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ABSTRACT

THE EFFECT OF SERIES ELASTICITY
ON THE FORCE-LENGTH RELATIONSHIP
OF SKELETAL MUSCLE

Brian Hamilton

Skeletal muscle contains molecular motors that allow for voluntary movement in vertebrate
organisms. It has been widely accepted that skeletal muscle has a narrow range of operating
lengths that provide peak force and that this force-length relationship is dictated by the amount
of overlap of thick and thin myofilaments. However, much remains unknown about the
molecular mechanics of skeletal muscle. This is especially true in dynamic movement, where the
isometric force-length relationship tends to fall short in accurately predicting optimum length,
the length at which peak force is produced. When attempting to predict in vivo muscle behavior
with the isometric force-length relationship, systematic errors may occur due to varying
activation levels, active length changes, and lack of structural homogeneity between organisms
and within an organism. To elucidate a potential mechanism for observed experimental shifts in
optimum length with varying activation levels, experiments were performed on muscles with
parallel fiber orientation that were sutured to an external in-series artificial elastic component
with considerable compliance. These muscles were attached to a stationary clamp on one side
and a force-measuring ergometer on the other. Maximal contractions were elicited at a wide
range of starting lengths both with and without the artificial tendon and force-length graphs were
constructed. Optimum length with an artificial tendon and resultant shortening decreases to
approximately 89.26 + 5.21% compared to the optimum length of purely isometric contractions.
This lends support to the hypothesis that a purely mechanical mechanism driven by shortening
may be responsible for the majority of the shifts in optimum length and that, similar to
observations in experiments with varying activation levels, this shift may not be driven solely by

the length dependence of calcium sensitivity.
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INTRODUCTION
Muscle Structure

In vertebrate organisms, voluntary movement is generated by skeletal muscle. From large to
small-scale structures, skeletal muscle is composed of muscle fascicles making up a whole
muscle, muscle fibers making up a fascicle, and myofibrils making up a muscle fiber or cell.
Muscles are attached to bone by fibrous connective tissue sheets known as aponeuroses, and
tendons. Tendons provide passive elastic tissue that conserves energy and protects muscles
(Cavagna et al., 1964; Holt, Roberts, et al., 2014; Roberts, 2016), while muscles contain the

molecular motors that actively generate force for movement.

Skeletal muscle is made up of a complex arrangement of proteins that give them their striated
appearance. Myofibrils are composed of thick and thin filamentous contractile proteins. Thin
filaments are primarily composed of actin and the regulatory proteins troponin and tropomyosin,
and thick filaments are primarily composed of myosin. Contractile proteins are arranged
longitudinally to form contractile units called sarcomeres (Figure 1). Sarcomeres and
myofilaments within them give skeletal muscle its striated appearance at the microscopic level
(Figure 1a). The I-band, which is primarily composed of thin filaments, appears as the lighter
bands, while the dark A-bands are composed of the thick filaments and the regions of overlap
between the thick and thin filaments (Figures 1a & 1b). Sarcomeres terminate on Z-disks, and
sarcomere lengths can be measured by the distance between neighboring Z-disks (Huxley, 1957;
Huxley & Niedergerke, 1954). When muscles contract, a complex series of events occurs that
results in changes in the appearance of muscle sarcomeres. This series of events starts with

excitation-contraction coupling (Sandow, 1952).



500 nm

b / Z-line Titin M-line Myosin Actin
:Mg la""u"!
& ol
’ .II{J:
A }R‘?
'(»" H‘;"“i

I

I-Band A-Band

Figure 1. Transmission electron micrograph of myofibrils (a) and diagram of the rectangular cutout
showing structural landmarks within a sarcomere (b) (Figure 1a imaged at Northern Arizona University
Imaging Histology Core Facility; Figure 1b adapted from Granzier & Labeit, 2006; J. A. Herzog et al.,
2014).

Excitation-Contraction Coupling

In response to activation by the nervous system, excitation-contraction coupling (ECC)
begins when neurotransmitters are released from a motor neuron and bind to receptors in the
sarcolemma of a muscle fiber, causing a transmembrane potential change called a motor unit
action potential (MUAP; Randall et al., 1997). A transverse tubule system carries the MUAP
deep within the muscle fiber and causes a conformational change in calcium channels in the
sarcoplasmic reticulum (SR), the calcium storage area in striated muscle cells, which stimulates
the release of calcium into the sarcoplasm of the muscle fiber. The regulatory protein

tropomyosin blocks myosin binding sites on actin until calcium enters the sarcoplasm. Once



calcium diffuses into the sarcoplasm, it binds to troponin, which undergoes a conformational
change that causes tropomyosin to reveal binding sites on actin. Myosin heads then bind to actin,
forming cross-bridges, and undergo a force-generating conformational change known as a
powerstroke, before detaching from actin. These force-producing interactions occur until
MUAPSs cease, at which point calcium is pumped back into the SR and muscle relaxation takes
place. At the whole-muscle level, the amount of force produced by ECC and subsequent force-
producing interactions between actin and myosin varies depending on the level of muscle

activation (Adrian & Bronk, 1929; Liddell & Sherrington, 1925).

