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Abstract
Muscle contractions strongly activate p38 MAP kinases, but the precise contraction-associated
sarcoplasmic event(s) (e.g. force production, energetic demands and/or calcium cycling) that
activate these kinases are still unclear. We tested the hypothesis that during contraction the
phosphorylation of p38 isoforms is sensitive to the increase in ATP demand relative to ATP
supply. Energetic demands were inhibited using N-benzyl-p-toluene sulphonamide (BTS, type II
actomyosin) and cyclopiazonic acid (CPA, SERCA). Extensor digitorum longus muscles from
Swiss Webster mice were incubated in Ringer’s solution (37°C) with or without inhibitors and
then stimulated at 10 Hz for 15 min. Muscles were immediately freeze-clamped for metabolite and
western blot analysis. BTS and BTS+CPA treatment decreased force production by 85%, as
measured by the tension time integral, while CPA alone potentiated force by 310%. In control
muscles, contractions resulted in a 73% loss of ATP content and a concomitant 7-fold increase in
IMP content, a measure of sustained energetic imbalance. BTS or CPA treatment lessened the loss
of ATP, but BTS+CPA treatment completely eliminated the energetic imbalance since ATP and
IMP levels were nearly equal to those of non-stimulated muscles. The independent inhibition of
cytosolic ATPase activities had no effect on contraction-induced p38 MAPK phosphorylation, but
combined treatment prevented the increase in phosphorylation of the γ isoform while the α/
βisoforms unaffected. These observations suggest that an energetic signal may trigger
phosphorylation of the p38γ isoform while other factors are involved in activating the α/β
isoforms, and also may explain how contractions differentially activate signaling pathways.
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INTRODUCTION
Skeletal muscle has a remarkable ability to modify gene expression and thus remodel in
response to contractile activity (Booth et al., 2002; LaFramboise et al., 2009). The extent of
remodeling and the particular genes expressed can vary considerably depending on the
exercise protocol (Dudley et al., 1982; Hulmi et al., 2012) or the muscle innervation pattern
(Buller et al., 1960). While it is clear that differential gene expression is driven, at least in
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part, by the activation of particular signaling cascades (Bassel-Duby and Olson, 2006; Röckl
et al., 2008), relatively little is known about how contractions can selectively activate
different signaling cascades.

Muscle contraction is comprised of a series of major intracellular events including dramatic
increases in calcium concentration, tension development and their associated, energetic
demands. Therefore, one mechanism to explain the differential activation of signaling
molecules is that the intensity of each contraction-induced sarcoplasmic event is interpreted
separately and serves as an independent activator of signaling molecules. In fact, this has
been shown conclusively in a few instances. For example, cytosolic calcium, which
increases many-fold during each contraction cycle, binds directly to calmodulin and leads to
activation of calcineurin (a phosphatase that is critical to changes in muscle fiber type)
(Parsons, 2004). Similarly, a rise in the high-energy phosphate AMP, coincident with
increased energy demand of contraction, activates AMP-activated protein kinase (a molecule
involved in both mitochondrial biogenesis and glucose homeostasis) (Witczak et al., 2008).
Unfortunately, the contraction-induced sarcoplasmic events that activate many other
signaling molecules are not as well characterized.

The p38 mitogen-activated protein kinases (MAPKs) are a family of signaling molecules
central to many cellular adaptations, but the sarcoplasmic event(s) that initiate their
activation are not precisely known. In skeletal muscle, the MAPKs play a major role in
muscle development (Foster et al., 2012; Gillespie et al., 2009; Lovett et al., 2010),
mitochondria biogenesis (Hong et al., 2011; Pogozelski et al., 2009), and maintenance of
fiber size (Foster et al., 2012; McClung et al., 2010). Four isoforms of p38 MAPK are
expressed in skeletal muscle: p38α, p38β, p38δ and p38γ, with p38γ being the most
abundant (Goedert et al., 1997; Lechner et al., 1996; Wang et al., 1997). While these
isoforms have partial functional redundancy because they share some of the same substrates
(Cuenda and Rousseau, 2007), it is now clear that each isoform has a distinct role in muscle.
For example, p38γ, but not p38α or p38β, regulates expression of PGC-1α (a transcriptional
co-activator sufficient to increase mitochondrial content) in response to muscle contractions
(Pogozelski et al., 2009). Similarly, p38α, but not p38γ, is essential for myoblast
differentiation in culture (Lovett et al., 2010). Given the distinct roles of the p38 MAPK
isoforms, it is plausible that the activation of each isoform is initiated by a different
sarcoplasmic event.

