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Muscle contraction results from force-generating cross-bridge interactions
between myosin and actin. Cross-bridge cycling kinetics underlie funda-
mental contractile properties, such as active force production and energy
utilization. Factors that influence cross-bridge kinetics at the molecular level
propagate through the sarcomeres, cells and tissue to modulate whole-
muscle function. Conversely, movement and changes in the muscle length
can influence cross-bridge kinetics on the molecular level. Reduced, single-
molecule and single-fibre experiments have shown that increasing the strain
on cross-bridges may slow their cycling rate and prolong their attachment dur-
ation. However, whether these strain-dependent cycling mechanisms persist in
the intact muscle tissue, which encompasses more complex organization and
passive elements, remains unclear. To investigate this multi-scale relationship,
we adapted traditional step-stretch protocols for use with mouse soleus
muscle during isometric tetanic contractions, enabling novel estimates of
length-dependent cross-bridge kinetics in the intact skeletal muscle. Com-
pared to rates at the optimal muscle length (L,), we found that cross-bridge
detachment rates increased by approximately 20% at 90% of L, (shorter)
and decreased by approximately 20% at 110% of L, (longer). These data indi-
cate that cross-bridge kinetics vary with whole-muscle length during intact,
isometric contraction, which could intrinsically modulate force generation
and energetics, and suggests a multi-scale feedback pathway between
whole-muscle function and cross-bridge activity.

1. Introduction

Skeletal and cardiac muscles have robust length-dependent properties that
influence active force generation. These have been primarily investigated at
the single fibre and myofibril scale, through which studies have elucidated
how filament overlap, lattice spacing, calcium sensitivity and other properties
can change with the length of a muscle fibre to alter force [1-7]. Other studies
have shown that actin-myosin cross-bridge kinetics slow at longer sarcomere
lengths in skinned (permeabilized) skeletal and cardiac muscle fibres [8,9], a
mechanism that may contribute to the Fenn effect and underlie contractile effi-
ciency of cardiac and skeletal muscle during physiological movements [10-12].
However, the effects of varied muscle length on cross-bridge kinetics in an
intact skeletal muscle preparation remain undefined. This is an important
point of study because the whole muscle is connected to the tendon and
other connective tissue, which influence the length changes in the muscle and
consequently its force generation. We hypothesize that the strain-dependent
myosin activity extends from the molecular and cellular levels to influence con-
tractile properties at the intact muscle tissue level. Support of this hypothesis
implies that length-dependent myosin activity impacts muscle function under
physiological conditions, not just under reduced experimental conditions.

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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Sinusoidal length perturbations across a range of frequen-
cies have helped described that the muscle stress response
arises from the cross-bridge activity and passive elements
of the muscle [13]. This approach has been further developed
to describe characteristics of muscle work production
(i.e. cross-bridge recruitment rates) and work absorption (i.e.
cross-bridge detachment rates) for a contracting muscle
[13-15]. Frequency-dependent length perturbation analysis
methods are difficult to apply to intact muscle preparations
due to the relatively long duration that a muscle must maintain
steady tetanic contraction (to resolve the low-frequency
responses). An alternative method is used to apply a small
step-stretch perturbation to the muscle and to measure the
time-dependent force response [16-20]. In this study, we applied
step-stretches of 1% change in length (AL) to intact, isometric,
tetanically contracting mouse soleus muscle-tendon unit
(MTU). The time-dependent stress—strain response was fitted
to a mathematical model [15] that is analogous to the fre-
quency-dependent model we used to estimate cross-bridge
kinetics in permeabilized muscle fibres [8,9]. This model consists
of: (i) an exponential process describing the rapid decay in stress
following the stretch, used to estimate cross-bridge detachment
rate (akin to phase 2 of Huxley and Simmons [17]); (ii) an expo-
nential process describing the slower redevelopment of stress
following the stretch, used to estimate cross-bridge attachment
rate (akin to phase 3 [17]); and (iii) a fractional derivative repre-
senting the viscoelastic stress response following the stretch,
due to passive elements in the muscle-tendon unit responding
to a new length (or loading regime).

We initially tested our ability to estimate cross-bridge kin-
etics using this model, showing the expected temperature-
dependent acceleration of cross-bridge recruitment and
detachment rates from 17°C to 27°C. Next, we proceeded to
estimate length-dependent effects on cross-bridge recruit-
ment and detachment kinetics at optimal muscle length
(Ly), at 0.9 L, and at 1.1 L, to characterize the effect of the
MTU length on cross-bridge kinetics. Our data provide
further evidence that the muscle length directly influences
cross-bridge kinetics in a contracting muscle, which implies
that a length-dependent mechanism at the cross-bridge
level modulates intact muscle efficiency.

