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Abstract

Myofascia, deep fascia enveloping skeletal muscles, consists of abundant collagen
and elastin fibres that play a key role in the transmission of muscular forces. However,
understanding of biomechanical dynamics in myofascia remains very limited due to
less quantitative and relevant approaches for in vivo examination. The purpose of
this study was to evaluate the myofascial fibril structure by means of a quantitative
approach using two-photon microscopy (TPM) imaging in combination with intra-
vital staining of Evans blue dye (EBD), a far-red fluorescence dye, which potentially
labels elastin. With focus on myofascia of the tibial anterior (TA) muscle, the fibril
structure intravitally stained with EBD was observed at the depth level of collagen
fibrous membrane above the muscle belly. The EBD-labelled fibril structure and ori-
entation in myofascia indicated biomechanical responses to muscle activity and age-
ing. The orientation histograms of EBD-labelled fibrils were significantly modified
depending upon the intensity of muscle activity and ageing. Moreover, the density of
EBD-labelled fibrils in myofascia decreased with habitual exercise but increased with
muscle immobilization or ageing. In particular, the diameter of EBD-labelled fibrils
in aged mice was significantly higher. The orientation histograms of EBD-labelled
fibrils after habitual exercise, muscle immobilization and ageing showed significant
differences compared to control. Indeed, the histograms in bilateral TA myofascia of
exercise mice made simple waveforms without multiple sharp peaks, whilst muscular
immobilization or ageing significantly shifted a histogram with sustaining multiple
sharp peaks. Therefore, the dynamics of fibre network with EBD fluorescence in
response to the biomechanical environment possibly indicate functional tissue ad-
aptation in myofascia. Furthermore, on the basis of the knowledge that neutrophil
recruitment occurs locally in working muscles, we suggested the unique reconstruc-
tion mechanism involving neutrophilic elastase in the myofascial fibril structure. In
addition to the elastolytic susceptibility of EBD-labelled fibrils, distinct immunore-
activities and activities of neutrophil elastase in the myofascia were observed after
electric pulse stimulation-induced muscle contraction for 15 min. Our findings of

EBD-labelled fibril dynamics in myofascia through quantitative approach using

Journal of Anatomy. 2021;238:515-526.

wileyonlinelibrary.com/journal/joa © 2020 Anatomical Society 515


www.wileyonlinelibrary.com/journal/joa
https://orcid.org/0000-0002-6884-2955
mailto:﻿
https://orcid.org/0000-0002-7000-4547
mailto:tsuchiya-thk@umin.ac.jp

Ly RTINS

TPM imaging and intravital fluorescence labelling potentially brings new insights to
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1 | INTRODUCTION

Myofascia is a type of connective tissue consisting of abundant
extracellular matrix proteins, such as collagen and elastin fibres,
and is also known as deep fascia that envelops skeletal muscles
(Federative Committee on Anatomical Terminology, 1998; Marieb
& Hoehn, 2007; McLoon et al., 2018). Elastic fibres interwoven
with collagen bundles in myofascia provide dual properties to the
peripheral tissues, viz. connectivity to retain the location and/
or the flexibility to reduce friction during muscular contraction
(Curran et al., 2008; McLoon et al., 2018). Myofascia plays a key
role in the transmission of muscular forces with complicated dis-
tribution of tensile/compressive strain (Curran et al., 2008). Thus,
the fibrous components of myofascia have been recognized to
suffer potential injuries owing to muscular overuse or overload-
ing (Chi et al., 2010; Curran et al., 2008; Tozzi, 2014). Myofascial
constriction, a major sign in a chronic musculoskeletal pain dis-
order, such as myofascial pain syndrome (MPS), is a concept that
concerns damage accumulation leading to local ischemia and in-
flammation in skeletal muscle tissues (Behm & Wilke, 2019; Krause
et al., 2016). However, although there is significant clinical interest
in the functional structure of myofascia, the understanding of bio-
mechanical dynamics remains very limited due to less quantitative
and relevant approaches for in vivo examination.