The kinase activity of all isoforms of p38 MAPK are activated by dual phosphorylation of a
highly conserved three amino acid motif (Thr-Gly-Tyr) (Cuadrado and Nebreda, 2010). In
contracting skeletal muscle, a positive relationship exists between total force production and
MAPK phosphorylation/activation (Boppart et al., 2001; Martineau and Gardiner, 2001;
Ryder et al., 2000; Wretman et al., 2001). However, the precise sarcoplasmic event or events
that induce phosphorylation is controversial. Increasing passive tension alone activates p38
MAP kinases in some (Boppart et al., 2001; Hanke et al., 2010) but not all (Martineau and
Gardiner, 2001; Wretman et al., 2001) studies. However, Dentel et al. have shown that
active tension development during muscle contraction is not required for the
phosphorylation of p38 MAPK (Dentel et al., 2005). In addition an increased energetic
imbalance imposed by chronic depletion of creatine (Levine et al., 1996) leads to an
increased phosphorylation of p38 MAPK in skeletal muscle (Williams et al., 2009).
However, which sarcoplasmic events are responsible for inducing phosphorylation of each
of the p38 MAPK isoforms during contraction remains unresolved because the major events
have not been tested independently.

The purpose of this study was to test whether p38 MAPK isoforms in skeletal muscle are
activated during contractions by a persistent imbalance between energetic supply and
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demand. Nearly all ATP use during skeletal muscle contraction is by actomyosin-ATPase
and sarco/endoplasmic reticulum calcium-ATPase (SERCA) (Rall, 1985). Through the use
of specific chemical inhibitors of actomyosin-ATPase and SERCA, the effects of force,
calcium, and energetic imbalance can be established in vivo by using isolated murine
skeletal muscle. Thus, energy utilization both by activation (contraction) and inhibition
(chemical reagents) of the specific ATPases associated with physiologic function in muscle
can be reliably controlled and interpreted in the context of intracellular signaling pathways,
a factor absent in some studies. We tested the hypothesis that the phosphorylation pattern of
p38 isoforms is sensitive to the increases in ATP demand relative to ATP supply.
Understanding how the events associated with muscle contraction are coupled to the
activation of p38 MAPK isoforms may lend insight into how signaling pathways are
integrated to elicit many different exercise-induced adaptations.

METHODS AND MATERIALS
Materials and Animals

ATPase inhibitors, N-benzyl-p-toluene sulphonamide (BTS) and cyclopiazonic acid (CPA),
were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Rabbit polyclonal
antibody to phosphorylated p38 (Thr180/Tyr182) was purchased from Cell Signaling
Technology (Beverly, MA; catalog #9211). This antibody detects phospho-p38α, p38β, and
p38γ isoforms. Total p38 was detected with rabbit antibodies specific for the α isoform (Cell
Signaling Technology; catalog #9212), and γ isoform (anti-SAPK3, Upstate Cell Signaling
Solutions, Charlottesville, VA; catalog #07-139). Goat anti-rabbit IgG linked to horseradish
peroxidase was purchased from Cell Signaling Technology (catalog #7074). All other
chemicals were obtained from Sigma-Aldrich.

Adult, male Swiss Webster mice (28-32 g body weight) (Harlan, Indianapolis, IN) were
housed in a 12h light/12h dark cycle and given food and water ad libitum. All protocols
were approved by the Institutional Animal Care and Use Committee at Michigan State
University.

Isolated Muscle Preparations
Mice were anesthetized with an intraperotineal injection of pentobarbital (50 mg/kg).
Extensor digitorum longus (EDL) muscles were ligated at the proximal and distal tendons
with 5.0 silk sutures, removed from the hindlimbs, and secured in a 37°C water-jacketed
organ bath (Radnoti Glass Technology, Inc., Monrovia, CA) at their approximate in vivo
resting length. The bath contained 8 ml modified Ringer solution (117 mM NaCl, 4.6 mM
KCl, 25 mM NaHCO3, 2.5 mM CaCl2, 1.16 mM MgSO4, and 11 mM glucose, pH 7.4) with
10 mg/L gentamycin and was continuously gassed with 95% O2/5% CO2. Mouse EDL
muscles were selected for two reasons. First, these muscles are sufficiently small in diameter
so that diffusion of oxygen to the muscle core is adequate to maintain the muscle energetic
state, even during prolonged incubations (Crow and Kushmerick, 1982; Wiseman and
Kushmerick, 1995). Second, EDL muscles are comprised of greater than 95% type II fibers
(Augusto et al., 2004), and BTS is specific for only type II myosin (Cheung et al., 2002).

