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Highlights

e Comparison of elastic properties for slow- and fast-twitch muscles at three scales

e Significant passive mechanical differences only observed at the macroscopic scale

e Characterization of passive mechanical behavior at the macro/micro/submicron scales
e This study provides referent data to the multiscale muscle literature
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Characterization of passive mechanical behavior for slow (soleus) and fast
(extensor digitorum longus) twitch muscles at macro/micro/submicron scales



Abstract

Purpose: To experimentally measure selected passive properties of skeletal muscle at three
different scales (macroscopic scale: whole muscle, microscopic scale: single skinned fiber, and
submicron scale: single myofibril) within the same animal model (mice), and to compare a
primarily slow-twitch fiber muscle (soleus) and a primarily fast-twitch fiber muscle (extensor
digitorum longus, EDL) for each scale.

Methods: Healthy 3 month-old wild-type C57BL6 mice were used. To characterize each scale,
soleus (N = 11), EDL (N =9), slow fibers (N = 17), fast fibers (N = 16), and myofibrils from
soleus (N = 11) and EDL (N = 11) were harvested. Passive mechanical (ramp, relaxation) tests
were applied at each scale to compare the passive properties (Young’s modulus, static and
dynamic stresses) within a given scale, across scales and between muscle types.

Results: The soleus and EDL showed significant passive mechanical differences at the
macroscopic scale while no variation was observed between both tissues at the microscopic and
submicron scales. The results highlight the importance of the scale that is used to mechanically
characterize a multiscale tissue.

Conclusion: The present work will allow for a better understanding of the multiscale passive
mechanical properties for two muscles with vastly differing physiological and metabolic
properties. This study provides referent data to the body of literature that can be built upon in

future work.
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1. Introduction

Skeletal muscle is a complex tissue divided into four main scales [1,2]: 1) the macroscopic
scale (whole muscle diameter: about 1-3 cm for mice), 2) the mesoscopic scale (single fascicle
diameter: about 0.5-30 mm), 3) the microscopic scale (single muscle fiber diameter: 10-100
pum), and 4) the submicron scale (single myofibril diameter: about 1-3 pum). All structural
elements contribute to the overall mechanical response of the muscle.

The majority of mechanical studies performed on skeletal muscle from rodents have focused
on the characterization at one scale. Indeed, the analysis of each muscle scale requires specific
equipment which is difficult to house and maintain, and necessitates personnel with the
corresponding expertise. In vitro testing of different muscle components is commonly
performed with mechanical devices enabling the longitudinal stretching of an entire muscle [3],
single fibers [4] or myofibrils [5-7]. Other experimental techniques, such as atomic force
microscopy [8,9] and elastography [10] are used to provide the transverse local elastic modulus
and longitudinal stiffness, respectively.

An efficient way to describe the global behavior of the muscle, through its different scales,
is to represent the muscle by a finite element model [11,12] including a cost law composed of
experimental multiscale parameters. In the literature, analytical and numerical homogenization
methods have been used to analyze biological tissues at different structural levels, for example
the myocardium [13] and skeletal muscles [14]. These models, based on experimental data,
illustrated the importance of each scale on the global tissue response, and the difficulty to
experimentally determine the mechanical properties at each scale of interest. The present study
aimed to characterize the passive mechanics of skeletal muscle at different structural levels to
inform how scaling might vary by muscle type (slow-twitch vs fast-twitch fiber muscles), an
issue that is largely neglected in multiscale modeling approaches. This study also provides
referent data to the multiscale muscle literature that can be used by all investigators to build

upon.



Thus, the novelty of the present study was 1) to experimentally measure selected passive
properties at three different scales (whole muscle, single skinned fiber, and single myofibril)
within the same animal model (mice), and 2) to compare a primarily slow-twitch fiber muscle
(soleus) and a primarily fast-twitch fiber muscle (extensor digitorum longus, EDL) for each
scale. The present work provides a better understanding of the multiscale passive mechanical

properties for two muscles with vastly differing physiological and metabolic properties.

2. Materials and Methods

All of the following mechanical tests were performed with the same initial sarcomere length
for all specimens at the different scales (approximately for muscles), but with different strains,

taken from the literature, and corresponding to the behavior of the living tissues.

