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Abstract The skeletal myosin light chain kinase (skMLCK)
catalyzed phosphorylation of the myosin regulatory light
chain (RLC) is associated with potentiation of force, work,
and power in rodent fast twitch muscle. The purpose of this
study was to compare concentric responses of EDL fromwild-
type (WT) and skMLCK devoid (skMLCK−/−) muscles at a
range of shortening speeds (0.05 to 0.70 Vmax) around that
expected to produce maximal power (in vitro, 25 °C) both
before (unpotentiated) and after (potentiated) a potentiating
stimulus (PS).When collapsed across all speeds tested, neither
unpotentiated force, work, or power differed between geno-
types (all data n = 10, P < 0.05). In contrast, although both
genotypes displayed speed-dependent increases, these in-
creases were greater for WT than skMLCK−/− muscles. For
example, when collapsed across the six fastest speeds we test-
ed, both concentric force and power were increased 30–34 %
in WT but only 15–17 % in skMLCK−/− muscles. In contrast,
at the two slowest speeds, these parameters were increased in
WT but decreased in skMLCK−/− muscles (8–10 and 7–9 %,
respectively). Intriguingly, potentiation of concentric force
and power was optimal near speeds producingmaximal power
in both genotypes. Because the PS elevated RLC phosphory-
lation above resting levels in WT but not in skMLCK−/− mus-
cles, our data suggest that skMLCK-catalyzed phosphoryla-
tion of the RLC is required for maximal concentric power
output of mouse EDL muscle stimulated at high frequency
in vitro.

Keywords Regulatory light chains . Length ramps .Mean
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Introduction

Terrestrial locomotion is essential for survival. As such skel-
etal muscle must generate and sustain force, work, and power
across an almost infinite performance envelope in terms of
muscle load, shortening trajectory, shortening speed, and ac-
tivation level [23]. Given this requirement, it is perhaps not
surprising that the mammalian fast muscle phenotype has
evolved the ability to potentiate. Manifest as a contraction
history-dependent increase in concentric force, work, or pow-
er, potentiation has been demonstrated in myriad rat [1, 2, 25,
26, 28] and mouse [13, 15, 18, 19, 41] skeletal muscle models.
Because this state develops rapidly and dissipates slowly with
the onset and cessation of contractile activity, respectively,
potentiation may be the normal working state of fast skeletal
muscle [9] (see also [36]).

From a teleological perspective, multiple or redundant
mechanisms for potentiation should exist if this outcome is
important for enhancing muscle function in vivo. Indeed, re-
cent work using knockout and transgenic mouse muscle
models suggest that such biological degeneracy does exist
(e.g., [33, 42]). For example, myriad lines of evidence suggest
that the primary mechanism for potentiation is phosphoryla-
tion of the myosin regulatory light chain (RLC) as catalyzed
by myosin light chain kinase (skMLCK) [35]. For example,
studies performed on permeabilized skeletal muscle fibers
show that the addition of skMLCK and subsequent phosphor-
ylation of the RLC increase the Ca2+ sensitivity of steady state
force development (e.g., [31]). From a mechanistic viewpoint,
phosphorylation of the RLC may alter myosin structure/
position on the thick filament, a change proposed to increase
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motor domain binding to actin (e.g., [4]). Importantly, al-
though these studies account for the strong temporal associa-
tions obtained between stimulation-induced elevations in
RLC phosphorylation and isometric twitch force potentiation
in a number of rodent muscle models (see [40], and references
therein), they do not necessarily exclude other mechanisms for
potentiation. For example, as first shown by Zhi et al. [42] and
subsequently confirmed by Gittings et al. [14], skMLCK de-
void muscles unable to phosphorylate the RLC retain a resid-
ual level of isometric twitch force potentiation under some
conditions. Thus, although potentiation is often proportional
to stimulation-induced levels of RLC phosphorylation, both
skMLCK-dependent and skMLCK-independent forms of po-
tentiation may operate in wild-type muscles. Moreover, up-
regulation of skMLCK enzyme content in mouse slow twitch
muscle such as the soleus does not produce potentiation [33].
As a result, potentiation may require specific protein expres-
sion encapsulated by the murine fast twitch muscle gene
program.

The relative contribution of RLC phosphorylation-
dependent and phosphorylation-independent mechanisms to
the potentiation displayed by wild-type muscles is still largely
unknown. In the absence of RLC phosphorylation, the poten-
tiation deficit between wild-type and skMLCK devoid mus-
cles may depend critically upon muscle-shortening speed.
Thus, the purpose of this study was to compare the mechanical
power of fully activated wild-type and skMLCK devoid mus-
cles at a range of shortening speeds expected to produce peak
power. We hypothesized that, in the absence of skMLCK cat-
alyzed phosphorylation of the RLC, peak power would be
reduced and the shortening speed at which peak power was
attained would be altered compared to wild-type muscles.