Muscle Activation

During movement, activation levels change to meet the demands of the activity being
performed and muscles are rarely, if ever, maximally activated (Hodson-Tole & Wakeling, 2009;
Holt, Wakeling, et al., 2014; Strojnik, 1995). Activation levels can be modulated in two ways: by
varying the frequency of motor neuron action potentials, also known as rate coding (Adrian &

Bronk, 1929), and by varying the number of motor units recruited (Liddell & Sherrington, 1925).

Rate coding is a change in muscle activation that is achieved by changing the frequency of
action potentials delivered to muscle fibers. As action potential frequency increases, calcium
concentration within individual muscle fibers increases and is accompanied by a graded increase
in force until maximum force is reached (Adrian & Bronk, 1929; Brown et al., 1999). The
amount of isometric force produced at a given calcium concentration is thought to be related to
the proportion of troponin molecules that have calcium bound and have caused a conformational
change in tropomyosin, allowing cross-bridges to be formed (Rassier et al., 1999). Since
changing action potential frequency causes a change in intracellular calcium concentration, rate

coding is a calcium-dependent mechanism of force production.



A motor unit is a motor neuron and all of the muscle fibers it innervates. According to the size
principle, slow motor units with slower twitch, smaller diameter muscle fibers are recruited first
and fast motor units with fast twitch, larger diameter muscle fibers are recruited as demand
increases (Henneman, 1957; Henneman et al., 1965). Changing motor unit recruitment is a
calcium-independent process since the calcium concentration in active muscle fibers recruited is
expected to be approximately the same provided rate coding is the same. Muscle contraction
during movement likely involves a combination of varying both rate coding and motor unit
recruitment. Once activated by the process of excitation contraction coupling, muscle force has
been proposed to develop according to the cross-bridge and sliding filament theories of
contraction (Huxley, 1957, 1974; Huxley & Niedergerke, 1954; Huxley, 1969; Huxley &

Hanson, 1954).

Cross-bridge and sliding filament theories

The sliding filament theory states that actin and myosin slide past one another and shorten the
sarcomere during concentric muscle contraction (Huxley, 1974; Huxley & Niedergerke, 1954;
Huxley, 1969; Huxley & Hanson, 1954). This theory was formed by observation of the changing
appearance of muscle striations at different muscle lengths. At shorter lengths, Z-disks are closer
together and there is more actin-myosin overlap than at longer lengths, as supported by the
decrease in the width of the I-band. As a muscle lengthens and Z-disks move farther apart, the A-
band remains unchanged and there is an increase in the width of the I-band, supporting the
inference that actin-myosin overlap decreases as sarcomeres are stretched. The cross-bridge
theory offers an explanation for the molecular mechanics behind the sliding filament theory
(Huxley, 1957). It states that the cyclical process of actin-myosin cross-bridge formation, power

stroke, and detachment during muscle contraction moves neighboring Z-disks closer together.



This understanding of sarcomere mechanics confers fundamental properties of muscle including
the force-length and force-velocity relationships (Gordon et al., 1966; Hill, 1938; Huxley &

Simmons, 1971).

Force-length relationship

According to the classic force-length relationship, skeletal muscle has a narrow range of
optimum lengths at which it produces peak force under maximally activated, isometric
conditions (Figure 2). The force-length relationship states that peak isometric force is produced
at an intermediate muscle length, where overlap of actin and myosin is optimal and the most
force-producing cross-bridges can be formed (Gordon et al., 1966; Herzog et al., 2010). As
muscle length increases beyond optimal length, actin-myosin overlap decreases and fewer force-
producing cross-bridges can be formed, causing the force to decrease on the descending limb.
Though the ascending limb was thought result from thin filaments colliding with the Z-disk
(Gordon et al., 1966), more recent work has shown that it may be due to changes in the
interfilament spacing as sarcomeres reach short lengths (Bagni et al., 1990; MaclIntosh, 2017,
Rockenfeller et al., 2022). However, other findings suggest that lattice spacing may not be
responsible for the majority of the decrease in force on the ascending limb in relaxed, skinned

fibers (Konhilas et al., 2002).
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Figure 2. Muscle force-length relationship and sarcomere length (adapted from Gordon et al., 1966).



Force-velocity relationship

According to the force-velocity relationship, the force a muscle can produce declines with
increasing velocity during shortening (Hill, 1938). This is thought to be due to the limited time
available for cross-bridges to generate force and detach during rapid shortening (Figure 3). It is
important to note that the experiments behind the discovery of the force-length and force-
velocity relationships were performed under tightly controlled, maximally activated conditions
that may not be representative of in vivo dynamic movements like running and walking. During
such movements, muscles experience varying activation and undergo complex patterns of length

change.
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Figure 3. The magnitude of force that a muscle can produce decreases as shortening velocity increases
(from Lindstedt, 2016; adapted from Hill, 1950)

Challenges to the early theories of muscle contraction

The cross-bridge and sliding filament theories offer an explanation for the molecular
mechanics of muscle contraction and have been used to develop Hill-type muscle models that
predict muscle force as a function of activation state, force-length, and force-velocity properties
(Winters, 1990; Zajac, 1989). These theories and Hill-type muscle models have been widely used

to explain and predict muscle performance (Hutchinson et al., 2015; O’Neill et al., 2013).