Muscles were field-stimulated via platinum electrodes using a Grass S88 Stimulator (Grass
Instruments, Quincy, MA). After adjusting the muscle to optimal length (Lo) using the
length tension relationship, initial maximal twitch force was determined using supramaximal
voltage. Only muscles that were physiologically stable and able to generate 5 or more grams
of force under supramaximal stimulation prior to the start of any experimental protocol were
included in this study.
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All muscles were treated with inhibitors and/or vehicle for a total of 60 minutes. To inhibit
both cytosolic ATPases, muscles were first treated with BTS (in 20 μl DMSO). Thirty
minutes later, CPA was added (in 20 μl DMSO). Muscles were treated in this order because
inhibition of SERCA by CPA causes a rise in intracellular calcium levels (Baudet et al.,
1993; Robin et al., 2012) that may be sufficient to increase basal tension by activation of
actomyosin ATPase. For experiments where a single ATPase was inhibited, 20 μl DMSO
was added to the bath during the first 30 minute period, followed by addition of either 20 μl
BTS or CPA stock solutions for the remaining 30 minutes. The final concentration of
DMSO was 0.5% (v/v) in all experiments. When present, the final concentration of BTS was
75 μM, and the final concentration of CPA was 50 μM.

Inhibitor concentrations were selected based on the minimum concentration necessary to
abolish the function of each ATPase. Dentel et al. have previously shown that 75 μM BTS is
sufficient to inhibit force production by over 95% within 30 minutes but has no effects on
Ca2+ kinetics (Dentel et al., 2005). To determine the optimal concentration of CPA, a dose
response curve was constructed using the increase in relaxation time and peak force as
indices of SERCA inhibition. Muscles were incubated in different concentrations of CPA,
and twitches were performed every 10 minutes for a period of 30 min in total.

Muscles were electrically stimulated with 0.5 msec duration pulses delivered at a frequency
of 10 Hz for 15 minutes. A sub-set of muscles were not stimulated, but were instead kept at
Lo for an identical duration (15 minutes). Immediately after this 15 minute period, the
sutures securing the muscles were cut, and the muscles were rapidly blotted of medium and
freeze-clamped between stainless steel tongs pre-cooled in liquid nitrogen to preserve the
energetic state and protein phosphorylation status. Muscles were frozen within
approximately 3 seconds of removal from the organ bath, and this time was not different
between groups. Muscles were stored at −80°C until further analysis.

Metabolite analyses
EDL muscles were cut free of their sutures on a liquid nitrogen cooled aluminum block and
weighed while still frozen. Metabolites were extracted in 20 to 30-fold excess ice-cold 0.5 N
perchloric acid with rapid homogenization by pre-cooled 1.4 mm stainless steel beads in a
Bullet Blender (Next Advance). Extracts were neutralized and perchlorate was removed by
the addition of ice-cold KOH and subsequent centrifugation at 4°C. Samples were stored at
−80°C until analysis.

Concentrations of phosphocreatine (PCr), creatine (Cr), adenine nucleotides (ATP, ADP,
and AMP), and adenine nucleotide degradation products (IMP, adenosine, adenine, and
inosine) were determined by ultra performance liquid chromatography (UPLC) using a
Waters Acquity UPLC H-class system. The method is based on a high performance liquid
chromatography method from Teerlink et al. (Teerlink et al., 1993). UPLC separation was
achieved by gradient reverse-phase chromatography using an Acquity UPLC HSS T3 1.8
μm, 2.1 × 150 mm column (Waters) maintained at 35°C. Mobile phases consisted of 0.2 M
KH2PO4 (buffer A) and 50% water / 25% acetonitrile / 25% methanol (buffer B). Flow rate
was a constant 0.4 ml /min with the initial conditions 98.5% buffer A and the balance buffer
B. Starting at 0.1 minutes, the percent buffer A decreased linearly to 85% at 6 minutes and
further decreased to 50% at 7 minutes. The mobile phase was returned to the initial buffer A:
buffer B ratio (98.5 : 1.5) at 7.2 minutes, where it remained until 10.5 minutes to re-
equilibrate the column, after which a new sample could be injected. Metabolites were
identified by comparison of peak retention times of pure, commercially available standards
(Sigma-Aldrich), which were separated with baseline resolution in less than 7 minutes (Fig.
1A). Baseline resolution was also achieved with extracts from non-contracted (Fig. 1B) and
15 minute contracted (Fig. 1C) EDL muscles demonstrating that other metabolites did not
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interfere with this chromatography method. Quantification was by comparing peak area at
210 nm, which was linear with amount injected from 0.2 pmol to 100 pmol with an r2

>0.998 for all metabolites.

