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ABSTRACT
TITIN CONTRIBUTION TO ACTIVE MUSCLE

SIWOO JEONG

The aim of this dissertation is to compare the traditional ‘muscle as motor’ viewpoint
to the alternative viewpoint ‘muscle as composite material’. We make three parts to achieve
the aim. We first investigate whether the contribution of activation and length perturbation on
muscle force depends on length history. The effect of length history is to alter muscle stiffness.
The alteration of muscle stiffness determines the role of activation and length perturbation in
determining muscle force. That is, muscle responds to activation and length perturbation
depending on length history. Muscle models based on the ‘muscle as motor’ viewpoint fail to
predict muscle force accurately under dynamic conditions in part because they cannot account
for the history dependence of muscle force. An alternative muscle viewpoint should be able to
explain the history dependent muscle force to enlarge our knowledge about how muscle works
under dynamic conditions.

In the second part, we focus on the ratio of muscle force to stiffness. The ratio of force
to stiffness has been believed to be relatively constant during isometric contraction because
both isometric force and stiffness are linearly related to the number of formed cross-bridge.
However, the ratio depends on shortening velocity as well as is not constant during the
isometric force redevelopment period following active shortening. This finding invokes ‘stress-
induced inhibition’ where weakly-bound cross bridge generated by active shortening

contributes only to stiffness with no contribution to force. The weakly-bound cross bridge is



able to explain non-zero y-intercepts of the relationship between force and stiffness, but not the
lower slope for the slower velocity. In the ‘stress-induced inhibition’, the slower shortening
velocity should distort actin more due to the bigger stress. The more distorted actin induces the
bigger number of weakly-bound cross bridge, which should result in the bigger slope of the
relationship between force and stiffness. This is not compatible with our results. Another
possible explanation of the finding is a change in titin stiffness. According to the winding
filament hypothesis, titin equilibrium length is modulated by cross-bridge force. Active
shortening at different velocity could generate the different initial conditions for titin strain and
equilibrium position, and then titin differently responds to an increase in cross bridge force
depending on the initial conditions. The tunable titin stiffness contributes to the variable muscle
stiffness.

Finally, this dissertation develops a titin-clutch model based on a composite material
viewpoint. The titin-clutch model predicts frequency-dependent muscle force better than the
Hill model. The model has three subunits: a contractile, titin, and series elastic element. The
pulley connects the titin to the contractile element in series and parallel. The history-dependent
pulley position implements the history-dependent contributions of length perturbation and
activation to force. When the contractile force increases, pulley rotates counterclockwise
direction, then titin element wraps around a pulley. The interaction between them regulates titin
stiffness. The dissertation concludes that incorporating a tunable titin spring in muscle models

improves the predictions of muscle force under dynamic conditions.
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Chapter 1. Introduction

Research on the mechanisms of muscle contraction has traditionally been conducted
from the perspective that muscles function as a motors in that neural activation acts like a
voltage to generate actuator force (Brenner and Eisenberg, 1986; Davies et al., 1967). The
traditional perspective has been motivated by the process of muscle shortening contraction
(Hill, 1938; Huxley, 1957; Huxley and Niedergerke, 1954). When electrical signals arrive at
muscle, calcium is released and binds to troponin so that tropomyosin can slide away from the
binding sites on the actin filament. This allows the myosin heads to bind to these exposed
binding sites and form cross bridges. The cross bridges then pull the actin filament toward the
center of the sarcomere. Because each cross bridge can pull only a short distance (up to 11 nm,
Brunello et al., 2014; Dominguez et al., 1998; Geeves and Holmes, 2005; Rayment et al., 1993),
a repetitive process including detachment, pre-power stroke, attachment, and power stroke is
required to produce force, and this process requires energy (Geeves and Holmes, 2005; Lymn
and Taylor, 1971). In this process, the cross bridge is the fundamental unit to produce muscle
force (Huxley, 1957).

The magnitude of force has been thought to reflect the number of attached cross
bridges (Gordon et al., 1966; Huxley, 1957). One factor that determines the number of attached
cross-bridge is the level of activation. The amplitude of activation is correlated with isometric
muscle force (Alkner et al., 2000; Hof and van den Berg, 1977; Hylander and Johnson, 1989),
so it is assumed that the number of attached cross-bridge increases with the amplitude of

activation. Another factor that influences muscle force is muscle length. According to the



sliding filament theory, the overlap width between the myosin and actin filaments is
proportional to the number of attached cross bridges (Gordon et al., 1966). The overlap width
is determined by muscle length. The rate of change in muscle length alters both the force per
cross bridge and the number of attached cross-bridges in the two-state cross-bridge model
(Huxley, 1957). A spring force placed between the myosin head and the binding site on actin
represents the force of each cross bridge. When muscle is lengthened, extension of the spring
produces the greater force, but when muscle is shortened, the spring force should decrease. In
addition, a longer sarcomere has a higher rate of cross-bridge attachment based on the rate
function derived from the force velocity relationship (Hill, 1938). In summary, muscle force is
assumed to be proportional to the number of attached cross bridges and the force produced by
each cross-bridge force determined by the level of activation, muscle length and the rate of
change in muscle length.

In the traditional muscle viewpoint, force should be determined by a muscle’s current
activation, length, and velocity. However, muscle force is also affected by length history. For
example, isometric force following active lengthening is greater than the isometric force given
the same length and activation (Abbott and Aubert, 1952; Edman et al., 1982; Herzog et al.,
2016; Nishikawa, 2016). Conversely, active shortening before isometric contraction decreases
the force compared to the purely isometric force (Abbott and Aubert, 1952; De Ruiter et al.,
1998; Herzog and Leonard, 1997; Tahir et al., 2020). In activities of daily living, muscles
undergo large variations in strain up to 40% of their resting length (Daley and Biewener, 2011).
To understand human and animal movement and to accurately predict muscle force, the history
dependence of muscle force must be taken into account (Seiberl et al., 2013).

Previous studies suggested that the history-dependence of muscle force can be



explained within the cross-bridge theory with no additional components (Morgan, 1990;
Morgan et al., 2000). In the force-length relationship, the descending limb shows negative
stiftness which usually implies instability (Gordon et al., 1966; Zahalak, 1997). The instability
induces sarcomere non-uniformity in muscle after active lengthening (Morgan, 1990; Morgan
et al.,, 2000). On the descending limb of the force length relationship, shorter sarcomeres
produce greater force than longer sarcomeres. The shorter sarcomeres pull the neighbors to
longer lengths until the passive force of the longer sarcomere is the same as the force of the
shorter sarcomere. Therefore, compared to a muscle with no length non-uniformity, a muscle
with non-uniform sarcomeres can produce greater isometric force at the same length (Morgan,
1990; Morgan et al., 2000).

Although the sarcomere non-uniformity may explain the history-dependence of
muscle force with no additional elements (Morgan, 1990; Morgan et al., 2000), several studies
have enumerated observations which the sarcomere non-uniformity cannot explain (Johnston
et al., 2016; Lee and Herzog, 2008; Leonard et al., 2010; Rassier et al., 2003). The increase in
force due to sarcomere non-uniformity can occur only on the descending limb of the force-
length relationship, because unlike the descending limb the longer sarcomere produces greater
force on the ascending limb. During isometric contraction, the longer sarcomere producing the
greater force must be shortened by pulling its neighbor shorter sarcomeres. These interactions
remove the non-uniformity, so that all sarcomeres should produce the same force at the same
length. In other words, if the history-dependence of muscle force were due to sarcomere non-
uniformity, then residual force enhancement should not be observed on the ascending limb.
However, numerous studies have shown residual force enhancement on the ascending limb of

the force-length relationship in fibers (Peterson et al., 2004; Sugi, 1972), muscles in situ (Cook



and McDonagh, 1995; Herzog and Leonard, 2002; Lee and Herzog, 2002), and myofibrils (Pun
et al., 2010). Additionally, the sarcomere non-uniformity describes interactions of neighboring
sarcomeres to maintain the force balance. Thus, if sarcomere inhomogeneity were the only
mechanism, then a single sarcomere should not be able to produce a history-dependent force.
However, force enhancement has been observed in a single sarcomere preparation (Leonard et
al., 2010; Rassier et al., 2003). These findings suggest that alternative mechanisms are required
to explain the history-dependence of muscle force.

Titin is a giant protein that spans from the Z-disk to the M-line in the sarcomere (Furst
et al., 1988; Itoh et al., 1988; Wang et al., 1991). In the A-band of muscle sarcomeres, titin
attaches to myosin, whereas I-band titin extends like a spring (Li et al., 1995; Linke et al., 1997,
Wang et al., 1993). I-band titin has been demonstrated to maintain sarcomere integrity as a
primary contributor to passive force (Horowits and Podolsky, 1987; Linke et al., 1998a).
Recently, it has been suggested that I-band titin contributes to active force as well as passive
force by increasing its stiffness in the presence of Ca?* (Dutta et al., 2018).

The N2A region of titin binds to actin in the presence of Ca?", which makes titin shorter
and stiffer by removing the compliant Ig domains (Dutta et al., 2018). Muscle length at the
onset of activation should determine the distance between the Z-disc and the binding site on
actin for N2A titin (Gautel and Goulding, 1996; Linke et al., 1998a; Linke et al., 1998b;
Nishikawa, 2016). If muscle length at the onset of activation is different, the strain of the free
titin segment should be different even during isometric contraction at same length due to the
different binding site on actin. Because titin is in parallel with cross bridges (Herzog, 2018;
Nishikawa, 2016; Nishikawa, 2020), changes in titin strain will change titin force and thereby

influence muscle force. The amount of residual force enhancement increases when the initial



isometric contraction length is shorter (Bullimore et al., 2007; Edman et al., 1978; Edman et
al., 1982; Hisey et al., 2009). This observation supports a role for titin-actin binding in
determining muscle force.

Due to their simplicity (Lloyd and Besier, 2003), Hill-type muscle models are
commonly used to estimate muscle force. These simple models estimate muscle force in
accordance with the traditional muscle viewpoint of muscle as motor (Lloyd and Besier, 2003;
Zajac, 1989). Maximal isometric force indicates the force capacity, and muscle length and the
rate of change in length determine muscle force for a given level of activation (Dick et al.,
2017; Lee et al., 2013; Wakeling et al., 2021). Although these models have the advantage of
being relatively simple, the accuracy of their force predictions is relatively low. Previous
research demonstrates the inaccuracy of Hill-type muscle models under dynamic conditions.
Hill-type models yielded low 7* values for human medial gastrocnemius during cycling (7% =
0.54; Dick et al., 2017) and for goat medial gastrocnemius during walking, galloping, and
trotting (2 < 0.51; Lee et al., 2013). Considering that dynamics of muscle length and activation
is complex during in vivo movement, the inability of the Hill models to predict the history-
dependence of muscle force results in low accuracy of force predictions. However, Hill-type
muscle models fail to explain the length-dependence of activation dynamics (Shue and Crago,
1998) and the history-dependence of force (Perreault et al., 2003; Sandercock and Heckman,
1997; Scovil and Ronsky, 2006).

To overcome these limitations of Hill-type muscle models, new muscle models that
include history-dependence of force are required. An alternative to the “muscle as motor”
paradigm is the viewpoint that muscle is an active composite material with tunable viscoelastic

properties (Nishikawa, 2020). Composite materials which have two or more constituent



materials exhibit their own mechanical behaviors, referred as viscoelasticity, depending on the
properties of the constituent materials. When muscle is considered as a composite material,
force is determined not only by activation but also by the response to deformation by applied
forces. Activities of daily living require repetitively adjustments to unexpected length
perturbation by external forces. For example, during locomotion on uneven terrain, leg muscles
must be adjusted their force to maintain balance or to prevent falling despite variations in
terrain (Daley and Biewener, 2011; Daley et al., 2009). Because not all perturbations can be
anticipated in advance, and because reflex loops incur inevitable delays that can result in
instability, the intrinsic dynamics of muscle viscoelastic properties is important for modulation
the force response to perturbations. From the composite material viewpoint, the role of
activation is to tune the viscoelastic properties of muscle so that the response to deformation
by unpredictable external forces results in adaptive control of movement (Nishikawa et al.,
2007; Nishikawa et al., 2013).

In this study, I will evaluate the hypothesis that muscle is an active composite material
using different experiments and simulations. First, I will test whether muscle force can be
decoupled from activation. How muscle force responds to time varying activation under
dynamic conditions will be evaluated. In “composite material” muscle, activation will have a
large effect on muscle force at relatively slow velocity but not at fast velocity. Second, I will
investigate which sarcomeric elements affect muscle intrinsic viscoelastic properties. To infer
what causes the viscoelastic properties of muscle to change, [ will determine the ratio of muscle
force to stiffness as a function of active shortening. Following the cross-bridge theory, the ratio
should be constant during isometric contraction. If the ratio is not constant, elements in addition

to cross bridge would be required to explain the non-constant ratio. The results will provide



insights into the role of additional elastic elements in active muscle. Finally, based on the
research results, I will modify the previously established titin-clutch model, validate, and test

the model using in sifu data from cockroach leg muscles during length perturbations.



