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Summary

Metabolic processes that regulate muscle energy use are major determinants of bodily energy balance.
Here we find that sarcolemmal ATP-sensitive K* (Katp) channels, which couple membrane
excitability with cellular metabolic pathways, set muscle energy expenditure under physiological
stimuli. Disruption of Katp channel function provoked, in conditions of unaltered locomotor activity
and blood substrate availability, an extra energy cost of cardiac and skeletal muscle performance.
Inefficient fuel metabolism in Katp channel-deficient striated muscles reduced glycogen and fat
body depots promoting a lean phenotype. The propensity to lesser body weight imposed by Katp
channel deficit persisted under a high-fat diet, yet obesity restriction was achieved at the cost of
compromised physical endurance. Thus, sarcolemmal Kap channels govern muscle energy
economy, and their down-regulation in a tissue-specific manner could present an anti-obesity strategy
by rendering muscle increasingly thermogenic at rest and less fuel efficient during exercise.

Body weight reflects the balance between energy intake and consumption. Biological systems
have evolved in an environment with ample demand for physical activity and restricted food
supply presenting a selection bias for mechanisms that conserve energy (Celi, 2009). While
naturally protective, however, these energy conserving systems under conditions of
hyperalimentation and sedentary lifestyle promote obesity (Schwartz et al., 2003; Ogden et al.,
2006). Hence, comprehension of energy conserving mechanisms and interference with their
efficiency could advance obesity treatment and prevention.
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The ATP-sensitive K* (Katp) channel, due to a unique ability to integrate energy cues with
membrane excitability-dependent processes, may represent such an energy controlling
mechanism (Miki and Seino, 2005; Ashcroft, 2005; Alekseev et al., 2005; Nichols, 2006).
Widely expressed in excitable tissues, Kap channels are formed by tissue-specific
multimerization of pore-forming Kir6.x with regulatory SURXx subunits (Inagaki et al., 1995;
Yamada et al., 1997; Babenko et al., 1998), yet their adenine nucleotide sensing function
remains consistent throughout the body (Nichols et al., 1996; Aguilar-Bryan et al., 2001;
Ashcroft, 2005; Zingman et al., 2003).

Sarcolemmal Katp channels (Kir6.2/SUR2A) are increasingly recognized as safety valves
protecting muscle function under stress (Matar et al., 2000; Zingman et al., 2002; Renaud,
2002; Kane et al., 2004; Miki and Seino, 2005; Nichols, 2006). In response to stress-induced
modulation of intracellular nucleotide levels (Nichols and Lederer, 1991; Miki and Seino,
2005), KaTp channel opening limits the duration or amplitude of cardiac and skeletal muscle
action potentials, reducing Na*/K*-, Ca2*- and myosin-ATPase operation to prevent energy
depletion (Zingman et al., 2002; Thabet et al., 2005; Cifelli et al., 2007, 2008). While skeletal
and cardiac muscles account for 10-20% of sedentary daily energy use, during physical activity
their energy consumption increases 20100 times over basal levels (McArdle et al., 1996).
Therefore, by integrating with the intracellular energy network (Weiss and Lamp, 1989;
Nichols and Lederer, 1990; Carrasco et al., 2001; Abraham et al., 2002; Selivanov et al.,
2004), KaTp channels may set the performance of cellular energy-sparing systems and control
muscle energy expenditure not only under stress conditions but at any level of activity.

Here, genetic disruption of Ka1p channel function was found to raise energy expenditure in
cardiac and skeletal muscles, generating a lean phenotype resistant to diet-induced obesity
albeit with compromised physical endurance. The Katp channel is thus identified as a
safeguard of bodily energy economy, mapping a molecular regulator of obesity risk.

KaTtp channel-dependent control of body weight

Mice lacking Katp channels (Kir6.2-KO), individually housed and fed ad libitum with regular
chow diet, demonstrated lower body weights than age- and gender-matched wild-type (WT;
see Experimental Procedures). Compared to WT, until 4 months of age, Kir6.2-KO had similar
body weight and fat distribution (Figure 1B and 1E-G), as well as adipose tissue-related
endocrine status (Figure S1). Divergence in body weight was manifested at 20 weeks of age,
and was maintained throughout the 50-week follow-up (Figure 1A and 1B). The reduced body
weight in Kir6.2-KO was not a consequence of altered growth, as both cohorts displayed similar
heights and reached 12.2+0.2 cm (n=10) for Kir6.2-KO and 12.4+0.1 cm (n=10) for WT by
12 months of age. As a result, the body mass index and waist-to-height ratio of Kir6.2-KO
were significantly reduced compared to WT (Figure 1C and 1D). Whole body magnetic
resonance imaging (MRI) indicated that the lower body weight of 1-year old Kir6.2-KO was
associated with depletion of subcutaneous and abdominal fat depots (Figure 1E-1G). Thus,
the mature Kir6.2-KO demonstrated a phenotype characterized by low body weight and
reduced fat storage, suggesting an altered balance between energy availability and consumption
induced by Katp channel gene knockout.