Methods

All procedures utilized in this study received ethical approval
from the Brock University Animal Care Committee. Adult
male C57BL/6 wild-type (WT) mice (age 3–6 months; mass
27.6 ± 0.2 g) were ordered from Charles River Labs (St.
Constant, QC), and skMLCK−/− mice (age 2–5 months; mass
23.2 ± 1.2 g) were obtained from our own breeding colony at
Brock University. Details regarding the generation and char-
acterization of skMLCK devoid (skMLCK−/−) have been pre-
viously presented [14, 42]. Mice were anesthetized with an
intraperitoneal injection of sodium pentobarbital (60-mg/kg
body mass) diluted with 0.9 % saline in a 1-mL syringe. The
EDL muscle was then surgically excised and mounted in a
jacketed vertical organ bath. The organ bath contained
Tyrode’s physiological solution [23] maintained at 25 °C,
which was continuously oxygenated using a gas mix of
95 % O2 and 5 % CO2. Modeling work by Barclay [7] has
verified that mouse EDL muscles maintained in this way

remain viable even when stimulated at high frequencies.
Muscle stimulation was applied using flanking platinum elec-
trodes, provided by a model 701B bi-phasic stimulator
(Aurora Scientific Inc., Aurora, ON) with voltage set to 1.25
times the threshold required to active all fibers and elicit max-
imal twitch force. This was followed by a 30-min equilibration
period, after which the optimal length for maximal isometric
twitch force was determined (Lo). During experiments, muscle
length and force data were monitored via LINUX software
and controlled by a dual-mode servomotor (Model 305B,
Aurora Scientific Inc., Aurora, ON). All experiments were
collected at 2000 Hz and saved to computer for further anal-
ysis (ASI 600a software).

Experimental protocolThe experimental protocol is illustrat-
ed in Fig. 1. Length ramps were applied to each muscle before
and after a potentiating stimulus (PS) consisting of four vol-
leys of 100-Hz stimulation of 400-ms duration within a 10-s
time window; during this protocol, muscle length was held at
Lo. This procedure was repeated four times per muscle, with
consecutive protocols being separated by ~20 min to allow
potentiation to dissipate between protocols. Two different
ramp speeds were tested before and after each PS, a protocol
allowing us to test eight different shortening speeds per mus-
cle (of each genotype). Our use of multiple PS procedures to
test different speeds within each muscle was validated by
highly repeatable measures of both unpotentiated and poten-
tiated force, work, and power at various points during each
experiment (data not shown). For each PS, pre- and post-
length ramps were matched for speed, although the sequence
of length ramp speeds was randomized frommuscle to muscle
within each genotype.

Shortening ramps The different rates of ramp (i.e., shorten-
ing speed) used in these experiments ranged from 0.05 to 0.70
Vmax, with all speeds scaled to an absolute shortening speed of
9.8 fiber lengths per second [14, 15]. For reporting purposes,
shortening speeds over the slowest speed used were binned to
the nearest 0.10Vmax. Each shortening ramp decreased muscle
length from 1.05 to 0.90 Lo with the onset of muscle stimula-
tion delayed so that concentric force always began at ~1.045
Lo. For each speed tested, a pair of shortening ramps, one
Bpassive^ and one Bactive,^ were applied at set times before
and after the PS. This was done to account for changes in
passive force caused by the PS. It has been shown previously
that a sequence in which a passive-active ramp pair precedes a
passive-active ramp without an intervening PS does not influ-
ence concentric responses of mouse EDL muscle in vitro at
25 °C [18]. During each active ramp, muscles were stimulated
using a pair of pulses with a 10-ms interpulse interval (i.e.,
100 Hz) for all speed conditions. Because we used different
rates of ramp, the duration of shortening varied from 110 to
543 ms for the fastest to the slowest shortening speeds,
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respectively. Muscles were always able to completely relax
before the end of each shortening ramp. Muscles were not
stimulated during passive ramps.

Analysis of force, work, power, and kinetics Concentric
force, work, power, and the kinetics of force development
and relaxation were assessed using identical methods in
wild-type and skMLCK−/− muscles. Total, passive, and active
forces (concentric) were recorded during each isovelocity
shortening ramp (active and passive). Active forces were ob-
tained by subtracting the passive force response from the
matching total force response with mean concentric force cal-
culated as the arithmetic average from the initiation to the
cessation of the active tension record. Muscle cross-sectional
area (CSA) was determined by dividing muscle mass (g) by
the product of its length (cm) while at Lo and muscle density
(1.06 g/cm) [30] and expressed in mm2 (see [20] for details).
Stress (g/mm2) was determined by dividing tension (g) by
muscle CSA. Muscle work was determined by calculating

the force-time integral (in joules) and normalizing this value
to muscle mass (J/kg); mean power was calculated as force
multiplied by shortening velocity, expressed in watts, and nor-
malized to muscle mass (W/kg). The maximal rate of concen-
tric force development (+dF/dt) and relaxation (−dF/dt) were
determined by obtaining the first derivative of the active force
record and expressed as mN/s.