However, the accuracy of the early theories and Hill-type muscle models in predicting muscle
force production in physiologically relevant conditions like running and walking in vivo is
largely unknown, and discrepancies between predicted and measured forces have been
documented (Dick et al., 2017; Perreault et al., 2003). There are many potential reasons for these
discrepancies. For example, a third filamentous muscle protein, titin, spans the length of the
sarcomere and affects both the passive and active mechanics of muscle contraction (Duvall et al.,
2013; Joumaa et al., 2008; Labeit et al., 2003; Nishikawa et al., 2012). In addition, the thick and
thin filaments themselves are more complex than assumed by the cross-bridge and sliding
filament theories, exhibiting some degree of compliance and so deforming slightly during

contraction (Goldman & Huxley, 1994; Huxley et al., 1994; Wakabayashi et al., 1994).

Some of the complex features of muscle have been suggested to be responsible for other
phenomena related to history-dependent effects that occur after active changes in length. For
example, force enhancement is an increase in force at a given length following an active muscle
stretch compared to purely isometric contractions (Abbott & Aubert, 1952; Edman et al., 1982;
W. Herzog et al., 2006; Nishikawa, 2016). Conversely, force depression is the reduction of force
after active muscle shortening compared to purely isometric contractions (Abbott & Aubert,
1952; Rassier & Herzog, 2004). There are also changes in the force-length relationship with
changing activation levels (Abbott & Aubert, 1952; Edman et al., 1982; Herzog et al., 2006; Holt
& Azizi, 2014; Minozzo & de Lira, 2013; Nishikawa, 2016; Rack & Westbury, 1969; Rassier &
Herzog, 2004). Certain aspects of these phenomena cannot be explained by the cross-bridge or

sliding filament theories.



Activation-dependent changes to the force-length relationship

Basic properties of skeletal muscle are not consistent across activation levels (Holt et al.,
2014; Rack & Westbury, 1969; Rassier & Herzog, 2004). Changing muscle activation causes
non-linear changes in the force-length and force-velocity relationships compared to maximally
activated, isometric contractions (Brown et al., 1999; Holt, Wakeling, et al., 2014; Holt & Azizi,
2014; Rack & Westbury, 1969). Among these changes is the shift in Lo with activation level
(Holt & Azizi, 2014; Holt & Williams, 2018; Rack & Westbury, 1969; Rassier et al., 1999).
However, the cause of this shift is unclear. Length dependence of calcium sensitivity has been
proposed, suggesting that muscle fibers are more sensitive to calcium at longer lengths
(Stephenson & Wendt, 1984), possibly due to changes in intermyofilament spacing in a
shortening isovolumetric muscle (Fuchs & Smith, 2001; Maclintosh, 2017; Rassier et al., 1999;
Yang et al., 1998). Although there almost certainly is some effect of length-dependence of
calcium sensitivity on Lo, this effect is likely to be small (Holt & Azizi, 2014; Holt & Williams,

2018).

Rather than changes in calcium sensitivity, absolute force may be responsible for changes in
Lo at different activation levels when additional in-series compliance is present (Holt & Azizi,
2014; Holt & Williams, 2018). In bullfrog plantaris muscles, a large activation-dependent shift in
Lo has been observed (Holt & Azizi, 2014). However, since this shift in Lo was observed
regardless of whether activation was varied by changing action potential frequency or by
changing motor unit recruitment, it was concluded that length dependence of calcium sensitivity
was not entirely responsible (Holt & Azizi, 2014; Holt & Williams, 2018). Since this shift was
observed in the absence of calcium-based effects and the magnitude of shortening before

isometry was proportional to the change in Lo, this suggests that some purely mechanical aspect



of contractile history is responsible. This muscle has a large elastic tendon, and so it was
proposed that shortening against this tendon might contribute to this shift in optimum length, and
therefore that this shift may somehow be related to shortening depression (Holt & Azizi, 2014;

Holt & Williams, 2018).

Here, | test this hypothesis by examining the effect of adding an artificial tendon to a muscle
and determining the effect on the force-length relationship. I hypothesized that when an artificial
tendon is mounted in-series with a bullfrog sartorius muscle, and the muscle is maximally
activated, a decrease in Lo would occur compared to maximal contractions without tendon due to
an increase in shortening. | also predicted that peak force would be reduced due to shortening

depression since the muscle actively shortens before reaching isometry.

METHODS

Experiments were performed on adult bullfrogs (Rana [Lithobates] catesbeiana). Subjects
were purchased commercially and housed in a glass aquarium with access to water deep enough
for swimming. Animals were housed and all work was performed with the approval of the
Northern Arizona University Animal Care and Use Committee. Experiments were performed on
the sartorius, a proximal hindlimb muscle which is largely parallel fibered and has minimal
terminal tendons (Kargo & Rome, 2002). This choice of muscle meant that our artificial tendon
contributed most of the series compliance outside of the muscle fibers. Subjects were euthanized
by double-pithing. Sartorius muscles were excised and bathed in an oxygenated isotonic Ringer’s
solution (112 mM NaCl, 2.5 mM CaCl,, ImM MgCl,, 3.3 mM KCI, 5 mM D-glucose, 20 mM
HEPES; adjusted to pH 7.4 at room temperature using NaOH; Mayfield et al., 2016). Muscles

were sutured in-series to an artificial tendon (Theraband; Akron, OH) using silk suture (5-0,



Sharepoint; Reading, PA, USA) and mounted to an ergometer (series 305C-LR, Aurora

Scientific Inc.; Ontario, Canada) that measured muscle force and length (Figures 4 & 5).