Augmented energy expenditure underlies Katp channel-deficient lean phenotype

To assess Katp channel-dependent regulation of energy balance, Kir6.2-KO and WT mice
were studied at the age of 3-4 months when effects of senescence or differences in adiposity
could be excluded. Locomotor activity, compared by telemetry, was indistinguishable between
cohorts (Figure 2A). Analysis of motion patterns, accumulated during day cycles, revealed
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equivalent dwell times at rest (Figure 2B) and comparable time periods at all levels of detected
activity (Figure 2C) for WT and Kir6.2-KO. Specifically, the in-action pattern was analyzed
as a memory-less Poisson process, with the time spent at activity level k proportional to e,
where the mean characteristic level of activity (1/a) was 27.9+0.8 movements/min for WT and
27.1+0.9 movements/min for Kir6.2-KO (n=8 in each group; Figure 2C). Kir6.2-KO had an
elevated calory intake from food, cumulatively measured during 24 h and corrected for body
weight (Figure 2D). Blood samples revealed similar glucose, triglyceride and free fatty acid
concentrations in WT and Kir6.2-KO (Figure S1) indicating equal energy substrate availability
for tissue uptake, excluding disproportional energy supply as a basis for distinct trends in body
weight.

Equal body weight, under comparable levels of activity and elevated caloric input, suggests
raised energy expenditure (EE). During continuous 24-h monitoring under sedentary
conditions indirect calorimetry revealed a higher rate of O, consumption in Kir6.2-KO
compared to WT (Figure 2E). Concomitantly, Kir6.2-KO demonstrated a higher rate of caloric
output normalized to whole body weight, during day periods, reflecting increased EE compared
to WT (Figure 2F). The higher caloric output in Kir6.2-KO was associated with an elevated
rate of carbohydrate consumption relative to WT, and equal rates of lipid use (Figure 2E),
estimated using Ferrannini’s equations (Ferrannini, 1988). Cumulative carbohydrate utilization
in Kir6.2-KO during each 12-h day period, was 4.5-5 g per kg of weight above that of WT
(Figure 2G). Assuming a 4 kcal energy yield from 1 g of carbohydrates, this would account
for an additional 1.5-1.6 kcal/kg/h EE measured in Kir6.2-KO (Figure 2F).

Under sedentary conditions, EE comprises basal metabolic rate and thermogenesis aimed at
non-exercise activity such as upholding posture, fidgeting and involuntary muscle contraction
(Levine et al., 1999). To evaluate the contribution of Kap channels to the energy cost of
physical activity, indirect calorimetry was further performed under a low exercise regimen that
imposed walking on a treadmill runway. Upon acquisition of baseline EE during sleep,
treadmill speed was adjusted to body weight to achieve a workload rate of 2 x 103 Joules/s
(2mW) at 5° inclination. In response to initiation of exercise both WT and Kir6.2-KO displayed
a transient, ~10 min-long, stress-induced elevation of O, consumption rates until matching the
imposed workload at steady-state (Figure 2H). With exception of the first 2 min, when
activation of aerobic metabolism in Kir6.2-KO was delayed relative to WT, a deficit in
KaTp channel function resulted in increased steady-state EE along with elevated rates of
carbohydrate and lipid utilization (Figure 2H). Subtraction of baseline from steady-state EE
defined the 2 mW activity-specific component, which was significantly higher in Kir6.2-KO
than WT (n=8 in each group; p<0.05, Figure 21). KaTp channel deficit thus raises EE through
an extra energy cost of physical activity.

KaTtp channels determine EE in muscle tissues governing body energy stores

The main determinant of activity-related energy cost is the performance of skeletal and cardiac
muscles (Kunz, 2001; Ghanassia et al., 2007). To dissect Katp channel-dependent regulation
of skeletal muscle EE, the transgenic Tg[MyoD-Kir6.1AAA] model lacking channel function
in a tissue-specific manner was developed (Figure 3A and 3B). Crossing Tg[CX1-eGFP-
Kir6.1AAA] mice, which express eGFP in all somatic cells (Figure 3A, upper panel) but are
otherwise phenotypically normal (Malester et al, 2007), with MyoD-cre transgenic animals
(Chen et al., 2005) generated Tg[MyoD-Kir6.1AAA] progeny with skeletal muscle-specific
Kir6.1AAA transgene expression tracked by selective elimination of eGFP fluorescence
(Figure 3A, lower panel). Accordingly, patch-clamp recordings demonstrated lack of Katp
channel activity in skeletal myofibers isolated from Tg[MyoD-Kir6.1AAA] in response to the
potassium channel opener pinacidil or to metabolic challenge initiated by the mitochondria
uncoupler 2,4-dinitrophenol (Figure 3B). Skeletal muscle-specific ablation of Katp channel
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function resulted in an elevated cost of physical activity, estimated by subtraction of baseline
EE from the 2 mW steady-state EE, in Tg[MyoD-Kir6.1AAA] compared to littermate FVB/N
WT and Tg[CX1-eGFP-Kir6.1AAA] controls (Figure 3C). This aggravated energy use was
accompanied by relatively lower body weight and adipocyte area in Tg[MyoD-Kir6.1AAA]
compared to WT or Tg[CX1-eGFP-Kir6.1AAA] littermates (Figure 3D-3F).

The contribution of Ka1p channels to myocardial energy consumption was assessed in hearts
isolated from Kir6.2-KO under workloads set by pacing within the physiological range of 460—
670 beats/min. Hearts lacking KaTp channels exhibited augmented oxygen consumption,
indicating an elevated energy cost of cardiac performance compared to WT (Figure 4A). At
imposed workloads, progressive reduction of myocardial action potential duration (APDgg),
characteristic for WT, was absent in Kir6.2-KO hearts as assessed from monophasic action
potential recordings (Figure 4B). In WT hearts, workload-induced shortening of action
potentials was reversed by the Kap channel blocker glyburide (10uM) underscoring the
contribution of Kap channels in modulating myocardial excitability across the range of
physiological cardiac rates. Absence of Kap channel function augmented cardiac mechanical
work, measured as an integrated left ventricular pressure per cardiac cycle (Figure 4C), and
induced overexpression of Na*/K* pumps (Figure 4D and 4E), identifying these and myosin
ATPase as molecular contributors to increased energy use.