Myosin RLC phosphorylation At the conclusion of each
experiment, muscles were frozen in liquid nitrogen either
20 s or 20 min after the final PS and stored at −80 °C. These
groups represented stimulated and resting levels of RLC phos-
phorylation, respectively (n = 4 for each group and genotype).
We have previously shown that repeatable levels of RLC
phosphorylation are produced in response to multiple PS pro-
cedures [13, 38]. Our current data shows that 20 min is a long
enough time period to allow dephosphorylation of the RLC
from stimulated to resting levels.

Fig. 1 Experimental design for collecting concentric force at different
shortening speeds before and after a potentiating stimulus (PS) for wild-
type (WT) and skeletal myosin light chain kinase devoid (skMLCK−/−)
muscles. Four identical potentiating stimuli (PS) were applied to each
muscle at ~20-min intervals. Each PS consisted of four volleys of 100-
Hz stimulation of 400-ms duration within an ~10-s window; muscle
length was held at optimal length (i.e., 1.00 Lo) (see inset). Two different
shortening speeds were assessed with each PS allowing us to assess the
influence of potentiation on concentric force at eight different shortening
speeds (0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70Vmax) per muscle
of each genotype. As shown in the figure, two pairs of identical ramps, at
each of two different speeds, were applied before and after each PS (0.50
and 0.30 Vmax in example shown). The timing of these pairs was designed
to minimize interference before but to capture the peak of potentiation
after the PS, respectively. Although the rate of ramp (i.e., speed) was
varied, shortening amplitude was fixed at 15 % Lo (1.05–0.90 Lo).
During the first of each of these ramps, the muscle was not stimulated
and passive forces were recorded. During the second of these ramps, the

muscle was stimulated and total (passive + active) force was recorded.
The active concentric force corresponding to each ramp speed
(unpotentiated and potentiated) was obtained by subtracting passive force
from total force; the magnitude of potentiation for each ramp speed was
determined by dividing post-PS active force by pre-PS active force.
Although passive ramps always preceded active ramps, the order of short-
ening speed was randomized between muscles both in terms of sequence
around the PS as well as PS number (1–4). Muscles were frozen either
20 s or 20 min after the final PS procedure in each experiment to obtain
stimulated (i.e., potentiated) and resting (i.e., unpotentiated) values for
RLC phosphorylation, respectively. Other work from our lab has shown
that repeatable levels of RLC phosphorylation may be obtained in re-
sponse to multiple PS procedures [13]. Peak tetanic force declined 5–
10 % from tetanus 1 to tetanus 4 within each PS for both genotypes.
Vertical dotted lines depict the ramp duration (passive or active) for two
different ramp speeds. Length records are simulations and not meant to
represent actual speeds. Abbreviations: pass, passive ramps; act, active
ramps
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Western blotting Frozen muscles were subsequently thawed,
then denatured using dithiothreitol (DTT) and trichloroacetic
acid (TCA) and homogenized by mortar and pestle until a
consistent mixture was obtained. After centrifugation at
2000 rpm for 2 min, the supernatant was poured off and the
remaining pellet was then washed using ethyl ether to remove
excess TCA. The pellet was then resuspended in a urea-based
sample buffer and urea crystals were added, as necessary, to
achieve complete saturation and solubilize the RLC of each
sample. Following this, samples were pipetted into separate
wells of a Bio-Rad minigel electrophoresis apparatus (10 μL
per sample) containing a polyacrylamide gel with the addition
of glycerol for density. Gels were run for 85 min at 400 Vand
then transferred to a nitrocellulose membrane using a non-
conducting gel-membrane cassette submerged in transfer
buffer. After transfer, the membranes were washed with Tris-
buffered saline + Tween 20 (TBST), followed by incubation in
blocking buffer for 1 h to prevent blocking of non-specific
protein binding. Lastly, the nitrocellulose gels were incubated
with 1° (1:7500) antibody (RLC) and were then stored over-
night at ~4 °C. The next day, the membranes were washed
with TBST to remove 1° antibody, immediately followed by
incubation with 2° (1:10,000) goat anti-rabbit IgG-horseradish
peroxidase (Santa Cruz Biotechnology, Inc.) in TBST for 1 h
at room temperature. The membranes were then incubated
with a detection buffer for 3 min and rinsed with dH20 before
being placed in a FluorChem 5500 for exposure and photo-
analysis.

Statistical analysis The data was checked for normality using
a Shapiro-Wilk test. A two-way repeated measures ANOVA
was used to test for the influence of shortening speed and
activation state (unpotentiated vs potentiated) on each contrac-
tile measure for each genotype. A separate two-way factorial
ANOVA (2 × 8) was used to test for the influence of genotype
and shortening speed on the relative change in each of the
contractile measures. A two-way ANOVAwas used to exam-
ine the influence of genotype and activation state on RLC
phosphorylation content. A Holm-Sidak’s post hoc test was
used to test for differences of all main effects. Differences
were considered significant if P < 0.05. Data are presented
as means ± SEM.