These UPLC measures can provide at least two clear indices of intracellular energetic state.
First, the ratio of the concentrations of PCr and Cr is an index of short-term ATP demand.
Under conditions where equilibrium assumptions coupling PCr/Cr to the cytosolic ATP/
ADP pools are met, this is a measure of the available ATP free energy within the cytosol
(Meyer et al., 1984; Wiseman and Kushmerick, 1995). Second, the amount of inosine
monophosphate (IMP) reflects longer periods of exercise-induced metabolic demand
exceeding supply as the available adenylate pool is deaminatd to IMP (Meyer and Terjung,
1979). The accumulation of IMP occurs within the cytosol, is effectively an irreversible
process during contractions (Meyer and Terjung, 1980), and is only slowly converted back
to AMP after several minutes of rest in fast-twitch muscle (Meyer and Terjung, 1979).
Therefore, over the timeframe of these stimulation protocols, IMP accumulation is a reliable
measure of sustained mismatch between ATP supply and ATP demand.

Western blot analysis
Frozen muscles were homogenized in isotonic saline containing glycerol, DTT, SDS,
protease inhibitors, and phosphatase inhibitors as previously described (Dentel et al., 2005).
Briefly, 50 μg of total protein for each sample was resolved by sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE) through 10% or 12% (w/v) acrylamide gels
and then transferred onto nitrocellulose membranes. Membranes were reversibly stained
with Ponceau S to ensure equal loading and transfer of proteins, blocked, and then incubated
overnight at 4 °C with primary antibodies diluted 1:1000. After incubation with secondary
antibody-HRP conjugate, bound second antibody was detected using the Phototope-HRP
Western Blot Chemiluminescent kit (Cell Signaling Technology, Beverly, MA).
Chemiluminescent signals were visualized on Amersham ECL Hyperfilm (Amersham
Biosciences, Piscataway, NJ), digitally captured, (EDAS 290 gel documentation system,
Eastman Kodak, Rochester, NY), and quantified by densitometry (Quantity One Image
Analysis software, BioRad, Hercules, CA). The amount of enzyme that is in the
phosphorylated state for each p38 MAP kinase isoform was expressed as a ratio to the total
p38 MAPK for each isoform. For comparisons between each blot, densitometry was
quantified relative to an internal standard comprised of a pooled set of stimulated muscles
used on each gel, and an absolute optical density scale was used for quantification from the
images as previously described (Dentel et al., 2005).

Statistics
Data are presented as the mean ± standard error (SE). Statistical significance (P < 0.05) was
determined by ANOVA. Differences between groups, if found, were assessed post hoc by
Tukey-Kramer HSD.

RESULTS
Inhibition of SERCA by CPA

The optimum concentration of CPA to inhibit SERCA function was derived from inhibitor
titration experiments. The normalized data show that all concentrations had a time-
dependent increase in the total relaxation time (an index of SERCA inhibition) reaching a
maximum at 30 min (Fig 2). At the highest concentration (250 μM), CPA caused a decrease
in peak twitch force (data not shown). To minimize non-specific effects on force, all
subsequent CPA incubation experiments were performed using the 50 μM dose.
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Specific inhibitor effects on contractile performance
To discriminate the effects of each inhibitor alone or in combination on physiologic
function, single twitch characteristics were evaluated both pre- and post-inhibitor treatment
(Table 1). In isolated EDL muscles, control treatment (DMSO) had no clear effects on
twitch kinetics, and peak force was sustained at better than 10 N/g (Fig 3). In contrast,
treatment with BTS caused >95% reduction in twitch peak force and tension time integral
with only modest increase in rise time and decrease in relaxation time, consistent with
observations reported previously from this laboratory (Dentel et al., 2005) and others
(Cheung et al., 2002; Young et al., 2003). Incubation with the SERCA inhibitor CPA caused
a 1.8-fold increase in peak force and a dramatic seven-fold increase in the total relaxation
time from 28 to almost 200 msec (Table 1), also in agreement with previous reports
(Kurebayashi and Ogawa, 1991; Même et al., 1998). The combination of greater peak force
and longer relaxation time resulted in a 12-fold increase in the tension-time integral for a
single twitch. Treatment with both BTS and CPA had little influence on twitch kinetics but
force was suppressed by >90%, presumably because BTS effects predominate. The net
effect of using these inhibitors in combination depressed the overall tension-time integral by
almost 90%.