2.1. Animals

We used healthy 3 month-old wild-type female mice (C57BL/6). Animals were maintained
at 22 + 2 °C with a light/dark cycle of 12 hours, and they had free access to food and water. The
protocol was approved by the French ethics committee (CREMEAP; Permit Number: APAFIS

#8905-2021011109249708).

2.2. Passive mechanical tests performed at the macroscopic scale

Soleus and EDL were harvested from the left hindlimb, placed in a bath containing a
physiological Ringer’s solution (T =25 °C; pH 7.3; 95 % Oz and 5 % CO3) and the proximal
and the distal ends were connected to a dual mode force transducer (300C-LR dual-mode
muscle lever, Aurora Scientific, Ontario, Canada) and to a hook, respectively (Fig. 1). Software
(ASI610A Dynamics Muscle Control v5.420, Aurora Scientific, Ontario, Canada) was used to
control displacement of the lever arm to stretch the muscle at different velocities. Prior to

testing, the muscle was placed at its optimal length corresponding to the maximum contraction



force developed by the muscle [15], and pre-conditioned with two stretch-release cycles, spaced
5 min apart [16,17].

After resting for 5 min, soleus and EDL muscles underwent a ramp test (Fig. 2A) with a
stretch-release cycle consisting of a stretch of 25 % of optimal length (Lo = 10 mm) at a velocity
of 1.67 % Lo.s* (about 0.167 mm.s™) followed by a release at the same velocity, allowing the
measurement of the static force (Fs_ramp) reached at the maximum of the stretch.

The force-displacement curve was recorded and the stress-strain curve was generated to
measure the Young’s modulus (E) in the linear part of the loading curve between 60 and 80 %
of the applied stretch [18].

Following an additional 5 min rest, the viscoelastic behavior was characterized through a
stress-relaxation test using a fast stretch velocity of 5 Lo.s (about 50 mm.s™?) with a stretch
amplitude of 25 % Lo, and held at the final length for 250 s. Two parameters were measured:
1) the dynamic force (Fq) corresponding to the maximum force of the muscle reached at the end
of the stretch, and 2) the static force (Fs_relax) COrresponding to the steady state force reached at
the end of the holding period. The cross-sectional area was calculated for the soleus and the
EDL using the equation of Del Prete et al. (2008) [19] and the forces were normalized to

anatomical cross-sectional area to determine the dynamic (oq4) and static (cs_ramp, Os_Relax) Stress.

2.3. Passive mechanical tests performed at the microscopic scale

Skinned muscle fibers were isolated from soleus and EDL muscles as previously described
[20]. Each fiber was placed in a small bath filled with a relaxing solution (70 mM potassium
propionate, 8 mM magnesium acetate, 5 mM EGTA, 7 mM ATP, 6 mM Imidazole, 10 mM
PMSF, 50 mg.L™%, Trypsin inhibitor, 4 mg.L! Leupeptine, pH = 7.1) [21]. Each fiber was set at
a sarcomere length of 2.4 um and its slack length (Ls= 2 mm) and diameter were then measured.
Subsequently, each fiber underwent two preconditioning tests [20] followed by two passive

mechanical tests (ramp stretch, stress-relaxation).
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For the preconditioning test, each fiber was stretched with a stretch amplitude of 50 % Ls
(about 1 mm) at velocity of 0.00167 Ls.s* (about 3.33 um.s™) and relaxed at the same velocity.
After 5 min of rest, this preconditioning test was repeated twice. The hysteresis loop was plotted
for each preconditioning run. The hysteresis area was calculated, and a minimum decrease of
10 % in the hysteresis area was used to determine whether the steady state was achieved [22].
Of note, the minimum decrease was always achieved in the second hysteresis test.

The first passive mechanical test was a ramp stretch (Fig. 2B) performed with a stretch with
an stretch amplitude of 50 % L (about 1 mm) with a velocity of 0.033 Ls.s (about 66 um.s™)
and released at the same velocity, allowing the measurement of the static force (Fs_ramp) reached
at the maximum of the stretch. From the stress-strain curve, the Young’s modulus (E) was
measured in the linear part of the loading curve between 60 and 80 % of the applied stretch
[18] .