Heightened muscle performance requires mobilization of bodily energy stores (Ghanassia et
al., 2007). Analysis of telemetry-recorded heart rates revealed a two-peak distribution in the
400 to 800 beats/min range for WT and Kir6.2-KO during continuous daily activity (Figure
4F). This profile reflected normally-distributed heart rate variability that characterizes low
versus high activity periods in each cohort. Fitting these distributions with the sum of two
Gaussian functions indicated that while the highest mean heart rate was equivalent for Kir6.2-
KO and WT (674 versus 670 beats/min, respectively), the lower characteristic mean value in
Kir6.2-KO (570 beats/min) was right-shifted relative to WT (536 beats/min). The absence of
KaTp channels thereby provoked a partial redistribution of heart rate events from the region
of 500 beats/min to that of 600 beats/min (Figure 4F). Thus, even in periods of low activity,
Kir6.2-KO hearts are prompted to perform at rates higher than the WT, a feature characteristic
of a hypermetabolic state (Bachman et al., 2004) characterized by augmented demand for
oxygen and substrate delivery. In fact, the increased EE in Kir6.2-KO striated muscles
intensified the mobilization of glycogen and fat energy depots, reducing muscular and hepatic
glycogen stores within 16 h of fasting compared to WT (Figure 5A and 5B). This glycogen
change in Kir6.2-KO is in line with increased muscle glucose uptake (Miki et al., 2002),
augmented insulin sensitivity and a prominent drop of blood glucose levels under fasting and
after exhaustion (Figure S1 and S2). Further, increased lipolysis in Kir6.2-KO revealed by
fasting or in post-exercise recovery (Figure S1) caused a reduction of adipocyte size compared
to WT (Figure 5C). Thus, lack of Kap channel function that precipitated inefficient EE in
skeletal and cardiac muscles compromised bodily energy stores.

Inefficient energetics in Katp channel knockout fails to support intense workload

Endurance, or the ability to withstand activity-related workload, relies on the efficiency of
body energetics. Maximal oxygen consumption (VOomax) reflects the maximal rate of energy
production and the ability of the cardiovascular system to support physical performance at
highest workloads by ensuring oxygen delivery to skeletal muscle (Joyner, 1991). Here, under
treadmill testing, WT and Kir6.2-KO achieved similar VO,max , 7817+364 ml/kg/h (n=7)
versus 8311+253 ml/kg/h (n=9) respectively, indicating equivalent oxidative phosphorylation
potentials. Although VO,max sets the upper limit for energy production, it does not determine
ultimate performance (Zoll et al., 2002). Indeed, despite similar energy consumption rates at
VO,max , i.e., 38.6+0.9 cal/g/h and 37.4+0.9 cal/g/h, Katp channel knockouts attained a total
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work of 17.9£3.2 Joules (20 m/min at 15° inclination; n=8) below the 27.0+2.8 Joules (22.5
m/min at 20° inclination; n=9; p<0.05) achieved by more energy-efficient WT counterparts.

The efficiencies of the cardiovascular system and body energy resource recruitment were
assessed in response to maximal workload (Barbato et al., 1998). Calorimetry-derived data
normalized as R(t)=(VO, - VO,min) / (VOomax - VO,min), where the oxygen consumption rate
(VO,) was accelerated from VOomin (at 2 mW) to VOomax (at 30 mW workload), were fitted
by the Gompertz function, R(t)=exp[-exp(-(t-tmax)/tr)] where 1/t is the maximum growth rate
at time tmax (Figure 6A). Both parameters were significantly slower for Kir6.2-KO (t,=68+3.4
s and tyax=204+5.6 s, n=11) compared to WT (t,=56+3.0 s and t,,3x=187£3.5 s, n=10; p<0.05).
Oxygen deficit at the onset of exercise, calculated as the area above corresponding Gompertz
curves, was higher for Kir6.2-KO (242.2+7.2 s, n=11) compared to WT (220.1+5.2 s, n=10;
ANOVA p<0.05; Figure 6A). The increased oxygen deficit in Kir6.2-KO was accompanied
by reversed substrate utilization dynamics compared to WT. On exercise initiation, mice
lacking KaTp channels demonstrated deficit of carbohydrate and raised lipid oxidation (Figure
2H and Figure 6A). These trends were reversed upon approaching VO,max and exhaustion
(Figure 6A), when Kir6.2-KO exhibited an energetically less efficient combination of increased
carbohydrate and depressed lipid oxidation. Impaired mobilization of aerobic systems in
Kir6.2-KO was linked to stimulation of anaerobic metabolic pathways manifested by
development of lactic acidosis (Figure 6B). At exercise termination due to exhaustion,
precipitous drop of oxygen consumption, fast decline of carbohydrate and lipid oxidation
(Figure 6A), bradycardia and reduced mobility (Figure S3) collectively indicated that the
circulatory system of Kir6.2-KO was unable to sustain substrate and oxygen supply. In fact,
in response to stimulation with the sympathomimetic isoproterenol (10 uM), Kir6.2-KO hearts
were unable to maintain performance for as long as WT hearts (Figure 6C).

