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C o m m u n i c a t i o n

I N T R O D U C T I O N

ATP-sensitive potassium (KATP) channels have the unique 
ability to adjust membrane electrical properties and 
functions in accordance with the metabolic status of the 
cell (Noma, 1983; Ashcroft, 1988; Lederer and Nichols, 
1989; Weiss and Venkatesh, 1993; Vivaudou and Forestier, 
1995; Aguilar-Bryan and Bryan, 1999; Flagg et al., 2010; 
MacIntosh et al., 2012). KATP channels are widely ex-
pressed in various excitable tissues including brain, 
pancreas, smooth muscle, heart, and skeletal muscle 
(Zingman et al., 2003; Minami et al., 2004; Flagg et al., 
2010; Kefaloyianni et al., 2012; MacIntosh et al., 2012). 
Different isoform combinations of the channel subunits 
contribute to tissue-specific properties (Ashcroft, 1988; 
Aguilar-Bryan and Bryan, 1999; Flagg et al., 2010). Skel-
etal muscle KATP channels are predominantly formed 
through physical association of four pore-forming po-
tassium channel subunits, Kir6.2, a weak inward rectifier, 
with four regulatory sulfonylurea receptor subunits, 
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SUR2A, and significantly less expression of SUR1 and 
Kir6.1 subunits (Flagg et al., 2010). Metabolic sensing 
by the channel occurs through modulation of the K+ 
pore ATP sensitivity by the SUR subunit, which is also 
required for channel activation by MgADP and potas-
sium channel openers as well as inhibition by sulfonyl-
urea drugs (Noma, 1983; Ashcroft, 1988; Lederer and 
Nichols, 1989; Nichols and Lederer, 1991; Inagaki et al., 
1995; Shyng et al., 1997; Aguilar-Bryan and Bryan, 1999; 
Schwappach et al., 2000; Zingman et al., 2001, 2007; 
Seino and Miki, 2003; Flagg et al., 2010).

Cardiac and skeletal muscles are primary sites of physical 
activity–related energy consumption and have KATP chan-
nels expressed in very high density (Noma, 1983; Nichols 
and Lederer, 1991; Seino and Miki, 2003; Thabet et al., 
2005; Alekseev et al., 2010; Flagg et al., 2010; Kristensen 
and Juel, 2010). In the heart, KATP channel opening occurs 
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Academies, and were approved by the University of Iowa Institu-
tional Animal Care and Use Committee.

98 male mice aged 10–12 wk were used for all experiments. 
The strains used were Kir6.2 knockout (KO) mice (Miki et al., 
1998; Zingman et al., 2002; Alekseev et al., 2010), which have 
whole-body deletion of the Kir6.2 isoform of the KATP channel 
pore-forming subunit, and their C57BL/6 WT controls and 
Kir6.1-AAA Tg (Tong et al., 2006) crossed with MyoD-Cre Tg (Chen 
et al., 2005; TG) mice (Alekseev et al., 2010), which have skeletal 
muscle–specific transgenic interference with normal sarcolem-
mal KATP channel function through expression of a nonfunc-
tional, dominant-negative inhibitory, pore-forming subunit and 
their WT FVB controls. For harvesting of tissue samples and for all 
other nonsurvival experiments, mice were anesthetized (Avertin: 
2.5% solution of tribromoethanol in 2-methyl-2-butanol; Sigma-
Aldrich; 240 mg/kg i.p.) and supplied with continuous inhaled 
isoflurane (1.0–1.5%; Piramal Healthcare) via a nose cone to 
maintain a respiratory rate of 50–60 breaths per minute. At the 
end of experiments, mice were euthanized by cardiectomy while 
under anesthesia with inhaled isoflurane.

Solutions
Tyrode’s solution in mmol/liter was as follows: 136.5 NaCl, 5.4 KCl, 
2.5 CaCl2, 0.53 MgCl2, 5.5 glucose, and 5.5 HEPES-NaOH, pH 7.4. 
Internal pipette solution in mmol/liter was as follows: 140 KCl,  
1 CaCl2, 1 MgCl2, and 5 HEPES-KOH, pH 7.4.

Experimental apparatus
Anesthetized mice were placed on a platform (809B; Aurora Sci-
entific) heated by circulating water (6200 R20F; Thermo Fisher 
Scientific). The tibialis anterior (TA) muscle of one leg was ex-
posed and the tendons attached to the force transducer (305C; 
Aurora Scientific). Tyrode’s solution warmed to 30.0°C was dripped 
on the muscle at 1 drop/s. The temperature of the platform on 
which the mouse was placed was maintained by circulating heated 
water at 34.8°C. These two methods stabilized the temperature 
measured at the surface of the muscle at 30°C. A stimulator 
(Accupulser A310; World Precision Instruments) routed through 
a stimulus isolation unit (A365 SIU; World Precision Instruments) 
was used to excite the sciatic nerve (variable amplitude, pulse 
width 0.5 ms using a custom electrode). Pacing triggers were gen-
erated and data collected at 25 kHz using pCLAMP software  
(Molecular Devices) interfaced with a digital acquisition device 
(Digidata 1440A; Molecular Devices). The experimental appara-
tus, including force transduction platform, force transducer,  
microelectrode head stage (see below), and micromanipulators, 
was located on a vibration isolation table (VH3648; Newport)  
inside a Faraday cage (FC3648; Newport).

Microelectrode recordings
Pipettes were pulled on a horizontal puller (P-1000; Sutter Instru-
ment) using borosilicate glass (1B150F; World Precision Instru-
ments). The tip of each pipette was filled with 3 M KCl. A 0.005-in 
diameter silver wire coated with polytetrafluoroethylene (PTFE) 
was mechanically stripped at both ends and electrochemically 
plated with silver chloride on one end to produce an Ag/AgCl 
electrode. The wire was coiled around a cylinder (1-cm diameter) 
by one turn to produce a helical spring-like shape in the middle. 
The micropipette was scored with a carbide utility blade 1–2 mm 
above the shoulder and the shank gently separated from the tip. 
The silver chloride–coated end of the wire was inserted into the 
glass tip sufficiently to create enough friction to support the 
weight of the tip (Zhou et al., 1992). The opposite end of the silver 
wire was attached to the amplifier head stage (CV203-BU; Molec-
ular Devices). A silver chloride–coated reference wire was placed 
in contact with the lateral edge of the exposed muscle using a salt 
bridge. The tip resistance of the microelectrode was measured 

in response to numerous stressors associated with either 
reduced energy availability, such as hypoxia or ischemia 
(Suzuki et al., 2002; Zingman et al., 2002; Zhu et al., 
2011; Nichols et al., 2013), or increased energy utiliza-
tion, including heart rate acceleration within the nor-
mal, physiological range (Alekseev et al., 2010; Zingman 
et al., 2011; Sierra et al., 2013). The resultant cellular 
potassium efflux promotes action potential shortening, 
thus limiting the drive for calcium influx and calcium-
induced calcium release (Zingman et al., 2002). This 
conserves cellular energy that would otherwise be used 
for calcium homeostasis and contraction (Alekseev et al., 
2010; Zingman et al., 2011). A shortened action poten-
tial duration (APD) also results in a longer diastolic inter-
val, critical for energy resource replenishment (Alekseev 
et al., 2010; Zingman et al., 2011). Thus, a central role of 
ventricular myocyte KATP channels is fine-tuning of the 
APD to optimize cardiac function across a wide range of 
workloads while avoiding depletion of cellular meta-
bolic resources that could lead to injury or dysfunction 
(Zingman et al., 2002, 2003, 2011; Zhu et al., 2011).