Results

Concentric forces of WT and skMLCK−/− muscles
Representative records depicting unpotentiated and potentiat-
ed contractions of WTand skMLCK−/− muscles at two differ-
ent speeds are shown in Fig. 2. Although evident in both
genotypes, this example demonstrates the much greater poten-
tiation of concentric force (and thus work and power) of WT
muscles at fast speeds compared to skMLCK−/− muscles. In

addition, these records reveal the complete absence of poten-
tiation at slow speeds in skMLCK−/− muscles. The specific
tensions measured before and after the PS at each speed for
all experiments are compiled in Table 1 for both WT and
skMLCK−/− muscles. No statistically significant differences
in unpotentiated (i.e., pre-PS) specific tension were detected
between genotypes at any speed. In addition, the PS altered
the specific tension of muscles at every speed, with the direc-
tion and magnitude of change depending on both genotype
and shortening speed. The relative increase in these forces at
each speed for both genotypes is shown in Fig. 3. These data
clearly show the genotype and shortening speed-dependent
changes in relative concentric force found during our experi-
ments. For example, concentric force was increased approxi-
mately twofold more in WT than in skMLCK−/− muscles at
0.30–0.70 Vmax. On the other hand, at 0.05–0.20 Vmax, con-
centric force was increased in WT muscles but was either

Fig. 2 Concentric forces of WT and skMLCK−/− muscles before and
after a PS. Representative force records showing influence of genotype
on concentric force potentiation at 0.50 Vmax of EDL muscles in vitro
(25 °C). Records from WT muscles shown on the left side and records
from skMLCK−/− muscles shown on the right side. Top panel shows the
length traces with scale, middle panel shows the pre- and post-PS
(unpotentiated and potentiated, respectively) total and active force records
superimposed along with passive (dashed line) response, and bottom
panel shows the active force records (total-passive) for pre- and post-PS
conditions. These records illustrate the effect of the two closely spaced
stimulus pulses (i.e., 10 ms), a protocol that produces maximal force
development in a short time window compared to single pulses (i.e.,
twitches) or lower-frequency stimuli [26]. To facilitate comparisons be-
tween genotypes, the unpotentiated force records of the skMLCK−/−mus-
cle were scaled to those of the wild-type muscle; the potentiated force
records were then adjusted accordingly. In these examples, mean active
concentric force was increased by ~30 and 15 % in the WT and the
skMLCK−/− muscle, respectively. The vertical line depicts the start of
ramp shortening. Time and force scales are shown at the bottom. See
BMethods^ section for more details. For clarity, only one length record
and only the unpotentiated passive trace are shown
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decreased or unchanged in skMLCK−/− muscles. Thus, dis-
tinct differences in concentric force potentiation were ob-
served between genotypes at both fast and slow speeds of
shortening.

Mean power output of WT and skMLCK−/− muscles The
absolute unpotentiated and potentiated values for mean power
output of WT and skMLCK−/− muscles are shown in Table 2.
Similar values for power were reported by Xeni et al. [41]
using the same experimental model and temperature. Similar
to our force data, no statistically significant differences in
unpotentiated power were detected between genotypes at
any speed. The PS did, however, alter power of muscles in a
genotype-dependent manner. The relative (post-PS/pre-PS)
increase in power output at each speed for each genotype is
shown in Fig. 3b. Comparison of the relative force and power
data plotted in Fig. 3a, b, respectively, reveals the extent to
which power reflected force in our experiments. Moreover,
the greatest increases in power caused by the PS were ob-
served at a range of speeds expected to produce the greatest
power (i.e., 0.30–0.70 Vmax) in both genotypes. At these
speeds, power was potentiated in both genotypes but was
clearly potentiated a great deal more in WT muscles than in
skMLCK−/−muscles. By contrast, at slower speeds (i.e., 0.05–
0.20 Vmax), power was potentiated only in WT muscles. In
terms of peak power (W•kg−1), output values for both geno-
types tended to be approximately twofold greater than mean
power at all speeds (data not shown). The genotype-dependent
difference we reported for mean power was retained when
relative peak power was calculated, however (i.e., WT and
skMLCK−/−muscles increased by 21–34 and 7–16 %, respec-
tively). The only difference in this respect was that skMLCK−/

− muscles displayed moderate increases, and no decreases, in
relative peak power at low speeds of shortening.