Under voluntary activity, Kir6.2-KO also exhibited a low overall performance capacity
compared to WT (Figure 6D). In contrast to coerced workload imposed by a treadmill regimen,
free-access running wheels allow measurement of stress-free exercise capacity (Momken et
al., 2005). Patterns of voluntary wheel runs were collected throughout 24-h intervals (Figure
6D), and bursts of activity, i.e., continuous periods of wheel rotations, accumulated in time-
event distributions reflecting individual voluntary activity patterns (Figure 6E). Analysis of
distributions revealed a similar total number of exercise attempts for both cohorts, yet a halved
mean time of activity intervals for Kir6.2-KO compared to WT (Figure 6F). The superior ability
of WT to sustain voluntary performance was further highlighted by a running distance that
exceeded that of Kir6.2-KO counterparts (Figure 6F). Thus, lack of Katp channels impaired
voluntary exercise, suggesting a critical role for these biosensors in optimizing activity-related
energy use.

Kir6.2-KO are resistant to high-fat diet induced obesity

As disruption of Katp channel function raised the energy cost of exercise and non-exercise
activity, resistance to diet-induced obesity was assessed. WT and Kir6.2-KO were challenged
with a Western-type high-fat diet, starting at 11 weeks of age for 160 days of prospective
monitoring (Figure 7A). Under continuous high-fat diet regimen, WT progressively acquired
an obese phenotype in contrast to Kir6.2-KO that demonstrated obesity-resistance despite
comparable food intake (Figure 7A and 7B). Throughout follow-up, Kir6.2-KO displayed
lower body weight and rate of body weight gain than age-matched WT. High-fat diet compared
to regular chow diet doubled the rate of weight gain in WT, i.e., 0.138 g/day (r2=0.96, n=10)
versus 0.071 g/day (r?=0.87, n=10), respectively (Figure 7C). In Kir6.2-KO the rate of body
weight gain was increased from 0.027 g/day under regular diet (r2=0.95, n=10) to 0.074 g/day
under high-fat diet (r?=0.96, n=10) resulting in a body weight of Kir6.2-KO under high-fat
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diet that did not exceed that of WT under regular diet (Figure 7C). Thus, the anti-obesity effect
evoked by Katp channel dysfunction was preserved under high-fat diet challenge.

DISCUSSION

Sarcolemmal Katp channels are recognized molecular metabolic sensors that modulate
membrane excitability according to cellular energy availability, yet their actual homeostatic
role remains partially understood. Metabolic sensing by Katp channels has been typically
assigned to a protective response under severe energy insult, such as acute ischemia,
sympathetic distress or muscle fatigue (Matar et al., 2000; Zingman et al., 2002; Renaud
2002; Gumina et al., 2003; Miki and Seino, 2005; Yamada et al, 2006; Cifelli et al., 2007;
Reyes et al., 2007). This study establishes a previously unrecognized role for sarcolemmal
KaTp channels in the continuous regulation of cellular energy use under non-stressed,
physiological states. In this way, Kap channels emerge as important components of a cellular
energy-sparing system that optimizes muscle energy expenditure. Lack of this Katp channel-
dependent energy-controlling mechanism exaggerated energy use by heart and skeletal muscle,
dissipating bodily glycogen/fat depots and promoting lower weight. The observed resistance
to body weight gain under a high-fat diet, induced by Ka1p channel-deficiency, provides a
basis for potential anti-obesity treatment (Watt et al., 2006). The sarcolemmal Katp channel,
suitable for manipulation to render skeletal muscle increasingly thermogenic at rest and less
fuel efficient in exercise (Himms-Hagen, 2004), thus represents a molecular target to magnify
the benefit of activity for obesity treatment or prevention.

The energy-controlling function of Katp channels is based on the unique ability to feedback
bioenergetic cues into constraints on cellular energy expenses for myofibrillar contraction and
re-sequestration of Ca2* and Na* ions by opposing myocyte depolarization (Nichols and
Lederer, 1991; Gong et al., 2000; Zingman et al., 2002; Thabet et al., 2005; Cifelli et al.,
2007, 2008). By virtue of sensing even minor changes in cellular nucleotide content (Abraham
etal., 2002; Selivanov et al., 2004), Katp channels could decode cellular metabolic dynamics
during regular daily activity. Indeed, Katp channel-driven shortening of action potentials
demonstrated here, within the physiological range of cardiac rates, ensured reduced oxygen
consumption. An overload of ATPases supporting ion homeostasis was exposed by Na*/K*
pump upregulation precipitated in the absence of sarcolemmal Katp channel function.
Escalation of fuel metabolism in striated muscles translated to whole-body energy overuse in
both Kir6.2-KO and Tg[MyoD-Kir6.1AAA] Katp channel-deficient models, manifested by
reduction in fat depots and limited weight gain.