Understanding of the physiological role of KATP chan-
nels in skeletal muscle has lagged behind that of its car-
diac analogues. So far skeletal muscle KATP channel 
opening has been linked to prevention of calcium over-
load and preservation of myofiber integrity during high-
intensity endurance exercise as well as recovery from 
fatiguing programs of contraction (Light et al., 1994; 
Matar et al., 2000, 2001; Renaud, 2002; Gong et al., 
2003; Thabet et al., 2005; Cifelli et al., 2007, 2008; Flagg 
et al., 2010; MacIntosh et al., 2012). In addition, we pre-
viously demonstrated that transgenic mice with skeletal 
muscle–specific disruption of KATP channel function 
consume more energy than WT littermates because of 
reduced muscle energy efficiency, even during very low-
intensity physical activity (Alekseev et al., 2010). However, 
it is not yet fully understood how KATP channel activation 
modulates skeletal muscle resting and action potentials 
under physiological conditions, particularly low-intensity 
workloads, and how this can be translated to muscle  
energy usage.

Here, we used a novel technique to evaluate skeletal 
myofiber excitability in situ to demonstrate that skeletal 
muscle KATP channel opening can be triggered by non-
fatiguing workloads. The consequent changes in resting 
and action potentials were coupled with moderated dy-
namics of calcium release, force, and heat generation. 
Thus, this study defines an energy-sparing function of skel-
etal muscle KATP channels under low-intensity workloads.

M A T E R I A L S  A N D  M E T H O D S

Mouse models
All animal protocols conform to the Guide for the Care and Use 
of Laboratory Animals generated by the Institute for Laboratory 
Animal Research, National Research Council of the National 
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Systems, Inc.). Quantitative analysis of infrared images was per-
formed using FLIR ResearchIR software version 3.4.13039.1003. 
Mice were imaged on a multilane treadmill next to their age-
matched littermate controls at baseline and after 6 min of tread-
mill exercise at 7 m/min and 15° incline (Zingman et al., 2002). 
Images were obtained every 1 s. The side by side imaging of mice 
in the same camera frame allows simultaneous assessment and 
direct comparison of the body surface heating in the different 
mouse models providing an advantage over other methods for 
assessing body temperature that would be limited by the accuracy 
and concordance of two separate temperature probes.

TA temperature
Anesthetized mice were placed on the on the experimental appara-
tus (see above). The TA tendons of one leg were exposed and at-
tached to the force transducer (305C; Aurora Scientific). A flexible 
implantable thermocouple microprobe IT-23 (Physitemp Instru-
ments, Inc.) was inserted under the muscle fascia adjacent to the 
tibia without disruption of muscle integrity. The skin was closed 
with 6.0 Ethilon suture to prevent heat loss. The TA muscle was 
subjected to repetitive isometric contractions via sciatic nerve 
stimulation as described above. Differential thermal analysis of TA 
muscle (heated platform with constant temperature was used as a 
reference) was conducted using a BAT-10 Multipurpose Thermom-
eter (Physitemp Instruments, Inc.) that allows measuring of differ-
ential temperature in the physiological range with 0.01°C accuracy.

Histology
TA muscles were dissected from anesthetized mice. Muscles were 
embedded in OCT compound and frozen in 2-methylbutane pre-
cooled at 165°C in liquid nitrogen. Muscles were stored at 80°C 
until used. For histology, 10-µm cross sections, cut using a Microm 
cryostat, cooled to 23°C, were mounted on positively charged 
slides (Superfrost/Plus; Thermo Fisher Scientific) and stored at 
80°C until used. Immunohistochemical analysis was used to 
determine the fiber type composition of the muscles. Serial cross 
sections of TA were double-labeled with anti-laminin primary anti-
body and either anti–MHC I, IIA, IIB, or IIX antibodies (A4.951 
anti–MHC I mouse IgG, SC-71 anti–MHC IIA mouse IgG, 6H1 
anti–MHC IIX mouse IgM, and FB-F3 anti–MHC IIB mouse 
IgM [Developmental Studies Hybridoma Bank] and anti-laminin  

(7–20 MΩ), and zero potential was adjusted before each impale-
ment with the floating microelectrode and reference in a bath of 
Tyrode’s solution. Each impalement was performed with a new 
microelectrode. Action potentials were amplified (Axopatch 200B; 
Molecular Devices) and recorded at 25 kHz using pCLAMP software 
(Molecular Devices) interfaced with a digital acquisition device 
(Digidata 1440A; Molecular Devices).

Action potentials were analyzed if all of the following criteria 
were met: (a) the measured potential showed a sharp drop upon 
microelectrode penetration, (b) the resting membrane potential 
was more negative than 70 mV, (c) the overshoot was >0 mV, and 
(d) the stimulus artifact did not interfere with the upstroke of the 
action potential. The resting membrane potential was measured 
from the baseline before the action potential. Overshoot was de-
fined as the difference in potential between the peak of the action 
potential and 0 mV. Action potential amplitude was defined as the 
difference between resting membrane potential and the peak po-
tential. APD was defined as the duration at 40 mV.

Force measurements
The force transducer/controller (305C; Aurora Scientific, Fig. 1) 
was set for isometric contraction. Muscle twitches were provoked 
by sciatic nerve stimulation. The resting tension on the muscle 
was set by incrementally adjusting the controller lever arm, and 
thus muscle length (L0) and resting tension, and then delivering 
a supramaximal stimulus to the sciatic nerve until a maximal 
twitch force was obtained. The resting tension at L0 was then re-
corded, typically 75 mN. The stimulation amplitude was then 
set by plotting a twitch force versus stimulus amplitude curve and 
then setting the stimulator output at two times the threshold for a 
maximal twitch. Twitch force was normalized to the calculated 
muscle cross-sectional area (mN/cm2) using the muscle mass (in g) 
divided by the product of the presumed muscle density of 1.06 g/cm3 
and the optimal fiber length (L0 × 0.6, in cm) and expressed as 
specific force (Brooks and Faulkner, 1988; Hakim et al., 2011). L0 
was measured between suture knots on the muscle tendon and 
muscle mass was measured in muscles excised at the suture knots.

Body surface temperature
The body surface temperature of the mice was imaged using a 
high-resolution infrared camera (A655sc Thermal Imager; FLIR 

Figure 1. Experimental apparatus for in 
situ skeletal muscle force and action po-
tential measurement. (A) The anesthe-
tized mouse lying on a warmed platform 
has the exposed TA muscle attached 
proximally to a fixed pillar and distally 
to the lever arm of the force feedback 
controller. Tyrode’s solution is dripped 
on the muscle to prevent drying. A ref-
erence electrode is in contact with the 
muscle via a salt bridge. (B) The appa-
ratus is organized as illustrated. (C) The 
floating intracellular microelectrode is 
created by wedging the silver chloride–
coated tip of a fine silver wire into the 
tip of a glass microelectrode filled with 
3 M KCl (left). An 1-cm-diameter heli-
cal curve is formed in the midsection of 
the silver wire to buffer small movements 
of the muscle (right). (D) A representa-
tive recording obtained during isometric 
contraction of the TA in response to a 
single sciatic nerve stimulus: action po-
tential (top), change in muscle length 
(middle), and muscle force (Pt; bottom).
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R E S U L T S

Approach for evaluation of muscle transmembrane 
potentials in situ
The muscle natural environment may significantly af-
fect skeletal muscle fiber electrophysiological proper-
ties (Matar et al., 2001; MacIntosh et al., 2012). However, 
measurement of single muscle fiber membrane excitabil-
ity within a largely preserved mechanical and chemical 
environment has remained elusive because of limitations 
on recordings imposed by motion. When in situ trans-
membrane recordings have been made, they could only 
be performed in muscles that were not actively contract-
ing (Skirboll et al., 1979; Hicks and McComas, 1989). To 
address this problem, we developed a novel approach 
for measuring single skeletal muscle fiber transmembrane 
potentials in situ using a floating microelectrode (Zhou 
et al., 1992).