The force-velocity responses of WT and skMLCK−/− mus-
cles obtained from muscles before and after the PS are shown
in Fig. 4a, b, respectively. Comparison of these plots reveals
the extent to which unpotentiated force-velocity characteris-
tics of both genotypes were similar. In contrast, although po-
tentiation greatly reduced the concavity of the force-velocity
characteristics of both genotypes, these plots reveal unequiv-
ocal genotype-dependent differences. For example, in WT
muscles, the difference between unpotentiated and potentiated

Fig. 3 Force and power ofWTand skMLCK−/−muscles before and after
a PS. a Relative (post-PS/pre-PS) concentric force of WTand skMLCK−/

−muscles at each speed tested. Curve fit toWTand skMLCK−/−data set is
a second-order polynomial with r2 = 0.93 and 0.94, respectively. b
Relative (post-PS/pre-PS) power forWTand skMLCK−/−muscles at each
speed tested. Curve fit to WT and skMLCK−/−data set is a second-order
polynomial with r2 = 0.94 and 0.98, respectively. *WT value greater than
1.00 at all speeds (P < 0.05). **skMLCK−/− value greater than 1.00 at
speeds indicated (P < 0.05). ***skMLCK−/− value less than 1.00 at
speeds indicated (P < 0.05). †WT value different from skMLCK−/− value
at all speeds (P < 0.05). All values derived from data presented in Tables 1
and 2, respectively

Table 1 Mean stress of EDL muscle from WT and skMLCK−/− mice before and after stimulation

Genotype Shortening speed

Condition 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70

WT Pre-PS 23.5 ± 1.72 20.3 ± 1.81 17.5 ± 1.25 14.5 ± 1.14 12.8 ± 1.08 10.4 ± 0.74 9.3 ± 0.65 7.5 ± 0.68

Post-PS 25.3 ± 2.11* 22.6 ± 2.13* 20.8 ± 1.70* 19.1 ± 1.39* 17.2 ± 1.29* 14.6 ± 1.08* 12.6 ± 0.91* 10.3 ± 0.96*

skMLCK−/− Pre-PS 24.2 ± 1.93 22.2 ± 1.93 18.8 ± 1.71 15.2 ± 1.38 13.4 ± 1.15 11.3 ± 0.85 10.3 ± 0.98 8.1 ± 0.71

Post-PS 21.6 ± 1.38* 20.7 ± 1.75* 19.2 ± 1.40 17.5 ± 1.47* 16.1 ± 1.25* 13.5 ± 1.04* 12.1 ± 1.02* 10.0 ± 0.89*

Values presented as mean ± SEM (n = 10). Mean specific tension expressed as g/mm2 . Shortening speed expressed as V/Vmax. Relative change is
calculated as post-PS value divided by pre-PS value at each speed for each genotype. Intraspeed differences in force were not analyzed for either
genotype. No differences in unpotentiated stress were detected between genotypes at any speed

WTwild-type EDL, skMLCK−/− skMLCK devoid EDL

*Within genotype post-PS value different from pre-value (P < 0.05)
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curves, although present at all speeds, was greatest at interme-
diate speeds of shortening. In contrast, the difference between
the curves was minimal at intermediate speeds of shortening
in skMLCK−/− muscles. When combined with the absence or
minimal level of potentiation at low and fast speeds of

shortening, respectively, it is clear that genotype-dependent
differences in force-velocity characteristics were present in
potentiated, but not unpotentiated, muscles.

Force kinetics of WT and skMLCK−/− muscles Absolute
values for the rate of concentric force development (+dF/
dt) are shown in Table 3. Consistent with our force data,
no genotype-dependent differences in unpotentiated +dF/
dt were detected. Relative changes to +dF/dt are shown in
Fig. 5a and show that although increased in both geno-
types, these increases were greater for WT than for
skMLCK−/− muscles at all speeds. Interestingly, the mag-
nitude of increase to +dF/dt was relatively constant across
all speeds in both genotypes (22–28 and 9–16 % in WT
and skMLCK−/− muscles, respectively). Absolute values
for concentric force relaxation rate (−dF/dt) are shown
in Table 4 with relative changes shown in Fig. 5b.
Similar to our data for +dF/dt, no genotype-dependent
differences in unpotentiated −dF/dt were observed at any
speed. In addition, no consistent genotype-dependent dif-
ferences in relative −dF/dt were found as this parameter
was increased similarly in WT and skMLCK−/− muscles at
most speeds. The only exception to this trend was during
shortening at 0.05 Vmax, where skMLCK−/− muscles
displayed a greater relative −dF/dt than WT muscles.
Finally, the magnitude of increase to relative −dF/dt
caused by the PS was highly speed dependent in both
genotypes, being increased more at speeds ≤0.30 Vmax

than at speeds ≥0.40 Vmax.

Myosin RLC phosphorylation A representative blot show-
ing WT and skMLCK−/− data and a graph summarizing all
RLC phosphorylation data are shown in Fig. 6. Consistent
with previous studies [14, 17, 42], the PS produced large ele-
vations in the RLC phosphorylation of WT but not in
skMLCK−/− muscles.