Ergometer
T~

Electrodes
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7/ |
Muscle / Stationary clamp Stationary clamp
Artificial tendon that isolates the muscle

from the artificial tendon
Figure 4. Schematic showing “w/ tendon” (a) and “muscle only” (b) conditions. In both conditions, MTU
or muscle is attached to an ergometer on the left and static anchor on the right. In the “muscle only”
condition, an additional stationary clamp is used to isolate the muscle from the artificial tendon. Muscle is
submerged in isotonic Ringer’s solution and is surrounded by electrodes that deliver stimulation.
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Figure 5. An example “w/ tendon” contrac‘;ion. The top photo (a) shows the muscle before activation at
its initial length (L;). The lower photo (b) shows the active muscle at its shortened length (L) where
isometry is reached. The amount of shortening is shown as the change in length (dL).
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Fixed-end contractions were performed on each muscle by securing the muscle and tendon
ends to stationary anchor clips in the “w/ tendon” condition and by inserting a stationary anchor
clamp at the muscle end that excluded the tendon in the “muscle only” condition (Figures 4 &
5). Stimulation voltage for maximal tetanic contraction was found for each muscle by performing
a series of twitch contractions at a range of voltages and the voltage that induced maximum
twitch force, generally between 40 to 60 volts, was used to stimulate muscles tetanically with 0.2
ms square wave pulses at 100 Hz for 400 ms using platinum plate electrodes mounted above and
below the muscle (S48, Grass; West Warwick, RI, USA). Muscles were stimulated at different
starting lengths sufficient to construct a force-length curve both with and without the artificial
tendon included. Contractions performed on muscles with the artificial tendon in-series were
called the “w/ tendon” condition. The muscles shortened by approximately 15% of their initial
length before reaching isometry. Contractions performed on muscles without the tendon

contracted isometrically and were called the “muscle only” condition.

Muscle lengths for the “muscle only” condition and force for both conditions were recorded at
5000 Hz using a multifunction data acquisition board (USB-6212, National Instruments Corp.;
Austin, TX, USA) and data analysis software (Igor Pro 7.0.8.1, Wavemetrics Inc.; Lake Oswego,
OR, USA). To track muscle lengths and changes in muscle lengths for the “w/ tendon” condition,
muscle contractions were video recorded (GoPro Hero 5 Black, GoPro Inc.; San Mateo, CA,
USA). For each “w/ tendon” contraction and for several “muscle only” contractions, a ruler was
submerged and placed just above the muscle for calibration, allowing conversion of muscle
lengths from pixels to millimeters (ImageJ 1.52a, NIH; Rockville, MD, USA; see Figure 5). For
“w/ tendon” contractions, muscle length changes were carefully restricted to a single plane and

muscle length was tracked frame-by-frame using video analysis software (DLTdv7 extension,

11



MATLAB R2018b, The MathWorks Inc.; Natick, MA, USA). Muscle shortening was calculated
as the difference between initial length (Lo) and the final length (L¢) after the muscle reached
isometry (Figure 5). Maximum shortening velocities for "w/ tendon" contractions that resulted

in Lo were found using the slope of the length curve in the initial shortening phase (Figure 6).
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Figure 6. “W/ tendon” (a) and “muscle only” (b) force and length traces for one contraction of each type.
Dashed lines represent the total force and length values that were gathered at isometry. Total force and
passive force values were used to find active force, and active force and length values were used to
construct a force-length curve (Figure 7; open points). Maximum shortening velocity was calculated
using the slope between two points on the muscle length vs time trace in the “w/ tendon” condition.

Each muscle was stimulated at various initial lengths both with and without the artificial
tendon. In the “w/ tendon” condition, muscles shortened against the in-series elastic band until
they reached isometry. Length and force values were recorded for each contraction (Figure 6). In

the “muscle only” condition, muscle length (Liso) did not change. The starting condition (“w/

12



tendon” or “muscle only”) and initial lengths were randomized. Peak shortening velocity was
found by taking the steepest part of the muscle length vs time trace and calculating its slope
(Figure 6). Peak shortening velocity was later used to analyze whether shortening velocity

affects peak force.

Data Analysis

Force and length analysis and graph generation was performed in Igor Pro (Figures 6 & 7).
Force and length time-series plots were constructed for each contraction and ergometer and
video data were time-synchronized to align force and length changes. Total force for both the
“w/ tendon” and “muscle only” conditions was the average of the force produced at isometry
(Force (N) panels, Figure 6). Passive force for the “muscle only” condition was found by taking
the average force value before muscle activation. Passive force was subtracted from total force to
find active force for the “muscle only” condition. Once initial and final lengths were determined,
passive force, active force, and final lengths for each contraction were used to construct active
and passive force-length curves for the “muscle only” condition. Data were fit with a third-order
polynomial (Holt & Azizi, 2014; Figure 7). Passive force curves for the “w/ tendon” condition
were created using passive force data from the “muscle only” contractions and fit using an
exponential function. These data were then extrapolated to the shorter lengths achieved in the
“w/ tendon” condition after shortening (dashed grey line; Figure 7). Passive force was subtracted
from total force to find active force in the “w/ tendon” condition. The peak force (Po) and Lo
were determined from active “muscle only” and “w/tendon” force-length curves (Figure 7). The
“w/ tendon” P and Lo values were converted to relative proportions of “muscle only” values

using the following equation (Equation 1).