In anesthetized mice, the TA muscle of one leg was 
exposed through dissection of the skin and removal of 
the muscle fascia. A 3-0 silk suture was tied around the 
patellar tendon and secured to the fixed pillar of the 
force transducer. A 3-0 silk suture was tied around the dis-
tal tendon and looped through the lever arm of the 
force transducer. The TA was continuously superfused 
with Tyrode’s solution (Fig. 1 A). The experimental ap-
paratus, including heated force transduction platform, 
force transducer, microelectrode head stage, and micro-
manipulators, was situated on a vibration isolation table 
inside a Faraday cage to minimize artifact (Fig. 1 B).

Floating microelectrodes were made using tradi-
tional borosilicate intracellular glass pipettes filled with 
3 M KCl. The micropipette was scored with a carbide 
utility blade and the shank gently separated from the 
tip. The tip was then placed on the silver chloride–coated 
end of a 0.005-in-diameter silver wire shaped with an 
1-cm-diameter helical spring in the center (Fig. 1 C). 
A silver chloride–coated reference wire was placed in 
contact with the lateral edge of the exposed muscle 
using a salt bridge (Fig. 1 A). A single isometric twitch 
with resulting action potential, change in muscle length, 
and generated force are shown (Fig. 1 D). Thus, this 
approach would allow for the measurement of single fiber 
transmembrane potentials in a minimally disrupted in 
situ environment.

Effects of pharmacologic KATP channel activation on 
skeletal muscle transmembrane potentials in situ
Isolated muscle and fiber studies have been essential in 
demonstrating the importance of KATP channel activity 
on muscle fiber electrical properties (Light et al., 1994; 
Matar et al., 2000; Gong et al., 2003; Thabet et al., 2005; 
Cifelli et al., 2007, 2008; Flagg et al., 2010; Kristensen 
and Juel, 2010; MacIntosh et al., 2012). However, it re-
mains unknown whether the changes seen reflect KATP 
channel function in situ.

rabbit IgG [Sigma-Aldrich]). Slides were then incubated with sec-
ondary antibodies (Alexa Fluor 568 anti–rabbit and Alexa Fluor 
488 anti–mouse anti-IgG and IgM as appropriate; Life Tech-
nologies). For nuclei staining, the sections were incubated with 
TO-PRO 3. Sections were mounted with Vectashield reagent and 
stored at 80°C until imaged. Control sections were also stained 
without the primary antibody to test for nonspecific secondary 
antibody binding.

Single cell calcium imaging
Flexor digitorum brevis (FDB) muscles were used because of 
their small size, ease of isolation, high KATP channel expression, 
and similar fiber type composition to TA muscles (Banas et al., 
2011). Skeletal muscle fibers were enzymatically isolated (Alekseev 
et al., 2010; Lueck et al., 2010) and loaded with 5 µM Rhod-2 AM 
(40 min) at room temperature. After de-esterification, the cells 
were placed in a recording chamber and perfused with normal 
Tyrode’s solution (1.8 mM Ca2+) at 37°C. Confocal Ca2+ imaging 
was performed with a laser-scanning confocal microscope (LSM 
510 Meta; Carl Zeiss) equipped with an NA 1.35, 63× lens. Line 
scan measurements of Ca2+ transients were acquired at a sampling 
rate of 1.93 ms/line along the longitudinal axis of the fibers. 
Steady-state Ca2+ transients were achieved by continuous 1-Hz field 
stimulation. All digital images were processed with IDL 6.0 software 
(Research System Inc.; Song et al., 2006).

To quantitatively assess resting cytosolic Ca2+ concentration, 
myocytes were incubated with 5 µM Fura-2 AM (Molecular 
Probes) for 25 min at room temperature and then perfused with 
Tyrode’s solution (1.8 mM Ca2+) for 25 min at 36°C to wash out 
the dye in the solution. Myocytes were paced at 1 Hz by an SIU-102 
(Warner Instruments) controlled by Clampex 10 software. Ca2+ 
images were collected by an Eclipse microscope (Nikon) with 40× 
oil objectives. Fura-2 ratio was obtained by excitation at 340 and 
380 nM using a DG-4 (Sutter Instrument) and emission at 510 nM 
at 113 frames/s. Imaging acquisition and processing was con-
trolled by Nikon NIS Elements AR software. All data were col-
lected 30 ± 0.5°C.

Single channel recordings
As with Ca2+ imaging, FDB muscles were used to obtain isolated myo-
fibers. Single muscle fibers were enzymatically isolated (Alekseev 
et al., 2010; Lueck et al., 2010), and single channel currents were 
recorded in the cell-attached mode using an Axopatch 200B am-
plifier (Molecular Devices) integrated with a TE2000-U microscope 
(Nikon). A command potential of 10 mV was set in a pipette filled 
with internal pipette solution, resistance of 5–7 MΩ. Cells were 
bathed in Tyrode’s solution (1.8 mM Ca2+). Experiments were 
performed at 30°C using a temperature controller TC2r (Cell Micro-
Controls). KATP channel opening was induced by 5 min of 1-Hz 
field stimulation. Membrane seals were formed within 20–40 s 
after cessation of stimulation. Data were recorded at 25 kHz using 
pCLAMP software (Molecular Devices) interfaced with a digital 
acquisition device (Digidata 1440A; Molecular Devices). A longer 
stimulation time at 1 Hz was used here (5 min) to account for the 
20–40-s delay in forming a patch during which time the cell is 
expected to begin metabolic recovery toward resting state with 
consequent reduction in KATP channel opening, in contrast to cal-
cium imaging (1 min) where measurements were taken during 
the applied workload.

Statistics
Results are expressed as mean ± SEM. Comparisons between two 
groups were made using the two-sided Student’s t test and between 
more than two groups using ANOVA as indicated in the figure 
legends. A p-value < 0.05 was considered statistically significant. 
Sigma Plot 11 was used for all statistical analyses.
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resting membrane potential and action potential were 
compared before and after the pharmacologic activa-
tion ± blockade of KATP channels (Fig. 3). We found that 
exposure to Pinacidil resulted in a significant hyperpo-
larization of the resting potential, with reduction in ac-
tion potential overshoot and APD at 40 mV (APD40mV; 
Fig. 3). These changes were significantly diminished in 
the presence of glyburide (Fig. 3). In agreement with 
the literature (Gramolini and Renaud, 1997), our pre-
liminary experiments did not reveal any effect of glybu-
ride alone on action potentials (not depicted), and so 
this condition was not further studied.

To further confirm dependence of the observed 
Pinacidil-induced changes of resting and action poten-
tial on KATP channel function, the same experiments were 
performed in two genetic mouse models. The first model 
(KO) has global disruption of the gene for the Kir6.2 
subunit of KATP channels (Zingman et al., 2002; Gong 
et al., 2003; Seino and Miki, 2003; Alekseev et al., 2010). 
We found that at baseline, KO mice had a similar rest-
ing potential, overshoot and APD40mV compared with 
their WT controls (Fig. 3, A–D). In response to Pinacidil, 
these parameters were unchanged in the KO mice (Fig. 3, 
A–D). In a second model (TG), KATP channel function 
was selectively disrupted in skeletal muscle through ex-
pression of a dominant-negative, nonconducting potas-
sium pore mutant (Malester et al., 2007) under control 
of the Myo-D promoter (Chen et al., 2005; Alekseev  
et al., 2010). We found that at rest, TA in these TG mice 
had a similar resting potential, overshoot, and APD40mV 

We chose to study the TA muscle because of its predomi-
nantly fast, glycolytic fibers, which have been linked to 
high expression of KATP channels (Kristensen and Juel, 
2010; Banas et al., 2011), and its easy accessibility for 
our microelectrode and force measurements (Brooks 
and Faulkner, 1988; Hakim et al., 2011). In WT mice, 
we examined sequential cross sections of TA to deter-
mine fiber type and distribution. We confirmed that the 
TA (Fig. 2 A) is composed of type IIB and type IIX fibers 
(Fig. 2, C and D) with little or no contribution by type 
IIA or type I fibers (Fig. 2, E and F) and that this distri-
bution was unchanged in models with genetic deletion 
(KO) or dominant-negative inhibition (TG) of sarco-
lemmal KATP channels (Fig. 2 G; Zhang et al., 2010). We 
probed adjacent sections of WT TA for Kir6.2 and found 
its presence to a variable degree in all fibers (Fig. 2 B), 
although greater overall in IIX versus IIB fibers (Fig. 2 H).

