed.

Statistical Methods

Data sets were analyzed for statistical significance with a two-tailed unpaired student’s t test 

unless stated otherwise. All p values below 0.05 were considered significant. All displayed 

values are means ± SEM. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 versus controls. Statistic 

analysis for food intake was performed in relation to body weight, and energy expenditure 

was analyzed with an applied general linear model and analysis of covariance (R software, 

http://www.r-project.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kir6.2TH-Cre Mice Develop Diet-Induced Obesity
(A) Visualization of Cre activity in TH-IRES-Cre-LacZ reporter mice. Double 

immunofluorescence for endogenous TH and transgenically expressed β-galactosidase (β-

gal) in different brain regions of double-heterozygous TH-IRES-Cre-LacZ reporter mice is 

also shown. Nuclear staining, blue (DAPI); β-gal staining, green; tyrosine hydroxylase, red 

(TH). Ventral tegmental area, VTA; locus coeruleus, LC; rostroventrolateral medulla, 

RVLM. Details are shown at a higher magnification.

(B) Expression of Kir6.2 in catecholaminergic neurons. Immunofluorescence detection of 

Kir6.2 expression and GFP in adjacent sections of double heterozygous TH-IRES-Cre-GFP 

reporter mice is also shown. TH-IRES-Cre-negative littermates were used as controls. 

Green, Kir6.2; red, GFP. Details are shown at a higher magnification.

(C) Average body weight of male control (n = 14) and Kir6.2TH-Cre mice (n = 18) on normal 

chow diet (ND).

(D) Average body weight of male control (n = 12) and Kir6.2TH-Cre mice (n = 12) on high-

fat diet (HFD).
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(E) Average body fat content of 20-week-old male control (n = 13) and Kir6.2TH-Cre mice (n 

= 14) on HFD measured by nuclear magnetic resonance.

(F) Epididymal fat pad weight of 20-week-old male control and Kir6.2TH-Cre mice on ND 

(control, n = 12; Kir6.2TH-Cre, n = 15) and on HFD (control, n = 13; Kir6.2TH-Cre, n = 14).

(G) Representative H&E staining of epididymal adipose tissue of a 20-week-old male 

control (upper panel) and Kir6.2TH-Cre mice (lower panel) on HFD (10× magnification in the 

small square).

(H) Quantification of mean adipocyte surface in epididymal adipose tissue of 20-week-old 

male control (n = 4) and Kir6.2TH-Cre mice (n = 4) on HFD.

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 between 

control and Kir6.2TH-Cre mice. See also Figures S1 and S2.
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Figure 2. Impaired BAT SNA in Kir6.2TH-Cre Mice
(A) Average daily food intake of 15-week-old male control (n = 12) and Kir6.2TH-Cre mice 

(n = 14) on HFD.

(B) Energy expenditure corrected for lean body mass of 20-week-old male control (n = 12) 

and Kir6.2TH-Cre mice (n = 13) on HFD.

(C) Representative hematoxylin and eosin (H&E) staining of BAT of a 20-week-old male 

control (upper panel) and Kir6.2TH-Cre mice (lower panel) on HFD (10× magnification in the 

small square).
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(D) Relative expression of peroxisome proliferator-activated receptor γ (Pparg [PPAR-γ]), 

peroxisome proliferator-activated receptor coactivator 1α (Ppargc1a [Pgc1]), uncoupling 

protein 1 (Ucp1), β3-adrenergic receptor (Adrb3), and cell-death-inducing DFF45-like 

effector protein a (Cidea) in BAT extracts from 20-week-old control (n = 6) and Kir6.2TH-Cre 

mice (n = 6) on HFD.

(E) Immunoblot analysis (left) and quantification (right) of UCP1 protein expression in BAT 

of 20-week-old control and Kir6.2TH-Cre mice on HFD. α-tubulin was used as a loading 

control.

(F) Quantification of BAT SNA of 15-week-old control (n = 5) and Kir6.2TH-Cre mice (n = 

5) on HFD.

(G) Adrenal SNA in 15-week-old control (n = 6) and Kir6.2TH-Cre mice (n = 6) on HFD.

(H and I) Heart rate and mean arterial pressure in control (n = 4) and Kir6.2TH-Cre mice (n = 

5) measured in fully awake and unrestrained mice.

(J) BAT SNA response induced by i.c.v. glucose injection in control (n = 8) and Kir6.2TH-Cre 

mice (n = 5) on HFD.

(K) A comparison of BAT SNA responses induced by i.c.v. glucose injection (an average of 

the last hour of recording) between control and Kir6.2TH-Cre mice.

(L) Rectal temperature of 15-week-old control (n = 6) and Kir6.2TH-Cre mice (n = 6) on 

HFD upon cold exposure (+4°C) for 4 hr.