Two-photon microscopy (TPM) could reveal the detailed ultra-
structures of connective tissues, including elastin and collagen fi-
bres (>1.5 mm thick), with high three-dimensional (3D) resolution
(Kawakami et al., 2015; Zoumi et al., 2004). Moreover, collagen fi-
bres in mammalian soft tissues can be selectively visualized in situ by
second harmonic generation (SHG) without staining (Servin-Vences
et al., 2019; Zoumi et al., 2004). Reed et al. (2019) also recently re-
ported quantitative destruction of collagen fibre in temporoman-
dibular joint osteoarthritis using SHG imaging in combination with
automated software analysis. Meanwhile, in terms of elastin imag-
ing, a lot of studies have used autofluorescence signal to track the
fibre structure, but few studies have been designed to explore the
morphological quantification because of the difficulties in distin-
guishing the fibre types in complex connective tissues. Although
there are limitations of TPM imaging using autofluorescence, Jun
et al. (2017) demonstrated less image contrast with deeper tar-
get depth and suggested the significance of using far-red fluores-
cence dyes. Interestingly, several studies have reported that Evans
blue dye (EBD), a bright far-red fluorescence dye used for intravital
staining, characteristically binds with higher affinity to elastic fi-
brils in connective tissue owing to tissue microcirculation (Heinle &
Lindner, 1984; Murphy & Lever, 2002; Weizsacker et al., 2014). Thus,
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examine muscle physiology and pathology.

aging, elastin, multi-photon microscopy, muscular activity, myofascia, neutrophil elastase

intravital staining with EBD potentially allows selective fluorescence
visualization of the myofascial fibril structure.

Elastic fibrils consisting of elastin, the main component in myo-
fascia, support the extensibility and flexibility of muscle dynamics
(Federative Committee on Anatomical Terminology, 1998; Keeley
et al., 2002; Yanagisawa & Wagenseil, 2019), and the fibre network
can handle mechanical strain caused by muscle contraction with
rearrangement in terms of orientation and attachment to other fi-
bres (Ishihara et al., 2002; Montes, 1996; Pasquali-Ronchetti et al.,
1995). The remodelling and/or turnover in connective tissues is
modulated by several cell types, including immune cells producing
growth factors, cytokines and various enzymes for extracellular
matrix (Abraham et al., 2005; Mackey & Kjaer, 2017). Recently, em-
ploying physiological muscle activities (i.e. walking, mastication and
muscle contraction) caused by low-intensity electrical stimulation,
we demonstrated that neutrophils significantly migrate into skele-
tal muscle tissues during exercise and this influx supports muscu-
lar activity via promotion of metabolic incorporation (Chiba et al.,
2015; Tsuchiya et al., 2018). In our hypothesis, local recruitment of
neutrophils in working muscle after exercise triggers fibre remod-
elling of myofascia, leading to tissue adaptation for biomechanical
advantages (Ferraro et al., 2014; Franchi et al., 2017; Ishihara et al.,
2002). Fibre remodelling is due to the production of neutrophil elas-
tase (ELANE), a major elastolytic enzyme with substrate specificity
(Crocetti et al., 2019). However, there are far less studies available to
demonstrate the role of neutrophil recruitment and enzyme secre-
tion in order to contribute to myofascial remodelling post-exercise.

Therefore, in combination with TPM imaging and intravital
staining using EBD, the purpose of this study was to quantitatively
evaluate the ultra-structure of myofascial fibrils. We also clarified
whether muscular activity plays a key role in maintaining the fibril
network with local elastolytic enzymes secreted from neutrophils.
Our results demonstrated the importance of exercise associated
with a unique myofascial reconstruction system centred around

neutrophils.

2 | METHODS
2.1 | Experimental animals

Young male (8-10-week-old) C57BL/6 mice weighing 27-30 g, pur-
chased from CLEA-Japan, were used for muscle sample preparation.
Aged male (2-year-old) C57BL/6 mice were provided by the National
Center for Geriatrics and Gerontology. The experimental design,

care and use of the mice were performed following the guidelines for
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animal experiments of Tohoku University and the Ethics Committee
for Animal Experiments, and Tohoku University approved these stud-
ies (2014Dna-020, 2017Dna-009). The mice were kept in standard
cages maintained in an air-conditioned room at 23°C + 1°C with a 12-h
light-dark cycle with ad libitum access to standard food pellets and tap
water. For anaesthetization, mice were intraperitoneally injected with
a mixture of medetomidine hydrochloride (0.3 mg/kg; ZENOAQ), mi-
dazolam (4.0 mg/kg; SANDZ), and butorphanol (5.0 mg/kg; Meiji Seika

Pharma Co) before operation and during in vivo imaging.

2.2 | Intravital staining and muscle sample
preparation

Mice were intravenously injected via the tail vein (i.v.) with 200 pl of
intravital dyes in saline, including 0.5% EBD (Wako Pure Chemical
Industries) at final concentration (Matsuda et al., 1995). After dye
injection for 4-6 h, mice were sacrificed by cervical dislocation
under inhalation anaesthesia with isoflurane (MSD Animal Health),
and the dissected tibialis anterior (TA) muscles were immersed in
4% paraformaldehyde (PFA)/phosphate buffer for fixation before
TPM imaging. It should be mentioned that according to the report
by Heinle and Lindner (1984), we did not add any surfactants in the
experimental buffers for preventing dye stripping from tissues with
EBD intravital staining.