To evaluate the effect of KATP channel opening on 
resting and action potentials in situ, we superfused the 
exposed TA muscle for at least 20 min with either Tyrode’s 
solution containing 100 µM of the potassium channel 
opener Pinacidil (Sigma-Aldrich), a potent activator of 
skeletal muscle KATP channels (Ashcroft and Gribble, 
2000; Matar et al., 2000; Moreau et al., 2000; Gong et al., 
2003; Alekseev et al., 2010), or the combination of 100 µM 
Pinacidil and 10 µM of the specific KATP channel blocker 
glyburide (Sigma-Aldrich; Zingman et al., 2011). To assay 
TA membrane excitability under resting conditions, the 
sciatic nerve was paced using a single stimulus (approxi-
mately one repetition per minute). Measurements of the 

Figure 2. Murine TA is composed of predomi-
nantly IIB and IIX fiber types with variable 
KATP channel expression. Sequential transverse 
sections of FVB WT mouse TA muscle are dis-
played to illustrate the distribution of muscle 
fiber types and Kir6.2 expression. (A) Hema-
toxylin and eosin (H&E). (B) Immunolabeling 
of Kir6.2 and laminin. (C–F) Immunolabeling 
of fiber type and laminin. Bar, 200 µm. (G) The 
composition of fibers for C57BL/6 WT TA is 
47.9 ± 1.2% type IIX, 43.6 ± 1.3% type IIB, 7.5 ± 
0.3% type IIA, and 1.5 ± 0.3% type I (n = 3 mice, 
10,749 fibers), for KO is 48.4 ± 0.7% type IIX, 
40.3 ± 1.9% type IIB, 9.0 ± 0.8% type IIA, and 
1.9 ± 0.9% type I (n = 3 mice, 10,262 fibers), 
for FVB WT is 47.0 ± 2.4% type IIX, 45.9 ± 2.4% 
type IIB, 7.0 ± 1.5% type IIA, and no observa-
tions of type I (n = 3 mice, 10,694 fibers), and 
for TG is 49.0 ± 3.2% type IIX, 44 ± 3.9% type 
IIB, 5.7 ± 0.8% type IIA, and 1.5 ± 0.7% type I  
(n = 3 mice, 10,221 fibers). There are no significant 
differences in percentage of fiber type between 
mouse groups by ANOVA. (H) The intensity of 
Kir6.2 immunofluorescence in FVB WT type IIX 
fibers (80.33 ± 3.03 relative light units [RLU], 
n = 26 fibers) is more than double that in IIB 
fibers (34.90 ± 0.74 RLU, n = 43 fibers; *, P < 
0.05 by Mann–Whitney rank sum test). Error 
bars indicate SEM.
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the resting and action potentials under our experimen-
tal conditions. Thus, our data indicate that pharmaco-
logic skeletal muscle KATP channel opening in situ causes 
significant membrane hyperpolarization, reduced action 
potential overshoot, and shortened APD.

KATP channels regulate skeletal muscle transmembrane 
potentials in response to low-intensity workloads
Previous electrophysiological evaluation of KATP channel 
effects on muscle fiber membrane electrical properties 
has been performed in the setting of extreme, fatiguing 
workloads or through the use of pharmacologic openers 
or inhibitors (Light et al., 1994; Gong et al., 2003; Thabet 
et al., 2005; Cifelli et al., 2007; Flagg et al., 2010; MacIntosh 
et al., 2012). However, even at low-intensity workloads, 
skeletal muscle KATP channel function has been linked to 
improved whole-body energy efficiency (Alekseev et al., 
2010). Specifically, mice with knockout of the Kir6.2 
subunit or with skeletal muscle–specific transgenic re-
duction in functioning KATP channels, the same models 
used here, display increased energy expenditure and re-
duced body weight under nonexercise activity compared 

compared with that of WT controls (Fig. 3, E–H). In re-
sponse to Pinacidil, the changes in resting potential and 
APD40mV seen with WT were absent in TG mice (Fig. 3, 
E–H). There was a similar overshoot reduction in both 
WT and TG mice; however, in TG mice the reduction 
was glyburide insensitive in contrast to the overshoot 
reduction in WT, which was entirely abolished by glybu-
ride (Fig. 3 G). We interpret the Pinacidil-dependent, 
glyburide-insensitive effect on action potential overshoot 
in the TG as the result of the nonspecific influence of 
Pinacidil on other channels that may be up-regulated in 
TG in response to the genetic modification, making 
these effects detectable in TG but not in WT mice.

In light of the variable level of Kir6.2 expression and 
the presence of two populations of myofiber types (IIB 
and IIX) in the TA muscle (Fig. 2), we also examined 
the distribution of the observed resting potential and 
action potential parameters in response to Pinacidil. A 
continuum of values, rather than segregation into dis-
tinct groups (Fig. 4), indicates that even a relatively re-
duced expression of Kir6.2 in IIB muscle fibers compared 
with IIX is sufficient to elicit comparable responses in 

Figure 3. Pharmacologic activation of KATP channels 
results in significant changes in skeletal muscle action 
potential morphology. Representative action poten-
tials and summary statistics for action potential mor-
phology in TA muscle in situ are shown for TG and KO 
with their respective WT controls under the conditions 
indicated along the bottom of the figure: baseline, pin 
(Pinacidil exposure), and pin + glyb (Pinacidil + glybu-
ride exposure). Summary statistics for WT (gray with 
stripes) and KO (open with stripes) are shown on the 
left (n = 32, 27, and 42 and 48, 13, and 12 APs from 
n = 5, 6, and 4 and 6, 3, and 3 mice, respectively; *, P < 
0.05 vs. baseline using Student’s t test and Mann–Whit-
ney rank sum test) and for WT (gray) and TG (open) 
shown on the right (n = 57, 22, and 37 and 20, 55, and 
55 APs from n = 10, 5, and 3 and 6, 7, and 7 mice, re-
spectively; *, P < 0.05 vs. baseline using Student’s t test 
and Mann–Whitney rank sum test) under their respec-
tive representative action potential. (A–D) Shown for 
WT controls with KO are representative action poten-
tials (A), resting potential (81.4 ± 0.5 mV, 90.8 ± 
0.7 mV, and 83.8 ± 0.6 mV for WT and 82.5 ± 0.7 mV, 
81.9 ± 1 mV, and 83.3 ± 0.5 mV for KO; B), action 
potential overshoot (35.3 ± 1.9 mV, 20.5 ± 2.5 mV,  
and 31.4 ± 1.8 mV for WT and 30.7 ± 1.5 mV, 32.2 ±  
2.8 mV, and 27.5 ± 3.2 mV for KO; C), and APD40mV 
(0.58 ± 0.02 ms, 0.52 ± 0.01 ms, and 0.57 ± 0.01 ms for 
WT and 0.59 ± 0.02 ms, 0.57 ± 0.02 ms, and 0.56 ± 0.01 ms  
for KO; D). (E–H) Shown for WT controls with TG 
are representative action potentials (E), resting po-
tential (83.0 ± 0.4 mV, 92.1 ± 1.2 mV, and 84.4 ± 
0.6 mV for WT and 81.9 ± 0.4 mV, 83.6 ± 0.3 mV, 
and 82.8 ± 0.3 mV for TG; F), action potential over-
shoot (35.1 ± 1.3 mV, 19.7 ± 2.6 mV, and 32.5 ± 1.8 mV 
for WT and 29.4 ± 2.5 mV, 18.5 ± 1.5 mV, and 19.6 ±  
1.4 mV for TG; G), and APD40mV (0.55 ± 0.01 ms, 0.50 ± 
0.01 ms, and 0.56 ± 0.01 ms for WT and 0.57 ± 0.01 ms, 
0.59 ± 0.01 ms, and 0.61 ± 0.01 ms for KO; H). Error 
bars indicate SEM.
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repetitive muscle twitching resulted in a small reduction 
in resting tension that was not significantly different be-
tween TG, KO, and their WT controls at 7 min (Table 1), 
whereas the dynamic of changes in specific peak force 
were different between muscles with intact or disrupted 
KATP channel function. In particular, although peak force 
was on average reduced between 2 and 6% in WT con-
trols at 7 min compared with their own baselines, TG 
peak force remained stable and KO peak force in-
creased on average 4% (Table 2).