. . L
Equation 1: Proportion of Lg “muscie onty” = (—")

Lo “muscle only”
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Figure 7. Force-length summary traces for “w/ tendon” and “muscle only” contractions on the same
muscle. Upper curves labeled “w/ tendon” and “muscle only” are active force at isometry, lower curves
are passive force pre-contraction. Dashed vertical and horizontal lines leading to peaks of each curve
represent Lo and Pq values. The “muscle only” passive force was extrapolated to the “w/ tendon”
shortened lengths (dashed grey line). Open points are the values from the force-length traces in Figure 6.
Statistical Analysis

A paired t-test was used to test whether there were significant changes in Po and Lo as a result
of adding an artificial tendon (R Studio; Boston, MA, USA). Since our sample size was small (n

= 6), a Shapiro-Wilk test was used to check the normality of the distribution of the data.

RESULTS

The following values are expressed as mean * s.e.m. The mean bullfrog mass was 104.40 £
9.58 g and the mean sartorius muscle mass was 0.24 = 0.04 g. Artificial tendon lengths were 15.4
+ 1.59 mm. Peak isometric stress (So) for the “muscle only” condition was 19.95 + 1.90 N/cm?,

which is similar to previously published So values for frog sartorius muscles (Close, 1972).
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There was a significant effect of adding additional series compliance on both Po (p < 0.001;
paired t-test) and Lo (p < 0.01; paired t-test). Po was 1.58 + 0.27 N in the “muscle only” condition
and 0.92 £ 0.13 N in the “w/ tendon” condition. Relative to “muscle only” values, the “w/
tendon” condition Lo was 0.892 + 0.052 and Po was 0.590 + 0.085 (Figure 8). Though plateaus
in the force-length curves were reached in both the “w/ tendon” and “muscle only” condition,
substantial descending limbs were not achieved in the “w/ tendon” condition (Figure 7). For the
“w/ tendon” contractions, Li that resulted in Lo was 30.44 + 2.03 mm. Contractions that resulted
in Lo actively shortened 20.72 £ 5.39% of their initial lengths. The results of the Shapiro-Wilk
test showed that the distribution of Po and Lo were not significantly different from normally
distributed (p = 0.1153). Maximum shortening velocity for contractions that resulted in Lo was
38.12 mm/s + 12.53 mm/s, which is greater than the average maximum shortening velocity for
all contractions, 32.72 + 12.90 mm/s. The amount of work performed for contractions that

resulted in Lo was 5.97 + 2.44 mJ.

Relative Peak Force
Relative Optimum Length

muscle only wi/ tendon muscle only wi/ tendon
Condition Condition

Figure 8. The “w/ tendon” condition decreased Po and Lo compared to muscle only contractions. Relative
values are calculated as the average peak force value divided by “muscle only” peak force value = SD.

To see whether muscle shortening varied with different initial muscle lengths, an initial
muscle length vs muscle shortening trace was constructed (Figure 9). There was a non-linear

change in shortening as L; increased (dashed vertical line, Figure 9). Similarly, an initial muscle

15



length vs shortening velocity trace was constructed (Figure 10) to see if shortening velocity
changed with different starting lengths. There was a non-linear change in shortening velocity as
Li changed, with peak shortening velocity occurring at intermediate lengths and decreasing as L
increased or decreased. The data also showed that the highest shortening velocities occurred very

near Lo (dashed vertical line, Figure 10).
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Figure 9. Graph showing the relationship between the amount of muscle shortening and the initial muscle
length (before the muscle was contracted) for one muscle. Dashed line represents Lo for this muscle.
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DISCUSSION

The goal of this study was to evaluate how additional in-series compliance affects skeletal
muscle Lo in maximally activated contractions. Our findings show that Lo decreases when series
compliance is increased. Adding an artificial tendon to a muscle in the “w/ tendon” condition
resulted in a decrease of 40.98 + 8.47% (p < 0.001) and 10.74 £ 5.21% (p < 0.01) in Pg and L.,
respectively, compared to the “muscle only” condition. This supports the hypothesis that muscle
shortening affects Lo and hence suggests that cross-bridge and sliding filament theories are
subject to systematic errors, as they predict that Lo is determined only by filament overlap.
However, these results should be interpreted with caution because, while the force-length curves
demonstrate a plateau, muscles with added series compliance in the “w/ tendon” condition could
not be stretched to long enough lengths to see a substantial descending limb without causing

significant muscle damage (Figure 7).

In an attempt to elucidate the effect of series compliance on Lo, fixed-end contractions were
performed on muscles with parallel fiber orientation and minimal natural tendon. An artificial
terminal tendon with considerable compliance was included or excluded to allow for the
pronounced and carefully controlled modulation of series compliance. Muscles were activated
and allowed to shorten against this artificial tendon, rather than us specifying the shortening

velocity, amount of shortening, and work done.