Chapter 2. Decoupling between muscle force and activation

2.1 Background

The role of activation in determining muscle force depends on muscle length (Shue
and Crago, 1998). Muscles continuously adjust to unexpected perturbations during locomotion
on uneven terrain, performing various roles as motors, springs, and brakes (Ahn et al., 2006;
Daley and Biewener, 2003; Dickinson et al., 2000; Roberts et al., 1997). The phase of activation
shifts the mechanical role of muscles by influencing the shape and magnitude of force.
Conversely, muscle length trajectories affect the role of activation in determining muscle force
(Sandercock and Heckman, 1997). Since most daily activities are performed in unsteady or
perturbed conditions, understanding how the role of activation depends on perturbations is
important for understanding how muscle force is controlled.

From the traditional viewpoint of ‘muscle as a motor’, force is a consequence of
activation (Brenner and Eisenberg, 1986; Davies et al., 1967). The phase of activation
determines the onset, duration, and end of muscle force as well as the magnitude of activation
is proportional to the amplitude of force (Lloyd and Besier, 2003; Zajac, 1989). However, it is
unlikely that activation alone controls muscle force during natural movements (Nishikawa et
al., 2013). For example, activation alone cannot control leg or foot movements to stabilize
unexpected perturbations during locomotion (Dudek and Full, 2006; Full et al., 1998).
Therefore, the ‘muscle as a motor’ viewpoint could only apply to steady-state isometric
contractions.

Recent studies of muscle dynamics suggest that muscle force may be decoupled from

activation via effects of muscle length perturbations (Daley, 2018; Daley and Biewener, 2011;
8



Daley et al., 2009; Lappin et al., 2006; Libby et al., 2020; Robertson and Sawicki, 2015;
Sponberg et al., 2011b). In studies of a leg muscle in the cockroach, the mechanical response
of the muscle differed depending on the motor task, such as standing or running, despite similar
activation (Sponberg et al., 2011a). In a work-loop experiment, the shape of a work-loop is
sensitive to small changes in velocity (Robertson and Sawicki, 2015). Furthermore, isometric
force following active lengthening is higher (Abbott and Aubert, 1952; Edman et al., 1982;
Herzog et al., 2016; Nishikawa, 2016) and isometric force following shortening is lower
(Abbott and Aubert, 1952; De Ruiter et al., 1998; Herzog and Leonard, 1997; Lee and Herzog,
2003; Tahir et al., 2020) than the purely isometric force at the same final length and activation.
These findings support the hypothesis that muscle force in dynamic conditions cannot be
explained solely by activation.

Previous studies of in vivo length-force dynamics in guinea fowl during running over
potholes and obstacles have shown that length perturbations are associated with peak muscle
force (Daley and Biewener, 2011; Daley et al., 2009). The lateral gastrocnemius muscle
undergoes length perturbations during stance, following active shortening. Uneven terrains
such as obstacles and potholes caused the phase of length perturbations to differ from level
running, which resulted in variable peak force. When length perturbation occurred earlier on
stepping up, peak muscle force increased, however the late phase of length perturbation on
stepping down resulted in lower peak force. Of course, there was a change in electromyography
(EMGQG) intensity between level walks and obstacle strides. As stepping up, EMG intensity
increased, but when stepping down, EMG intensity was not different from at the level walk.
That is, EMG intensity was not able to entirely explain the variable peak force. In these findings,

the role of activation in muscle force is no longer to instruct a muscle’s force-time trajectory



under dynamic conditions, rather the phase of length perturbation appears to play an important
role in determining muscle force. Critically, activation does not contain information about the
timing or magnitude of muscle force under dynamic conditions.

Muscle force during length perturbations can be increased or decreased by length
history, despite same activation (Libby et al., 2020). The result suggests that the relative
contribution of length perturbation and activation to muscle force is modulated by length
history, length history determines preload. Preload refers to force at the onset of length
perturbation. Because muscle force is linearly correlated with muscle stiffness (Kirsch et al.,
1994), preload determines muscle stiffness. If the effect of length history is to change muscle
stiffness, then the contribution of length perturbation or activation to muscle force may depend
on tunable stiffness.

To investigate the effects of muscle stiffness on the relative contributions of activation
and length perturbations to muscle force, we designed an experiment in which muscles first
develop force isometrically and are shortened at different velocities to induce different muscle
stiffness. According to the force-velocity relationship, when shortening velocity increases, both
muscle force and stiffness decrease. During active shortening, time-varying activation was used
to measure how much muscle force reflects the time-varying activation amplitude. Additionally,
we controlled the amplitude of length perturbations and measured the force response of muscles.
Finally, we investigated the inter-relationships among muscle force, length perturbations, and
activation in a series of experiments in which muscle stiffness was controlled by changing the

muscle shortening velocity.
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2.2 Methods

2.2.1 Animals

Mice of the strain B6C3Fe a/a-Ttn™™/J were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA) and a breeding colony was established in the animal care facility at
Northern Arizona University (NAU). Soleus muscles from homozygous wild-type mice (n =
12; female = 6; male = 6; mass = 34.3 + 6.7g) were used in this study. The institutional Animal

Care and Use Committee at NAU approved the experimental protocol and use of animals.

2.2.2 Muscle preparation

Wild-type mice were sacrificed by isoflurane overdose (1-2% isoflurane mixed with
oxygen) confirmed by cervical dislocation. Soleus muscles were isolated from the hindlimb
and immersed in a mammalian Krebs-Ringer bath (in mmol 1"': 137 NaCl, 5 KCI, 1 MgSOs4, 1
24 NaHCO3, 1 NaH2POs, 11 dextrose, 2 CaCly, pH 7.2 at room temperature) with 95% O, and
5% COaz. Soleus muscles were attached to a dual servomotor force lever (Aurora Scientific,
Inc., Series 300B, Aurora, ON, Canada) at one end and an inflexible hook at the other end. The
servomotor controlled muscle length and measured position and force.

All soleus muscles were stimulated using an electrical field generated between two
platinum electrodes connected to a Grass S48 stimulator. In order to determine optimal muscle
length (Lo), muscles were fully activated using square wave pulses at 60V and 75Hz, and
muscle length was adjusted until maximum isometric muscle force (Po) was established. At the
end of the experiments, Po was measured to ensure that Po was maintained throughout the
experiments. Muscles used in the analysis experienced < 15% drop in force during an

experiment.
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Figure 2.1: Methods for Protocol 1 to evaluate the effect of active shortening on muscle force response

to amplitude of activation. Muscles reached submaximal steady-state force at three different lengths (1.10Lo,
1.05L¢ and 1.0Lo), and then were actively shortened at 1.0L¢/s, 0.5Lo/s or held isometrically (force, black;
length, blue). When muscles started shortening actively, the amplitude of activation increased until muscle
length reached Lo (activation, red). Six different peak amplitudes of activation were performed: 100%, 110%,

120%, 130%, 140% and 150% of the amplitude of activation during the first submaximal isometric contraction

(~7.0% Py).

2.2.3 Experimental protocols

Our hypotheses in this study were that: 1) active shortening reduces muscle stiffness;

2) the reduced stiffness decreases the relative contribution of activation to muscle force; and 3)

12



the response of muscle to length perturbations is affected by the muscle stiffness. Two protocols
were performed to test those hypotheses. The protocols evaluated effects of active shortening
on muscle stiffness, as well as the effects of muscle stiffness on the response to activation
(protocol 1) or length perturbations (protocol 2).

Protocol 1 measured how the response of muscle force to time-varying activation

depends on muscle stiffness. Muscles were stimulated isometrically at submaximal voltage
(give value) and frequency (give value) until they until they reached a steady-state force of 7.0
+3.0% Po in ~ 0.7s. Once isometric force reached steady state, active shortening was performed
at two velocities (1.0 Lo/s, 0.5 Lo/s) and under isometric conditions. At the midpoint of active
shortening, muscle length was held constant at Lo by changing the starting length (Fig. 2.1,
blue). To evaluate how muscle force depends on the amplitude of activation, the amplitude of
activation during active shortening was varied using an A-M Systems Model 4100 stimulator
(A-M Systems, Carlsborg, Washington, USA).
In protocol 1, activation started increasing at the onset of active shortening. The amplitude of
activation increased linearly for 100ms, and then decreased linearly for 100ms (Fig. 2.1, red).
Peak activation occurred at the midpoint of active shortening, which also occurred at muscle
optimal length (Lo). Six different activation amplitudes were used: 100%, 110%, 120%, 130%,
140% and 150% of the amplitude for the first submaximal isometric contraction generated by
square wave pulses at 3.87 + 0.88V and 75Hz. To measure instantaneous muscle stiffness, quick
length transients (0.9% Lo at a speed of 3Lo/s) were performed at Lo during active shortening.

In protocol 2, the response of muscle force to length perturbations was measured for
different values of muscle stiffness, established by varying the shortening velocity. As in

protocol 1, isometric contraction and active shortening at 1.0 and 0.5 Lo/s were performed (Fig.
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Figure 2.2: Methods for Protocol 2 to evaluate the effect of active shortening on the response of muscle

200ms

force to length perturbations at the same length and activation. Muscle force (black), length (blue) and
activation (red). A) Active shortening was performed from 1.1Lo to 1.0L¢ (above) and from 1.05L, to 1.0Lo
(below) at 1.0Lo/s and 0.5Lo/s, respectively. After active shortening, length perturbations were performed at
Lo. The amplitudes of the length perturbations were 1, 3, 5, 7, 9 and 11% Lo. B) The muscles developed force
isometrically at Lo and then length perturbations were performed at six different amplitudes: 0.2, 0.4, 0.6, 0.8,

1 and 3% of Lo. The level of activation was constant at ~35% Py throughout the trials.
2.2, blue). At the midpoint of active shortening where muscle length is Lo in all trials, length
perturbations were performed. The shape of the length perturbation was varied based on a half
sinusoidal curve at a frequency of 2.5 Hz. We used two different sets of the amplitude of the
length perturbation for the trials with no active shortening and the trials with active shortening.
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For the trials with no active shortening, the amplitudes of the sinusoidal curve were 0.2%, 0.4%,
0.6%, 0.8%, 1%, and 3% of Lo (Fig. 2.2B, blue), and for the trials with active shortening, the
amplitudes were 1%, 3%, 5%, 7%, 9% and 11% of Lo (Fig. 2.2A, blue). Activation was constant

at ~35% of Py (Fig. 2.2A, B, red). Instantaneous muscle stiffness was measured using a quick

length transient (0.9% Lo, 3 Lo/s) at Lo.

2.2.4 Data Analysis

Data were sampled at 4000 Hz and collected using a DAQ box (National Instruments,
Austin, Texas, USA). Muscle stiffness, peak muscle force and peak muscle length during active
shortening following submaximal isometric contraction were normalized to values measured
at Po. The relative values were used for statistical analysis. Differences were considered
significant as the p < 0.05 level and Tukey’s honestly significant difference (HSD) test was
used to evaluate post hoc differences among means. All data are reported as means + S.D.

In protocol 1, two-way ANOVA was used to test if active shortening and different
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Figure 2.3: A) Raw force traces from protocol 1 at a shortening velocity of 0.5L¢/s for constant activation
(blue) and time-varying activation (black). After muscles reached steady-state force, they shortened actively,
which caused muscle force to decrease. At the onset of shortening, the amplitude of activation was increased.

B) In order to evaluate the effect of activation on muscle force, muscle force with constant activation was

subtracted from muscle force with time-varying activation (red).
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activation amplitude induce changes in muscle stiffness. To evaluate the relationship between
variable muscle stiffness and force resulting from active shortening at different activation
amplitudes, the correlation coefficient between muscle stiffness and force was calculated using
standard linear regression. Muscle force with time-varying activation was subtracted from
muscle force with constant activation (Fig. 2.3). The peak force after subtraction (Fig. 2.3B)
was used to analyze the effect of shortening velocity and activation on muscle force during
active shortening. Analysis of covariance (ANCOVA) was performed to identify changes in
mean peak force, with shortening velocity as the covariable and amplitude of activation as the
main effect.

In protocol 2, one-way ANOVA was performed to investigate the effect of shortening
velocity on muscle stiffness. ANCOVA was used to test the effects of length perturbation and
shortening velocity on muscle force, with shortening velocity as the covariable and length

perturbation as the main effect.
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2.3 Results
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Figure 2.4: Mean values (+1 SD) of relative stiffness after (A) different activations and (B) different
velocities of active shortening. Muscle stiffness was measured at LO during active shortening following
submaximal isometric contraction. Relative activation indicates peak amplitude of time-varying activation
normalized to the activation amplitude measured for the submaximal isometric contraction. Mean relative
stiffness increased with increasing amplitude of activation and decreasing shortening velocity. Bars not
connected by the same letter are significantly different (HSD, p < 0.05). *p < 0.05, **p <0.01 and ***p < 0.001.
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Figure 2.5: Muscle stiffness correlates with muscle force (> = 0.90, p < 0.001). Muscle stiffness was
measured at Lo during active shortening at different velocities following submaximal isometric contraction.
Time-varying activation at six different amplitudes was performed during active shortening.