2.3 | TPMimaging

Imaging systems with non-linear optics, including TPM and SHG im-
aging, have been popular methods for the observation of deep tissue
and intravital biological imaging. An upright A1R-MP multiphoton mi-
croscope (Nikon) equipped with a Ti-sapphire laser (Mai-Tai DeepSee,
Spectra-Physics), GaAsP non-descanned detectors, and a water-im-
mersion objective lens (CFP75 Apo LWD 25x/NA1.1) was used for
image recording with excitation laser consistently set at 920 nm, area
size 0.25 pm by 0.25 pm and a resolution of 600 dpi. A high resolu-
tion galvano scanner was consistently used, and a resonant scanner
was used only in the time-lapse experiments for high acquisition speed
during live imaging. The wavelengths for detection using emission filter
cubes were 492/SP nm for SHG signals (blue channel) and 629 + 56 nm
for EBD (far-red channel), respectively. From the entire data of se-
quential images in muscle structure, representative 3D image stacks
focusing on EBD-labelled fibrils and collagenous deep membrane in
myofascia were reconstructed with Fiji software (NIH). TA muscles
were placed straight on the microscope stage along the direction of
muscle bundles to keep the ankle tendon downwards during the whole
imaging process, and 8-10 images from each TA muscle were randomly
obtained from a wide field. For in vivo imaging (Figure 2), after skin inci-
sion, the anaesthetized mouse was mounted on a home-made holder
with the temperature set at 28°C to preserve mouse body temperature
before EBD injection. TPM imaging of the live TA muscle was obtained

at the same point every 30 min until 4 h before and after EBD injection.
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2.4 | Quantification of myofascial fibril structure
from TPM and SHG imaging

The captured TPM images were analysed by DiameterJ for Fiji soft-
ware (NIH), an open and validated tool, to determine fibril structural
characteristics, such as length and intersection density of EBD-
labelled fibrils (Hotaling et al., 2015). In brief, the original images
were converted to binary images using Otsu's automatic threshold-
ing method, and the setting values of minimum and maximum radius
were set at 0.25-5 um, as determined by our preliminary measure-
ments. After automatic data processing, including considering the
data to create histograms of EBD-labelled fibril orientation, visual
directional analysis using the captured representative TPM images
was also performed with Gaussian gradient in Diameter) (Hotaling
et al., 2015; Puspoki et al., 2016; Rezakhaniha et al., 2012).

2.5 | Habitual voluntary wheel running

The mice were kept in standard cages equipped with a free-wheel
running apparatus (#ENV-047, Med Associates, Inc.) for monitor-
ing the exercise behaviour for 4 weeks (Goh & Ladiges, 2015). Mice
housed in standard cages without access to voluntary wheel running

were used as sedentary controls.

2.6 | Unilateral hindlimb immobilization

Under anaesthetization, surgical skin staples (Precise Vista Lite; 3M)
were attached to the unilateral hindlimb (right side) in dorsotibial flex-
ion to immobilize the muscle so as to render it as disused muscle (Caron
et al., 2009). The other limb was left intact, and intact hindlimbs from
mice without immobilization were used as control (Cont) to avoid arti-
ficial errors from overload. After 7 days of immobilization, mice were

injected with intravital dyes and proceeded for muscle collection.

2.7 | Electrical muscle contractions (EPS) and
immunohistochemistry (IHC)

Mice hindlimb was exposed by a skin incision over the TA region, and
two needle electrodes (tip diameter, 0.08 mm; conductive tip expo-
sure, 1.5 mm, inter polar distance, ~10 mm) were inserted. The direct
electric stimulation protocol was performed by electrical stimulation
using an STG4004 stimulus generator (Multi Channel Systems) for in-
ducing muscle contraction in the unilateral limb for 15 min (electrical
pulse rate, 1/s; pulse rate, 50 Hz; duration, 1 ms at 2.5 mA), whereas
the other limb remained as the control (Tsuchiya et al., 2018). TA tis-
sues after PFA fixation and immersion in 30% sucrose solution were
subjected to 4-pm thick cryosection for fluorescent IHC staining.
The cryosections were blocked with 5% normal goat serum (NGS)
and 1% bovine serum albumin (BSA) in phosphate buffered saline