Fig. 4 Power-velocity curves of WT and skMLCK−/− muscles before
and after a PS. a Relative (post-PS/pre-PS) power-velocity curve for
wild-type muscles. Unpotentiated curve was generated by dividing
unpotentiated value obtained at each speed by unpotentiated value at
0.05 Vmax. Potentiated curve was generated by dividing each potentiated
value by unpotentiated value at 0.05 Vmax. Curve fits are second-order
polynomials with r2 ≥ 0.99. b Relative (post-PS/pre-PS) power-velocity
curve for skMLCK−/− muscles. Unpotentiated curve was generated by
dividing unpotentiated value obtained at each speed by unpotentiated
value at 0.05 Vmax. Potentiated curve was generated by dividing each
potentiated value by unpotentiated value at 0.05 Vmax. Curve fits are
second-order polynomials with r2 ≥ 0.99. *Significantly different from
1.00 at speeds indicated (P < 0.05). All values derived from data present-
ed in Tables 3 and 4

Table 2 Mean power output of EDL muscle from WT and skMLCK−/− mice before and after stimulation

Genotype Shortening speed

Condition 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70

WT Pre-PS 4.3 ± 0.32 7.6 ± 0.68 13.1 ± 0.94 16.4 ± 1.31 19.0 ± 1.63 19.7 ± 1.40 19.5 ± 1.55 19.3 ± 1.74

Post-PS 4.6 ± 0.38 8.4 ± 0.77 15.4 ± 1.24 21.6 ± 1.53* 25.5 ± 1.90* 27.4 ± 2.00* 26.9 ± 2.15* 26.6 ± 2.39*

skMLCK−/− Pre-PS 4.4 ± 0.37 8.2 ± 0.70 13.8 ± 1.20 16.9 ± 1.45 19.6 ± 1.60 21.0 ± 1.57 20.7 ± 1.65 20.5 ± 1.76

Post-PS 3.9 ± 0.28 7.6 ± 0.68 14.1 ± 1.02 19.4 ± 1.61* 23.6 ± 1.81* 25.1 ± 1.89* 25.3 ± 2.07* 25.5 ± 2.26*

Values presented asmean ± SEM (n = 10). Power calculated as described in BMethods^ section and expressed asW•kg−1 . Shortening speed expressed as
V/Vmax. Relative change is calculated as post-PS value divided by pre-PS value at each speed for each genotype. Intraspeed differences in force were not
analyzed for either genotype. No differences in unpotentiated stress were detected between genotypes at any speed

WTwild-type EDL, skMLCK−/− skMLCK devoid EDL

*Within genotype post-PS value different from pre-value (P < 0.05)
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Discussion

Our main finding was that the peak power output of
skMLCK−/− muscles was reduced compared to WT mouse
EDL muscles, indicating that skMLCK-catalyzed phosphory-
lation of the RLC is required for attaining maximal concentric

power. For example, of our four main conditions, the potenti-
ated state of wild-type muscles displayed the greatest absolute
power.Moreover, although power at all shortening speeds was
increased, the biggest relative increase between WT and
skMLCK−/− muscles was observed at intermediate shortening
speeds producing the most power (in both genotypes). Thus,
although skMLCK−/− muscles did potentiate at most speeds,
our data indicate that skMLCK-catalyzed phosphorylation of
the RLC is required for both submaximal and maximal power
of mouse EDL muscle in vitro (25 °C).

The present study supports previous work associating RLC
phosphorylation with increased concentric function of mouse
fast skeletal muscle. For example, Xeni et al. [41] used mouse
EDL to demonstrate correlations between stimulation-induced
elevations in RLC phosphorylation and the potentiation of
concentric twitch force, work, and power at a fixed shortening
speed (i.e., 0.25 Vmax). The present results extend these obser-
vations by showing that, because skMLCKmuscles displayed
significant deficits in peak power, the skMLCK-catalyzed
phosphorylation of the RLC is required for peak power during
shortening at fast and slow speeds. The potentiation of power
we observed in both genotypes can be attributed to the in-
creased mean concentric force we observed at every speed in
WT and at most speeds in skMLCK−/− muscles. Because the
shortening ramps we used mimicked the shortening trajecto-
ries determined from the muscles from freely moving mice [5,
21, 24], this potentiation is likely to be functional for in vivo
locomotion.

An important aspect of the present study is that it confirms
previous studies linking the absence of RLC phosphorylation
with reduced potentiation in muscles from skMLCK−/− mice.
The mechanism responsible for the residual potentiation ob-
served in skMLCK−/−muscles is unknown but may be related
to an enhanced Ca2+-activation of the contractile apparatus.
For example, elevations in resting myoplasmic Ca2+ levels
following stimulation have been observed in frog skeletal
muscle fibers at cold temperatures [11, 12]. More recently,

Table 3 Rate of concentric force development of EDL muscle from WT and skMLCK−/− mice before and after stimulation

Genotype Shortening speed

Condition 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70

WT Pre-PS 2319 ± 254 2240 ± 280 2047 ± 226 1868 ± 232 1709 ± 220 1536 ± 184 1466 ± 179 1301 ± 149

Post-PS 2875 ± 305* 2713 ± 302* 2521 ± 265* 2313 ± 270* 2120 ± 262* 1946 ± 224* 1790 ± 212* 1617 ± 204*

skMLCK−/− Pre-PS 2250 ± 177 2218 ± 181 2138 ± 175 1934 ± 153 1792 ± 133 1596 ± 116± 1515 ± 122 1337 ± 112