We used two protocols to test the hypotheses that muscle stiffness varies with
shortening velocity, and that muscle stiffness affects the force response to changes in activation
amplitude (protocol 1) and length perturbations (protocol 2). In protocol 1, we used time-
varying activation during active shortening to quantify the effect of activation amplitude on
muscle force. In protocol 2, various amplitudes of length perturbation were applied to muscle

during active shortening to investigate the effect of muscle stiffness on the force response of

muscle to length perturbations.

2.3.1 Protocol 1
Relative muscle stiffness significantly increased with increasing activation amplitude
(F = 13.28, p < 0.001) and decreasing shortening velocity (F = 102.57, p < 0.001). The
interaction between activation amplitude and shortening velocity on muscle stiffness was not
significant (F = 1.18, p = 0.32). Relative muscle stiftness at the highest activation amplitude
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Figure 2.6: Amplitude of activation vs. relative force at different active shortening velocities. Data points
(n = 7 muscles per group) are means across muscles with error bars representing SD. The slope of the
relationship between amplitude of activation and relative force differed significantly among shortening
velocities (ANCOVA, slope p < 0.001) but the y-intercept was not significantly different. Lines show

regression of mean values.

(150% of activation amplitude at the first submaximal isometric contraction) was significantly
higher than at 130% (HSD, p <0.05), 120% (HSD, p <0.01) and 110% (HDS, p <0.001) (Fig.
2.4A). Stiffness at 140% was significantly higher than at 120% (HSD, p < 0.05) and 110%
(HSD, p < 0.001), stiffness at 130% was significantly different from 110% (HSD, p < 0.01)
(Fig. 2.4A). All shortening group means were significantly different from each other (HSD, p

< 0.001) (Fig. 2.4B). Linear regression analysis showed a significant correlation between
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Figure 2.7: Mean values (+1 SD) of relative stiffness at L0 after different velocities of active shortening

stk

(n=6). Mean stiffness decreased significantly (HSD, "~ p < 0.001) with increasing shortening velocity.

muscle stiffness and force (#* = 0.82, p < 0.001; Fig. 2.5).

In the relationship between the maximum force and activation amplitude, the slope
differed significantly among shortening velocities (ANCOVA, F =16.96, p <0.001). The slope
for isometric contractions was greater than the slope at 0.5 Lo/s (HSD, p <0.001) and 1.0 Lo/s
(HSD, p < 0.001) (Fig. 2.6) The intercept did not differ significantly among shortening

velocities.

2.3.2 Protocol 2

ANOVA demonstrated a significant effect of shortening velocity on muscle stiffness
(F=199.17, p <0.001). All shortening velocity group means were significantly different from
each other (HSD, p <0.001; Fig. 2.7). As in protocol 1, muscle stiffness significantly decreased
with increasing shortening velocity.

For the relationship between length perturbation amplitude and maximum force, the
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Figure 2.8: Amplitude of length perturbations vs. relative force at different active shortening velocities.
Data points (n = 5 muscles per group) are means across muscles with error bars representing SD. The slope
and intercept of the relationship between amplitude of length perturbation and relative force differed
significantly among shortening velocities (ANCOVA, slope p < 0.05, y-intercept p < 0.001). Lines show
regression of mean values.
intercept and the slope differed significantly among shortening velocities (ANCOVA, F =33.29,
p < 0.001, y-intercept; ANCOVA, F =4.13, p < 0.05, slope). For the isometric condition, the
maximum force increased faster with length perturbation amplitude than for 0.5Lo/s (HSD, p
< 0.05) and 1.0Lo/s (HSD, p < 0.05) (Fig. 2.8). Additionally, the isometric condition had a
greater y-intercept than 0.5Lo/s (HSD, p <0.05) and 1.0Lo/s (HSD, p <0.001) (Fig. 2.8). There

was no significant difference of slope or y-intercept between 0.5Lo/s and 1.0Lo/s.
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2.4 Discussion

It has been proposed that the contribution of activation to muscle force depends on
muscle length (Daley and Biewener, 2011; Daley et al., 2009; Sponberg et al., 2011a; Sponberg
et al., 2011b). In isometric conditions, activation is primarily responsible for the control of
muscle force (Inman et al., 1952; Seyfert and Kiinkel, 1974; Smith and Stokes, 1993), whereas
the contribution of activation to force is dependent on length history under dynamic conditions.
Additionally, muscle responds differently to length perturbation depending on length history
(Libby et al., 2020). The effect of length history should be to change muscle stiffness because
different length history causes different muscle force and muscle force has a linear correlation
with muscle stiffness (Kirsch et al., 1994). In the force velocity relationship, as active
shortening velocity increases, force decreases. Greater shortening velocity will result in the
lower muscle stiffness. Here, we tested the effect of active shortening on muscle stiffness, and
then the force response of muscle to activation and length perturbations depending on muscle

stiffness.

2.4.1 Protocol 1

In order to evaluate the contribution of activation to muscle force depending on muscle
stiffness, we focused on two points: 1) how muscle stiffness is affected by shortening velocity,
and 2) how varied muscle stiffness, resulting from active shortening at different velocities
affects, the relationship between muscle force and activation.

Active shortenings at different velocities following submaximal isometric contraction
were performed to vary muscle stiffness. Muscle stiffness significantly decreased with
increasing shortening velocity (Fig. 2.4B) and decreasing activation amplitude (Fig. 2.4A). The

reduced muscle stiffness can be explained by the decrease in muscle force (#* = 0.90, p <0.001;
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Fig. 2.5) in agreement with a previous study (Kirsch et al., 1994; Sugi and Tsuchiya, 1988).
The results suggest that muscle stiffness is regulated by shortening velocity and activation. If
muscles had different length and activation history, they would show different stiffness even at
same length.

Based on the relationship between activation amplitude and muscle stiffness, we
evaluated how active shortenings at different velocities affect the force response of muscle to
activation. In our results, muscle was more sensitive to activation amplitude in isometric
conditions than in active shortenings (Fig. 2.6). Muscle force increased significantly faster with
increasing activation amplitude in isometric contractions (Fig. 2.6, blue) than in active
shortenings (Fig. 2.6, green and red). Since muscle stiffness decreases as shortening velocity
increases, the results can be interpreted that the relative contribution of activation to muscle

force decreases with decreasing muscle stiffness.

2.4.2 Protocol 2

As in protocol 1, we investigated two points: 1) how active shortening changes muscle
stiffness and 2) how the muscle stiftness affects the effect of length perturbations on muscle
force. To evaluate those two points, length perturbations were performed following active
shortening at different shortening velocities. Muscle stiffness was measured at the onset of
length perturbations.

Muscle stiffness decreased with increasing shortening velocity (Fig. 2.7). The result
was consistent with the results of protocol 1. The effect of length perturbations on muscle force
was dependent on shortening velocity (Fig. 2.8). When shortening velocity increased, the
greater length perturbation was needed to produce the same force. Furthermore, muscle force

increased faster with increasing the amplitude of length perturbations in isometric contraction
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(Fig. 2.8, blue) than in active shortenings (Fig. 2.8, green and red). When linked these results
with the relationship between shortening velocity and muscle stiffness, the effect of length
perturbations on muscle force is affected by muscle stiffness at the onset of the perturbation.
The greater muscle stiffness produces the greater peak force during length perturbations in

same length and activation.

2.4.3 Changes in force potential in the force-velocity relationship

The reduced force potential caused by active shortening would induce the effects of
activation on force to decrease. According to the force-velocity relationship of soleus muscle
of rat, the maximal forces at 0.5Lo/s and 1.0Lo/s were about 0.3Py and 0.2Po, respectively
(Claflin and Faulkner, 1989). Chow and Darling, (1999) showed the variable force-velocity
relationship at different activation levels. When decreasing in shortening velocity, muscle force
increased more with increasing activation level. Although the contraction type in their study
was not isotonic but isovelocity, the shape of the force-velocity relationship developed by
isovelocity data was similar to the relationship by isotonic data (James and Johnston, 1998).
Thus, the reduced contribution of activation to muscle force is partially due to the decreased

force potential.

2.44 A composite material viewpoint as one alternative muscle
viewpoint

In the traditional viewpoint of muscle as a motor, muscle force is mainly controlled by

activation, length, and velocity of muscle (Hof and Van den Berg, 1981; Olney and Winter,

1985; van Ruijven and Weijs, 1990). For example, the ‘Hill-type’ muscle model determines

muscle force by activation level, isometric force-length and isotonic force-velocity

24



relationships (Dick et al., 2017; Wakeling et al., 2021). In this viewpoint, the muscle forces fail
to predict the history dependence of muscle force (Perreault et al., 2003; Sandercock and
Heckman, 1997) because they should produce same force at the same length and activation. It
seems hard to reconcile our findings with this model in that muscle can produce different force
depending on its stiffness even with same length and activation. The traditional viewpoint
would not explain our findings unless it takes account of the history dependent stiffness.

A composite material viewpoint could be one of alternative muscle viewpoint because
it is able to reflect tunable elasticity of muscle depending on length history. Libby et al. (2020)
presents that the force response of muscle to length perturbation is history dependent,
suggesting muscle has a different viscoelastic memory by length history. They developed a
simple material model including a spring and a damper to predict the force response of muscle.
When the equilibrium length of the spring is proportional to preload, the model predicts the
work quantity during length perturbation very accurately (7% > 0.99).

The variable equilibrium length of the spring can be replaced with tunable stiffness, as
both affect the spring force. We developed the similar three-parameter viscoelastic model
including a linear spring and a linear damper which are in parallel, but the spring stiffness was
proportional to the measured muscle stiffness, instead of the equilibrium length proportional to
preload (Fig. 2.9). Because the measured muscle stiffness depended on shortening velocity (Fig.
2.7), the tunable stiffness can be referred as the history dependent stiffness. The parameter sets
were optimized for the best 7* value for length perturbations using all subject data in protocol
2 and then the models predicted each subject data in protocol 2 using the optimized parameter
sets. Work magnitude during length perturbation was predicted accurately (mean 7> = 0.92 +

0.08) by the model with tunable stiffness as in the previous study (Libby et al., 2020), and the
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model with constant spring stiffness also predicted muscle work output accurately (mean 7> =
0.90 £ 0.09) (Fig. 2.9. A & B). Since this study has focused on peak muscle force, the peak
force was also predicted by the model with the same parameter set. The model including
tunable stiffness did fit better with the peak force (mean * = 0.77 + 0.05) than the model
including constant stiffness (mean * = 0.42 + 0.26) (Fig. 2.9. C & D). The viscoelastic model
with tunable stiffness captures the peak force as the response of length perturbation as well as
work quantity. The simulated results support the suggestion that variable muscle force under
dynamic conditions can be somewhat accurately predicted by the force response of a history
dependent viscoelastic material to length perturbations. Therefore, to enlarge our understanding
of how muscle adjusts to dynamic conditions, we need the alternative muscle viewpoint which
can reflect the tunable stiffness. A composite material muscle viewpoint should be considered

as one alternative muscle viewpoint.
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Figure 2.9: Schematic of three-parameter viscoelastic model (A), one example of predicted work (B &
C), and one example of predicted peak force (D & E). (A) The viscoelastic model predicts muscle force
during length perturbations depending on a spring constant, k, a damping coefficient, ¢, and the equilibrium
position, x*. k is proportional to its own measured stiffness (B & D), while ¢ and x* are constant. For a
comparison, the model with no tunable spring constant predicts work and peak muscle force during length
perturbations (C & E).
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2.4.5 Application to locomotion

While muscle adopts a variety of roles during locomotion in steady state depending on
the phase of activation or loading (Ahn et al., 2006; Daley and Biewener, 2003; Dickinson et
al., 2000; Roberts et al., 1997), uncertainty remains regarding how muscle adjusts to unsteady
conditions which are common in natural settings. This study directly investigated the effects of
length perturbations on muscle force depending on muscle stiffness.

In vivo data from Daley and Biewener (2011) offer an unique opportunity to evaluate
how muscle force is controlled in uneven terrains. They measured in vivo force, strain, and
activation of guinea fowl lateral gastrocnemius (LG) during treadmill running over obstacles.
Peak LG force in stance phase was varied to overcome obstacles. When stepping up the
obstacles, the peak LG force usually was greater, but when stepping down, the force was less
than during level walking. Interestingly, the peak force is more closely correlated with length
at foot contacts (7> = 0.63; Fig. 2.10), than peak electromyography (EMG) intensity (+* = 0.34;
Fig. 2.10). Because EMG and length trajectory before foot contact had relatively little stride-
to-stride variation in respect to time due to the constant treadmill running speed (Fig. 2.11),
length at foot contact would indicate the time phase of foot contact.