(PBS), followed by incubation with rabbit polyclonal anti-Elastase
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(1:1000; #ab21593; Abcam) and rat anti-granulocyte-differentiation
antigen 1 (Gr-1) antibody (1:500; RB6-8C5; BioLegend) in 5% NGS-
PBS and counterstained with Alexa Fluor 488 donkey anti-rabbit,
Alexa Fluor 555 donkey anti-rat (1:750; Invitrogen), and DAPI
(4',6-diamidino-2-phenylindole; 1:1000; Dojindo) in 0.05% Triton
X-PBS. The slides were examined under a fluorescence microscope
(BZ-9000 BIOREVO, KEYENCE). The specificity of immune reac-
tions was verified by replacing the primary antibody with rabbit IgG
(#ab27472, Abcam) as an isotype control (Chiba et al., 2015).

2.8 | Elastase digestion of muscle tissues

After TPM imaging of TA intravitally stained with EBD, the tissues
were immersed in elastase collected from porcine pancreas (#£1250;
Sigma-Aldrich), diluted in PBS at 0.5 mg/ml and incubated at 37°C
for 4 h. Then, muscle tissues were washed with PBS to stop digestion

and further subjected to TPM imaging.

2.9 | Neutrophil elastase activity assay

After 15 min of electrical stimulation, mice were rested for 30 min
and then sacrificed by cervical dislocation. The dissected crural fas-
cia on TA muscles was used for neutrophil elastase activity assay
(#ab204730; Abcam), according to the manufacturer's instruc-
tions. Tissues were homogenized in lysis buffer containing 30 mM
Tris-HCI and 100 mM NacCl. The lysate supernatant was incubated
with neutrophil elastase substrate, and the fluorescence signal was
then measured (excitation/emission = 380/500 nm) in a kinetic
mode at 37°C for 20 min with a SpectraMax M5 Microplate Reader
(Molecular Devices, MDS Analytical Technologies).

2.10 | Statistical analysis

Statistical analyses were performed using SPSS Statistics version 23
(IBM). All experimental data are presented as means + SE. Statistically
significant differences were determined by the t-test or Kolmogorov-
Smirnov test for normalized distribution of EBD-labelled fibril orienta-

tion. p-value of <0.05 indicated statistically significant difference.

3 | RESULTS

3.1 | Structural characteristics of TA myofascia in
TPM imaging

First, in terms of multi-photon microscope settings during imaging,
we consistently set the laser wavelength at 920 nm while chang-
ing the excitation laser wavelengths between 760-1040 nm (Figure
S1). Indeed, autofluorescence itself is generally mentioned as the

problem for quantitative histological analysis due to unstable
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intensity (Clancy & Cauller, 1998; Pyon etal.,2019). Murphy and Lever
interestingly reported autofluorescence of elastin fibrils in both
green and far-red regions of the spectrum at the same levels,
whereas EBD fluorescence was detected only in the far-red channel
near 680 nm (Murphy & Lever, 2002). Thus, the applied laser power
in TPM imaging was consistently set at a lower power level (0.8%
of the total supplied laser power, approximately 1600 mW), which
enabled detection of only EBD fluorescence in the far-red region but
not of any fluorescence in the green region (Figure S2).

Utilizing the advantage of deep tissue penetration of TPM,
we defined the structural orientation of TA myofascia intravitally
stained with EBD. The representative sequential and reconstruc-
tion images of 3D slices of TA myofascia are shown as supple-
mental data (Movies S1 and S2). As shown in Figure 1a (above),
myofascia above the surface of TA muscle belly (Figure 1a, upper
panels) involved collagen fibrous membrane recognized with SHG
signal (Figure 1a, middle panels, blue) at approximately 35 pum
(mean + SE, 34.7 + 2.2 um; Figure S4a) from the muscle belly mea-
sured using the z-axis calculator in TPM apparatus. Interestingly,
EBD-positive fibrils (mean diameter + SE: 0.346 + 0.001 pum in
control TA myofascia) were widely observed in the TA myofascia
up to approximately 100 um above the muscle fibres (Figure 1a,
lower panels), but the most distinct observations of EBD-labelled
fibrils were obtained at the level of the collagen fibrous membrane
with fibril insertions. Thus, to focus on the structural and dynam-
ical aspects of EBD-positive fibrils in myofascia related to biome-
chanical loadings, the observational points to obtain TPM images
were settled at the depth level of collagen fibrous membrane in the
whole imaging process. It should be noted that EBD-positive fibrils
were observed in other surface skeletal muscles, such as quadri-
ceps femoris, triceps surae and masseter; however, the TA muscle
was the focus in this current study due to its observable and rep-
resentative features. In addition, TA has been popular in both ex-
ercise and immobilization experimental models (Caron et al., 2009;
Ishihara et al., 2002; Tsuchiya et al., 2018).