Our simultaneous electrophysiology experiments of 
WT TA demonstrated significantly hyperpolarized myo-
fiber resting potential, with reduced overshoot and 
APD40mV, when measured between 5 and 7 min of mus-
cle twitching compared with these parameters at rest 

with their WT controls (Alekseev et al., 2010). Here, we 
examined how KATP channel function affects in situ skel-
etal muscle transmembrane resting and action potentials 
in response to low-intensity workloads. To assess trans-
membrane electrical properties under resting conditions, 
we twitched the muscle no more than once per minute. 
At this baseline, there was no significant difference in 
the resting tension or peak twitch force between either 
TG or KO and their WT controls (Tables 1 and 2). To 
simulate low-intensity activity (or nonexercise activity 
thermogenesis [NEAT]; Levine et al., 2005), we then 
performed 7 min of muscle twitching at 1 Hz at peak 
twitch force (Fig. 5). We recorded force continuously 
and recorded transmembrane potentials between min-
utes 5 and 7 of this protocol. This rate and duration of 

Figure 4. Resting and action potential parameter populations with and without KATP channel activation. The resting potential and action 
potential parameters from in situ TA muscle of WT mice are plotted against action potential number to illustrate their distribution. Baseline 
data for Pinacidil experiments (Fig. 3) and twitching experiments (Fig. 7) and data for FVB (controls for TG) and C57BL/6 WT (controls 
for KO) are combined for this graphic to increase numbers. Box and whisker plots are shown below each distribution, indicating median, 
upper and lower quartile, and outliers (>1.5 times upper and lower quartiles). (A–C) Shown for baseline conditions (n = 135) are resting 
potential (median 82.9 mV; A), overshoot (median 34.2 mV; B), and APD40mV (median 0.53 ms; C). (D–F) Shown for Pinacidil effect 
(n = 49) are resting potential (median 91.4 mV; D), overshoot (median 18.5 mV; E), and APD40mV (median 0.51 ms; F).

TA B L E  1

Muscle resting tension

Force Time C57BL/6 WT (n = 9) KO (n = 10) FVB WT (n = 15) TG (n = 19)

min

Resting force (mN)  
(P vs. WT control)

0 78.7 ± 1.5 74.8 ± 1.2  
(P = NS)

75.7 ± 0.6 77.8 ± 2.4  
(P = NS)

 versus baseline 
(P vs. baseline)

7 8.7 ± 1.7 5.8 ± 3.1 
(P = NS)

6.3 ± 0.6 2.3 ± 1.4 
(P = NS)

Resting tension of in situ TA muscle is measured at time 0 (baseline) and at 7-min duration of the 1-Hz isometric twitching protocol. KO and TG mice are 
compared with their respective C57BL/6 and FVB controls. Measurements at time 7 min are expressed as the difference versus measurements at time 0 
(p-values are for KO or TG vs. their WT controls using Student’s t test).
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Disruption of KATP channel–dependent regulation 
of transmembrane potentials increases  
muscle thermogenesis
The vast majority of myocyte energy-dependent func-
tions are controlled or regulated by membrane potentials. 
In particular, membrane potential–dependent Ca2+ re-
lease is a key determinant of myocyte contraction and 
energetics. To investigate the effect of KATP channel 
function on Ca2+ handling, we compared Ca2+ transients 
induced by 1-Hz field stimulation of isolated myofibers 
with intact or disrupted KATP channel function. This 
pacing protocol was sufficient to induce KATP channel 
opening in WT fibers, whereas no KATP channel activity 
was seen in KO or TG fibers (Fig. 7) or glyburide-treated 
WT fibers (not depicted). Over 1 min of 1-Hz pacing, 
WT fiber Ca2+ release exhibited a negative staircase pattern, 
which was blunted in the KATP channel–deficient fibers 
isolated from TG or KO mice (Fig. 8).There were no 
differences in the baseline characteristics of Ca2+ release 
in TG, KO, and their WT controls (Table 3). Furthermore, 

(Fig. 6). This is a similar pattern compared with that for 
in situ Pinacidil-induced activation of KATP channels 
(Fig. 3 vs. Fig. 6). The changes in resting potential 
caused by twitching were absent in the presence of the 
KATP channel inhibitor, 10 µM glyburide, whereas the 
changes in overshoot and APD40mV were significantly 
attenuated (Fig. 6).

In mice with disrupted KATP channel function (KO 
and TG), we found no statistically significant changes in 
resting membrane potential and APD40mV (Fig. 6). How-
ever, as in the case of Pinacidil application, with repetitive 
twitching we observed a significant glyburide-insensitive 
reduction in overshoot (Fig. 6, C and G). We similarly 
interpret this as the effect of repetitive twitching on other 
channels, which may be up-regulated in the genetically 
modified mice. Thus, our findings indicate that activa-
tion of skeletal muscle KATP channels occurs in response 
to low-intensity workloads, resulting in significant mem-
brane hyperpolarization, as well as reduction in both 
overshoot and APD40mV.

TA B L E  2

Muscle peak twitch force

Force Time C57BL/6 WT (n = 9) KO (n = 10) FVB WT (n = 15) TG (n = 19)

min

Specific peak force (mN/cm2) 
(P vs. WT)

0 4,323 ± 259 5,465 ± 471  
(P = NS)

4,471 ± 188 4,638 ± 120  
(P = NS)

 vs. baseline 
(P vs. WT)

7 87 ± 59 
(P = NS)

280 ± 69  
(P < 0.001)

255 ± 53 9 ± 64  
(P = 0.004)

Peak twitch force of in situ TA muscle is measured at time 0 (baseline) and at 7-min duration of the 1-Hz isometric twitching protocol. KO and TG mice 
are compared with their respective C57BL/6 and FVB WT controls. Measurements at time 7 min are expressed as the mean of the difference between the 
peak force of each muscle at 7 min versus its own baseline force at time 0. TA muscle mass (in mg) is 50.2 ± 0.3, 49 ± 0.6, 49.2 ± 0.5, and 48.6 ± 0.23 for WT 
C57BL/6, KO, WT FVB, and TG, respectively (P = NS between KO or TG and their WT controls by Student’s t test), and L0 (in mm) is 15.50 ± 0.48, 15.90 ± 
0.21, 14.71 ± 0.36, and 14.53 ± 1.0, respectively (P = NS between KO or TG and their WT controls using Student’s t test).