To examine the effects of specific inhibition of ATPase activities during repeated
contractions, EDL muscles were stimulated at 10 Hz for 15 minutes. Time courses of typical
experiments are presented in Figure 4. Stimulation of EDL muscles in the presence of
DMSO alone (Control) potentiated force production during the first few seconds to generate
peak force values of nearly 14 grams. However, force fell rapidly within the first 4 minutes
of stimulation by 80% and remained at that level for the remainder of the stimulation. The
cumulative tension time integral for all twitches over the entire stimulation time course was
127 N.s/gww and was used as an index of the imposed workload. In agreement with the
single twitch measurements, treatment with BTS caused a substantial decrease in overall
force production by 85%. The cumulative tension time integral for BTS-treated muscles was
20 N.s/gww. In contrast, when CPA treated muscles were stimulated, peak force production
increased to over 28 grams because calcium reuptake was inhibited but fell rapidly within 2
minutes presumably due to the higher force production associated with SERCA inhibition.
These muscles failed to fully relax between pulses presumably due to inhibition of calcium
pumping from the cytosol by SERCA and appeared as one fused contraction. Therefore,
CPA treated muscles yielded the highest cumulative tension time integral of all the groups
(395 N.s/gww). The combined treatment of muscles with both BTS and CPA resulted in a
near total loss of force production similar to that observed with BTS alone (Fig. 4), but
because of the increased relaxation time for each twitch, the summed tension time integral
for BTS+CPA was larger than BTS treatment alone (35 N.s/gww).

High-energy phosphates
In the non-stimulated muscles treated only with vehicle (DMSO), the PCr/Cr ratio, an
immediate indicator of the energetic state, was approximately 3:1 (Table 2). This is
consistent with previous HPLC measures from perchloric acid extracts of non-contracting
mouse muscles (Hancock et al., 2005; Kushmerick et al., 1992; Wiseman and Kushmerick,
1995) and demonstrates that neither the muscle incubation nor treatment with DMSO had
any pronounced detrimental effects on muscle energetics. Inosine monophosphate levels, an
indicator of long-term energetic mismatch, were 0.35 ± 0.09 μmol/gww, which is
comparable to values reported by others in resting fast-twitch muscles from mice (Hancock
et al., 2005).

Intense electrical stimulation of control-treated EDL muscles at 10 Hz for 15 minutes
resulted in a 73% fall in both PCr and ATP concentrations (P< 0.05), with a concomitant
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2.7-fold increase in Cr and a 7.1-fold increase in IMP (p<0.05) (Table 2). This contraction
protocol also resulted in a modest, but significant (P<0.05), increase in inosine
concentration. However, further degradation of the adenine nucleotide pool was not evident
since neither adenine (0.12 μmol/gww) nor adenosine (0.10 μmol/gww) was different
between contracted and non-contracted muscles. Inhibition of actomyosin ATPase with BTS
in conjunction with the same stimulation protocol had no significant effect on the decrement
of PCr or ATP levels, and IMP accumulation was nearly identical to that of stimulated
muscles in the absence of inhibitors (1.90 ± 0.09 μmol/gww). These observations indicate
that the energetic costs of calcium handling are still overwhelming ATP free energy supplies
within the 15 min timeframe. Consistent with the observations of BTS experiments,
inhibition of SERCA with CPA during stimulation tempered the fall in PCr and ATP, but
the accumulation of IMP was near that of stimulated control muscles (2.15 ± 0.21 μmol/
gww). This indicates that large energetic demands occur while SERCA is inhibited likely
due to the higher myosin ATPase use evident by higher contractile force production from
these treatments (Table 1, Fig 4). In contrast, when a combination of BTS and CPA is used
during contractions, there is a large decrease in the mismatch between ATP demand and
supply as shown by near resting levels of PCr, Cr, and ATP and a modest drop in the PCr/Cr
ratio (Table 2). More importantly, the IMP concentration (0.58 ± 0.08 μmol/gww) was no
longer different than that found in control non-stimulated muscles.

Phosphorylation of p38 MAPK isoforms
In resting muscles, the ratio of phosphorylated p38α/β to total p38α/β protein was 0.51 ±
0.03 and the ratio of phosphorylated p38γ to total p38γ protein was 0.15 ± 0.04 (Fig.5A).
These values were not significantly different when measured in freshly dissected muscles
(data not shown) demonstrating that the incubation at Lo had no effect on the
phosphorylation state in isolated, superfused preparations. However, stimulation at 10 Hz
for 15 min profoundly increased the phosphorylation ratio of the p38 isoforms, 1.6 ± 0.1 for
p38α/β and 0.95 ± 0.3 for p38γ (Fig. 5). This represents a 3- and 6-fold increase in the
phosphorylation of p38α/β and p38γ relative to the non-stimulated muscles incubated.
Western blots of total MAPK present demonstrated that stimulation had no effect on isoform
protein expression levels, as expected given the short duration of these experiments.
Therefore, the increased amount of phosphorylation of each isoform also reflects a decrease
in the non-phosphorylated form.