Characteristic of hypermetabolic states (Bachman et al., 2004), the increased energy demand
in the absence of Kap channels entailed acceleration of cardiac rate, initiating a “vicious”
cycle in which magnified cardiac mechanical work imposed further energy use and
mobilization of glycogen and fat stores. Yet, while unchallenged, Kir6.2-KO did not exhibit a
deficit in caloric intake or blood energy substrates despite the role of Katp channels in glucose
homeostasis (Miki et al., 1998; Aguilar-Bryan et al., 2001; Ashcroft, 2005) and possibly in
appetite control (Spanswick et al., 1997). The accelerated metabolism profile of Kir6.2-KO
resembles transgenic models overexpressing mitochondria uncoupling proteins in skeletal
muscle (UCP-TG; Li et al., 2000). Although sharing with UCP-TG properties of a lean
phenotype, enhanced insulin sensitivity and glucose uptake (Li et al., 2000; Miki et al., 2002;
Minami etal., 2003), Kir6.2-KO, by reaching VO,max equivalent to WT, exhibited an unaltered
oxidative phosphorylation capacity (Mootha et al., 1997) and sarcoplasmic nucleotide levels
(Zingman et al., 2002). Thus, enhanced mobilization of body energy depots in Kir6.2-KO,
while maintaining phosphocreatine and nucleotide pools, limits body weight gain.
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Inefficient energy control in the absence of Katp channels endowed resistance to diet-induced
obesity, although at the cost of decreased workload endurance. In fact, the oxygen deficit
identified in Kir6.2-KO at workload initiation indicated delayed activation of enzymatic
reactions and substrate mobilization required for skeletal muscle oxidative metabolism
(McArdle, 1996). This was counterbalanced by anaerobic processes that, although
compensating for energy deficit, provoked excessive lactate accumulation. The developed
lactic acidosis suppressed lipolysis at peak exercise (Liu etal., 2009), and further compromised
cardiac function critical in maintaining physical activity (Nielsen et al., 2002; Zingman et al.,
2002; Kane et al., 2004). Accordingly, the Kir6.2-KO was unable to sustain stress-free
voluntary performance despite an equal-with-WT number of exercise attempts.

In summary, this study demonstrates that sarcolemmal Katp channels not only respond to
metabolic stress but continuously control energy use by cardiac and skeletal muscles, thereby
promoting body energy conservation. Positive energy balance favoring obesity would be
therefore moderated by tissue-specific interruption of Katp channel-driven optimization of
energy use, offering a paradigm in weight control.

Experimental Procedures

Animal models

KaTp channel-deficient mice were generated by targeted disruption of the KCNJ11 gene (Miki
etal., 1998). Due to the proximity of the mutated gene with the gene encoding albino hair color
in SV129 embryonic stem cells used to create the knockout, Kir6.2-knockout (Kir6.2-KO)
mice remained white upon backbreeding into the black C57BL/6 line (WT) for 10 generations.
Experiments were performed with male mice, 3—-4 months of age preceding divergence in body
weight and fat distribution, unless otherwise indicated. Transgenic Tg[CX1-eGFP-Kir6.1-
AAA] mice were obtained from the FVVB/N mouse strain using a non-conducting Kir6.1AAA
pore mutant where a Gly-Phe-Gly motif critical for K* permeation was replaced by Ala-Ala-
Ala (Malester et al., 2007). Kir6.LAAA was subcloned downstream of the loxP sites flanking
eGFP coding region and a stop codon, in such a way that dominant negative suppression of
Kir6.2/SUR2A could be initiated by expression of Cre recombinase. Accordingly, skeletal
muscle-specific ablation of Katp channel activity was achieved by crossing Tg[CX1-eGFP-
Kir6.1-AAA] and MyoD-cre transgenic mice that express Cre recombinase under control of
the MyoD promoter (Chen et al., 2005). Protocols were approved by Mayo Clinic and
University of lowa Institutional Animal Care and Use Committees.

Animal maintenance and diets

Mice were maintained in a temperature-controlled (25°C) facility on a 12-h light/dark cycle
and fed with regular chow diet (PicoLab® Rodent Diet 20 5053; PMI Nutrition International,
St Louis, MO) containing 5% fat accounting for ~13% of caloric content. A subset of animals
was fed a high-fat diet containing 9% fat (~22% of the diet’s caloric content; PicoLab® Mouse
Diet 20 5058). Food intake was measured using a food consumption monitoring system
(Columbus Instruments; Columbus, OH).

Magnetic resonance imaging

Transverse sections at the T3-T7 and L1-L5 levels were obtained under isoflurane anesthesia
using a 7 Tesla scanner (Bruker; Billerica, MA) by a spin-echo method (Yamada et al.,
2006). Analyze (Mayo Foundation; Rochester, MN) and MetaMorph (Molecular Devices;
Sunnyvale, CA) softwares were used for image analysis.
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Histochemistry

Liver and skeletal muscle samples were harvested from 16-h fasting animals, flash-frozen in
isopentane/liquid nitrogen, and Periodic Acid Schiff (PAS) used for staining of glycogen
content. Gluteal subcutaneous white fat was fixed in 10% buffered formalin, and stained with
hematoxylin-eosin (Kane et al., 2004). Micrographs were taken by a KS-4000 Axiocam digital
camera with an Axioplan 2 light microscope (Carl Zeiss Microlmaging, Thornwood, NY) and
analyzed using MetaMorph.

Glycogen biochemical assay

Hepatic tissue and gastrocnemius muscles were harvested from fasting animals, homogenized
in chilled 0.03 N HCI, sonicated for 45 s using a Branson Sonifier 450 (Branson, Danbury,
CT), and boiled for 5 min. Samples were separated for measurement of free glucose or boiled
in 2 N HCI for 3 h to hydrolyze glycogen content. Samples were then centrifuged for 1 min at
13,000 rpm and hydrolysis stopped by alkalization. Glucose levels were measured using a
Glucose Assay Kit (Biovision Inc, Mountain View, CA), and free glucose concentration
subtracted from glycogen-produced glucose. Results were normalized to wet tissue weights.