Recent work found that no significant shift in Lo occurred with additional series compliance
in rat gastrocnemius muscles (MacDougall et al., 2020). However, some important differences
exist between our experimental methods and those of MacDougall et al (2020) that may
contribute to this discrepancy. Firstly, MacDougall et al. (2020) used the rat medial

gastrocnemius muscle which has considerable naturally occurring series compliance, and added
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minimal additional series compliance. In comparison, we used a muscle with minimal series
elasticity and added significant artificial series compliance. As a result, we saw much larger
differences in amount of shortening with and without additional series compliance. MacDougall
et al. (2020) reported shortening magnitudes of 1.40 + 0.55 mm and 1.64 + 0.61 mm for the low
and high compliance conditions, respectively, while our “muscle only” condition had no
shortening and “w/ tendon” contractions that resulted in Lo had shortening magnitudes of 6.35 +
1.86 mm. Further, the large difference in our additional series elastic component and resultant
muscle shortening allowed for a substantial difference in work performed between our “w/
tendon” and “muscle only” conditions. The mean value for work in contractions that resulted in
Lo in the high compliance (“w/ tendon”) condition was 5.97 + 2.44 mJ, while there was minimal
work in the low compliance (“muscle only”) condition. This is a much greater difference than
that reported by MacDougall et al (2020), with work values 3.64 + 1.46 mJ and 4.1 + 1.68 mJ for
their low and high compliance conditions, respectively. The large difference in work and shifts in
Lo between our experiments and MacDougall et al. (2020) suggest that force and shortening may
be important parameters for a possible mechanism that links shortening depression and shifts in

Lo.

Since our “w/ tendon” muscles actively shortened before reaching isometry, and post-
shortening isometric force was reduced compared to the “muscle only” condition, it is possible
that a common mechanism is responsible for both shortening depression and the decrease in Lo
that was observed in our experiments. When muscle actively shortens before reaching isometry,
Po decreases compared to a purely isometric contraction at the same reference length (Abbott &
Aubert, 1952; Rassier & Herzog, 2004). Characteristics of shortening depression include: 1) it is

long-lasting, 2) it disappears upon muscle deactivation, even if this deactivation is brief, 3) it
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increases proportionally with distance shortened, 4) it decreases with increased shortening
velocity, 5) it increases with greater force during shortening, and, similarly 6) it increases with
greater work during shortening (Abbott & Aubert, 1952; Granzier & Pollack, 1989; Herzog et
al., 2000; Herzog & Leonard, 1997; Maréchal & Plaghki, 1979; Rassier & Herzog, 2004).
Muscle shortening, and also the length at which isometry was reached in “w/ tendon”
contractions, was set by muscle force and tendon properties, hence these lengths did not exactly
match those in the “muscle only” condition, thus preventing us from precisely determining
shortening depression in each contraction. However, we used the difference in Po between the
two conditions as a proxy for shortening depression. Using our proxy method, the P for “w/
tendon” experienced shortening depression of approximately 40.98 + 8.47% compared to
“muscle only” Po. To understand how this drop in Po may be caused by shortening depression,

the mechanisms of shortening depression will be explored further.

The proposed mechanisms behind shortening depression generally fall into one of three
categories: 1) sarcomere length non-uniformity, 2) accumulation of fatigue by-products, or 3)
inhibition of cross-bridge binding. Sarcomere length non-uniformity states that actively
shortening muscles may have different sarcomere lengths due to instability that accompanies
shortening from longer lengths on the descending limb of the force-length curve (Abbott &
Aubert, 1952). On the other hand, the accumulation of fatigue by-products hypothesis suggests
that the increase in the concentration of protons and inorganic phosphate after contraction and
ATP consumption may cause the drop in active force with shortening (Granzier & Pollack,
1989). However, these mechanisms are unlikely to be the primary cause of shortening depression
since sarcomeres are able to maintain stability on the descending limb and there is rapid recovery

of force production following relaxation (Abbott & Aubert, 1952; Herzog & Leonard, 1997,
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Joumaa et al., 2012; Rassier et al., 2003; Rassier & Herzog, 2004). The final mechanism
commonly used to explain shortening depression is cross-bridge inhibition. This mechanism
suggests that during active shortening, the likelihood of cross-bridge formation decreases due to
the blocking of binding sites by titin (Rode et al., 2009) or that the strain-induced deformation of
actin myofilaments results in decreased cross-bridge formation, and force, in both new regions of
filament overlap (Maréchal & Plaghki, 1979) and the existing region of filament overlap
(Joumaa et al., 2012). Of the mechanisms mentioned, cross-bridge inhibition seems to be the
most likely mechanism of shortening depression that explains the shortening-dependent shift in
Lo that was observed in muscles with additional in-series compliance (Holt & Azizi, 2014; Holt

& Williams, 2018).