To test whether phosphorylation of the p38 isoforms was dependent on force production,
muscles were incubated in the absence or presence of BTS and then electrically stimulated.
Even though there was a dramatic decrease in force (Table 1, Fig. 3), BTS did not decrease
the phosphorylation of the p38 isoforms as compared to control-stimulated muscles (Fig.
5B). This confirms previous findings that p38 phosphorylation is not mediated by active
force production nor the specific energy demands of actomyosin ATPases (Dentel et al.,
2005). Furthermore, it was previously shown that stimulating muscles at 10 Hz for 15
seconds (an equivalent tension-time integral to BTS-treated muscles stimulated for 15
minutes) did not increase p38 phosphorylation relative to non-stimulated muscle (Dentel et
al., 2005). Therefore, even the residual force generated after BTS treatment is not sufficient
to activate p38 MAPK.

Sarcoplasmic reticulum-ATPase (SERCA) catalyzes the reuptake of Ca2+ into the SR, which
accounts for roughly 30% of the free energy used in contracting muscle (Rall, 1982). To test
whether calcium or the energetic costs of Ca2+ handling induces phosphorylation of the p38
isoforms, muscles were treated with CPA. In muscles stimulated at 10 Hz for 15 minutes,
the phosphorylation pattern for the p38 isoforms was not significantly different from the
control-stimulated muscles (Fig. 5B), demonstrating that neither the higher, sustained
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cytosolic Ca2+ nor the reduction of energetic demands associated with calcium pumping
were sufficient to alter the phosphorylation pattern for any of the p38 isoforms.

In stimulated muscles treated with both BTS and CPA (Fig. 5B), the phosphorylation of p38
α/β (1.63 ± 0.1) was not different from stimulated muscles that were treated with BTS alone
(1.73 ± 0.14). However, the phosphorylation of p38γ did not reach the same level (0.30 ±
0.08) as BTS-treated muscle (0.98 ± 0.15). The finding that combined treatment of BTS and
CPA prevented p38γ phosphorylation suggests that activation of the p38γ isoform but not
p38α/β isoforms of MAPK could be highly dependent on changes in energetic demand since
both major ATPases active in skeletal muscle during contraction were being inhibited. By
extension, p38γ cannot be activated by changes in cytosolic calcium because CPA treatment
results in large increases in cytosolic calcium (as shown in frog (Même et al., 1998) and
murine muscle fibers (Robin et al., 2012) as well as evidenced by the mechanics data in
Figure 4), yet muscle treated with both CPA and BTS have no increase in the p38γ signal.

DISCUSSION
The novel result of this study was that the phosphorylation of p38 MAP kinase isoforms in
contracting skeletal muscle is differentially activated by an imbalance between ATP supply
and demand. The p38γ MAPK isoform appears to have a higher sensitivity to energetics,
while the α/β isoforms appear to be less sensitive or not sensitive at all to changes in
energetics. Isolated, superfused fast-twitch skeletal muscles were electrically stimulated in
the absence and presence of ATPase inhibitors, BTS (a type II actomyosin-ATPase
inhibitor) and CPA (a SR-ATPase inhibitor), in an effort to isolate the critical sarcoplasmic
event(s) associated with contraction. Stimulating muscle in the presence of BTS alone,
which eliminates force production but allows normal calcium transients to proceed, had no
effect on the phosphorylation of any of the p38 isoforms when compared to just stimulation
alone, confirming a previous report that force production is not responsible for the activation
of p38 signaling (Dentel et al., 2005). However, when CPA and BTS were used together, a
combination that leads to an increase in intracellular calcium (Robin et al., 2012) but may
eliminate up to 97% of the free energy used in exercised muscle (Rall, 1982; Rall, 1985), the
increase in p38γ phosphorylation typically found with stimulation was blunted. This
demonstrates that p38 MAPK γ is not activated by increased contractile force or intracellular
calcium concentration, but instead is responsive to changes in the balance of ATP usage
since blocking ATPases also blunts phosphorylation. Conversely, neither CPA, BTS, nor
CPA+BTS prevented the phosphorylation of the p38α/β isoforms during stimulation, which
suggests that the p38α/β isoforms may respond to another sarcoplasmic event such as
calcium release (which is elevated by stimulation, in the presence or absence BTS or CPA)
or by processes associated with membrane depolarization.

The present findings that an energetic mismatch during contraction induces p38γ
phosphorylation agree well with studies not using ATPase inhibitors that have reported that
the degree of p38 phosphorylation is directly related to force production (Martineau and
Gardiner, 2001; Wretman et al., 2001), because the energetic cost of contraction scales
directly with active tension (Rall, 1982; Rall, 1985). Even without contraction, chronic
energetic stress induces p38γ phosphorylation in muscle. When animals are fed a diet of β-

guanidopropionic acid ( ) for several weeks, creatine and phosphocreatine are
depleted from skeletal muscle, and the cytosolic phosphate potential decreases (Williams et
al., 2009; Wiseman and Kushmerick, 1995). Western blot analysis of lysates from the
muscles of these animals shows an increase in p38γ phosphorylation (Williams et al., 2009)
supporting the conclusions of the present study. Furthermore, recent work from Foster et al.
(2012) have shown that lysates from slow twitch muscles have higher levels of
phosphorylated MAPK isoforms than the representative fast twitch muscles from these same
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animals. Taken together with the higher energy turnover in the tonically active slow-twitch
muscles relative to fast-twitch, these data support the relationship between energetics and
p38γ MAPK from this report.