2. Materials and methods

(a) Animal models

All procedures were approved by the Institutional Animal Care
and Use Committee at Washington State University and
complied with the Guide for the Use and Care of Laboratory Animals
published by the National Institutes of Health. Ten male C57BL/
6 mice (7 weeks old; Simonsen Laboratories) were anaesthetized
by isoflurane inhalation (3% volume in 95% O,~5% CO, flowing
at 2 1min™"). A soleus MTU was removed (one per mouse), pre-
serving as much of the proximal and distal tendons as possible,
and immediately placed in the experimental chamber containing
oxygenated Ringer’s solution.

(b) Tetanic step procedure

Soleus muscles were suspended in a temperature-controlled
(17°C or 27°C), oxygenated chamber (95% O,-5% CO,) with
the distal tendon (and a small piece of the calcaneus) sutured
onto a force transducer (Aurora Scientific 407A; response time
of 2 ms for 1%-99% of the motor’s length range), and the proxi-
mal tendon was sutured onto a length controller (Aurora

Scientific 305C). The length of suture needed to securely attach
the MTU was kept to a minimum, and the MTU was tied directly
to the metal hook on the motor or force transducer, both of which
helped reduce added compliance between the MTU preparation
and equipment. Muscles were equilibrated with Ringer’s sol-
ution (154 mM NaCl, 5.6 mM KCl, 1mM MgCl,, 2.2 mM
CaCl,, 10 mM glucose, 20 mM HEPES, pH 7.4 [21]) for 5 min.
Muscles were field stimulated (Aurora scientific 701C) via paral-
lel electrode plates along the length of the chamber at 20V
(0.2 ms pulse width) and 100 Hz to measure the maximum iso-
metric tetanic force (figures 1 and 2). Muscle length was set by
changing the motor position in relation to the force transducer.
Optimal MTU length (L,) was determined by tetanically stimu-
lating the muscle at multiple lengths (minimum of 5 lengths,
each followed by at least 3 min rest to minimize fatigue). Maxi-
mal tetanic stress values were determined by averaging the
stress versus time data over the final 20 ms of the stimulation
period, before the end of electrical excitation. L, was then defined
as the length that generated maximum active force (total force
minus passive force) along the force-length curve (figure 2).
Once L, was established, the MTU was set to one of the three
lengths: L,, 90% of L, or 110% of L,. Tetanic contraction was
then induced in the muscle for 2s, with a 1% step-stretch
increase in the MTU length at each of the three lengths tested,
applied at 1s and held for the remainder of the activation
period (figure 3). We used constant strain for the step amplitude
rather than the constant absolute length to normalize and com-
pare muscles of different sizes. This procedure was then
repeated for the remaining two lengths and then again for all
three lengths at the other test temperature. The order of the
MTU length and the temperature of the chamber (17°C or
27°C) were randomized for each experiment to reduce the poss-
ible influence of fatigue.

After mechanical experiments were completed, muscle and
tendons were separated, measured and weighed to estimate the
physiological cross-sectional area (CSA [23]):

m X cos (0)

CSA = G xp (2.1)
where m is muscle mass, 8 is pennation angle (=8.5° for soleus
muscle [24]), Lysis fibre length calculated from the fibre-to-muscle
length ratio (=0.71 for soleus muscle [25]) and p is the muscle
density (=1.06 mg mm™ [26]). The average CSA of the soleus
muscle was 1.01 + 0.07 mm?. Force was then divided by the CSA
to calculate stress.