The muscles in our “w/ tendon” experiments underwent fixed-end contractions and actively
shortened against a compliant element before reaching isometry, so new regions of actin-myosin
overlap were formed. Since myofilaments are strained in the newly formed region of overlap, it
has been theorized that the likelihood of cross-bridge formation is altered (Corr & Herzog, 2016;
Daniel et al., 1998; Herzog, 1998; Maréchal & Plaghki, 1979; Rassier & Herzog, 2004; Rode et
al., 2009). Previous work proposes that regions of absolute and effective overlap exist that
dictate the amount of isometric force produced by sarcomeres that actively shortened prior to
becoming isometric (Holt & Williams, 2018). Absolute overlap refers to the entire region of
myofilament overlap, including the original region of overlap and the new region of overlap after
shortening, while effective overlap refers to the old region of overlap that existed prior to
shortening and, therefore, where cross-bridge binding probability has likely been less affected
(Figures 11 & 12). As active sarcomere shortening increases in fixed-end contractions, similar

to our “w/ tendon” condition, the ratio of absolute to effective overlap is likely to increase. The
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new region of sarcomere overlap is predicted to produce less force due to inhibition of cross-
bridge formation. Several factors, including the amount of additional in-series compliance and
resultant shortening, may affect the ratio of absolute to effective overlap in muscles that are

contracted with additional in-series compliance.

When two muscles, one with high compliance (Figure 11a), and one with low compliance
(Figure 11b) contract and reach the same final length, they will theoretically have similar
amounts of absolute sarcomere overlap. However, since the muscle in the high compliance
condition actively shortens against a larger amount of series compliance before reaching
isometry, it will have shortened more and cross-bridge inhibition may cause a smaller ratio of
effective overlap to absolute overlap, resulting in a smaller amount of force produced. The events

described here account for the decrease in force that accompanies shortening.

a. High compliance b. Low compliance
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Figure 11. Proposed half-sarcomere mechanics in muscles actively shortening either with additional in-
series compliance (a; high compliance “w/ tendon” condition) or without (b; low compliance “muscle
only” condition), both having the same isometric length after activation (Ly). Since the isometric region of
effective overlap (Es) is less than the region of absolute overlap (Ay) in the high compliance, “w/ tendon”
condition, the force is expected to be less than the low compliance, “muscle only” condition that has a
much larger E; region. Adapted from Holt & Williams (2018).

In addition to shortening under tension, a muscle with high compliance that contracts at the

same starting length as a muscle with low compliance will shorten more and have a shorter Lt
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(Figure 12). As shortening increases, absolute overlap is likely to increase proportionally, but
effective overlap stays approximately the same as it was before it was activated. This would
result in shorter Lo values as shortening increases. Theoretically, if binding sites are inhibited
following shortening in “w/ tendon” contractions, a shorter Lo will be reached than the Lo of a
purely isometric “muscle only” contraction due to a smaller ratio of effective overlap to absolute
overlap (Figure 11). In addition to a decrease in force from shortening depression, each “w/
tendon” experiment experienced a decrease in Lo compared to “muscle only” experiments,
supporting that some mechanism of cross-bridge inhibition may have been present. We also
propose that some aspect of this mechanism is present in the activation-dependent shift in Lo that

has previously been observed (Holt & Azizi, 2014; Holt & Williams, 2018).

a. High compliance b. Low compliance
Ei . Ai Ei —= Ai
1 y 1
: E é ; :
L ‘ J / ‘ '
L; L;
Ef= Af
A
A ]
Z 3 :
7 |
Ly

Figure 12. Proposed half-sarcomere mechanics in muscles actively shortening either with additional in-
series compliance (a; high compliance “w/ tendon” condition) or without (b; low compliance “muscle
only” condition), both having the same length before activation (L;). Since the isometric region of
effective overlap after contraction (Ex) is approximately the same as the region of absolute overlap after
contraction (Ay) in the high compliance, “w/ tendon” condition, the expected force is expected to also be
approximately the same as the low compliance, “muscle only” condition. However, since the high
compliance “w/ tendon” muscle shortened before reaching Ly, it has a shorter final length. Adapted from
Holt & Williams (2018).

When activation level is varied in a muscle with additional in-series compliance, the amount

of shortening will vary with the most shortening occurring at higher activation levels. An
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increase in muscle shortening with increasing activation levels has been accompanied by a
leftward shift in Lo (Holt & Azizi, 2014; Holt & Williams, 2018). In our experiments, when “w/
tendon” muscles were stimulated maximally, they experienced more shortening than the “muscle
only” condition that underwent purely isometric contractions. The “w/ tendon” experiments also
resulted in a shorter Lo that accompanied a decrease in Po compared to “muscle only”
experiments. An important difference between our experiments and those of Holt & Azizi (2014)
is that we maximally activated whole muscle while Holt & Azizi (2014) maximally activated
subsets of motor units to achieve varying activation levels. Since changes in Po and Lo occurred
with maximally activated muscles in both experiments, this suggests that a purely calcium-
independent mechanism that depends on shortening rather than changes in calcium level were at
least partly responsible for these shifts. This presents a possible link between the shifts we
observed and those of Holt & Azizi (2014). Though our experiments did not directly examine a
mechanism for the shortening- or activation-dependent shifts in Lo, they may provide support for

a proposed mechanism of strain-induced cross-bridge inhibition that links the two.

Other factors may also contribute to the observed shifts in Lo and Po. One possible factor is
the increase in shortening velocity that occurs with shortening in the “w/ tendon” condition. With
increasing shortening velocity, the force produced, and thus the work of a shortening contraction,
will be reduced (Marechal and Plaghki, 1978). This would alter the amount of shortening
depression which would likely also affect Lo. Another factor is that muscles may have reached
their shortening end-point. With extreme shortening, sarcomeres may be unable to shorten
further due to maximum myofilament overlap being reached. Many of the “w/ tendon” force-
length curves aligned very closely with the trajectory of the ascending limb of the “muscle only”

curves, supporting that this may have occurred. If this is the case, some mechanism related to
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thin filament regulatory proteins, myofilament geometry, or collision of thin filaments may
contribute to the observed shifts in Po and Lo (Bagni et al., 1990; Gordon et al., 1966; Konhilas et
al., 2002; Rockenfeller et al., 2022). Further investigation into these mechanisms would be useful

in determining the cause of the observed shift in Lo with increased series compliance.