Post-PS 2579 ± 196* 2497 ± 205* 2311 ± 167* 2169 ± 177* 2034 ± 151* 1850 ± 131* 1731 ± 121* 1515 ± 122*

Values presented as mean ± SEM (n = 10). Rate of concentric force development (+dF/dt) calculated as described in BMethods^ section and expressed in
mN s−1 . Shortening speed expressed as V/Vmax. Relative change is calculated as post-PS value divided by pre-PS value at each speed for each genotype.
Intraspeed differences in force not analyzed for either genotype. No differences in unpotentiated stress were detected between genotypes at any speed

WTwild-type EDL, skMLCK−/− skMLCK devoid EDL

*Within genotype post-PS value different from pre-value (P < 0.05)

Fig. 5 Concentric force kinetics of WT and skMLCK−/− muscles before
and after a PS. a Relative (post-PS/pre-PS) rate of concentric force
development (+dF/dt) for WT and skMLCK−/− muscles. Respective
curves derived by dividing post-PS responses by pre-PS responses at each
speed (within genotype). b Relative (post-PS/pre-PS) rate of concentric
force relaxation (−dF/dt) for WT and skMLCK−/− muscles. *WT or
skMLCK−/− potentiated value different from 1.00 (unpotentiated) value
at speeds indicated (P < 0.05). †WT value different from skMLCK−/−

value at that speed (P < 0.05). All values derived from data presented in
Tables 3 and 4, respectively
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Smith et al. [34] showed that the potentiation of isometric
twitch force following high-frequency stimulation was asso-
ciated with elevations in resting myoplasmic Ca2+ levels
([Ca2+]i) in the mouse lumbrical muscle (at 37 °C).
Mechanistically, elevations in resting [Ca2+]i may Bpre-load^
or saturate intracellular Ca2+ buffers, an effect that may bias
Ca2+ binding to TnC. On the other hand, Abbate et al. [3] did
not find any evidence that the potentiation caused by a high-
frequency volley alters resting [Ca2+]i of intact mouse flexor

brevis fibers. Nevertheless, it seems possible to hypothesize
that the residual potentiation displayed by skMLCK−/− mus-
cles or by denervated or disused fast rat skeletal muscle is due
to this or a related mechanism [27, 32].

Force kinetics Inspection of the data in Tables 3 and 4 and
Fig. 5 make clear that the PS dramatically altered force kinet-
ics in both genotypes. Although we used tetanic (100 Hz)
stimulation, each contraction was brief and consisted of only
two pulses; our force profiles are very comparable to twitch
contractions. In this regard, potentiated isometric twitches
have been shown to display enhanced rates of force develop-
ment that are strongly correlated with RLC phosphorylation
[38, 39]. Although the relative increase in +dF/dt caused by
the PS was uniform across all shortening speeds tested for
each genotype (Fig. 5), this parameter was higher inWTmus-
cles than in skMLCK−/− at every speed tested. Thus, although
there is a RLC phosphorylation-independent component, the
nature of which is unknown; RLC phosphorylation is required
for maximal +dF/dt. In addition, consistent with previous
studies, the muscles of both genotypes displayed increases in
relative −dF/dt at all speeds following the PS [15]. This in-
crease in relative −dF/dt was similar in both genotypes at
shortening speeds equal to or above 0.10 Vmax, suggesting that
this effect was largely independent of RLC phosphorylation.
Changes of this order to this parameter may have significant
ramifications for force development during unfused or partial-
ly fused contractions. Indeed, the large increases in relative
−dF/dt observed in both genotypes at slow speeds of shorten-
ing may have reduced concentric force summation of
skMLCK−/− muscles; in contrast, because the change to rela-
tive −dF/dt was not as great and the change in relative +dF/dt
was greater, alterations to force kinetics did not mitigate force
potentiation to as great a degree in WT muscles.

The interactions between force kinetics and potentiation we
observed in WT and skMLCK−/− muscles may suggest a role
for RLC phosphorylation in modulating force summation

Table 4 Rate of concentric force relaxation of EDL muscle from WT and skMLCK−/− mice before and after stimulation

Genotype Shortening speed

Condition 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70

WT Pre-PS 1290 ± 118 1108 ± 106 868 ± 82 845 ± 82 829 ± 84 813 73± 662 ± 67 659 ± 66

Post-PS 1761 ± 191* 1713 ± 184* 1616 ± 173* 1301 ± 116* 1002 ± 92* 916 ± 83* 760 ± 76* 751 ± 67*

skMLCK−/− Pre-PS 1115 ± 157 989 ± 124 845 ± 86 818 ± 78 826 ± 77 780 ± 67 747 ± 69 648 ± 69

Post-PS 1708 ± 246* 1690 ± 246* 1580 ± 213* 1286 ± 164* 1019 ± 113* 870 ± 84* 804 ± 77* 712 ± 77*