() Step length perturbation analysis

The striated muscle responds to a sudden length increase with a
force response that has classically described the following
‘phases’ [17,19,20,27]. In phase 1, the force rises instantaneously
as attached cross-bridges and elastic elements are strained (figure 3,
0p to 7). In phase 2, the force decays as cross-bridges detach in a
synchronized manner (figure 3, o; to o,). Next, the force rises in
phase 3 due to cross-bridge recruitment, the force response plateaus
at an elevated level (i.e. Ggna > 0p) due to passive properties of the
muscle at the new, longer muscle length (i.e. stretching tendon, con-
nective tissue, titin and collagen). These phases are a time-domain
representation of the same processes observed in the frequency
domain via sinusoidal length perturbation analysis, both of
which describe enzymatic and mechanical properties of the
muscle [13,15,28]. The time-dependent viscoelastic stiffness, or
modulus response, Y(t) = o(t)/(t), arises from the time-dependent
stress response (o(t)) to the muscle strain (g(t)). The step-function
change in the muscle length can be characterized by equation
(2.2), as described by Palmer et al. [15]:

Y(t) = At™* — Be 2™ 4 Ce ™, (2.2)
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Figure 1. Tetanic stress of electrically stimulated mouse soleus muscle. (a) Average muscle stress (solid lines) is plotted against time for three muscle lengths:
optimal length (L,) and +10% MTU length of L, (shaded regions represent SEM for each length). Tetanic contractions were elicited for 15 via 20 mV stimuli at
100 Hz, with example data shown solely for 17°C. (b) Maximal stress of tetanically stimulated muscle at three muscle lengths for 17°C and 27°C. (c) Maximal stress
was determined as average stress over the final 20 ms before the end of electrical excitation. Asterisks denote differences from the measured value at L, within a
temperature (p < 0.05), and the dagger denotes differences between temperatures for the same muscle length. n =10 muscles.

The molecular, cellular and tissue characteristics described by
equation (2.2) represent a model appropriately describing Y(t) for
the measured stress—strain response between o; and Gfina, With
the initial time-point occurring at the onset of the strain stimulus
(i.e. t=0at f, for oy; figure 3). Parameter A represents the combined
mechanical stress of the muscle and tendon, while parameter k
describes the viscoelasticity of the passive elements; a k value of 0
represents a purely elastic response and a k value of 1 represents
a purely viscous response [29]. The B and C processes are analo-
gous to the work-producing and work-absorbing process
described earlier during phase 3 for cross-bridge recruitment and
phase 2 for cross-bridge detachment [14,15,30,31]. B and C rep-
resent the mechanical stress from the bound cross-bridges, and
2nb and 2nc reflect cross-bridge recruitment rate and detachment
rate, respectively.

To best emulate physiological conditions, both the proximal
and distal tendons of the muscle preparations were left
intact. However, the tendons add an additional in-series elastic
element that should be considered when applying the small
step analysis to ensure that the muscle (and not tendon) is

primarily experiencing the perturbation. We calculated the
tendon area and the length to provide an estimate of tendon
stiffness (Kp) [32]:

_ EAr

Kr= ==L, (2.3)

I
where E is the elastic modulus (reported to be approximately 62
N mm™2 for mouse soleus tendon [33]), Ay is the calculated
tendon area (0.59 mm?) and Iy is the measured tendon length
(72+0.18 mm) at L,. Thus, we roughly estimate Kr=5.1
N mm™". Average MTU L, was 15.22 +0.37 mm, so a 1% step-
stretch stretched the MTU 0.15 mm. This stretch produced an
average increase in the force of 0.16 N (phase 1) for MTU stiffness
(Kare) of 1.05 Nmm™ Solving for muscle stiffness (Kyy):

KmKr

—, 2.4
Ky + Kr ( )

Kpru =

we estimate average K,, = 1.3 N mm™". These values suggest that
tendon stiffness is approximately four times greater than muscle
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Figure 2. Composite force—length relationship from 10 MTUs. Each MTU was stimulated at 20 V and 100 Hz of 0.2 ms pulse width for 1 s. Each colour represents a
single MTU from a single mouse. Force measurements were made at 5—7 lengths from each muscle. Dashed line represents a fourth-order polynomial fit to the

composite data [22].
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Figure 3. Protocol for step-stretch and modulus response of an example muscle during tetanic muscle contraction. Upper trace: motor position is plotted against
time, where the MTU was stretched 1% of the total MTU length and then held at that longer length to enable measurement of the muscle stress—strain relationship.
Middle trace: active muscle stress (o) was plotted against time; muscle stress increased toward maximal isometric stress as the muscle was stimulated, and then
stress briefly spiked with the step-stretch change (i.e. the strain stimulus initiated at time t = t;), followed by stress decaying towards a new steady-state value at
the longer MTU length. The open circle at o denotes muscle stress at time ¢ = t,, representing the tetanic stress value when the step-stretch was applied. Maximal
stress is denoted by o (open circle), and the nadir of the subsequent stress response is denoted by o, (open circle). The closed circle at o/, represents the time-
point and stress value 50% of the way between o and o,. Left inset: enhanced time scale of the rise and fall phase surrounding the step-stretch. Right inset: the
modulus response as function of time (¥(t) = stress (t)/strain (t)), decaying from the maximum value at o, was fitted to equation (2.2) to estimate kinetic
parameters. Bottom trace: passive muscle stress plotted against the same time scale with a step-stretch protocol, but in the absence of electrical stimulation.

stiffness, and thus we assume that for a given length increase, the
muscle fibres experienced the majority of the length change from
the step-stretch, with minimal work done on the tendon.