Figure 5. Isometric muscle twitch protocol simulates low-intensity exercise. (A) Schematic of the muscle twitching protocol used for in situ 
TA muscle. Arrows indicate time points of floating microelectrode recordings at baseline (with a single twitch to elicit an action potential) 
and between 5 and 7 min of repetitive twitching at 1 Hz, with and without superfusion of glyburide. (B) Representative force tracings result-
ing from isometric twitches of the TA muscle in TG and KO mice with their respective FVB WT and C57BL/6 WT controls.
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both KO and TG demonstrated greater body surface 
temperatures and greater warming over baseline than 
their WT controls as evaluated through measurement 
of the body surface temperature by infrared imaging 
(Fig. 10). Thus, intact KATP channel function in skeletal 
muscles is an important regulator of muscle calcium 
handling and thermogenesis.

D I S C U S S I O N

Metabolic sensing by sarcolemmal KATP channels has 
historically been linked to a protective response under 
severe energetic insults, such as acute ischemia, sympa-
thetic distress, endurance exercise, or intensive muscle 
workload associated with fatigue development (Light  
et al., 1994; Gong et al., 2000, 2003; Matar et al., 2000, 
2001; Zingman et al., 2002; Minami et al., 2004; Thabet 
et al., 2005; Cifelli et al., 2007, 2008; Flagg et al., 2010; 
MacIntosh et al., 2012). Recently, we determined that 

ratiometric measurements of resting Ca2+ before and 
during exposure to pacing did not reveal significant dif-
ferences between TG or KO and their corresponding 
WT control fibers (Table 3).

Contracting muscle uses energy for both force and heat 
generation. During isometric contraction, no external 
work is performed; thus, the muscle enthalpy is equal to 
the heat output (Barclay et al., 2010). Therefore, we used 
changes in the TA temperature under our repetitive iso-
metric twitch protocol as an indicator of the muscle  
energy consumption. Specifically, we use implantable 
micro thermocouples to measure TA temperature dur-
ing our experimental protocol. There was no difference 
in muscle mass among groups (Table 2, legend). We 
found that muscles with disrupted KATP channel func-
tion in TG and KO mice exhibited significantly greater 
increases in their temperature compared with corre-
sponding WT controls (Fig. 9). Furthermore, although 
exposed to equivalent low-intensity treadmill exercise, 

Figure 6. Low-frequency isometric muscle twitches 
result in KATP channel activation with significant 
changes in resting and action potentials. Represen-
tative action potentials and summary statistics for  
action potential morphology in TA muscle in situ are 
shown for KO and TG with their respective WT con-
trols under the conditions indicated along the bot-
tom of the figure (baseline, twitch, and twitch + glyb 
[glyburide]) according to the protocol illustrated in 
Fig. 5. Summary statistics for WT (gray with stripes) 
and KO (open with stripes) are shown on the left  
(n = 32, 80, and 44 APs from n = 5, 4, and 4 mice and 
48, 113, and 33 APs from 6, 5, and 4 mice, respec-
tively; *, P < 0.05 vs. baseline and †, P < 0.05 vs. twitch 
using Student’s t test and Mann–Whitney rank sum 
test) and for WT (gray) and TG (open) on the right  
(n = 46, 20, and 30 APs from n = 9, 4, and 4 mice and 
38, 26, and 32 APs from n = 11, 5, and 5 mice, respec-
tively; *, P < 0.05 vs. baseline and †, P < 0.05 vs. twitch 
using Student’s t test and Mann–Whitney rank sum 
test) under their respective representative action po-
tentials. (A–D) Shown for WT controls with KO are 
representative action potentials (A), resting poten-
tial (81.4 ± 0.5 mV, 89.2 ± 0.5 mV, and 83.4 ± 
0.8 mV for WT and 82.5 ± 0.7 mV, 84.5 ± 0.6 mV, 
and 83.6 ± 1.1 mV for KO; B), action potential 
overshoot (35.3 ± 1.9 mV, 23.0 ± 1.3 mV, and 27.4 ±  
1.5 mV for WT and 30.7 ± 1.5 mV, 25.2 ± 1.2 mV, 
and 25.0 ± 1.7 mV for KO; C), and APD40mV (0.58 ± 
0.02 ms, 0.46 ± 0.01 ms, and 0.53 ± 0.01 ms for WT 
and 0.59 ± 0.02 ms, 0.55 ± 0.01 ms, and 0.55 ± 0.01 ms 
for KO; D). (E–H) Shown for WT controls with TG 
are representative action potentials (E), resting po-
tential (82.5 ± 0.3 mV, 90.7 ± 1.2 mV, and 82.9 ± 
1.4 mV for WT and 82.3 ± 0.3 mV, 85.3 ± 1.3 mV, 
and 84.1 ± 1.2 mV for TG; F), action potential 
overshoot (31.0 ± 1.8 mV, 4.2 ± 2.0 mV, and 18.5 ±  
2.0 mV for WT and 28.0 ± 1.7 mV, 7.8 ± 1.9 mV, 
and 5.7 ± 2.0 mV for TG; G), and APD40mV (0.49 ± 
0.01 ms, 0.39 ± 0.02 ms, and 0.49 ± 0.02 ms for WT 
and 0.55 ± 0.01 ms, 0.51 ± 0.02 ms, and 0.55 ± 0.02 
ms for KO; H). Error bars indicate SEM.
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is the ability of this technique to directly and simultane-
ously probe membrane electrical properties and me-
chanical function (Brooks and Faulkner, 1988; Hakim 
et al., 2011). This approach is particularly relevant to 
the study of the physiological role of KATP channels, as 
their gating hinges on muscle cellular energetics which 
would be heavily influenced by experimental conditions.

KATP channel opening was previously linked to action 
potential amplitude reduction and prevention of ex-
cessive membrane depolarization (Cifelli et al., 2008; 
MacIntosh et al., 2012). Our in situ data differ from 
these electrophysiological studies performed on iso-
lated muscles or myofibers in that they indicate that 
KATP channel opening in response to repetitive muscle 
twitching causes membrane hyperpolarization, rather 
than prevents excessive depolarization. The apparent 
differences can be related to several factors. First, in situ 
measurements could be expected to differ from those 
in an isolated preparation because of even small differ-
ences in muscle pH, temperature, energetics, and signal-
ing. Second, we used lower muscle workloads and 
therefore significantly smaller changes in the intracellu-
lar environment can be expected. In skeletal myofibers, 
the presence of a large chloride conductance results in 
a resting potential above the potassium equilibrium 
(Hutter and Noble, 1960; Pedersen et al., 2005; Pierno 
et al., 2007; Lueck et al., 2010). Opening of skeletal 
muscle KATP channels would be expected to drive the 
membrane potential closer to the potassium equilib-
rium and thus explain the witnessed hyperpolarization. 
This is in contrast to findings in cardiomyocytes where 
the resting membrane potential is defined by a large 
potassium conductance, predominantly through IK1 
(Tomaselli and Marbán, 1999), such that opening of 
KATP channels does not appreciably affect the resting 
potential but only appears to affect the duration and 
amplitude of the action potential (Hodgson et al., 2003; 
Zingman et al., 2007; Flagg et al., 2010; Zhu et al., 2011).