Analytical procedures

Blood lactate and pH were determined using a 5700 Gem-Primier3000 Gas/Electrolyte
analyzer (Instrumentation Laboratory; Lexington, MA).

Locomotor activity

Activity was monitored using implanted telemetric devices (Data Science International; St.
Paul, MN). Variations in signal strength due to change in animal orientation or distance from
the receiver were averaged for each 10 s periods, and counted as movements per min (min—1)
revealing the level of activity. All activity levels were collected into histograms with 6
min~1 bin width implying that a certain activity level a; was achieved with attaining all
preceding activity levels, i.e., all bins from a; to a; were incremented by 10 s. Mean activity
level, ag, was obtained by fitting each histogram with a single exponential function, T=Tg - exp
(-k/ag), where T denotes total time of activity (the first histogram bin); and k, the activity level
variable.

Indirect calorimetry and treadmill exercise

Indirect calorimetry was performed using metabolic chambers (Oxymax, Columbus
Instruments). Experiments were synchronized with a start-time of 19:00 h, for continuous
monitoring under ad libitum chow diet. EE was determined based on rate of oxygen
consumption (VO,) and carbon dioxide production (VCO,):

EE=3.815V0,+1.232VCO,.

The calorimeter was calibrated before each measurement with a standard span gas (0.501%
CO», 20.53% O, balanced with N5), and cross-calibrated against room air at every fifth
measurement. Maximal rates of oxygen consumption (VO,max) and EE during physical activity
were measured using a modular treadmill connected to the calorimetry system. Ten days before
exercise tests, mice were acclimated daily for a nonmoving treadmill followed by 15 min at a
velocity of 3.5 m/min. The treadmill velocity, set for a constant workload rate (W), was adjusted
to body weight for each animal as W/(m g)/sin(a), where m is body weight; g, acceleration due
to gravity (9.8 m/s?);o, treadmill inclination. The exercise-endurance protocol was performed
as described (Zingman et al, 2002). Differences in the rate of carbohydrate and lipid
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consumption between cohorts were calculated based on VO, and 2 VCO, values using
Ferrannini’s equations (Ferrannini, 1988):

Carbohydrates(g/min)=4.55VCO, (L
/min) — 3.21VO,(L
/min) — 2.87N(mg/min)

Lipids oxydation (g/min)=1.67(VO,
- VCO,y)(L
/min) — 1.92N(mg/min),

where N is the rate of urinary nitrogen excretion used to estimate protein oxidation, with the
assumption that urinary nitrogen is equivalent in experimental groups. Errors for the difference
in substrate utilization between Kir6.2-KO and WT mean values were calculated using the
quadrature rule according to the propagation of uncertainties for normally distributed
independent measures (Tayler, 1997).

Patch-clamp recordings

Skeletal muscle cells from musculus flexor digiti brevis were enzymatically isolated (Lueck et
al., 2007), and single channel currents were recorded in the cell-attached mode of the patch-
clamp technique at a holding command potential of +60 mV set in a pipette electrode using an
Axopatch 200B amplifier (Molecular Devices; Sunnyvale, CA). Patch pipettes, filled with a
solution containing (in mM): KCI 140, CaCl, 1, MgCl, 1, HEPES-KOH 5 (pH 7.3), had a
resistance of 5-7 MQ. Cells were bathed in (in mM): KCI 140, MgCl, 1, EGTA 5, HEPES-
KOH 5 (pH 7.3). Measurements were performed at 30°C.

Western blotting

Protein extracts were prepared by homogenizing ventricular tissue in NaCl 150 mM, Tris-HCI
50 mM, pH 7.8 supplemented with 1% Triton X-100 and protease inhibitors. Electrophoresis
was performed on 3-8% gradient Nu-Page Tris-Acetate gel and transferred to polyvinylidene
difluoride membranes (InVitrogen). Mouse monoclonal antibodies against Na*/K* ATPase
(Afinity Bioreagents, Rockford, IL) and anti-mouse HP-conjugated secondary antibody (Santa
Cruz Biotechnology, Inc. Sant-Cruz, CA) were used.

Monophasic action potential (MAP), left ventricular (LV) pressure and oxygen consumption

Isolated hearts were retrogradely perfused at 90 mmHg with Krebs—Henseleit buffer bubbled
with 95% O,/5% CO», (37°C, pH 7.4). Hearts were paced (A310 Accupulser; World Precision
Instruments; Sarasota, FL) using a catheter positioned in the right ventricular apex (NuMed;
Hopkinton, NY). A MAP probe (EP Technologies; Sunnyvale, CA) was maintained at the LV
epicardium, and amplified signals (IsoDam; World Precision Instruments; Sarasota, FL) were
acquired at 11.8 kHz (Zingman et al., 2002). MAPs were analyzed at 90% of repolarization
(APDgp). LV pressure was measured using a fluid-filled balloon attached to a pressure
transducer (Harvard Apparatus; Holliston, MA), and diastolic pressure was set to 10 mmHg.
Oxygen consumption was calculated based on Henry’s Law as the difference between the
oxygen partial tension measured, using the 5700 GemPrimier3000 Gas/Electrolyte analyzer,
in the perfusate prior (POy¢ntr) and after (PO,) heart passage. The rate of oxygen consumption
(VO,)was calculated as:
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VO,=(POseny — PO2) - @ - v/my,

where v is rate of coronary flow measured by a T106 flow-meter (Transonic System Inc.; Ithaca,
NY); o = (0.024 ml O, per ml H,0)/760 mmHg denotes the Bunsen’s solubility coefficient
(Sinaasappel et al., 1999); and my, is heart wet weight.