Values presented as mean ± SEM (n = 10). Rate of concentric force relaxation (+dF/dt) calculated as described in BMethods^ section and expressed in
mN s−1 . Shortening speed expressed as V/Vmax. Relative change is calculated as post-PS value divided by pre-PS value at each speed for each genotype.
Intraspeed differences in force not analyzed for either genotype. No differences in unpotentiated stress were detected between genotypes at any speed

WTwild-type EDL, skMLCK−/− skMLCK devoid EDL

*Within genotype post-PS value different from pre-value (P < 0.05)

Fig. 6 RLC phosphorylation inWTand skMLCK−/−muscles before and
after a PS. a Representative urea/glycerol PAGE blot of phosphorylated
and non-phosphorylated myosin RLC from individual WT and
skMLCK−/− mouse EDL muscle. The blot shows how the PS produced
an easily detected phosphorylated band in WT but not skMLCK−/− mus-
cles. The middle band is an unidentified protein (see [42] and [33] for
discussion). b Summary data for RLC phosphorylation for WT and
skMLCK−/− muscles at rest (pre-PS, open bars) and after (post-PS, black
bars) stimulation. Values are presented as mean and ±SEM (n = 4).
*Significantly different from the rest (pre-PS) (P < 0.05). †skMLCK−/−

value different from WT value within that condition (p < 0.05)
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during unfused contractions. Because skMLCK−/− muscles
displayed greater increases in relative −dF/dt than did WT
muscles at 0.05 Vmax, we are tempted to suggest that RLC
phosphorylation slowed relaxation rate at these speeds (i.e.,
the change in relative −dF/dt was not as great). Indeed, RLC
phosphorylation has been associated with a slowed relaxation
rate from high-force contractions in intact mouse and cat mus-
cle (e.g., [10, 14]) as well as in permeabilized rabbit skeletal
fibers [30]. Although the mechanism for any such effect is
unclear, it may mitigate reductions in force due to
contraction-mediated increases in relaxation rate of murine
fast twitch skeletal muscle.

Peak power and shortening speed The shortening speed at
which mechanical power is maximized is a key feature of
skeletal muscle function (e.g., [6]). Work on rat skeletal mus-
cle in situ has shown that the velocity at which power peaks is
shifted to a higher fraction of Vmax in the potentiated state [2].
We did not observe this effect in our experiments, however, as
peak power occurred at the same shortening speed in both the
unpotentiated and potentiated states for both genotypes. This
may have been related to the fact that our power-velocity
curves displayed a very broad peak of values over 0.35–0.55
of Vmax compared to other studies (e.g., [8]). Because stimu-
lation timing and parameters were held constant throughout,
active force development encompassed a lower percent of
overall shortening amplitude at low compared to fast speeds.
Thus, the peak of concentric force development occurred at
slightly shorter muscle lengths at slow than at fast speeds.
Also, although we have been unable to detect a length depen-
dence for concentric force potentiation when examined within
the same contraction [16, 41], the possibility remains that a
length dependence for concentric force potentiation exists as it
does for isometric potentiation [32]. If so, this effect may have
obviated our ability to detect shifts in the power-velocity rela-
tionship with potentiation. Finally, even though we did not
attempt to control sarcomere length, our experimental condi-
tions likely mimic in vivo conditions to a greater degree than
experiments in which sarcomere length is controlled.

Limitations to genetic model Previous work has shown no
apparent differences between EDL muscles of WT and
skMLCK−/− muscles in terms of contractile performance or
fiber type [14, 33, 34, 42]. Because it was not higher than that
observed in unstimulated WT muscles, the RLC phosphory-
lation observed in stimulated skMLCK−/− muscles was as-
sumed to be non-modulatory in nature. As a result, we have
interpreted our results under the assumption that the presence
of skMLCK-catalyzed phosphorylation of the RLC, and at-
tendant increases in the Ca2+ sensitivity of force development,
was the main/only phenotype difference between WT and
skMLCK−/− muscles. The corollary to this assumption is that
the mechanism for the residual potentiation displayed by

skMLCK−/− muscles was also present in WT muscles. An
important caveat to the above assumptions is that we cannot
rule out adaptations in the transcriptome of skMLCK−/− mus-
cles that renders these assumptions invalid. Indeed, little can
be known regarding how Brescuing^ RLC phosphorylation in
skMLCK−/−muscles would modulate contraction beyond that
which is already apparent. More work comparing the identity
of the fast phenotype gene program in wild-type and skMLCK
ablated mice is needed before the deficits associated with the
absence of RLC phosphorylation in skMLCK−/− muscles can
be established with absolute certainty.

In summary, we found that ablation of the skMLCK gene
and absence of RLC phosphorylation reduce the maximal
possible power output of mouse fast muscle. Thus, although
skMLCK−/− muscles display an RLC phosphorylation-
independent form of potentiation, their peak contractile func-
tion is impaired compared to wild-type muscles. Because
skMLCK-catalyzed phosphorylation of the RLC is required
for maximal concentric force, work, and power, our results
suggest that this molecular mechanism may occupy an impor-
tant biological role for muscle function in vivo.
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