The effect of earlier foot contact for stepping up is to convert active shortening to
isometric contraction earlier or to at least slow down shortening velocity earlier than other steps.
Although foot contacts for obstacle strides happen earlier (Fig. 10, red circle) than for level
running (Fig. 2.11, line (a)), we made the assumption that all strides have identical time phase
of length perturbation (Fig. 2.11, line (a) & (b)) to interpret the varied peak force. The earlier

conversion to isometric contraction allows for the bigger preload at the onset of length
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Figure 2.10: A) The relationship between peak muscle force and muscle length at foot contact for in vivo
guinea fowl LG. Peak muscle force and muscle length at foot contact were extracted from all steps from a
single bird (n = 320). Peak muscle force was linearly related to muscle length at foot contact (#* = 0.63). B)
The relationship between peak muscle force and peak normalized EMG. Peak normalized EMG value
was extracted from all steps. The 72 value between peak normalized EMG and peak muscle force was 0.34.

Data from Daley and Biewener (2011).

29



(a)  (b) Length
v perturbation

<

fascicle length
(L/L)

AN

60
40 -
20

0 - _
20

force (N)

J

1.0 +

(mV)

EMC

0 0.3 0.4

time (s)

Figure 2.11: Changes in in vivo LG length, force, and EMG (mean = SE) vs. time during treadmill
running in guinea fowl. Level running (gray lines) vs. running over S5cm obstacles (blue lines). Red circle
and Line (a) indicate foot contacts for running over obstacles and for level running, respectively. Distance
between line (a) and (b) represents the length perturbation period. Foot contacts for running over S5cm obstacles
(blue lines) occur earlier than for level running (gray lines). Obstacle steps show greater force at the onset of
length perturbation than level steps. Graph reproduced from Daley and Biewener (2011).
perturbations (Fig 2.11, line (a)), which results in the greater peak force. Preload refers to force
at the onset of length perturbation. The interpretation is in accordance with the previous study
that work during length perturbation depends on preload (Libby et al., 2020). If the preload can
be replaced with its muscle stiffness, the varied peak LG force can reconcile our findings in

this study that greater muscle stiffness has more sensitive to length perturbation. In addition,

the low 7? value between peak muscle force and peak EMG intensity (Fig. 2.10B) is also
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supported with our results in that the effect of activation on muscle force is relatively little
during active shortening. In sum up, our results and the guinea fowl data have demonstrated
that the varied peak force during active shortening is determined by the variable force response
to length perturbation depending on history dependent muscle stiffness, and the varied peak

force cannot be explained solely by activation.

2.4.6 Conclusion

In this study, we found that muscle has tunable stiffness determined by length history,
and the tunable stiffness causes muscle to differently respond to activation or length
perturbations between isometric and dynamic conditions. These findings suggest that a new
alternative muscle viewpoint is required to reflect the tunable stiffness. A composite material
viewpoint could be the alternative viewpoint in that it is able to implement the tunable stiffness.
The simple material model including the history dependent muscle stiffness can accurately
predict our data. Also, our findings can be used to analyze the varied peak force of plantar
flexors during locomotion on uneven terrain. The varied peak force is related with length at
foot contact. The length at foot contact indicates force at the onset of length perturbation. If
force implies muscle stiffness, the force response of muscle to deformation by external force

is dependent on its stiffness. Our findings support the interpretation of the varied peak force.
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Chapter 3. The effect of active shortening at different velocities on ratio of

muscle stiffness to force during force redevelopment

3.1 Background

The muscle stiffness (k) to muscle force (Fiso) ratio (SFR) is believed to be relatively
constant during isometric contraction at a given muscle length and neural activation level,
because both isometric muscle force and muscle stiftness are considered to be linearly related
to the number of attached cross bridges (Ford et al., 1981; Gordon et al., 1966; Huxley and
Niedergerke, 1954). However, Julian and Morgan (1981) found that the SFR was altered during
isometric force redevelopment after active shortening. During isometric contraction following
active shortening, k,, was greater than in a purely isometric contraction at the same length
(Julian and Morgan, 1981). If ki is primarily related to cross-bridge stiffness and stiffness of
passive structures, then active shortening before isometric contraction may affect either cross-
bridge stiffness or passive stiffness, or both.

Assuming the same number of attached cross bridges for isometric contraction at the
same muscle length and force, the greater 4, in the isometric redevelopment period cannot be
explained solely by cross bridges. However, weakly-bound cross bridges make it possible to
explain the greater &, at the same muscle force without additional changes in the stiffness of
passive structures. It has been hypothesized that weakly-bound cross bridges are generated in
the newly forming overlap zone between actin and myosin during active shortening (Maréchal
and Plaghki, 1979). Although the weakly-bound cross bridges do not produce force, they

contribute to k, (Huxley, 1957; Joumaa et al., 2012). This property of weakly-bound cross
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bridges would increase &, at a given Fiso, increasing the SFR.

The greater k, following active shortening could also be associated with changes in
titin stiffness. Rassier and Herzog (2004) suggested that the equilibrium length (zero force) of
a parallel element is adjusted when force redevelops isometrically following active shortening.
They showed not only that the amount of force enhancement is affected by active shortening
prior to active lengthening, but also that the effect of shortening on force enhancement is
reduced by increasing the duration of a pause between shortening and lengthening. The parallel
element is likely to be titin because titin is in parallel with attached cross bridges (Herzog,
2018). If titin is assumed to be a linear spring whose force is related to the amount of force
enhancement (Herzog, 2018; Nishikawa, 2020), then increasing force enhancement with pause
duration could be associated with increased titin force caused by the adjustment of titin

equilibrium length.

A B C
—titin —titin —titin
—CB —CB —CB
x05 —toti/ x 0.5 —total X~ 0.5 —total/
0 0 0
0 0.5 1 0 0.5 1 0 0.5
FISO FISO FISO

Figure 3.1: Theoretical relationships between relative muscle stiffness (k») and relative muscle isometric
force (Fiso). Total muscle stiffness (black) is calculated as the sum of titin stiffness (red) and cross-bridge
(CB) stiffness (blue). A) If the proportion of weakly-bound to strongly-bound cross bridges is independent of
Fso and titin stiffness is constant, then the relationship between km and Fiso will be linear. B) If titin stiffness
is constant but the proportion of weakly-bound to strongly-bound cross bridges depend non-linearly on Fiso,
then the total stiffness will also increase non-linearly with Fiso. (C) Both titin stiffness and the proportion of
weakly-bound to strongly-bound cross bridges increase linearly with Fiso, so the total stiffness also increases

linearly with Fiso.
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Theoretically, weakly-bound cross bridges and/or a change in titin stiffness or
equilibrium length can explain the increase in SFR after active shortening. However,
supporting experimental evidence for either hypothesis is absent. Information on the number
of weakly-bound cross bridges and/or titin behavior in the active state could potentially be
inferred from the change in SFR during isometric contraction after shortening. In the
relationship between k, and Fiso, the y-intercept might be related to either the quantity of
weakly-bound cross bridges, or titin stiffness, or both, since the y-intercept is the stiffness at
zero force. In addition, the slope represents how the proportion of weakly-bound cross bridges
to strongly-bound cross bridges and/or titin stiffness change when isometric force redevelops
during the pause following active shortening (Fig. 1). If the proportion of weakly to strongly-
bound cross bridges is constant throughout the redevelopment period with constant titin
stiffness, or alternatively if titin stiffness depends linearly on Fiso, then the slope should be
linear. Otherwise, the slope should be non-linear due to the changing proportion of strongly-
bound cross bridges and/or non-linear dependence of titin stiffness on Fiso.

Shortening at different velocities changes the SFR because Fiso decreases more rapidly
with shortening velocity than &, (Julian and Sollins, 1975). Therefore, according to Julian and
Sollins (1975), the y-intercept of the relationship between &, and Fiso should increase with
decreasing shortening velocity. However, the shape of the slope is not predicted easily since
there is no generally accepted mechanism that explains the change in SFR during isometric
contraction after active shortening. The aim of this study was to systematically investigate how
SFR changes during the isometric force redevelopment period following active shortening at
different shortening velocities. Results may provide insights about how the proportion of

weakly-bound to strongly-bound cross bridge and/or titin stiffness change during force
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redevelopment after active shortening. We designed an experiment in which muscles first
develop force isometrically, and are then shortened at different velocities, followed by a period

of isometric force redevelopment during which Fiso and &, were measured.
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3.2 Materials and Methods

3.2.1 Animals

Mice of the strain B6C3Fe a/a-Ttn™™/J were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA) and a breeding colony was established in the animal care facility at
Northern Arizona University (NAU). Soleus muscles from homozygous wild-type mice (n=7;
female = 2, male = 5; mass = 23.31£1.38g) were used in this study. The Institutional Animal

Care and Use Committee at NAU approved the experimental protocol and use of animals.

3.2.2 Muscle preparation

Wild-type mice were euthanized by isoflurane overdose, confirmed by cervical
dislocation. Soleus muscles were isolated and the tendons at the muscle-tendon junction were
tied with 4-0 silk suture as close as possible to the muscles to reduce contributions of
extramuscular connective tissue. The muscles were attached to an inflexible hook at one end
and to a servomotor length and force controller (Aurora Scientific, Inc., Series 300B, Aurora,
ON Canada) at the other. Muscles were placed in an experimental chamber filled with
mammalian Krebs-Ringer solution (in mM: 137 NaCl, 5 KCI, 1 NaH>POs, 24 NaHCO3, 2
CaCl,, 1 MgS0s, and 11 dextrose, pH 7.4; buffered with 95% O, and 5% CO3) at 22 °C.

Stimulation was achieved using two platinum electrodes placed parallel to the muscle
in the chamber. For maximal tetanic stimulation, square wave pulses at 60 V were delivered to
the muscles at a frequency of 75 Hz using a Grass S48 stimulator. To determine optimal muscle
length (Lo), muscles were activated using maximal tetanic stimulation and muscle length was
adjusted until maximum isometric muscle force (Po) was established. Maximum isometric

force, measured at the end of the experiments, was within 15% of the maximum isometric force
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measured at the beginning of the experiments for all muscles.

3.2.3 Experimental protocols

Maximal isometric force at 1.05 Lo was established for whole soleus muscles isolated
from wild-type mice (Fig. 3.2, bottom). The muscles were actively shortened to Lo at three
velocities (1/8 Lo/s, Y2 Lo/s and 2 Lo/s) and then held isometrically for four pause durations (10,
20, 80 and 1000 ms) which allowed isometric force redevelopment (Fig. 3.2, top). To measure
instantaneous muscle stiffness, quick transients (0.9% Lo stretch at a speed of 3 Lo/s) were
conducted at the end of the pause. For a comparison, the muscle stiffness was also measured
during isometric contractions at Lo without active shortening at similar durations after the onset

of stimulation (10, 20, 80 and 1000 ms). The order of the different velocities and pause

'/ g

Four pause times:
10, 20, 80 & 1000ms

Quick transient:
I 0.9%L,, 3Ly/s

1.05L,

Three shortening
velocities:
1/8, 1/2 & 2Ly/s

500ms

F------“'

i,

Figure 3.2: Muscle force (upper trace), length (lower trace) and measurement of instantaneous muscle
stiffness. Protocols used to evaluate the effects of active shortening and duration of isometric redevelopment
on muscle stiffness and force. Active shortening was performed from 1.05L, to Lo at three different velocities;
1/8 Lo/s (red), %2 Lo/s (green) and 2 Lo/s (blue). Instantaneous muscle stiffness was measured using quick

stretch with an amplitude of 0.9% Lo and a velocity of 3L¢/s at four different pause durations (10, 20, 80 and
1000 ms).
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durations was randomized for each muscle. A period of 4.5 min rest was given between trials.
Instantaneous muscle stiffness was calculated as the change in muscle force during the quick

stretch, divided by the amplitude of the quick stretch (Fig. 3.2).

3.2.4 Data Analysis

Data were sampled at 4000 Hz and collected using a DAQ box (National Instruments,
Austin, Texas, USA). Muscle stiffness (k») and isometric force (Fiso) at the end of the pause
were normalized by the values measured at 1000 ms without active shortening, and the relative
values were used for statistical analysis. All data are shown as means + S.E. Two-way ANOVA
was used to determine differences in Fiso and &, among different shortening velocities and
pause durations. The main effects were shortening velocity and pause duration. The effects of
shortening velocity and Fiso on &, were tested using analysis of covariance (ANCOVA), with
Fiso as the main effect and active shortening velocity as the covariable. Tukey’s honestly

significant difference (HSD) test was used to evaluate post hoc differences among means.
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3.3 Results

Both relative muscle force (Fiso) and muscle stiffness (k) increased during the period
of isometric force redevelopment following active shortening (Fig. 3.3A and C). The rate of
increase in both Fiso and k, during the force redevelopment period depended on shortening
velocity (Fig. 3.4). The muscle stiffness to force ratio (SFR) also differed depending on

shortening velocity, showing different y-intercepts and slopes for different shortening
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Figure 3.3: Mean values (+ 1 S.E.) of relative force (A, B) and relative stiffness (C, D) after different
pause durations (A, C) and different velocities of active shortening (B, D). Both mean relative force and
stiffness increased with increasing pause duration and decreasing shortening velocity. Bars not connected by

the same letter are significantly different (HSD, p < 0.001).
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Table 3.1: Results of two-way ANOVA. Effects of pause duration (10, 20, 80 and 1000 ms) and shortening

velocity (1/8, 2, and 2 Lo/s) on relative muscle force.