Previous studies have also reported that increases in passive tension alone are associated
with activation p38 MAPK (Boppart et al., 2001; Hanke et al., 2010) in apparent
contradiction to the findings of this study. One possible mechanism that would explain this
contradiction lies in the sarcoplasmic events that occur when muscles are stretched beyond
their normal resting length. Stretch is able to activate mechanosensitive ion channels
(Lansman and Franco-Obregón, 2006), which may lead to an increase in intracellular
calcium and subsequent ATP use by SERCA and possibly myosin-ATPase. Unfortunately
these studies did not control or measure calcium or energetic levels associated with the
changes in resting length. Therefore, a mismatch in muscle energetics, not mechanical
stretch per se, may induce the phosphorylation of p38 MAPKs in stretched, non-stimulated
muscles. A second possible explanation is that p38 γ may be activated by more than one
sarcoplasmic event. In other words, both force and energetics may each be capable of
activating p38γ. For example, our findings do not exclude the possibility that extreme
passive stretching can induce phosphorylation of p38 MAPK. However, force appears to
have no quantitative role during intense isometric twitch contractions since stimulated
muscles treated with BTS, which do not produce force, had the same amount of phospho-
p38γ as stimulated muscles that do produce force (Fig 5B).

The sensitivity of p38γ phosphorylation to energetics as described in the current work may
mechanistically also explain the timing of p38 MAP kinase phosphorylation in muscle
reported from other studies. For instance, if p38 MAPK γ phosphorylation is dependent on
muscle energetics, then the time course of p38γ phosphorylation should match the time
course of energetic imbalance within the cytosol of the active muscle. There are several
reports within the literature that suggest this is the case. Phosphorylation of p38 MAPK is
substantially higher immediately after exercise whether after a long-distance run (Boppart et
al., 2000), high intensity interval training session (Bartlett et al., 2012), intense bicycle
ergometer trial (Egan et al., 2010), or resistance exercise (Deldicque et al., 2008) but quickly
returns to normal levels, consistent with the return of muscle to its resting energetic state.

The results of the current study may also explain, in part, how different training protocols
lead to differential activation of p38 MAPK. For example, whether in muscle biopsies of
humans doing different heavy resistance protocols (Hulmi et al., 2012), cycle exercise
(Gibala et al., 2009), or in isolated muscle (Martineau and Gardiner, 2001; Ryder et al.,
2000), the amount of p38 phosphorylation increases with the amount of work done or force
produced. More precisely, the amount of p38 MAPK phosphorylation scales with energy
demand imposed. Perhaps the most convincing aspect of this contention is revealed when
different exercise protocols are matched for total energy expenditure and the resulting p38
phosphorylation is the same (Bartlett et al., 2012; Egan et al., 2010).

Selective activation of p38 isoforms is determined by the formation of functional complexes
between the isoforms and their upstream kinases, MAPK kinase-3, MAPK kinase-4, and
MAPK kinase-6 (MKK3, MKK4 and MKK6, respectively) (Enslen et al., 2000; Keesler et
al., 1998). MKK6 can phosphorylate all p38 isoforms, whereas MKK3 can phosphorylate
p38α and γ, but not p38β. p38 is fully activated by dual phosphorylation within the T-loop at
residues Thr180 and Tyr182. Selective phosphorylation of these sites is dependent upon the
activating kinase. MKK3 phosphorylates only Thr180 whereas MKK6 phosphorylates both
Thr180 and Tyr182 (Morrison and Davis, 2003; Wang et al., 1998). In the current study, the
primary antibody used to detect the phosphorylated p38 isoforms identifies only the dually
phosphorylated protein. It is conceivable that the differential phosphorylation of the p38
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isoforms in the presence of both ATPase inhibitors is due in part through modulating MKK6
activity; specifically through its docking interaction with p38α/β and p38γ, albeit the exact
mechanism is unknown. The present study was not designed to establish the upstream
phosphorylation cascade, but an intriguing possibility is that activation of the p38 signaling
cascade may also require phosphorylation by AMP activated protein kinase. AMPK is
activated by many of the same exercise protocols that have been demonstrated to activate
p38 (Bartlett et al., 2012; Egan et al., 2010; Gibala et al., 2009) and is directly activated by
AMP, found when energy demand is higher than energy supply. Identifying the kinases that
link the energetic imbalance and activation of p38γ would require specific inhibitors of the
upstream kinases and is an exciting area of future study.