(d) Statistical analysis

All data are listed as mean + s.e.m. Sequential quadratic program-
ming methods in Matlab (v. 9.4.0, The Mathworks) were used for
constrained non-linear least-square fitting of equation (2.2) to

moduli data for each individual muscle. Statistical analysis of exper-
imental data was performed in SPSS (IBM Statistics), implementing
linear mixed models with muscle length and temperature as
repeated measures where appropriate. This approach matches
data from the same muscle to provide more statistical power than
a one-way analysis of variance. First-order autoregression was
assumed for the covariance structure, and post hoc analyses were
performed using least-significant difference corrections where
appropriate. Statistical significance is reported at p < 0.05.
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3. Results

Muscles were field stimulated to induce contraction and
exhibited slow force rise and decay times characteristic of
slow-twitch muscle (figure 1). We found the L, of each
MTU by sampling the force-length profile during tetanic con-
traction (figure 2). The shape of the resulting force-length
was similar to in situ MTU experiments with the medial gas-
trocnemius muscle, with a clearly defined L, [34]. We
measured stress values at L, as well as £10% L, at 17°C
and 27°C (table 1). Soleus muscles at 10% shorter MTU
length generated on average approximately 25% less maxi-
mal tension, without a temperature dependence, while 10%
greater MTU length generated on average 22% less tension
at 17°C and 8% less at 27°C (figure 1).

Next, we induced tetanic contraction with the same stimu-
lus used for the isometric measurements and applied a step-
stretch increase of 1% AL after isometric force reached a
steady state. As shown in the sample trace (figure 3), isometric
tetanic stress increased towards a steady-state level during the
initial half (=1 s) of the stimulation period. When the muscle
was stretched (at time = £;), stress (o) increased towards a maxi-
mal value (o), following which stress decayed towards a
minimum value (o3). The stress then increased slightly to
reach a new isometric force level (Gfina1) that was greater than
the initial isometric stress value (op). The average moduli-
time responses at L, for 17°C and 27°C (figure 4) illustrated
faster dynamic responses at the higher temperature, as
would be expected for faster cross-bridge kinetics at the
higher temperature. For example, f;,, (= the time required
to reach the midpoint from o to o) was 70% faster at 27°C
(4.9 + 0.4 ms) than 17°C (8.4 + 0.8 ms; table 1).

We also measured the effect of initial muscle length on the
stress response to a 1% step-stretch, at both temperatures.
Average moduli responses are shown for 17°C (figure 5a)
and 27°C (figure 5b; note that the traces for L, shown
in figure 5 are the identical traces shown in figure 4). For
both temperatures, muscles exhibited significantly slower
dynamics for the moduli-time responses as the muscle
length increased. For reference, t;,, values were approxi-
mately 65% shorter at 90% MTU length versus values at L,
and approximately 15% longer at 110% MTU length versus
values at L, at 17°C (figure 5a and table 1). Consistently,
t1,» values were approximately 25% shorter at 90% MTU
length versus values at L, and approximately 15% longer at
110% MTU length versus values at L, at 27°C (figure 5b
and table 1). Following the step-stretch, steady-state force
(0fina1) Was consistently higher compared to initial tension
values before the step-stretch (op; table 1), which may rep-
resent an estimate of the average force enhancement
following a 1% stretch.

The mathematical model (equation (2.2)) that was fitted to
each moduli-time response describes viscoelastic dynamics
of the passive elements (A term) and the active elements (B
and C processes). Average parameter values for moduli fits
to equation (2.2) are listed in table 1 and shown in figure 6.
A values were significantly greater at both 90% and 110%
MTU lengths compared to L, (figure 6a), and A values
decreased at the higher temperature for all MTU lengths.
Conversely, k values were smaller at both shorter and
longer MTU lengths compared to L, for both temperatures,
indicating a more elastic characteristic of the MTU at L,
compared to non-optimal lengths (figure 6b).