Df Sum Sq Mean Sq F-Value P-Value
Pause duration 3 4.09 1.36 712.78 <0.001
Shortening 3 0.60 0.20 104.26 <0.001
velocity
Interaction 9 0.71 0.08 41.03 <0.001
Error 96 0.18 0.0019
Total 111 5.58

velocities in the Fiso — ki relationship (Fig. 3.5).
ANOVA demonstrated significant effects of shortening velocity (p < 0.001), pause
duration (p < 0.001), and their interaction (p < 0.001) on Fiso (Table 3.1). All pause duration

group means and shortening velocity group means were significantly different from each other
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Figure 3.4: Change in relative muscle force and stiffness during isometric force redevelopment following
active shortening at different velocities. Data points (n = 7 muscles per group) are means across muscles
with error bars representing S.E. (A) Relative force increases with increasing pause duration. The rate of
increase varies with shortening velocity. (B) Relative stiffness increases with increasing pause duration, and
shortening velocity affects the stiffness vs. pause duration relationship. The slope of the relationship increases

with increasing shortening velocity.
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Table 3.2: Results of two-way ANOVA. Effects of pause duration (10, 20, 80 and 1000 ms) and shortening

velocity (1/8, 2, and 2

Lo/s) on relative stiffness.

Df Sum Sq Mean Sq F-Value P-Value
Pause duration 3 3.81 1.27 1767 <0.001
Shortening 3 1.70 0.57 787.79 <0.001
velocity
Interaction 9 0.82 0.09 126.66 <0.001
Error 96 0.07 0.00072
Total 111 6.39

except for ‘no shortening” and “1/2 Lo/s’ (Fig. 3.3A and B, HSD, p <0.001). Fiso increased with

increasing pause duration and decreasing shortening velocity.

For the Fiso-pause duration relationship, the slope of ‘no shortening” was the steepest

and the slopes of the active shortening group varied with shortening velocity (Fig. 3.4A). The
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Figure 3.5: Relative force vs. relative stiffness at different active shortening velocities. Data points (n =7

muscles per group) are means across muscles with error bars representing S.E. The slope and the y-intercept

of the relative stiffness-force relationship differed significantly among different shortening velocities,

including ‘no shortening” (ANCOVA, slope, p < 0.001; y-intercept, p < 0.001).
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Table 3.3: Slope, intercept, and correlation coefficients (means + S.D) for the linear relationship between
muscle force and stiffness after shortening at three velocities (1/8, 1/2 and 2 Lo/s) and with no shortening.

Shortening
Slope Intercept Correlation
Velocity
No shortening 1.00 £ 0.026 0.00+0.019 0.98™"
1/8 Lo/s 0.65 + 0.0542° 0.42 +£0.041°¢ 0.84™"
1/2 Lo/s 0.86+0.031 0.21 +0.022%¢ 0.98™"
2 Lo/s 0.96 £ 0.026 0.10 £ 0.019°¢f 0.99""

2 significantly smaller than ‘No shortening’ (p < 0.01).
b significantly smaller than ‘1/2 Lo/s’ (p < 0.01).

¢ significantly bigger than ‘No shortening’ (» < 0.001).
d significantly smaller than ‘1/8 L0/s’ (p < 0.05).

¢ significantly smaller than “1/8 L0/s’ (p < 0.001).

f significantly smaller than 1/2 L0/s’ (p < 0.01).
 p<0.001

effects of shortening velocity (p <0.001), pause duration (p <0.001), and interaction (p <0.001)
on kn, were also significant (Table 3.2). All pause duration and shortening velocity group means

were significantly different from each other (Fig. 3.3C and D, HSD, p < 0.001). The rate of
increase in stiffness during the force redevelopment period depended on shortening velocity.

As for Fiso, the slope of ‘no shortening’ was the steepest and the slopes of the active shortening

group increased with increasing shortening velocity (Fig. 3.4B).

The slopes and y-intercepts of the relationship between Fiso and k, differed
significantly among shortening velocities (Fig. 3.5, ANCOVA, F = 116.16, p < 0.001, y-
intercept; ANCOVA, F = 10.67, p <0.001, slope). At the slowest shortening velocity (1/8 Lo/s;
Fig 3.5, blue), & increased more slowly with Fiso than for the faster velocities (1/2 Lo/s, Fig.

3.5, green, p < 0.05; 2 Lo/s, Fig. 4, red, p < 0.001) and also more slowly than for the ‘No
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shortening’ condition (Fig. 3.5, yellow, p < 0.001). All y-intercepts were significantly different
from each other (Table 3.3). A significant positive correlation between Fiso and k», was

observed for all active shortening velocities as well as ‘No shortening’ (Table 3.3, p <0.001).
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3.4 Discussion

The aim of this study was to investigate how the ratio of muscle stiffness (k) to force
(F1so) changes during the period of isometric force redevelopment following active shortening
at different velocities. Our main findings were that: 1) Fiso and k., increased during the force
redevelopment period following active shortening (Tables 1 and 2, Fig. 3); 2) the rate of
increase in Fiso and k., was affected by active shortening velocity (Fig. 4); and 3) the slope and
the y-intercept of the relationship between Fiso and 4, differed among different shortening
velocities (Table 3 and Fig. 5).

The y-intercept of the relationship between Fiso and k, increased significantly with
decreasing active shortening velocity, and the y-intercept for ‘no shortening’ was significantly
lower than for the experiments with active shortening (Table 3 and Fig. 5). This finding
supports previous reports which showed decreasing &, with increasing shortening velocity
(Julian and Sollins, 1975). The velocity-dependent y-intercept suggests that &, is substantial
when Fiso is zero, and the stiffness to force ratio is not constant for isometric contractions
following active shortening.

According to the cross-bridge theory, &, should be zero at zero force because Fiso 1s a
function of the number of attached cross bridges (Gordon et al., 1966; Huxley and Niedergerke,
1954). As expected, k» equals 0 when Fiso equals zero for the ‘no shortening’ protocol (Fig. 5,
yellow). However, the ‘active shortening’ protocols showed non-zero y-intercepts that differed
among the three shortening velocities (Fig. 5, blue, green, and red). These results are not
consistent with the cross-bridge theory (Ford et al., 1981; Huxley, 1957). In order to explain
the non-zero y-intercepts caused by active shortening, weakly-bound cross bridges have been

invoked (Maréchal and Plaghki, 1979). The hypothesized mechanism postulates that weakly-
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bound cross bridges form in the new overlap zone created by active shortening (Maréchal and
Plaghki, 1979). As the weakly-bound cross bridges only contribute to k, without producing
force (Huxley and Simmons, 1971; Joumaa et al., 2012), the non-zero y-intercepts in the
present study could potentially be explained by the weakly-bound cross bridges.

Previous studies found that force depression during shortening decreases with
increasing shortening velocity (Herzog and Leonard, 1997; Leonard and Herzog, 2005;
Maréchal and Plaghki, 1979), and proposed that the reduction of force is associated with the
amount of stress imposed on actin filaments during active shortening (Joumaa et al., 2012).
According to this hypothesis, the reduced stress on actin filaments caused by faster shortening
results in binding of a smaller number of weakly-bound cross bridges to actin, which results in
diminished force depression. The number of weakly-bound cross bridges increases with
increasing actin stress produced by decreasing shortening velocity. Similar to these previous
studies, the present study also found that that the slowest velocity resulted in the largest y-
intercept between k» and Fiso, and also found that force depression decreases with increasing
shortening velocity. These observations are potentially consistent with the hypothesis that more
weakly-bound cross bridges are bound to actin when the shortening velocity is relatively slow.

In terms of the relationship between Fiso and k», the three shortening velocities had
different slopes (Fig. 5). If the velocity dependent y-intercept indicates the number of weakly-
bound cross bridges, then the different slopes would suggest a different proportion of weakly-
bound to strongly-bound cross bridges in the newly formed overlap zone. If the lower active
shortening velocity results in greater stress and distortion of actin (Joumaa et al., 2012;
Maréchal and Plaghki, 1979), this would increase the proportion of weakly-bound cross bridges.

This mechanism can explain the observation that slower active shortening increased the y-
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intercept of the stiffness-to-force relationship. However, it is not consistent with the reduced
slope at the slower active shortening velocity. The greater distortion of actin developed by the
slower active shortening velocity should increase the proportion of weakly-bound to strongly-
bound cross bridges. The greater proportion should increase the slope because weakly-bound
cross bridges only contribute to k, without producing force. Therefore, the ‘weakly-bound
cross bridges’ mechanism can explain the velocity-dependent y-intercept, but not the reduced
slope at the slower active shortening velocity.

Another problem with the weakly-bound cross-bridge hypothesis is that it predicts a
non-linear relationship between &, and Fiso. To produce a linear relationship between k&, and
Fiso during the force redevelopment period, the proportion of weakly- to strongly-bound cross
bridges must be constant, and therefore the amount of actin distortion must also be constant
during force redevelopment. Actin distortion has not been directly quantified after active
shortening. Yet, previous studies have suggested that the amount of actin distortion depends on
the amount of stress or work performed during shortening (Lee and Herzog, 2009; Maréchal
and Plaghki, 1979). After shortening, since the stress is not constant and work is zero during
the period of force redevelopment, the amount of actin distortion developed by active
shortening should not be constant. The distorted actin should return toward its original state to
some extent during the period of force redevelopment, and the proportion of weakly- to
strongly-bound cross bridges should decrease. However, the slope was constant throughout the
force redevelopment period except at the slowest velocity (Table 3), which suggests that actin
distortion does not affect the proportion of weakly- to strongly- bound cross bridges. Therefore,
the linear Fiso — kn relationship cannot be explained solely by weakly-bound cross bridges.

Rassier and Herzog (2004) showed that active shortening prior to active lengthening
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decreases the amount of force enhancement, and also that increasing the pause duration
between shortening and lengthening reduces the effect of active shortening on the amount of
force enhancement. If titin contributes to force enhancement (Herzog and Leonard, 2000; Jones
et al., 2016; Nishikawa, 2016; Nishikawa, 2020; Shalabi et al., 2017), then titin force must
change during active shortening and during the pause between shortening and lengthening.
Assuming that titin functions as a linear spring, its force can be changed by adjusting
equilibrium length. The winding-filament hypothesis developed by Nishikawa et al., (2012)
predicts changes in titin equilibrium length with increasing cross-bridge force. In the winding-
filament hypothesis, strokes of cross bridges rotate actin filaments along their longitudinal axis,
based on actin’s double helix structure, and this rotation causes titin to be wound upon actin
filaments. In particular, an increase in cross bridge force can decrease titin equilibrium length
by longitudinally rotating the actin filament (Nishikawa et al., 2012). This hypothesis can
explain the reduced effect of shortening on the amount of force enhancement during isometric
force redevelopment. When cross-bridge force recovers during isometric force redevelopment,
titin equilibrium length would be reduced by titin winding upon actin filaments. During the
redevelopment period, the relative contributions of titin equilibrium length and strain to titin
force would depend on the initial titin state and cross-bridge force following active shortening.
The different contributions might result in different slopes of the relationship between Fiso and
km because titin stiffness can only affect ki, but not titin strain.
In conclusion, we found different ratios of kw to Fiso during isometric force
redevelopment following active shortening at different velocities. The greater &, caused by
active shortening can potentially be explained by weakly-bound cross bridges that contribute

to k» but not force. However, the weakly-bound cross-bridge hypothesis is not compatible with
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the reduced slope at the slower active shortening velocity or the linear slope between k., and
Fiso during isometric force redevelopment. To explain these observations, an alternative
hypothesis is needed. One alternative hypothesis is that titin stiffness changes during active
shortening and isometric force redevelopment. The winding filament hypothesis (Nishikawa et
al., 2012) provides a plausible mechanism for how titin stiffness is modulated by cross-bridge
forces. However, since titin is unobservable due to its small (~4 nm) diameter (Maruyama et
al., 1984; Trinick et al., 1984; Wang et al., 1984), direct evidence supporting the winding
filament hypothesis is elusive. In the absence of better techniques for observing sarcomere and
protein structure during dynamic contractions, developing models that account for changes in
muscle stiffness during shortening seems to be essential to further the understanding of muscle

mechanics in dynamic experiments with time-varying muscle length and velocity.
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Chapter 4. Titin clutch model

4.1 Background

As muscle is the only organ that produces active force, individual muscle force can
provide considerable insights into human biomechanics and motor control. However,
individual muscle force is only rarely measured due to methodological difficulty. Though joint
torque can be quantified using dynamometer equipment (Forrester et al., 2011; Yeadon et al.,
2006) or be estimated using inverse dynamics with joint kinematics and ground reaction force
(Delp et al., 2007; Kuo, 1998), the issue of assigning joint torque to different muscles that cross
the same joint is not easily solved (Hug et al., 2015). Some previous studies have used
physiological cross-sectional area or electromyography when assigning torque to muscles
(Dick et al., 2016; Maganaris and Paul, 1999), but the accuracy of these approaches remains
unknown. Individual muscle force can be measured directly with invasive methods such as
optic fibers or transducer buckles applied directly to the tendon (Finni et al., 1998; Hahs and
Stiles, 1989). However, these highly invasive methods are not easily applicable and are only
rarely used. Simulation of muscle force using muscle models is one alternative way to estimate
individual muscle force.