As expected, KATP channel activation also reduces the 
skeletal muscle action potential overshoot and dura-
tion. The change in the overshoot is consistent with that 
of a previously published study (Gong et al., 2003). How-
ever, in contrast to the findings of others (Gong et al., 
2003), we did detect a KATP channel–dependent de-
crease in APD. This discrepancy may be attributed to a 
difference in measurement technique as we compared 
APDs at 40 mV, the voltage above which calcium release 
is initiated (Delbono and Stefani, 1993; Szentesi et al., 
1997). We chose this approach to better associate APD 
with calcium handling under conditions when both 
resting potential and amplitude are changed.

Our data also indicate that APD40mV may be a more 
important determinant of KATP channel–dependent ef-
fects on muscle function than action potential overshoot 
as under low-intensity workload, KO and TG skeletal 
muscle exhibited changes in calcium release, force, and 

sarcolemmal KATP channels are also critical regulators of 
myocyte energy use under nonstressed, physiological 
states, including nonexercise activity–induced thermo-
genesis (Alekseev et al., 2010; Zingman et al., 2011). 
However, direct evidence that low-intensity workload  
activates skeletal muscle KATP channels with an effect on 
membrane electrical properties, myocyte function, and 
energetics has yet to be established.

In the present study, we find that low-frequency mus-
cle twitching is sufficient to trigger opening of KATP 
channels, leading to membrane hyperpolarization, re-
duction in action potential overshoot, and shortened 
APD40mV. Intact skeletal muscle KATP channel function 
limits calcium release and muscle heat production, 
whereas disruption of skeletal muscle KATP channels re-
sults in excessive calcium release, muscle force develop-
ment, and thermogenesis.

We used in situ recording of TA muscle to define 
changes in transmembrane resting and action potentials 
induced by low-frequency repetitive muscle twitching as 
a model of nonexercise activity. This approach, in which 
we maintain intact innervation, blood supply, interstitial 
relationships, and mechanical constraints, has an impor-
tant advantage over traditional techniques in isolated 
muscle or myofiber preparations by assessing transmem-
brane resting and action potentials within a largely pre-
served physiological environment. A second advantage 

Figure 7. Low-frequency contractions induce KATP channel 
opening in isolated myofibers. (A–D) Representative examples 
of single channel recordings of KATP channel activity obtained by 
cell-attached patches in isolated FDB myofibers after resting 
(A) or within 20 s after cessation of 5 min of 1-Hz pacing in WT 
(B), KO (C), and TG (D). Each group consisted of five patches. 
KATP channel activity was provoked in all five WT patches, but 
none of the KO or TG patches.



 Zhu et al. 129

This is in line with our previous findings in cardiomyo-
cytes, in which the level of KATP channel expression pre-
dominantly affected the rate of response rather than 
the magnitude (Zhu et al., 2011; Zingman et al., 2011). 
KATP channels open in response to a sensed reduction in 
cytosolic ATP and associated increase of ADP levels 
(Noma, 1983; Lederer and Nichols, 1989). However, as 

heat production in correlation with an observed lack of 
shortening of the APD40mV, but independent of changes 
in action potential overshoot, which were similar be-
tween KO or TG and their WT control muscles.

In spite of variable KATP channel expression in the IIB 
and IIX myofiber types in TA, we did not see segrega-
tion of the measured electrophysiological parameters. 

TA B L E  3

Calcium parameters for isolated myofibers

Calcium parameters C57BL/6 WT KO FVB WT TG

Calcium transient 
parameters

Time (s) 0 60 0 60 0 60 0 60

BG (AU) 22.6 ± 0.9 25.0 ± 1.2 20.5 ± 0.6  
(P = NS)

21.7 ± 0.8  
(P < 0.05)

20.0 ± 0.9 21.3 ± 1.0 18.9 ± 1.5  
(P = NS)

18.7 ± 1.4  
(P = NS)

F/F0 7.5 ± 0.2 5.6 ± 0.3 8.3 ± 0.4  
(P = NS)

7.2 ± 0.4  
(P < 0.05)

7.7 ± 0.4 5.9 ± 0.4 8.4 ± 0.3  
(P = NS)

6.9 ± 0.2  
(P < 0.05)

Time to peak (ms) 8.2 ± 0.2 8.3 ± 0.1 8.3 ± 0.01  
(P = NS)

8.6 ± 0.2  
(P = NS)

8.8 ± 0.3 8.9 ± 0.3 8.9 ± 0.3  
(P = NS)

8.8 ± 9.2  
(P = NS)

T50 (ms) 11.1 ± 0.5 11.1 ± 0.6 11.4 ± 0.7  
(P = NS)

12.3 ± 0.7  
(P = NS)

9.4 ± 0.6 9.9 ± 0.9 8.5 ± 0.4  
(P = NS)

8.5 ± 0.3  
(P = NS)

Resting cytosolic 
calcium

Time (s) 0 60 0 60 0 60 0 60

Intensity ratio  
340 nm/380 nm

0.94 ± 0.04 0.99 ± 0.03 0.90 ± 0.01  
(P = NS)

0.99 ± 0.01  
(P = NS)

0.97 ± 0.02 1.05 ± 0.02 0.94 ± 0.03  
(P = NS)

1.05 ± 0.02  
(P = NS)

Summary statistics for calcium transient parameters of background intensity (BG), spatial average of Ca2+ fluorescence (F/F0), time to peak, and 50% 
decay (T50), as well as ratiometric quantification of resting cytosolic calcium concentration (intensity ratio 340 nm/380 nm) are displayed (p-values are for 
KO or TG vs. corresponding WT parameters using Student’s t test). For calcium transient parameters, n = 25, 19, 8, and 14 for C57BL/6 WT, KO, FVB WT, 
and TG, respectively. For resting cytosolic calcium, n = 6, 17, 13, and 11 for C57BL/6 WT, KO, FVB WT, and TG, respectively.

Figure 8. KATP channel deficiency results in 
greater calcium release in response to repeti-
tive myofiber stimulation. (A and B) Repre-
sentative confocal images and corresponding 
spatial average of Ca2+ fluorescence (F/F0) in 
isolated FDB fibers are shown at 0 and 60 s 
of field stimulation at 1 Hz for C57BL/6 WT 
(top) and KO (bottom; A) and FVB WT (top) 
and TG (bottom; B). (C and D) The change 
in amplitude of the Ca2+ transients, normal-
ized to the baseline levels at time 0, is shown 
for C57BL/6 WT (n = 25) and KO (n = 18) as 
a function of time (WT: percent baseline F/
F0 = 0.89 ± 0.01, 0.82 ± 0.02, and 0.78 ± 0.02; 
and KO: percent baseline F/F0 = 0.91 ± 0.01, 
0.86 ± 0.01, and 0.86 ± 0.02 at 20, 40, and  
60 s, respectively; *, P < 0.05 for single pairwise 
comparisons between WT and KO values at 
each time point using Student’s t test; C) and 
for FVB WT (n = 8) and TG (n = 14) as a func-
tion of time (WT: percent baseline F/F0 = 0.9 ± 
0.01, 0.81 ± 0.02, and 0.76 ± 0.02; and TG: per-
cent baseline F/F0 = 0.91 ± 0.03, 0.86 ± 0.03, 
and 0.83 ± 0.03 at 20, 40 and 60 s, respectively; 
*, P < 0.05 for single pairwise comparisons 
between WT and TG values at each time  
point using Student’s t test; D). Error bars 
indicate SEM.
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ensured reduced calcium release, smaller temperature 
elevation, and a stable, or even marginally reduced, peak 
contraction force over the 7-min twitching protocol. 
The discrepancy between the observed large decrease 
in peak calcium observed in experiments using isolated 
myofibers and the milder dynamics of force development 
measured in the in situ experiments are consistent with 
activity-dependent potentiation in calcium sensitivity 
(MacIntosh. 2003). At the same time, muscles with dis-
rupted KATP channel function demonstrated a signifi-
cantly larger temperature rise and slight increases in 
peak contraction force over time. This is in line with pre-
vious studies that linked KATP channel opening to re-
duced oxygen consumption during physical activity 
(Alekseev et al., 2010) and reductions in contraction 
force (Renaud, 2002; Gong et al., 2003; Cifelli et al., 2008).