Table 1. Parameter fits to equation (2.2) and other metrics associated with the stress response to the 1% MTU step-stretch (mean + s.e.). r% is the correlation coefficient for fits to equation (2.2), oy is the initial active stress prior to

the step stretch and t, is the time for the step response to decay by half.

n
[
L
-7}
E
S
(-]
o
=
~N
a)
o
=
S
=]
<
=
[~
-7}

(o-fmal » 0-0)/ (4} (%)

oo (MN mm—?)

t1/2 (ms)

%L, A KPa)

temp (°C)

0.6

501=x
84+£08
9.7+

0.35+0.02
0.48 £0.02
0.38 £0.03
0.31£0.03
0.45 £ 0.02
0.36 £0.02

2076 + 196

- 90%

17°C

12.79
7.85

14.15

13219

0.9988 + 0.0003
0.9994 + 0.0002

246 + 21

15216 £ 2112

3.05+0.10
2204011
3124081
463+057
479+ 042
328+0.19

2782 + 164

170+ 1

207 £19

8572 £ 1453
4755 £ 1015
35696 = 2984

24903 £ 2091

1169 + 178
1028 + 234
2941 £ 266

2218 £ 191

1481 + 168
2101 + 294
1801 + 211

1086 + 95

100%
110%
90%

100%
110%

0.8

39402
49+04
58+03

148 £ 13
139£13
179+ 12

162 + 11

0.9989 + 0.0005
09975 + 00006
0.9988 + 00002
0.9991 + 0.0003

16118
33+18

109
573
1033

27°C

273+ 19

217£20

11944 £ 1844

1592 + 178

1675 + 214

6370707 ‘88T g 20S Y 0id  qdsi/jeuinol/b10°buiysigndianosiefos H



Downloaded from https://royalsocietypublishing.org/ on 12 May 2021

20000r |
18 000 -
16 000 -
14000 -
12 000 -

10 000

8000

modulus (mN mm2)

6000 -

4000 17°C

20000 7o

1 1 1 1

0 0.2

0.4 0.6 0.8 1.0

time(s)

Figure 4. Temperature dependence of the modulus following a step-stretch. Solid black lines show the average modulus response plotted against time response at
17°C and 27°C. Temperature-dependent differences in cross-bridge cycling underlie the different dynamics shown between these two traces. Dashed lines represent
fits of these average data to equation (2.2), with average parameter values from the fits listed in table 1. n =10 muscles.
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Figure 5. Effects of MTU length on modulus following a step-stretch at (a) 17°C and (b) 27°C. Solid lines show the average modulus response plotted against time
for a given length, and dashed lines represent fits of these average data to equation (2.2). Length-dependent differences in cross-bridge cycling underlie the
different dynamics shown by the blue, black and red traces within each panel. n =10 muscles. (Online version in colour.)

B values were greatest at the shortest MTU lengths for both
temperatures and decreased as the MTU length increased (with
this effect of the length being more graded at 27°C), suggesting
fewer cross-bridge recruitment events as the MTU length

increased. B values were slightly greater at 27°C versus 17°C,
suggesting more cross-bridge recruitment events at the
higher temperature. Values for the kinetics parameter repre-
senting cross-bridge recruitment, 2nb, was not affected by
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Figure 6. Moduli values were fitted to equation (2.2) to provide estimates of tissue viscoelasticity, cross-bridge binding and cross-bridge kinetics. (a,b) Parameter A
represents the combined mechanical stress of the muscle, while parameter k describes the viscoelasticity of these passive elements (0 = purely elastic response,
1= purely viscous response). (c,d) Parameter B represents the magnitude of work-producing muscle mechanics, with parameter 27th representing the cross-bridge
recruitment rate. (e,f) Parameter C represents the magnitude of work-absorbing muscle mechanics, with parameter 27c representing the cross-bridge detachment
rate. Asterisks denote differences from the measured value at L, within a temperature (p < 0.05), and daggers denote differences between temperatures for the

same muscle length. n =10 muscles.

changes in the muscle length. The 27b values were greater at
27°C versus 17°C, suggesting faster cross-bridge recruitment
Kkinetics at the higher temperature (figure 64).