Hill-type models are most commonly used to estimate individual muscle force due to
its simplicity (Lloyd and Besier, 2003). The Hill model predicts muscle force based on
activation dynamics, isometric force length and isotonic force velocity relationship (Dick et al.,
2017). Although the Hill model has the advantage of being relatively simple, the application is
increasingly limited. Hill-type models fail to explain the length dependence of activation

dynamics (Shue and Crago, 1998) or the history dependence of muscle force (Perreault et al.,
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2003; Sandercock and Heckman, 1997; Scovil and Ronsky, 2006). That is, the Hill model
predicts the equivalent force at any given same length and activation. The inability of the Hill
model to predict variable force depending on length history results in inaccurate predictability
of in vivo muscle force predictions. For example, this model gives a mean 7* value of 0.54 for
human medial gastrocnemius during cycling (Dick et al., 2017) and the range of 7> was 0.26 to
0.51 for goat medial gastrocnemius during treadmill walking, trotting and galloping (Lee et al.,
2013). These results suggest that alternative muscle models are needed for in vivo conditions.

Recent studies have suggested that the tunable viscoelastic property of the giant titin
protein may explain the history dependence of muscle force (Nishikawa, 2020). Titin
viscoelasticity depends on activation due to calcium-dependent binding of the N2A domain of
titin to actin (Dutta et al., 2018). The binding effect is to remove the compliant proximal Ig
domain in the active state, which increases titin stiffness. Tunable titin stiffness modulates titin
force. Considering the parallel connection between titin and cross bridges (Herzog, 2018), the
modulated titin force directly influences muscle force. Indeed, from stretch amplitude-
dependent residual force enhancement (Bullimore et al., 2007; Edman et al., 1978; Edman et
al., 1982; Hisey et al., 2009), it can be inferred that the length of muscle upon activation is
essential to determine titin force. The variable response of titin to activation and length history
can explain the history-dependence of muscle force. However, it has rarely been investigated
how the titin protein adjusts to changes in force and length once binding to actin occurs,
because titin is unobservable due to its small (~4 nm) diameter (Maruyama et al., 1984; Trinick
et al., 1984; Wang et al., 1984).

Due to the in series as well as in parallel connection between titin and cross bridges,

the titin force should be the same as the cross-bridge force (Herzog, 2018). According to the
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winding filament hypothesis (WFH) developed Nishikawa et al. (2012), the effects of titin-
actin interactions is to maintain the balance of force between cross bridge and titin. In the WFH,
strokes of cross bridges rotate an actin filament along its longitudinal axis based on actin’s
double helix structure, and this rotation causes titin to be wound upon actin filaments. The
increase in cross-bridge force can change titin equilibrium length by modulating the
longitudinal rotation of the actin filament (Nishikawa et al., 2012).

The titin clutch model (TCM) was developed with a titin element that wraps around a
pully representing the actin filament (Tahir et al., 2018). The titin clutch model consists of three
subunits representing the contractile element, the titin element, and the series elastic element.
The pulley connects the titin element to the contractile element in series and parallel. The
history-dependent pulley position should affect the response of the model to activation, which
allows for predicting history-dependent forces. Additionally, activation-dependent parameters
were added to the damper in the contractile element and the spring and the damper in the titin
element to implement the force velocity relationship scaled to the level of activation (Chow
and Darling, 1999) and titin binding to actin in the presence of Ca®" (Dutta et al., 2018).

In this study, we aimed to test the ability of TCM to predict history-dependent muscle
force. To investigate the effects of the pulley and the activation-dependent mechanical
properties on the accuracy of predicted force, we developed five models: 1) the titin clutch
model with activation-dependent mechanical properties and a pulley (TCM); 2) TCM with no
activation-dependent mechanical properties (TCMuoact); 3) TCM with no pulley (TCMyopin); 4)
TCM with neither activation-dependent parameters nor pulley (TCMuopuact); and 5) a Hill
model with third order activation dynamics (Wakeling et al., 2021). All models were used to

simulate in situ data measured during work loops with length perturbations of cockroach leg
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muscle (Libby et al., 2020). We hypothesized that: 1) the TCM will predict muscle force more
accurately than the Hill model; 2) the TCM models with the pulley will predict muscle force
more accurately than models with no pulley (TCM vs. TCMnoPll & TCMyoact vS. TCMnopiiact);
and 3) the TCM models with activation-dependent parameters will predict muscle force more
accurately than models with no activation-dependent parameters (TCM vs. TCMpoact &

TCMuopit vS. TCMnopliAct).

52



4.2 Materials and Methods

4.2.1 Data for models

We used data from a study of cockroaches (Libby et al., 2020) during sinusoidal work
loops at six different frequencies (1, 3, 5, 8, 10 and 12 Hz) with length perturbations. The target
muscle was the ventral femoral extensor of the middle leg (muscle 137). Instead of isolating
the muscle from the limbs, intact joint work loops were performed. A muscle ergometer located
at the coxa-femur joint controlled joint trajectories and measured force simultaneously. The
target muscle was activated via implanted bipolar silver wire electrodes.

The data used for simulations in the present study included 24 trials (four types at six
frequencies). The types included length perturbations occurring shortening or at lengthening
phase and whether the muscle was activated or not before the length perturbations. In the active
type, muscles were activated 25 ms before length perturbations and activation ended at the start
of length perturbations. Length perturbations always occurred at the same muscle length and
velocity, and the shape was a half sinusoidal curve at 1000 Hz. The amplitude of length
perturbations was set to equal to the stride amplitude. Six trials were randomly chosen to train
the models and the trained model was tested on the other 18 trials. Muscle force was normalized
to the maximal isometric force (Po) and length was normalized to the optimal length (Lo) that
produced the maximal isometric force. Stimulation also was normalized to the peak voltage. In
this study, relative force (% Po), relative length (% Lo) and relative stimulation were used to

validate the muscle models.

4.2.2 Titin clutch muscle models
The titin clutch model (TCM) consists of a contractile element, a titin spring and
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Figure 4.1: Schematic of the titin clutch model. In the titin clutch model, the contractile element (ce) is a
nonlinear damped motor. m,, 7, and 6,, represent mass, radius, and angle of the pulley. When ce force

increases, the pulley rotates in the counter-clockwise direction. The series elastic element represents tendon,
aponeurosis, and extracellular matrix. A spring and damper represent the viscoelastic properties of titin with

spring constant k; and damping coefficient ci.
damper, a pulley, and a series elastic element. x,» and x, represent the whole muscle length and
the distance between z-disc and the center of the pulley, respectively. 6, shows the angle of
the pulley (Fig. 4.1). The pulley reflects the behavior of titin in the winding filament hypothesis
(Nishikawa et al., 2012), in which the titin filament winds around actin filaments depending on
the rotation of the actin filament along the longitudinal axis by the cross bridges. The pulley is
frictionless and in a no-slip condition and has two degree of freedom (DOF), rotation and
translation. The rotational acceleration of the pulley can be written as:
Jpbp = T(F. — F) = TQ,, (1)

where r, J, and 6, are the radius, the inertia, and the angle of the pulley, respectively. Fe, Fi

and 7Q, represent the contractile element force, titin force, and pulley recoil torque. The
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transitional acceleration of the pulley is given by:
mpxy = Fs — (Fe + F), 2)
where m,, is the mass of the pulley and x, is the change in pulley position. Parameter values for
my, and r were set at 10 Pg and 1 Lo, respectively. The pulley moment of inertia was calculated
based on m, and r (J = mpr?).
The contractile element is composed of a force generator ib parallel with a damper.
Force developed by the force generator is determined by the level of activation and whole

muscle length. Fe. is given by:
( m_l)z
Fee = exp (— a ” ) X (Act X Actscqre), (3)

where x, is relative muscle length, Act represents the level of activation and Actscae is a
parameter that scales activation to force. In this study, y was set at 0.45 to represent a
physiologically relevant force-length relationship (Gordon et al., 1966; Thelen, 2003). The
damping force, Feq, is determined by damping coefficient, c.., and the change in velocity of the

contractile element, x., (Fig. 1). Feqis given by:

Xee = Xp — 10, (4)
Feq = Cee X Xces (5)
Coo = €q X ezt %] (6)

where x.. is the rate of change in the contractile element, Act represents the level of activation,
ép is the rate of change in the pulley angle, and ¢; and c; are constant parameters. Because the
force generator is in parallel with the damper, F. is determined by the sum:
Fe = Fee + Feq. (7)
The titin element consists of a spring and damper. As titin is wound around the pulley,

the whole titin segment is divided into two parts: free titin and bound titin. Since the model
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assumes that the pulley is frictionless in no-slip condition and the wound part of titin is firmly
bound to the pulley, only the free titin contributes to the mechanical properties of the model.

Changes of the equilibrium length of the free titin segment can be modeled using a
differential equation. When the pulley rotates by a small angle A8, the amount of the wrapped
portion around the pulley is 7-A6. The rate of change of the equilibrium length is:

0 (8)
log = —leg —2

where le; represents the equilibrium length of the titin spring, 7, 6, are the radius and angle of
the pulley, respectively, and x, is the length of free titin segment:

lequw = lerld + leq'Oldr 9)

leqoia (10)

)

kisnew = Kisora X ]
eqNew

where legnew and leqoia represent the equilibrium length after and before rotation of the pulley.
Titin spring stiffness (ki) is affected by changes in equilibrium length of the free titin segment
and is determined by the ratio of legnew t0 legora.

It has been suggested that titin increases its stiffness by binding of N2A titin to actin
in the presence of Ca** (Dutta et al., 2018). Since the probability of titin binding to actin
depends on the concentration of Ca?", it is likely that titin stiffness increases with increasing
activation. Thus, this model assumes that the activation level determines the relative
contribution of active and passive titin stiffness:

kes = (1 — Act) X kespass + Act X Kesyew, (11)
Titin spring force is given by:
Fis = ks - xp, (12)
The titin damper has a velocity-dependent damping coefficient. The damping coefficient is:
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cts = (1 — Act) X Cgpass + Act X Cesace, (13)
where cispass and cis4c: represent the damping coefficient in passive and active state, respectively.
Titin damping force is given by:

Frq = ¢ X (% + 6)), (14)
As the titin spring is in parallel with the titin damper, the titin force is the sum of those forces:
Fy = Fis + Fyq. (15)
In the model, a torsion spring represents alpha-actinin in the Z-disk. In the cross-
sectional view of the Z-disk, the lattice structure of alpha-actinin changes from square to the
basket-weave when muscles develop force (Oda and Yanagisawa, 2020). In the WFH, actin’s
longitudinal rotation developed by cross-bridge axial torque causes the change in the lattice
structure. The torsional strain of alpha-actinin in the Z-disk produces a recoil torque to return
the thin filament toward its original structure, which results in unwinding of titin (Nishikawa
et al., 2012). To model the unwinding force, the model has a torsion spring in the pulley. The
spring torque is given by:
TQp = ky X 6, (16)
The series elastic element force is represented as a constant stiffness (k) multiplied

by the distance between whole length of muscle (x,) and the pulley position (x,) (Fig. 1):

By = ks X (X — 2,). (17)

4.2.3 TCM sub-models

The current version of the titin clutch model has two unique properties: a pulley and
activation-dependent parameters. To evaluate the effect of these properties, we developed
several models based on the TCM with no pulley, no activation-dependent parameters, or

neither. First, we developed the titin clutch model with no pulley (TCMnop11). Because the model
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has no pulley, it does not include pulley rotation:
ks =F + F, (18)
where, F, 1s series elastic force, F. is the force from the contractile element, F; is the force

from the titin element. The velocity of the contractile element is:

_Fss_(Fce+Ft) (19)

xce -

CCE
where, X, is the velocity of the contractile element, F.. represents force from the force
generator in the contractile element and cc. is the coefficient for the damper in the contractile
element.

To investigate the effect of activation-dependent parameters, the model without
activation-dependent parameters (TCMuoact) was developed based on the TCM. In the model,
Cee, kis, and k were no longer affected by the level of activation. The model with neither
activation dependent parameters nor the pulley (TCMiyopiiact) was developed with constant cee,

ks, and kg based on TCMopii.