In conclusion, adding artificial series compliance to a muscle appears to result in a leftward
shift in Lo that accompanies a decrease in Po, and the shift in Lo may be caused by a combination
of factors that includes shortening-induced cross-bridge inhibition. The findings presented here
have physiological significance because most vertebrate skeletal muscles have varying amounts
of compliant in-series tendons or aponeuroses that will change length and generate tension
during contraction. This supports that tendons and muscle shortening are important inputs for
muscle modelling and that muscle models that rely heavily on the purely isometric force-length

relationship are subject to systematic errors.
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Figure 1. Transmission electron micrograph (1a) and diagram of the rectangular cutout from 1a showing
structural landmarks within a sarcomere (1b). Figure 1a shows two muscle fibers in parallel to one
another. Figure 1b shows three sarcomeres in parallel (Figure 1a imaged at Northern Arizona University
Imaging Histology Core Facility; Figure 1b adapted from Granzier & Labeit, 2006; J. A. Herzog et al.,

2014).
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Figure 2. Muscle force-length relationship and sarcomere length (adapted from Gordon et al., 1966).
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Figure 3. The magnitude of force that a muscle can produce decreases as shortening velocity increases
(from Lindstedt, 2016; adapted from Hill, 1950)
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Figure 4. Schematic showing “w/ tendon” (a) and “muscle only” (b) conditions. In both conditions, MTU
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or muscle is attached to an ergometer on the left and static anchor on the right. In the “muscle only”
condition, an additional stationary clamp is used to isolate the muscle from the artificial tendon. Muscle is
submerged in isotonic Ringer’s solution and is surrounded by electrodes that deliver stimulation.

a. Before contraction

b. During contraction
(isometry reached)
Figure 5. An example “w/ tendon” contraction. The top screenshot (a) shows the muscle before activation
at its initial length (L;). The lower screenshot (b) shows the active muscle at its shortened length (L)
where isometry is reached. The amount of shortening is shown as the change in length (dL). ImageJ was
used for frame-by-frame tracking of two terminal points at opposite ends of the muscle. A small ruler was
submerged and used to convert between pixels and millimeters.
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Figure 6. “W/ tendon” (a) and “muscle only” (b) total force and length traces for one contraction of each
type. Dashed lines represent the total force and length values that were gathered at isometry. Total force
and passive force values were used to find active force, and active force and length values were used to
construct a force-length curve (Figure 7; open points).
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Figure 7. Force-length summary traces for “w/ tendon” and “muscle only” contractions on the same
muscle. Upper curves are active force at isometry, lower curves are passive force pre-contraction. Since
passive force is a function of the force of both the muscle and tendon in the “w/ tendon” condition, the
“muscle only” passive force was extrapolated to the “w/ tendon” shortened lengths (dashed grey line).
Open points are from the force-length traces in Figure 6.

1.0
0.8
06

0.4

Relative Peak Force

0.2

0.0

muscle only w/ tendon
Condition

Figure 8. The “w/ tendon” condition experienced a decrease in both Po and Lo compared to muscle only
contractions. Relative values are calculated as the average “muscle only” value divided by “w/ tendon”
value = SD.
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Figure 9. Graph showing the relationship between the amount of muscle shortening and the initial muscle
length for one muscle (before the muscle was contracted). Dashed line represents Lo for this muscle.
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Figure 10. Example trace of maximum shortening velocities at different L; values for a muscle in the “w/
tendon” condition. Optimum length for this muscle is marked with a dashed line.
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a. High compliance b. Low compliance
Ei = Ai Ei = Ai

Activation Activation

L 4
Ef=Af

Figure 11. Proposed half-sarcomere mechanics in muscles actively shortening either with additional in-
series compliance (a; high compliance “w/ tendon” condition) or without (b; low compliance “muscle
only” condition), both having the same isometric length after activation (Lr). Since the isometric region of
effective overlap (Ey) is less than the region of absolute overlap (As) in the high compliance, “w/ tendon”
condition, the expected force is expected to be less than the low compliance, “muscle only” condition that
has a much larger E; region. Adapted from Holt & Williams (2018).
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a. High compliance b. Low compliance
Ei=A; E;=A;

Activation Activation

v
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Figure 12. Proposed half-sarcomere mechanics in muscles actively shortening either with additional in-
series compliance (a; high compliance “w/ tendon” condition) or without (b; low compliance “muscle
only” condition), both having the same length before activation (L;). Since the isometric region of
effective overlap after contraction (Ey) is approximately the same as the region of absolute overlap after
contraction (Ay) in the high compliance, “w/ tendon” condition, the expected force is expected to also be
approximately the same as the low compliance, “muscle only” condition. However, since the high
compliance “w/ tendon” muscle shortened before reaching Ly, it has a shorter final length. Adapted from
Holt & Williams (2018).
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