The findings of this study may also help extend the known signaling cascades that lead to
specific exercise-induced adaptations. In a recent study, Pogozelski et al. studied skeletal
muscle isoform specific p38 knockout mice to determine the role of p38 MAPK in exercise-
induced muscle adaptation (Pogozelski et al., 2009). The authors found that p38γ knockout
mice show a decrease in capillary density and PGC-1α expression. Therefore, they
concluded that regulation of PGC-1α and VEGF through p38γ phosphorylation induces
expression of mitochondrial biogenesis and angiogenesis, but the other p38 MAPK isoforms
are not involved. Taken together with the results from this study, these observations support
the broader perspective that an important feedback loop exists within skeletal muscle that
links the energy demand of contractions directly to mitochondrial biogenesis and includes
p38γ MAPK.
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Figure 1.
Ultra-performance liquid chromatography chromatograms. A: Chromatogram of a standard
mixture containing 100 pmol each phosphocreatine (PCr), creatine, ATP, ADP, AMP, IMP,
adenosine, inosine, and xanthine and 25 pmol each hypoxanthine and adenine. Detection
limits are less than 1.0 pmol B: Chromatogram of a perchloric acid extract of a non-
contracted EDL muscle incubated at resting length. Injection volume was 2 μl. C:
Chromatogram of an extract from an EDL muscle after contracting at 10 Hz for 15 min.
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Figure 2.
Dose response curves for cyclopiazonic acid (CPA) over time in isolated EDL mouse
muscles. Inhibition of SERCA by CPA was evaluated by measuring the total relaxation time
for each twitch contraction (in msec), normalized to the percent of initial (Time 0), and then
expressed as the reciprocal. The data are presented as mean ± SE.
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Figure 3.
Representative twitch force recordings of electrically stimulated muscles before (Pre-) and
after (Post-) treatment with DMSO (Control) or with the ATPase inhibitors BTS (75 μM),
CPA (50 μM), and CPA (50 μM) + BTS (75 μM).
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Figure 4.
Representative force recordings of incubated muscles electrically stimulated at 10 Hz for 15
min. Muscles were treated with DMSO (control) (n=6), BTS (n=7), CPA (n=7), or CPA +
BTS (n=7) for 60 minutes before stimulation. The cumulative tension time integral (TTI) of
each group is presented as mean ± SE and represents the total amount of contractile
performance during the entire time course.
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Figure 5.
The increase in phosphorylation of p38-MAPK isoforms in skeletal muscle with electrical
stimulation is prevented by combined treatment with BTS and CPA. A: Muscles were either
stimulated (S) at 10 Hz for 15 minutes, or non-stimulated (NS). Protein levels of phospho-
p38 MAPK isoforms and total p38 MAPK were determined by western blot. Quantification
was based on the fraction of phosphorylated protein relative to the total detected by Western
blot analysis (n=3). B: Muscles were treated without (control) or with (BTS and CPA)
cytosolic ATPase inhibitors and then stimulated for 15 min. Protein levels of phospho-p38
MAPK isoforms were determined by western blot. Bar graphs represent the mean ± SE;
n=4.
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Table 1

Muscle mass and twitch characteristics before (Pre-treatment) and after (Post-treatment) treatment with
DMSO (control), 75μM BTS, 50μM CPA, and CPA + BTS. The values represent the average rise time,
relaxation time, peak force, and tension time integral +/− SE (n= 6 or 7 per group).

Pretreatment Post Treatment

Weight
(mg)

Rise Time
(ms)

Relaxation
Time (ms)

Peak Force
(N/g)

TTI
(N.s/g)

Rise Time
(ms)

Relaxation
Time (ms)

Peak Force
(N/g)

TTI
(N.s/g)

Control 10.3 ± 0.5 10.0 ± 0.3 20 ± 3 12.0 ± 1.0 0.15 ± 0.01 10.0 ± 0.0 19 ± 0 10.8 ± 0.7 0.165 ± 0.013

BTS 10.3 ± 0.3 112 ± 0.5 28 ± 4 8.5 ± 0.4 0.12 ± 0 01 8.5 ± 1.4 18 ± 1 0.5 ± 0.2 0.006 ± 0.002

CPA 7.8 ± 0.3 9.3 ± 0.7 28 ± 4 8.5 ± 0.9 0.14 ± 0.01 28.7 ± 3.7 198 ± 165 15.5 ± 1.4 2.045 ± 0.345

BTS+CPA 13.8 ± 1.0 12.0 ± 0.9 30 ± 8 6.6 ± 0.5 0.15 ± 0.03 11.7 ± 1.3 30 ± 8 0.3 ± 0.03 0.017 ± 0.003
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