4.2.4 Hill-type muscle model

A Hill-type model with third order activation dynamics based on Wakeling et al., (2021)
was simulated. Muscle forces Fi, were calculated as follows:

[ 20
B = Fy la(t)ﬁa(i)ﬁv (%) + F;O(Z)l, 20

Where, F represents maximal isometric force, F, and E, represent the active force length
relationship and the force velocity relationship, respectively, and ﬁp is the passive force of the
parallel elastic element. [ was normalized muscle length. E, and F'p were modeled as

exponential functions, and F, was expressed as a piecewise function to implement the
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different curvature of each contraction mode. In an active ﬁa(Z) model, the active force length

relationship was represented using three parameters (7, s and w),

_|iW_—1T (21)
N

B(D)=e
where r, s, and w determine roundness, width, and skewness of the force length relationship,
respectively. Passive force is computed as

By (D) = efervead (22)
where ¢; and ¢ are experimental coefficients.

The force velocity relationship was composed of three parts depending on muscle velocity,

E dl =0 di< 1 (23)
v\dt] fordt
di. 1
dl _1+(%)v_0 1<dz<0 24
"alt_1 di1f0r ~dt (24)
_(ﬂ)kv

F, = for —=0 (25)
dt 1+7.56 (%) L dt

(&) =152 -@w] | a
kv,
where vy represents the maximum contraction velocity, and £ determines the curvature of the
force velocity relationship. For the eccentric contraction, parameters were taken from Wakeling
et al. 2021.

a(t) used three coupled differential equations to convert from the excitation to an
activation signal (Lee et al., 2013). The excitation was taken as stimulation from the cockroach

data.

4.2.5 Model parameter optimization and numerical integration
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The second order ordinary differential equation (ODE) in TCM and TCMjyoact and the
first order ODE in TCMuopni and TCMuopiiace Were numerically integrated using ODE15s
function in MATLAB (Mathworks, R2020a, Natick, MA).

TCM had nine free parameters including the series spring coefficient (i), two titin
spring coefficients (kispass & kisacr), two titin damper constants (cispass & Cisacr), two contractile
element damping constants (c; & ¢2), torsion spring constant (k,) and the activation scale factor
(Actscate). In TCM sub-models, TCMuoact had seven free parameters (no kispass Ot Crspass). The
number of parameters in TCMnopit Was eight (no &,). TCMyopiiact had only six free parameters
after removing the pulley (k,) and activation-dependent parameters (kzspass and csspass). The free
parameters were optimized for the highest 7% between the predicted force and the measured
force in training data (6 trials) using the Particle Swarm function in MATLAB.

In the Hill model, seven free parameters for the force-velocity and the active and
passive force-length relationships, and eight free parameters for the third order activation
dynamics were optimized to obtain the best * value between the predicted and measured force.
The initial values of the seven free parameters describing the active and passive force-length
relationship and the force-velocity relationship were taken from a previous study of
cockroaches (Ahn et al., 2006). We extracted data for the force-velocity and the force-length
relationship from Ahn et al. (2006) and then performed curve fitting to obtain the seven free
parameters. The upper and lower bounds of the parameters set to 95% confidence interval for
the curve fitting. Additionally, the eight parameters related to third order activation dynamics
were optimized without any considerations of physiological relevance. Particle Swarm
function in MATLAB was used to obtain the best parameter set with the highest > value in

training data.
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4.2.6 Statistical analysis

The coefficient of determination (#%) and the root mean square error (RMSE) were used
to characterize differences between predicted and experimentally measured forces. To test
hypotheses 1, 2, and 3, a one-way ANOVA was used to determine 7> and RMSE differences
among muscle models in the training and the test set. When significant differences existed,
Tukey’s honestly significant difference (HSD) test was used to determine where the differences
occurred. Additionally, we calculated 7? to evaluate the relationship between predicted peak
forces and measured peak forces during length perturbations in the training and the test data.
The level of significance was set at p < 0.05. Values in the text are reported as mean + standard

deviation.
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4.3 Results

We developed and tested five models: 1) a titin-clutch model with activation-
dependent parameters and a pulley (TCM); 2) a titin-clutch model without activation-
dependent parameters (TCMioact); 3) a titin-clutch model with no pulley (TCMiopn1); 4) a titin-
clutch model with neither activation-dependent parameters nor pulley (TCMiyopiiact); and 5) a
Hill model with third-order activation dynamics. The parameter sets of all models for the
highest 7% between predicted and measured force were obtained using the training data (six of
24 trials). All models predicted muscle force in the test data (18 trials of 24 trials) with the
obtained parameter set (Fig. 4.2). Coefficient of determination (%) and root mean squared error
(RMSE) were calculated to evaluate the accuracy of predicted muscle forces compared to

experimentally measured muscle forces.

Table 4.1: Results of post-hoc tests showing the difference of mean 7 and RMSE among the muscle models

Training Test

r RMSE P RMSE
TCM 0.77 £ 0.08° 12.35+2.57 0.82 +0.07¢ 11.80 +2.28
TCMuoact 0.79 £ 0.07° 11.27 £ 1.04 0.82 +0.07¢ 10.43 £2.57
TCMiopii 0.75 £ 0.09° 1541+2.14 0.80 + 0.08¢ 14.27 £3.95
TCMuopliAct 0.76 £ 0.08" 14.08 £ 1.98 0.80+0.07¢ 12.90 +4.21
Hill 0.43+0.26 16.27 £ 6.26 0.52+0.26 13.80 + 6.90

significantly different from Hill (p < 0.05)
bsignificantly different from Hill (p < 0.01)
¢significantly different from Hill (p < 0.001)
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Figure 4.2: Cockroach ventral femoral extensor muscle length, stimulation, force, and predicted forces.
Forces were predicted from the muscle models (green) and measured from a muscle ergometer (black). Muscle

length was measured by the muscle ergometer (blue). The muscle was stimulated via implanted electrodes

(red line).
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There were significant differences in 72 among muscle models in the training (F = 7.08,
p <0.001) and the test data (F = 16.72, p < 0.001). In the training data, values of »* for TCM
(#*=0.77 £ 0.08), TCMoact (#* = 0.79 £ 0.07), TCMnopn (> = 0.75 £ 0.09), and TCMnopiiact (
= (.76 + 0.08) were larger than for the Hill model (+* = 0.43 + 0.26) (HSD, p < 0.01). In the
test data, values of > for TCM (#*> = 0.82 £ 0.07), TCMnpoact (7> = 0.82 % 0.07), TCMopu (> =
0.80 = 0.08) and TCMopiiact (7% = 0.80 + 0.07) did not differ significantly from each other, but
* was larger than for the Hill model (+* = 0.52 + 0.26) (HSD, p < 0.001) (Table 4.1 and Fig.
4.3A and B).

The RMSE values did not differ significantly among muscle models in the training (F
=2.34, p = 0.083) and test data (F = 2.34, p = 0.062). In the training data, RMSE for the Hill
model (RMSE =16.27 £ 6.26), TCM (RMSE = 12.35 £ 2.57), TCMuoact (RMSE = 11.27 + 1.04),
TCMuopit (RMSE =15.41 £2.14), and TCMopiiact (RMSE = 14.08 + 1.98) were not significantly
different from each other. In the test data, the Hill model (RMSE = 13.80 + 6.90) did not yield
significantly different RMSE from TCM (RMSE = 17.70 + 9.35), TCMnoact (RMSE = 17.70 £
9.35), TCMnopn (RMSE = 14.27 + 3.95), and TCMnopuact (RMSE = 17.70 + 9.35). RMSE for
TCM, TCMioact, TCMnopi, and TCMnopiiact also did not differ significantly from each other
(Table 4.1 and Fig. 4.3C and D).

Although * and RMSE for an entire trial did not differ among TCM, TCMuoact,
TCMiopi, and TCMiopiiact in the training and test data, the models showed differential ability
to predict peak force during the length perturbation. TCMyoact predicted peak muscle force the
best (2 = 0.80), and TCM (+* = 0.75) and the Hill model (+* = 0.72). predicted peak force better

than TCMnopii (7* = 0.45) and TCMuopiiace (7> = 0.54) (Fig. 4.4).
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stimulation (red star). There was no difference in measured force between the passive lengthening and the
shortening trials, but peak forces were greater during active lengthening than during active shortening. 7> was
calculated between measured and predicted peak forces. The titin clutch model (TCM), the titin clutch model
with no activation dependent parameters (TCMnpoact), and the Hill model predicted peak forces more
accurately than the model with no pulley (TCMppir) and the model with neither pulley nor activation-

dependent parameters (TCMyopiiact)-



4.4 Discussion

The aim of this study was to incorporate activation-dependent mechanical properties
of titin (Nishikawa et al., 2012) and a contractile element into a testable a titin-clutch model
(TCM) inspired by titin-actin interactions (Dutta et al., 2018). The TCM is composed of three
elements: a contractile element, a titin element, and a series elastic element. A pulley was added
to connect and emulate the titin element to the contractile element. A spring and damper in the
contractile and titin elements have an activation-dependent coefficient to implement variable
force-velocity relationship scaled by activation (Chow and Darling, 1999) and binding of titin
to actin in the presence of Ca’’ (Dutta et al., 2018). To explore whether the pulley and the
activation-dependent mechanical properties improve the accuracy of the predictions of force,
the accuracy of predicted force was compared among four muscle models: 1) TCM with no
activation-dependent mechanical properties (TCMnoact), 2) TCM with no pulley (TCMuopn1), 3)
TCM with neither pulley and activation-dependent mechanical properties (TCMuopiiact), and 4)
the Hill model. Data collected in situ during sinusoidal work loops with length perturbations
of cockroach leg muscle was used to test the muscle models.

There was no significant decrease in the accuracy of force predictions (#* and RMSE)
between the training and the test data. This finding suggests that overfitting did not occur in
any models. In the training and the test data, the RMSE values for all models did not
significantly differ from each other, but the r* values for TCM, TCMuoact, TCMnopu, and

TCMhopuact were significantly higher than for the Hill model.

4.4.1 Comparison of the titin-clutch model and Hill models

TCM (2= 0.77 % 0.08), TCMuoact (7> = 0.79 % 0.07), TCMuopu (7> = 0.75 + 0.09), and

TCMhopiiact (7 = 0.76 £ 0.08) yielded higher * values than the Hill model (> = 0.43 £ 0.26) in
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the training data. Also, in the test data, the * values for TCM (+2 = 0.82 £ 0.07), TCMpoact (7
=0.82+0.07), TCMnopn (2 = 0.80 + 0.07), and TCMnopnact (> = 0.80 £ 0.08) were significantly
higher than for the Hill model (+*> = 0.52 £ 0.26). In the present study, the parameters describing
the force-velocity (FVR) and the force-length relationship (FLR) were estimated from muscle
178 data of the cockroach in a previous study (Ahn et al., 2006), because the data used in the
present study was collected from cockroach leg muscle 137 (Libby et al., 2020). Although the
previous studies used the same species of the cockroach (Blaberus discoidalis), muscle was
different. A previous study demonstrates the subject-specific data improves the accuracy of
forces predicted using the Hill model (Gerus et al., 2012; Gerus et al., 2015; Wakeling et al.,
2021). The parameters estimated from the subject-specific data would lead to a better model
prediction of muscle force.

The Hill model yielded similar * values for peak muscle force during length
perturbations (Hill 7> = 0.72, TCM #* = 0.75), although Hill model had lower accuracy in
predicting muscle force for an entire trial than the TCM (Table 4.1). In the cockroach data,
length perturbations were performed at the same muscle length and velocity. Passive peak
forces during length perturbations were almost constant regardless of strain history (Fig. 4.4,
blue and red star), but active peak forces were affected by strain history (Fig. 4.4, blue and red
circle). The Hill model predicted relatively constant passive peak forces very accurately (Fig.
4.4E, blue and red star), but failed to predict the history-dependent active peak forces, showing
the relatively constant active peak forces like passive peak forces (Fig. 4.4E, blue and red circle,
#* =0.015). These results suggest that the Hill model does not explain the history-dependence
of force since the Hill model produces same force at same length and activation. In contrast,

the TCM showed the ability to accurately predict the history dependent active peak forces (Fig.
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Figure 4.5: Predicted relative muscle activation (red) from third order activation dynamics and
stimulation intensity (blue) (A & B) compared to measured force (red) and length (blue) (C). The third-
order activation dynamics convert excitation to force. The parameters of the activation dynamics were
optimized for the best 7 value between predicted force and measured force. One effect of the activation
dynamics is to offset the delay between the onset of stimulation and the onset of force by shifting predicted

activation later in time.

4.4A, blue and red circle, #* = 0.92).
The TCM does not include FVR, while the Hill model uses the isotonic FVR to

represent changes in force depending on velocity. Instead, the TCM includes a nonlinear
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damper in parallel with the contractile element to explain the nonlinear decrease or increase in
force with velocity. Even without FVR, the TCM predicted muscle force in an entire trial and
peak muscle forces during length perturbations more accurately than the Hill model.
Furthermore, the nonlinear damper accounts for the delay between stimulation onset (Fig. 4.5B,
blue) and force onset (Fig. 4.5C, red) without any changes in phase of stimulation.