C values were greatest at the shortest MTU length and
decreased as the muscle length increased, and C values
increased with the temperature (figure 6e), suggesting more
cross-bridge detachment events in both cases. Values for the
Kinetics parameter 27zc were greatest at the shortest MTU
length and decreased as the MTU length increased, suggesting
that cross-bridge detachment slowed as the muscle length
increased at both temperatures (figure 6f). The value of 2zc
also increased at 27°C versus 17°C, suggesting that cross-
bridge detachment was faster at the higher temperature.
More specifically, 2zc was approximately 20% greater at 90%
MTU length and approximately 21% smaller at 110% in

comparison to L, values (at both temperatures), suggesting a
10% perturbation in the MTU length about L, alters cross-
bridge detachment kinetics by 20% in mouse soleus muscles
during tetanic contraction.

4. Discussion

We adapted step-stretch perturbation analysis methods to
describe length-dependent cross-bridge kinetics in intact,
isometrically contracting skeletal muscle during tetanus. We
evaluated muscle function at two different temperatures
(27°C versus 17°C) to demonstrate our capacity to detect
expected increases in cross-bridge kinetics associated with
established enzyme properties of myosin as an ATPase
[35-38]. Many estimates of myosin Q¢ values from solution
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biochemistry experiments yield values of 2-3 [38-40] and
clearly show that ATPase values increase with the temperature.
We observed faster cross-bridge recruitment rates (Q,o of 2.2
for 2zb) and detachment rates (Q;o of 1.3 for 27c) as the temp-
erature increased from 17°C to 27°C (figures 4 and 6). In
concert with prior applications of this system analysis
method to permeabilized muscle fibre preparations, we pro-
pose this represents a valid methodical framework to
estimate the length-dependent cross-bridge activity during
tetanic contraction. These whole-muscle Q;, estimates occur
at the same order of magnitude as prior single-fibre assays,
such as rabbit soleus fibres 2zb Q19="7.3, 21c Qi0=23.6) [37].
Consistent with our findings, the rate of cross-bridge recruit-
ment was more temperature sensitive than detachment
[39,41].

Slower cross-bridge detachment rates have been observed
at longer sarcomere lengths during isometric contractions in
both permeabilized cardiomyocytes and skeletal fibres,
including both fast and slow-twitch fibres [8,9,42—44]. In a
previous study utilizing permeabilized rat soleus fibres, we
observed a 15% slower rate of cross-bridge detachment
when the sarcomere length was increased from 2.0 to
2.5 pm [8]. To test whether these length-dependent properties
extended beyond single permeabilized cells to influence the
behaviour of intact muscle in physiologically relevant
manner, we applied step-perturbation analysis to estimate
cross-bridge kinetics during isometric contractions in intact
soleus as the MTU length changed *10% from L,. We
found that the rate of cross-bridge detachment was roughly
20% faster at the shorter muscle length and 20% slower at
the longer muscle length compared to L,, for both tempera-
tures (figures 5 and 6). Therefore, the length-dependent
slowing of cross-bridge kinetics at longer lengths appears to
be conserved (or perhaps amplified) in intact, contracting
soleus muscle. Our findings are consistent with a prior
study showing that the rate of tension redevelopment (ktgr)
was approximately 40% slower at L, compared to 90% of
L, in intact rat cardiac trabeculae during isometric, tonic con-
tractions (induced via K*) [43]. In combination, these changes
in length-dependent cross-bridge kinetics from various
permeabilized muscle and intact muscle preparations
suggest consistency among mechanosensitive properties of
myosin cross-bridges that likely contribute to analogous
characteristics of the whole-muscle function.

We did not observe a significant length-dependent effect
on the rate of cross-bridge recruitment (27b) in these intact
soleus preparations (figure 6), nor in our previous permeabi-
lized soleus fibre preparations [8]. However, McDonald et al.
observed that following a rapid slack-stretch manoeuvre, the
rate of tension redevelopment increased in permeabilized
psoas fibres [45], suggesting that the rate of cross-bridge
binding was accelerated. This finding would be in line with
observations from a study by Wang et al., which showed
approximately 15% increase in the rate of cross-bridge bind-
ing in rabbit psoas fibres when the sarcomere length was
increased from 2.1 to 2.4 ym [42]. Conversely, Milani-Nejad
et al. measured slower tension redevelopment at longer
muscle length in intact cardiac trabeculae [43]. However,
myosin detachment (not recruitment) is the rate-limiting
step of the cross-bridge cycle in muscle fibres [41], and
changes in the recruitment rate may have less impact on over-
all cycling behaviour than changes in the detachment rate.
This is supported by our previous measurements in

permeabilized fibre preparations as [MgATP] varied, show- [ 8 |

ing that the cross-bridge detachment rate slowed as the
sarcomere length increased due to slower rates of MgADP
release from strongly bound cross-bridges [8,9].