Voluntary performance

Mice were housed in individual cages with free access to attached running wheels of 242 mm
diameter (Mini Mitter Co.; Bend, OR). Wheel turns were counted with a Mini Mitter Magnetic
Switch, averaged for each 10 s, converted to RPM (rotations per minute) by a DSI acquisition
system (Data Sciences International; St. Paul, MN). Exercise intervals (bursts of activity) were
accumulated in Poisson time-event distributions with 10 s bin width implying that a running
burst duration corresponding to n; was associated with attainment of all preceding activity
duration intervals, i.e. all bins from n; to n; were incremented by a unit. Thus, the first bin
consists of a total number of bursts (i.e. number of exercise attempts), and the probability of a
running interval with duration t is proportional to e, where 1/a is the mean time of activity
burst duration. Running distance was calculated as 1/6zD-ZRMP;, where D is wheel diameter
and XRMP;j is sum of averaged RPM values.

Statistical analysis

Results are expressed as mean+SEM. Student’s t-test was used to define p values unless
otherwise indicated. A p value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kir6.2-KO mice inherit low body weight
(A) WT display larger trunk size compared to Kir6.2-KO at 1-year follow up.
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(B) Divergence in body weight in individually caged WT (n=10) and Kir6.2-KO (n=10) by 5

months of age.

(C and D) Body mass index (BMI) calculated as the ratio of body weight to the square of body

nasal-to-anal length, and waist-to-length index (WLI) calculated as the ratio of abdomen

diameter to the square of body nasal-to-anal length, increased during maturation of WT and
Kir6.2-KO (%, p<0.05 at 12 versus 4-months within each cohort; n=10 in each group), with
BMI and WLI significantly lower at 12 months in Kir6.2-KO compared to WT (*, p<0.05;

n=10 in each group).

(E) Transverse MRI scans through thorax and abdomen of WT (left) and Kir6.2-KO (right) at

4 and 12 months. Abbreviations: D, diaphragm; IF, interstitial fat; K, kidney; PF,

retroperitoneal fat; SC, spinal cord; SF, subcutaneous fat. Note prominent fat deposition in WT

compared to Kir6.2-KO at 1-year of age.

(F and G) Mean areas of subcutaneous and abdominal fat, expressed relative to total cross-
sectional area, were significantly increased in 12-months old WT compared to either 4-month-
old WT (%, p<0.05; n=4) or 12-month-old Kir6.2-KO (*, p<0.05; n=4). In contrast to WT, fat

stores in Kir6.2-KO were statistically indistinguishable at both ages.
Data are mean+SEM.
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Figure 2. Activity, food intake and EE in WT and Kir6.2-KO

(A) Records of continuous locomotive activity monitored using implanted transmitting
devices.

(B and C) Dwell time spent without movement was indistinguishable between WT and Kir6.2-
KO (n=8 for each group). Fitting of the activity distributions, solid curves, revealed mean
characteristic activities indistinguishable between WT and Kir6.2-KO.

(D) Food intake with regular chow diet, accumulated over 24 h and corrected for body weight,
was higher in Kir6.2-KO (n=14) versus WT (n=16).

(E) Average time-course of oxygen consumption rates (VO,), and difference of substrate
consumption rate calculated for Kir6.2-KO (n=19) relative to WT (n=17). Data points represent
the average of 3 measurements from each animal.

(F) EE calculated based on VO, and VCO, values and averaged separately for light-on and
light-off periods was higher in Kir6.2-KO versus WT.

(G) Cumulative substrate utilization obtained by integration over light-on and light-off periods
revealed elevated carbohydrate consumption in Kir6.-KO compared to WT. Lipid utilization
remained equivalent.

(H) VO,, respiratory exchange ratio (RER) and substrate consumption rates in WT (n=8) and
Kir6.2-KO (n=8) were obtained within 30 s intervals during 2 mW treadmill test. At steady-
state, Kir6.2-KO displayed an elevated EE compared to WT, accompanied with raised rates of
substrate utilization.
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(I) Activity-related EE was higher in Kir6.2-KO versus WT (n=8 in each group).
Data are mean+SEM; *, p<0.05.
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Figure 3. Elevated EE decreases body weight in Tg[MyoD-Kir6.1AAA]

(A) Brain and muscle tissues of Tg[CX1-eGFP-Kir6.1AAA] and Tg[MyoD-Kir6.1AAA] mice
exposed to 525 nm wavelength light. Tg[MyoD-Kir6.1AAA], due to Cre-recombination of
eGFP-coding region, lacked eGFP fluorescence exclusively in skeletal muscles.

(B) Expression of Kir6. LAAA suppressed K atp channel function in skeletal muscle cells from
Tg[MyoD-Kir6. 1AAA] as assessed by electrophysiology with no Katp channel response to
pinacidil (50 uM) and 2,4-dinitrophenol (DNP, 200 uM), which induced vigorous Katp
channel activation in Tg[CX1-eGFP-Kir6.1AAA] myofibers.

(C) Activity-related EE defined in 8 weeks old Tg[MyoD-Kir6.1AAA] (n=5) was significantly
higher compared to FVB/N WT (%, p<0.05; n=6) or Tg[CX1-eGFP-Kir6.1AAA] littermates
(*, p<0.05; n=4).