In the Hill model, the third-order activation dynamics shifted the predicted activation
toward later times to account for the delay between the onset of stimulation and the onset of
force (Fig. 4.5). The role of activation dynamics in the muscle model is to capture the charge
and discharge rates of the muscle membrane and the electromehcanical delay (Seth et al., 2011;
Zajac, 1989). Although the activation dynamics predicted the delay accurately in cockroach
data (Fig. 4.5B and C), the relaxation of activation is too long (> 350 ms) and the shape of
predicted activation is not typical for activation (Fig. 4.5B). That is, the predicted activation is
not physiologically relevant. Unlike cockroach data, the level of activation and the delay are
variable during in vivo movements (Daley and Biewener, 2011). The activation dynamics

should be explored whether they predict activation reasonably in in vivo data.

4.4.2 The effect of the pulley on prediction of muscle force

The effect of the pulley is to maintain a force balance between the contractile and titin
elements through rotational movement of the pulley. If the contractile element force increases
as the level of activation increases, the pulley rotates in the counterclockwise direction until
the titin element force is the same as the contractile element force, or vice versa. In the passive
state, the pulley rarely contributes to muscle force since its rotation is minimal due to the
absence of force from the contractile element. The cockroach data we simulated in the present

study was measured in the passive state except during active length perturbations (Fig. 4.2).
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Therefore, the values of 7> and RMSE for an entire trial are not appropriate for evaluating the
effect of the pulley on the accuracy of muscle force predictions.

TCM models with a pulley (TCM and TCMnoact) predicted peak muscle force during
length perturbations better than the same models with no pulley (TCMyopii and TCMuopiiact)
(Fig. 4.4), although 7* and RMSE did not differ significantly for an entire trial (Table 4.1 and
Fig. 4.3). Whereas peak forces in the active state varied depending on strain history (Fig. 4.4,
blue and red circle), peak forces in the passive state were nearly constant regardless of strain
history (Fig. 4.4, blue and red star). When a muscle model responds differently to varying strain
history, the model can accurately predict muscle force. In the models with no pulley, the
predicted peak forces that occurred during lengthening were higher than during shortening in
both the active and the passive case (Fig. 4.4C and D). However, the models with the pulley
differently responds to passive length perturbations and active length perturbations. The models
predicted peak forces accurately in the active case. Although the predicted peak forces during
lengthening were higher than during shortening in the passive case, the pulley reduced the
difference of peak forces between lengthening and shortening, compared to the models with no
pulley (Fig 4.4A and B). These findings suggest that the effect of the pulley is to control the

response of force to length perturbations based on whether muscle is activated or not.

4.4.3 The effect of activation dependent mechanical properties on the

prediction of muscle force

We also explored the effects of adding activation-dependent mechanical properties to
the TCM model. To implement the force-velocity relationship scaled to activation (Chow and
Darling, 1999), the parameter representing activation level was added to an exponential

function for the damping coefficient (eq. 6). Additionally, it has been suggested that titin binds
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to actin in the presence of Ca*, which increases its stiffness by removing the compliant tandem
Ig domains (Dutta et al., 2018). In the TCM model, the level of activation determines the ratio
of passive to active stiffness (eq. 11), and the total titin stiffness is the sum of the passive and
active stiffness. The damping coefficient in the titin element is determined in the same way to
determine the titin damping (eq. 13).

Activation-dependent mechanical properties were expected to induce different
responses to length perturbations between passive and active states. We found no significant
differences of 72 and RMSE when activation dependent mechanical properties were added to
the TCM models (Table 4.1 and Fig. 4.3). TCM and TCMaoac yielded similar 7> and RMSE
values, and 7* and RMSE were not significantly different between TCMuopi and TCMopiiact
(Table 4.1 and Fig. 4.3). Additionally, the activation-dependent mechanical properties did not
improve the accuracy of peak muscle force predictions during length perturbations (Fig. 4.4).
Instead, values of #* for TCMoact and TCMhopiact (Fig. 4.4B and D) were higher than for TCM
and TCMiop1, respectively (Fig. 4.4A and C). The activation dependent terms had no effects on
the predictions of muscle force at least in our results.

The further research seems to be needed to explore whether the effects of activation
dependent mechanical properties exist. In the data used in the present study, the amplitude of
stimulation was constant throughout all trials and muscle was stimulated for 25ms before length
perturbations. The extremely controlled stimulation environment might not be enough to test

if the activation dependent properties improve the muscle model.

4.4.4 Limitations

Although the Hill model used the physiologically relevant parameters describing FVR

and FLR (Table 4.2), it is unknown whether the parameters for the TCM were within the
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physiologically relevant range because the mechanical properties of titin are elusive (Table 4.2).
Since titin is unobservable because of its small size (~4nm diameter) (Maruyama et al., 1984;
Trinick et al., 1984; Wang et al., 1984), it is not possible for observing sarcomere and protein
structure under dynamic conditions. If the physiologically relevant parameters describing the
mechanical properties of titin were used to run the model, it may enhance our understanding
of how titin behaves under dynamic conditions.

The data we used in the present study had very limited stimulus. Of course, using the
data, we were able to test whether the muscle models accurately predict muscle force at
different frequencies and to explore the ability to predict the history-dependence of peak
muscle force in the passive and the active state. But the data measured with variable level of
activation would be useful to investigate the effects of the pulley and the activation dependent

mechanical properties.

4.4.5 Conclusion

This simulation study demonstrates that the TCM predicted force for in situ cockroach
leg muscle during work loops more accurately than the Hill model. Only the TCM models were
able to predict variable muscle force as a function of strain history. The effect of the pulley
between the contractile and titin elements in TCM models enabled different responses to length
perturbations between the active and passive state. The absence of history-dependent forces in
the Hill model reduced the accuracy of force predictions under dynamic conditions. The Hill
model dictates the same force at a given same length, velocity, and activation. To accurately
predict muscle force under dynamic conditions, an alternative muscle model is required. We
suggest that incorporating a tunable titin spring in muscle models improves force predictions

during dynamic length changes.

73



Chapter 5. Conclusion

In the traditional “text book” muscle viewpoint of “muscle as motor”, the attached
cross bridge is the fundamental force-producing unit (Gordon et al., 1966; Huxley, 1957;
Huxley and Simmons, 1971). The level of activation, length, and velocity of muscle have been
regarded as factors that affect the number of attached cross bridge or the force per cross bridge
(Buchanan et al., 2004; Dick et al., 2017; Lloyd and Besier, 2003; Seth et al., 2011; Wakeling
et al., 2021; Zajac, 1989). Muscle models based on this viewpoint accurately predict individual
muscle force in in vitro muscle contraction as well as in vivo conditions, but have limitations
when predicting force in dynamic conditions due to the inability to predict the history-
dependence of muscle force (Dick et al., 2017; Lee et al., 2013; Sandercock and Heckman,
1997).

In recent years, it has been increasingly accepted that titin plays a critical role in
regulating active muscle force by changing its elastic properties (Hessel et al., 2019; Lindstedt
and Nishikawa, 2017). The tunable elastic properties of titin enable prediction of history-
dependent muscle forces (Herzog, 2018; Herzog, 2019; Lappin et al., 2006; Monroy et al., 2017;
Nishikawa, 2016; Nishikawa, 2020; Nishikawa et al., 2012; Tahir et al., 2020). The “muscle as
composite material” viewpoint is based on the tunable elastic properties of titin. Because
muscle is an active composite material, muscle force is determined by its mechanical response
to externally applied forces (Nishikawa, 2020). This alternative paradigm is expected to
simulate muscle force more accurately in dynamic conditions. However, there is a lack of
experimental evidence to support this recent alternative hypothesis. Therefore, the aim of this

dissertation was to explore the limitations of the traditional muscle viewpoint and to test
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predictions of the alternative muscle viewpoint. To achieve this aim, we investigated: 1) how
the role of activation changes depending on muscle length history; 2) how length history
modulates muscle stiffness in the active state; and 3) whether an alternative muscle model
based on titin’s tunable viscoelastic properties can predict muscle force more accurately than a

Hill-type muscle model based on the traditional muscle viewpoint.

5.1 Specific Aim 1: Decoupling between activation and force

To clarify the role of neural activation and length perturbations in determining muscle
force, two protocols were performed. The first protocol evaluated how muscle responds to
different levels of activation depending on length history, and the second protocol measured
the response of muscle to length perturbations for different length histories. Our findings
showed that different length histories induced different muscle viscoelastic properties, which
then regulated the contribution of activation and length perturbations to muscle force. As
muscle has greater stiffness following active shortening at slow velocity, muscle responds more
sensitively to changes in activation and length. The results suggest that muscle viscoelastic
properties play an important role in determining the relative contribution of activation or length
perturbations to muscle force. Since muscle viscoelastic properties are affected by length
history, a muscle model cannot predict muscle force accurately without consideration of strain
history. A new alternative muscle viewpoint is required that includes tunable viscoelastic

properties.

5.2 Specific Aim 2: Titin as a tunable viscoelastic element in active muscle

Titin is a giant protein that spans half-sarcomeres from the Z-disk to the M-line (Furst

et al., 1988; Itoh et al., 1988; Linke et al., 1997; Wang et al., 1991). Recently, it has been
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suggested that titin has tunable stiffness depending on activation (Dutta et al., 2018; Granzier
and Labeit, 2006; Labeit et al., 2003). Considering the in-parallel connection between titin and
cross bridges (Herzog, 2018; Nishikawa, 2016; Trombitas and Granzier, 1997; Trombitas and
Pollack, 1993), the tunable titin stiffness would have a significant impact on muscle stiffness.

In order to infer how titin stiffness is modulated by length history, muscle force and
stiffness were measured during isometric force redevelopment following active shortening at
different velocities. The y-intercept of the relationship between force and stiffness increased
with decreasing shortening velocity, and the slope decreased with decreasing shortening
velocity. Several of these findings are not easily explained by the traditional cross-bridge theory.
Although non-constant ratio of force to stiffness can be explained by weakly-bound cross
bridges, the lower slope with decreasing shortening velocity does not follow the cross-bridge
theory. It has been hypothesized that actin distortion is responsible for depression of force after
shortening, and that the amount of actin distortion is related to work or stress during active
shortening (Joumaa et al., 2012; Maréchal and Plaghki, 1979). The slower shortening velocity
would therefore cause a larger proportion of weakly-bound to strongly-bound cross bridges.
The larger proportion of weakly- to strongly-bound cross bridges must produce the greater
slope. However, we observed that the slower velocity yielded the lower slope.

To explain our findings, an additional tunable elastic element is required. The winding
filament hypothesis developed by Nishikawa et al. (2012) suggests that the longitudinal
rotation of actin changes titin stiffness by winding titin onto actin during the development of
cross-bridge force. From variable y-intercepts in the relationship between force and stiffness,
it can be speculated that active shortening sets the initial stiffness depending on shortening

velocity. The winding filament hypothesis predicts that titin behavior during force development
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should depend on the initial conditions, which results in different slopes in the relationship

between force and stiffness.

5.3 Specific Aim 3: New muscle model including tunable stiffness.

One limitation of traditional Hill-type muscle models, is that they do not predict
muscle force accurately under dynamic conditions due to the absence of history-dependent
forces (Perreault et al., 2003; Sandercock and Heckman, 1997). To tackle this limitation, our
new muscle model has added a titin element. A pulley representing thin filaments was also
added between the contractile and titin elements to represent titin-actin interactions (Tahir et
al., 2018). The history-dependent pulley position should affect the response of the model to
activation, which allows for predicting history-dependent forces. Our results showed that the
model with a pulley predicted frequency-dependent muscle forces better than the Hill model.
This result demonstrates that adding a tunable titin element and titin-actin interactions

improves force predictions during dynamic length changes.

5.4 Conclusion

This study addresses limitations of the current paradigm of muscle as motor and
suggests an alternative viewpoint of muscle as active composite material. Muscle models based
on the conventional viewpoint fail to capture the quick response of muscle to unpredicted
perturbations and rapid velocity transients (Dick et al., 2017; Lee et al., 2013; Perreault et al.,
2003; Sandercock and Heckman, 1997; Scovil and Ronsky, 2006). This study demonstrated
that length history has a crucial role in determining muscle force. Muscle responds to activation
and length perturbations depending on the mechanical properties determined by length history.

In addition, this study investigated whether additional sarcomeric elements such as titin

77



contribute to the mechanical properties of muscle depending on length history. Length history
affects the initial stiffness and strain of titin, which then would determine titin behavior in the
active state. Based on the results of the investigations, this study proposes to define a new
viewpoint of muscle as active composite material which can reflect the tunable elasticity of
muscle based on the results of the proposed investigation. The muscle model developed in the
active composite material viewpoint predicted muscle force under dynamic conditions more
accurately than the Hill model based on the traditional viewpoint. Because muscle is the only
tissue that produces active force, a predictive model of muscle force informs the understanding
about how movement of the human body is controlled. This study anticipates that this new
viewpoint of muscle research will inform applications including design and control principles

for EMG-driven exo-skeletons and robotic prosthetics.
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