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 between 

control and Kir6.2TH-Cre mice. See also Figure S3.
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Figure 3. Glucose Responses of LC Neurons in Control and Kir6.2TH-Cre Mice
(A) Perforated patch clamp recordings of LC neurons in male control (C57BL/6 and TH-

Cre-negative Kir6.2 littermates) and Kir6.2TH-Cre mice. Basal firing frequency is reduced in 

neurons expressing the mutant Kir6.2 subunit.

(B) Antibody staining of dopamine-β-hydroxylase (green) and recorded single neuron 

backfilled with biocytin-confirming location in the LC (left, the scale bar represents 100 μM; 

right, the scale bar represents 25 μM).

(C) Relative reduction of action potential (AP) frequency induced by a decreased 

extracellular glucose concentration (5 to 3 mM) and after an increase in frequency by the 

application of 200 μM tolbutamide.

(D) LC neurons of Kir6.2TH-Cre mice show no changes in AP frequency upon varying 

glucose concentrations but show increased firing upon tolbutamide application.

(E) A reduction of extracellular glucose concentration (5 to 3 mM) reduces AP frequency, 

which is reversed by the application of 200 μM tolbutamide (upper panel, the asterisk marks 
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current injection protocols). An increase of extracellular glucose (5 to 8 mM) concentration 

leads to an increase of AP frequency of control LC neurons (lower panel).

(F) Relative increase of AP frequency by increasing extracellular glucose (5 to 8 mM) in 

control LC neurons.

(G) LC neurons of Kir6.2TH-Cre mice show no changes in AP frequency upon an increase of 

extracellular glucose concentration but show increased firing upon tolbutamide application.

(H) The number of neurons in LC that respond to an increase and decrease of extracellular 

glucose concentration in control and Kir6.2TH-Cre mice.

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Counts (n) are 

expressed in the figure.
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Figure 4. KATP Channels in the LC Control BAT Function and Energy Homeostasis
(A) A schematic representation showing the localization of AAV injection. AAV expressing 

either GFP or Cre was injected into the LC of Rosa26Kir6.2 mice (anteroposterior, ~5.45; 

mediolateral, ± 1.28; dorsoventral, 3.65).

(B) Representative photomicrographs depicting GFP -immunoreactivity (green, GFP; blue, 

DAPI nuclear staining) from Rosa26Kir6.2 mice bilaterally injected with AAV-GFP vectors 

into the LC.

(C) Change of body weight after bilateral LC injection of AAV-GFP (n = 6) or AAV-Cre (n = 

8). Rosa26Kir6.2 mice exposed to HFD from 3 weeks of age on were injected with the 

respective AAV vectors at the age of 8 weeks, and body weight was followed for another 4 

weeks. Change of body weight after AAV vector injection is expressed as a percentage the 

difference from preinjection body weight.
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(D) Body composition (% lean and fat mass) of mice expressing the mutant form of Kir6.2 

specifically in LC (AAV-Cre) (n = 8) versus control (AAV-GFP) (n = 6) 7 weeks after AAV 

vector injection measured by NMR.

(E) Increased epididymal fat pad weight in mice expressing the mutant form of Kir6.2 

specifically in LC (AAV-Cre) (n = 7) versus control (AAV-GFP) (n = 6) 7 weeks after AAV 

vector injection.

(F) Representative H&E staining of epididymal adipose tissue (left) of a 15-week-old male 

control mice (AAV-GFP; upper panel) and AAV-Cre mice (lower panel) on HFD. 

Quantification of mean adipocyte surface in epididymal adipose tissue of 20-week-old male 

control (AAV-GFP, n = 6) and AAV-Cre mice (n = 6) on HFD (right).

(G) Representative H&E staining of BAT (left) of a 15-week-old male control (AAV-GFP, 

upper panel) and AAV-Cre (lower panel) mice on HFD (10× magnification in the small 

square). The relative expression of uncoupling protein 1 (Ucp1) and β3-adrenergic receptor 

(Adrb3) in BAT extracts of control (AAV-GFP, n = 5) and AAV-Cre mice (n = 7) on HFD 

(right). The expression of indicated messenger RNAs was normalized to that of Hprt, and 

the resultant value for each group was normalized to the expression of the target gene in 

control mice.

(H) Time course of BAT SNA response induced by i.c.v. glucose (100 nM) in HFD-fed 

Rosa26Kir6.2 mice that received either AAV-GFP (n = 6) or AAV-Cre (n = 6) into the LC.

(I) A comparison of BAT SNA responses after i.c.v. injection of vehicle or glucose between 

HFD-fed Rosa26Kir6.2 mice that received either AAV-GFP (vehicle, n = 3; glucose, n = 6) or 

AAV-Cre (vehicle, n = 3; glucose, n = 6) into the LC.

(J) Rectal temperature of AAV-GFP (n = 5) and AAV-Cre microinjected mice (n = 8) on 

HFD upon cold exposure (+4°C).

Data are expressed as mean ± SEM. *p < 0.05 and **p < 0.01 between control (AAV-GFP) 

versus AAV-Cre mice. See also Figure S4.
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