(D) Body weight in Tg[MyoD-Kir6.1AAA] (n=6) was reduced compare to Tg[CX1-eGFP-
Kir6.1AAA] (n=5;*, p<0.05) and FVB/N WT (n=8; ¥, p<0.05) littermates.

(E and F) Average cross-sectional area of individual adipocytes was reduced in Tg[MyoD-
Kir6.1AAA] (n=3) compared to Tg[CX1-eGFP-Kir6.1AAA] (n=3;*, p<0.05) and FVB/N WT
(n=3; %, p<0.05); scale bars, 200 pm.
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Figure 4. Increased EE and mechanical function of Kir6.2-KO isolated hearts

(A) Rate of oxygen consumption, measured in isolated perfused hearts revealed a significantly
elevated energy demand in Kir6.2-KO versus WT (n=5 for each group).

(B) Pacing rates above 130 ms (460 beats/min) induced significant shortening of APDgq in
WT (n=8) that was sensitive to the sulfonylurea glyburide (10 uM, n=4) but not in hearts from
Kir6.2-KO (n=5). Solid lines were constructed as results of quadratic polynomial fitting of
experimental data relative to APDgq at 150 ms pacing interval.

(C)Integrated left ventricular pressure was defined for 3—4 s long periods and divided by
number of cardiac cycles in unpaced Kir6.2-KO and WT hearts (n=7 for each group).

(D and E) Overexpression of sarcolemmal Na*/K* pumps in Kir6.2-KO compared to WT (n=3
for each group) revealed by Western blots.

(F) Histograms summarizing heart rates during 24-h long monitoring using telemetry in WT
(n=11, top) and Kir6.2-KO (n=10, bottom). Dotted lines represent the fit of distributions with
the sum of two Gaussian functions; solid lines indicate individual functions. Arrow indicates
right shift of the lower mean heart rate in Kir6.2-KO relative to the corresponding value in
WT.

Data are mean+SEM;*, p<0.05.
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Figure 5. Reduced energy depots in Kir6.2-KO

(A) Left: PAS histology of hepatic tissue indicates depletion of glycogen stores in liver from
Kir6.2-KO compared to WT. Scale bar; 100 pm (40x image magnification). Right: biochemical
evaluation confirmed liver glycogen deficit in Kir6.2-KO compared to WT n=9 in each group).
(B) Left: PAS staining of skeletal muscle revealed significant depletion of glycogen in certain
fibers from Kir6.2-KO gastrocnemius compared to WT. Scale bar: 200 um (20x image
magnification). Right: biochemical evaluation confirmed glycogen deficit in gastrocnemius
from Kir6.2-KO (n=4) compared to WT (n=5).

(C) Left: Adipose tissue histology in WT and Kir6.2-KO (scale bars, 200 um). Right: Average
cross-sectional area of individual adipocytes was increased in WT compared to Kir6.2-KO by
3 months of age, and the difference progressed by 12 months (n=3 for each group).

Data are mean£SEM;*, p<0.05.
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Figure 6. Reduced endurance and voluntary performance in Kir6.2-KO

(A) Relative VO, (upper trace) and RER (middle trace) in WT (n=10) and Kir6.2-KO (n=11)
were constructed during 30 mW treadmill workload and post-exercise recovery, respectively.
The differences in KO versus WT in carbohydrate and lipid consumption rates are presented
for corresponding time points (lower trace). Data points were acquired at 30 s intervals.

(B) Plasma lactate and pH measured in blood samples taken immediately upon exhaustion from
Kir6.2-KO (n=4) and WT (n=5).

(C) In response to isoproterenol (10 uM), Kir6.2-KO hearts were not able to sustain the
integrated LV pressure per cardiac cycle compared to WT hearts (n=7 in each group).

(D) Representative recordings of voluntary performance during 24 h in WT and Kir6.2-KO
housed in cages with attached running wheels.

(E) Distributions of activity intervals were fitted by single exponential functions (lines on the
semi-logarithmic scale). The higher exponential slope indicates a shortened mean exercise
duration for Kir6.2-KO (0.56+0.02 min) versus WT (1.31+0.02 min).

(F) Analysis of distributions for WT (n=10) and Kir6.2-KO (n=11) revealed similar number
of voluntary exercise attempts (first bin), yet the mean exercise duration was double in WT
compared to Kir6.2-KO. Accordingly, the running distance, defined based on wheel
circumference and RPM, was compromised in Kir6.2-KO.

Data are mean+SEM;*, p<0.05.
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Figure 7. Resistance to high-fat diet induced obesity in Kir6.2-KO

(A) Under a high-fat diet regimen, Kir6.2-KO (n=10) gained less weight (left y-axis) than age-
and gender-matched WT (n=10), despite comparable food consumption (right y-axis).

(B) Representative WT and Kir6.2-KO after 90 days of high-fat diet regimen.

(C) High-fat diet accelerated the rate of weight gain compared to regular chow diet in both WT
and Kir6.2-KO, as determined by linear regression. However, the weight gain in WT was
significantly higher compared to regular diet already at 25 days of the high fat regimen (*,
p<0.05, n=10 for both groups), in contrast to 90 days for Kir6.2-KO (%, p<0.05, n=10 in each
group). Furthermore, the weight gained by Kir6.2-KO throughout the high-fat diet regimen
was considerably lower compared to WT.
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Data are mean+SEM.
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