The second passive mechanical test was a relaxation test in which the fiber was rapidly
elongated with a stretch amplitude of 50 % Ls (about 1 mm) at a high velocity of 3.3 Ls.s™
(about 6.6 mm.s™) and released to its slack length after a 60 s hold at 50 % strain. The dynamic
force Fq, corresponding to the maximal force value, reached at the end of the stretch, and the
static force Fs relax measured at the end of the test, before the fiber was released, were
determined.

Forces were divided by the anatomical cross-sectional area of the fiber to obtain the dynamic

od and static (os_ramp, Os Relax) Stresses.

2.4. Submicron scale

A small piece (about 5 mm in length and 2 mm in width) of additional soleus and EDL
skinned muscles was placed in a microcentrifuge tube containing rigor solution and vortexed
to separate individual myofibrils [4]. Then, myofibrils were fixed under an inverted microscope

to a glass needle attached to a length controller at one end, and to a nanolever at the other end
7



(Fig. 1), allowing for length changes and force measurements, respectively [4]. The striation
pattern of the myofibrils was projected onto a linear photodiode array for determination of
individual sarcomere lengths. The diameter of the myofibrils was measured at a magnification
of 40X and used to determine the cross-sectional area of the myofibril. Myofibrils were set at
an average sarcomere length of 2.4 um and a stress-relaxation test was performed.

The myofibrils were passively stretched (Fig. 2C) at a velocity of 0.1 pm.s™ to an average
sarcomere length of 3.4 um corresponding to a strain of 40 %. The stretch was held for 20
seconds until a steady-state force was reached, and then released. Passive force reached at
steady-state was determined and converted to stress by dividing force by the cross-sectional
area of the myofibril.

2.5. Statistical analysis

The SystatTM V11 (Systat Software Inc., CA, USA) was used and non-parametric two-

sample Mann-Whitney tests were performed to compare the various parameters. Results were

considered significant for p-value < 0.05.

3. Results

At the macroscopic scale (Tables 1 and 2), significant differences were identified for the
passive parameters (s ramp, Os_Relax, ©d) between the soleus and EDL muscles. The ramp test
revealed a significant higher value of the static stress for the soleus (s ramp = 209.8 £ 13.8 kPa)
compared to the EDL (os ramp = 83.7 + 6.5 kPa, p < 0.001). The Young’s modulus (E) was
significantly greater for the soleus (E = 1.21 + 0.10 MPa) compared to EDL (E = 0.52 + 0.06
MPa, p < 0.001). Similarly, the dynamic stress has significantly higher value for the soleus (o4

= 307.6 + 18.7 kPa) compared to the EDL (o4 = 134.4 £ 10.8 kPa, p < 0.001).



At the microscopic scale (Tables 1 and 2), fibers from the EDL had a small higher value (p
=0.13 and 0.264) in the static and dynamic stresses (os ramp = 286.7 + 34.0 kPa, o4 = 396.9 +
47.1 kPa) compared to the fibers from the soleus (cs ramp = 212.6 £ 20.4 kPa, o4 = 305.6 + 26.1
kPa). The Young’s modulus was slightly lower (p = 0.264) for the soleus (E = 0.60 £ 0.06 MPa)
compared to the EDL fibers (E = 0.86 £ 0.13 MPa). The static stress (os_relax), Obtained with
the relaxation test, was slightly lower (p = 0.195) for the soleus compared to the EDL fibers.

None of these observed differences are statistically significant.

At the submicron scale (Tables 1 and 2), the soleus myofibrils had a non-significant slight

higher value in the passive stress (about 9 kPa) compared to the EDL myofibrils (p = 0.364).

4. Discussion

The originality of the present study was to compare a slow-twitch (soleus) and fast-twitch
(EDL) muscle at three different scales. Interestingly, the soleus and EDL showed significant
passive mechanical differences at the macroscopic scales while no variation was observed
between both tissues at the microscopic and submicron scales. The comparison of the present
data with the literature remains difficult due to the various experimental protocols applied for
the different mechanical tests which leads to different 1) mechanical parameters (strain rate,...),
2) rodents (rabbit, rat), 3) tissue preparations (fresh vs skinned), 4) composition of the
physiological solutions, etc. However, some studies can be cited; the macroscopic results of our
study follow the same tendency found by Hakim et al. (2011) and Anderson et al. (2001) where
the dynamic stress (about 400 kPa, [23]) for the EDL (from 2 months age) at 25 % of strain was
lower (625 kPa [24]) than that of the soleus (from 5 months age) at 25 % strain. The results of
our study highlight the importance of the scale that is used to mechanically characterize a

multiscale tissue.