The assessment of muscle energy consumption based 
on measurement of muscle heat production in situ as-
sumes that there are no differences in vascular regulation 
in response to muscle contractions between TG or KO and 
WT mice. Vascular perfusion was not tracked in this ex-
periment, but our previous study of mice expressing the 
same transgene in cardiac tissue indicate no differences in 
the vascular regulation of these mice under basal and 
stress conditions and would not be expected since the 
transgene is not expressed in the vasculature (Zhu et al., 
2011). The KO mice were created by global knockout of 
the Kir6.2 channel subunit, which is not expressed in vas-
cular tissue, and thus no interference in vascular function 
is expected (Suzuki et al., 2001). Our previous study has 
revealed that cardiac function is similar under baseline 
conditions between KO and WT mice despite the expres-
sion of Kir6.2 in the myocardium (Zingman et al., 2002). 
Therefore, we interpret the observed changes in the tem-
perature of the twitched muscle to be directly related to 
myocyte function. Future studies with direct evaluation of 
muscle blood supply may further clarify this point.

Muscle energy efficiency can be defined as the ratio 
of mechanical work output to the total metabolic cost, 

bulk cytosolic ATP levels are well maintained even 
under stress conditions, it has been proposed that KATP 
channels respond to the changes of local ATP/ADP 
concentrations driven by ATPases within the diffusion-
restricted submembrane space (Selivanov et al., 2004; 
Alekseev et al., 2012). Indeed, it has been established 
that cardiac KATP channels exist in large membrane 
macromolecular complexes with Na+/K+ ATPase and 
Na+/Ca2+ exchangers and colocalize with Ca2+ channels 
and Ca2+-ATPases (Korchev et al., 2000; Li et al., 2010). 
Thus, we speculate that in the compartmentalized cell, 
the level of KATP channel expression would affect the 
proximity of KATP channels to sites of energy consumption 
and thus the rate, but not the steady-state amplitude, of 
their membrane homeostatic response. It seems likely 
that that the different density of KATP channel expres-
sion observed in various skeletal muscle fiber types may 
similarly affect the rate of the membrane response, al-
though these time courses were not examined here and 
rather will be the subject of future investigation. This 
phenomenon may be particularly important in skeletal 
myofibers given their unique anatomical and physiolog-
ical characteristics, specifically their very long length, 
which would favor self-sufficient microdomains, and 
their local membrane action potential activation by dis-
tributed motor endplates.

The energy-controlling function of KATP channels is 
based on their ability to feed back changes in cellular 
energy availability into constraints on cellular energy 
utilization through alterations in membrane electrical 
events (Nichols and Lederer, 1991; Gong et al., 2000; 
Zingman et al., 2002, 2011; Thabet et al., 2005; Cifelli  
et al., 2007, 2008; Alekseev et al., 2010; MacIntosh et al., 
2012). By sensing even minor changes in nucleotides 
(Abraham et al., 2002; Selivanov et al., 2004; Alekseev  
et al., 2010), KATP channels can decode cellular metabolic 
dynamics during regular daily activity. Indeed, we dem-
onstrate here that KATP channel–driven changes in skeletal 
myocyte excitability in response to low-intensity workload 

Figure 9. Skeletal muscles with genetic disruption of KATP channels generate greater heat with low-frequency repetitive twitching. In situ tem-
perature, measured by thermocouples placed under the TA muscle, is displayed as the increase at 10 min of 1-Hz isometric twitching compared 
with baseline. The increase is 2.32 ± 0.21°C for KO (n = 3) and 1.48 ± 0.15°C for their WT controls (n = 8). The increase is 1.58 ± 0.08°C 
for TG (n = 3) and 1.24 ± 0.07°C for their WT controls (n = 3). *, P < 0.05 versus WT controls using Student’s t test. Error bars indicate SEM.
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interior, our electrophysiological measurements might 
be somewhat dissociated from the corresponding me-
chanical measurements, which would be mostly defined 
by the greater mass of myofibers in the interior of the 
muscle bundle. (c) The applied drugs are presumed to 
penetrate to at least the depth of microelectrode im-
palement and therefore impact the measured trans-
membrane potentials, but are unlikely to penetrate into 
sufficient muscle mass to significantly affect the overall 
mechanical function of the muscle. However, taking 
these limitations into consideration, we believe this tech-
nique nonetheless is a valuable addition to the array of 
tools used to assess skeletal muscle electrophysiology.

In summary, this study demonstrates how sarcolemmal 
KATP channels function to control calcium handling and 
energy use in skeletal muscles even under mundane, 
low-intensity activity. Understanding the mechanisms and 
effects of KATP channel opening on muscle energy con-
sumption may provide a foundation for novel strategies 

which includes both force and heat liberation (Barclay 
et al., 2010). Here we exposed mice with normal and 
genetically disrupted KATP channel function to the equiv-
alent low-intensity treadmill exercise to match their me-
chanical work output. Under this condition, we can 
interpret the larger rise of surface temperature in KATP 
channel–deficient mice as an indication of their energy 
inefficiency. These findings also identify skeletal muscle 
KATP channels as potentially attractive targets for inter-
ventions to modify energy efficiency.

Although an improvement over standard methods, 
our in situ floating microelectrode technique has some 
limitations. (a) We minimally alter the environment by 
our need to remove the muscle fascia and to superfuse 
the muscle to prevent drying. This may alter the normal 
accumulation of extracellular ions and thereby have some 
effect on resting potential and action potential mor-
phology. (b) Because membrane electrical activity may 
be different between the surface of the muscle and the 

Figure 10. Absence of skeletal muscle KATP 
channels associated with excessive body heat 
production with low-intensity physical activ-
ity. (A and B) Representative thermal images 
at rest and with slow ambulation on a tread-
mill with the body surface areas of interest 
marked (area 1 = upper back at the shoul-
ders, area 2 = lower back, including the hips) 
are shown for KO mice and their WT con-
trols (A) and TG mice and their WT controls 
(B). (C and D) Summary statistics of temper-
ature measured at rest and with exercise in 
area 1 are shown for KO (32.14 ± 0.12°C at 
rest [n = 20] and 32.68 ± 0.21°C with exercise 
[n = 15]) and their WT controls (32.08 ± 0.11°C 
at rest [n = 20] and 32.11 ± 0.18°C with exer-
cise [n = 15]; C) and TG (31.66 ± 0.28°C at 
rest [n = 10] and 32.19 ± 0.14°C with exer-
cise [n = 12]) and their WT controls (31.40 ± 
0.31°C at rest [n = 10] and 31.80 ± 0.11°C 
with exercise [n = 12]; D). (E and F) Sum-
mary statistics of temperature measured at 
rest and with exercise in area 2 are shown for 
KO (30.54 ± 0.10°C at rest [n = 20] and 31.19 ± 
0.12°C with exercise [n = 15]) and their WT 
controls (30.57 ± 0.13°C at rest [n = 20] and 
30.79 ± 0.14°C with exercise [n = 15]; E) and 
TG (30.4 ± 0.19°C at rest [n = 11] and 31.29 ± 
0.07°C with exercise [n = 12]) and their WT 
controls (30.51 ± 0.17°C at rest [n = 11] and 
30.8 ± 0.20°C with exercise [n = 16]; F). *, P < 
0.05 for TG and KO versus their respective 
WT controls using Student’s t test. †, P < 0.05 
for exercise versus rest temperature. Error 
bars indicate SEM.
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