Along with changes in cross-bridge kinetics, we also
observed approximately 5-14% increase in tetanic, steady-
state force following the 1% step-stretch (i.e. g, > 0y; figure 3
and table 1). The increase in force at this slightly longer MTU
length was greater than can be explained by any movement
along the force-length curve, which would be less than
approximately 2-3% increase on the ascending limb or any
comparable decreases in force with the 1% length increase
on the descending limb of the force-length curve (figure 2).
Thus, the increases in ofn, from oy likely reflect similarities
to residual force enhancement although we did not perform
any isometric at the 1% longer MTU length before the step-
stretch to directly assess residual force enhancement as it is
traditionally observed in single fibres [46,47].

Passive elements of the muscle also possess length-depen-
dent properties that will influence their force contribution as
the length of the muscle-tendon unit changes. Here, we must
consider both the extracellular passive components, such as
the aponeurosis and tendon, as well as the intracellular pas-
sive components, the most notable of these being titin.
These elements primarily behave as non-linear elastic
springs. Moreover, when the force decreases immediately
after the step, the tendon will shorten and the muscle will
lengthen because the MTU length is isometric. Therefore,
the non-isometric conditions during this phase could lead
to some force-velocity effects that are not accounted for by
the analysis used. We do not think that this effect would
change the main results for two reasons: (i) the velocity
should be small because the length change in the tendon
due to the step is relatively small and (ii) the effect would
be consistent between conditions. Moreover, neither effect
would change the statistical comparisons that were made.

Studies have also shown that titin in particular may have
a direct role in modulating force during and after length
changes imposed on striated muscle [48,49]. Titin PEVK
regions may interact with the thin-filament during activation
in a manner which decreases the spring length and increases
titin stiffness, resulting in greater passive force during stretch.
This phenomenon may contribute to our observations herein;
for instance, we observed significantly larger A values during
step-stretches which occurred at 90% L, and at 110% L, com-
pared to the optimal muscle length (figure 6). This may be
explained by increased short-range stiffness due to increased
actin-titin interactions at the shorter MTU length.

We hypothesize that the changes in force distribution
throughout the sarcomere, as it is stretched to longer lengths,
could evoke strain-dependent changes in the MgADP release
rate from strongly bound cross-bridges. Any increases in
force that accompany increases in the muscle length (and
sarcomere length) would be distributed throughout the
sarcomere, myofilaments and bound cross-bridges [1,50,51].
Given that MgADP release depends on a conformational
change that is coupled to the additional movement of the
lever arm [52-54], then any increased load borne by a
bound cross-bridge would impede MgADP dissociation
and slow the rate of cross-bridge detachment [8,9]. Our find-
ings suggest that these load-dependent pathways are
preserved in the whole skeletal muscle as the length changes
(statically), which could intrinsically modulate the energetics
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of force production. If similar phenomena are preserved
during non-isometric contraction (dynamic length changes),
this multi-scale mechanism of muscle function could play a
vital role that intrinsically modulates muscle efficiency
during normal physiological activity.

An understanding of how muscle contracts and responds
to physiological demands requires an assessment of the effects
of changes in muscle length on kinetic and energetic aspects of
force production. Our new findings help to extend our under-
standing of length-dependent cross-bridge activity from the
fibre into the whole-muscle-tendon unit. Summary data
imply that that cross-bridge cycling kinetics are mediated
by length-dependent properties, such as strain-dependent
MgADP release, to impact how chemical energy is used to
produced force. This mechanism may serve to enhance the effi-
ciency of energy utilization at longer muscle lengths by
prolonging the time myosin spend in the strongly bound,
force-generating phase of the cross-bridge cycle and serve as
a length-dependent mechanism that modulates myosin
efficiency throughout muscle contraction.

All procedures were approved by the Institutional Animal Care
and Use Committee at Washington State University and complied
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by the National Institutes of Health. Male C57BL/6 mice (7 weeks
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thetized by isoflurane inhalation (3% volume in 95% O,-5% CO,
flowing at 2 1 min™"), then a soleus muscle was removed, preserving
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