It is assumed that the mechanical changes, found at the macroscopic level, are related to the
extracellular matrix (ECM) which is well known to have an effect on muscle structural
properties [25-26]. For example, Rowe et al. (2010) [27] demonstrated that collagenase
digestion of ECM has an impact on the passive elastic properties of the diaphragm. Moreover,
Brashear et al. [28] showed that the structural organization of the collagen fibers within the
ECM impacts the mechanical properties of the tissue. In addition, several studies [29-30] have
demonstrated that slow-twitch muscles have a larger amount of collagen (mainly composed of
type 1 and type 3) than fast-twitch muscles, which could explain the higher rigidity found in
the present study for the soleus compared to EDL at the macroscopic level.

Future directions of this work will be to improve the experimental protocol using the same
amplitude of strain for all specimens and to include the assessment of the mesostructure scale
corresponding to the fascicle tissue. It should be noted that this scale has been poorly analyzed
(Meyer et al., 2011) [31]. However, the present study provides a first step of challenging
experimental and numerical studies which will help to answer the following questions: how is
the macroscopic mechanical behavior of the muscle impacted by its microscopic and
submicroscopic properties? and to what extent can we link the latter in order to predict its

evolution?

5. Conclusion

This study provides the mechanical properties of two types of muscle at three different scales
in the same animal model. The results indicate different mechanical responses depending on
the scale of tissue being analyzed. These data could provide a framework for investigators to

prioritize the most appropriate scale for their studies of interest.
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Tables Captions List

Table 1.

For the (A) macroscopic, (B) microscopic and (C) submicron scales, static stress (os_ramp,
Os_Relax), dynamic stress (od), and Young’s modulus (E) values (mean + sem) obtained with the
ramp and relaxation tests on soleus and extensor digitorum longus (EDL) mice muscles.

Table 2.

P-value from Mann-Whitney’s test for the comparison between soleus and EDL, of the static

stress (os_ramp, Os_Relax), dynamic stress (ocq), and Young’s modulus (E) for the three structural
levels with ramp and relaxation tests.
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Table 1

(A) Macroscopic scale

Gs_Ramp (kPa) E (kPa) O, elax (kPa) o, (CGE))

(iolefls) 209.8+13.8 1.21+0.10 1237+73 307.6+18.7
=RIE 837465 0.52 +0.06 475+38 134.4+108

(n=9)

(B) Microscopic scale

(iolef;’) 212.6 +20.4 0.60 + 0.06 108.9 + 11.0 305.6 +26.1
EDL
286.7 +34.0 0.86+0.13 1475+19.9 396.9 +47.1

(n=16)

(C) Submicron scale

(CGE))

s_Ramp

Soleus
(n=11) 51.8+6.3
=D 425+47

(n=11)
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Table 2

Macroscopic scale
(soleus vs EDL)

Microscopic scale
(soleus vs EDL)

Submicron scale
(soleus vs EDL)

(o) (o)
_

< 0.001

0.130

0.364

< 0.001

0.264
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< 0.001

0.195

<0.001

0.264



Figures Captions List

Fig. 1. Representation of the mechanical tests performed on healthy murine muscles at the
macroscopic (muscle), microscopic (fiber) and submicron (myofibril) levels.

Fig. 2. Representative stress vs time curves for an exemple ramp test (left side) and an exemple
relaxation test (middle side with a zoom of the initial stress on the right side ), at the
macroscopic (A), microscopic (B) and submicron (C) scales from soleus and EDL tissues. The
curve in the thin line represents the strain of the tissue. EDL: extensor digitorum longus. For
the ramp test, the velocities were 0.167 mm.s?, 66 um.s?, 0.1 um.s** for muscle, fiber and
myofibril, respectively. For the relaxation test, the velocities were 50 mm.s™ and 6.6 mm.s™ for
muscle and fiber, respectively.
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Fig. 2
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