3.2 | Dye penetration in myofascial fibril structure

Time-course observation before and after EBD injection indicated
time-dependent accumulation of EBD fluorescence signals in the
myofascial fibril structure (Figure 2). The intensity of EBD fluores-
cence signals in the myofascial fibril structure was not detectable
around 30 min after EBD injection, and the fluorescence intensity
slowly increased by 4 h. However, blood vessels in TA muscle tissues
were detected within a few minutes after EBD injection and were
distinctly distinguished from EBD-labelled fibrils due to the intra-
vascular flow of erythrocytes and the higher diameter. The length
density of EBD-labelled fibrils increased consistently, but the varia-
tion decreased with time after EBD injection (Figure 2b).

Intravital staining of connective tissues with EBD is reportedly
dependent upon tissue microcirculation after the dye reaches the

concerned tissue via the circulating system. Moreover, whole mount
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FIGURE 1 Structural characteristics (a)
of fibrils in myofascia by TPM/SHG
imaging. (a) Basic structural characteristics
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staining could not identify myofascial fibrils with EBD fluorescence
signals either with or without tissue fixation (Figure S3a), but intrav-
ital staining with intraperitoneal EBD injection showed EBD-labelled
fibrils in TA myofascia similar to that observed with the i.v. method
(Figure S3b).

3.3 | Decrease in EBD-labelled fibrils in myofascia
after habitual exercise

The morphological dynamics of EBD-labelled fibrils in myofascia
were examined after habitual exercise by a quantitative approach.
Compared to the sedentary control group, voluntary habitual exer-
cise for a month resulted in a decrease in EBD-labelled fibrils, par-

ticularly with a negative direction in myofascia (Figure 3a). It should

Merged

SHG EBD

Bar = 50 pm

be noted that, however, the depth from collagen fibrous membrane
to the surface of the muscle belly and the crossing angle between
muscle and collagen fibres were not statistically changed with habit-
ual exercise (Figure S4a and b). The mean diameter of EBD-labelled
fibrils was not different, but the length and intersection density of
EBD-labelled fibrils decreased significantly by three-quarter and
half with habitual exercise, respectively (Figure 3b). The orientation
histograms of EBD-labelled fibrils between sedentary control and
exercise mice showed a significant difference (p < 0.05; Figure 3c).
The orientation histogram of EBD-labelled fibril in TA myofascia of
both hindlimbs in the sedentary control mice symmetrically included
three sharp peaks at -45°, 0° and 45° (Figure S5), but the histogram
in the exercise group showed a simple curve with a single higher
peak at 45° in the right (Figure 3c) or at -45° in the left TA myofascia
(Figure S4c).
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FIGURE 2 Dye penetration properties
of EBD-labelled fibrils in TA myofascia.

(a) Time-course images of TA tissues
obtained before and after intravital
staining with EBD for 30, 120, and

240 min. Similar results were obtained

in three independent experiments. Bar
=50 pm. (b) Time-course changes in the

120 min 240 min

Bar = 50 ym

3.4 | Impact of immobilization on EBD-labelled fibril
structures in myofascia

In disused model of TA, caused by immobilization of the ankle joint
for a week, EBD-labelled fibrils in myofascia were also affected
(Figure 4). Compared to the intact TA myofascia, the density of EBD-
labelled fibrils in TA myofascia of the fixed-limb group was higher,
and their angle orientation was slightly rotated right towards a posi-
tive direction (Figure 4a). Less muscular activity with hindlimb immo-
bilization significantly increased the density of EBD-labelled fibrils
(Figure 4b). The orientation histogram of EBD-labelled fibrils in TA
myofascia was significantly different with the inclination towards a
positive angle direction compared to that of the intact TA myofascia
(p < 0.01; Figure 4c).

3.5 | Effects of ageing on EBD-labelled fibril
structures in myofascia

To understand the physiological importance of ageing, we com-
pared aged mice to young mice (aged 8-10 weeks). The EBD-
labelled fibril structure in TA myofascia of aged mice was more
distinct (Figure 5a), and the mean diameter of EBD-labelled fi-
brils in the aged group was significantly higher than that in the
young group (Figure 5b, left). The density of EBD-labelled fibrils
also increased significantly with ageing (Figure 5b), as observed
in TA myofascia of immobilized mice. The orientation histogram
of EBD-labelled fibrils showed a significant difference between
aged and young mice (p < 0.01; Figure 5c). The angle distribu-
tion of EBD-labelled fibrils in TA myofascia of the right hindlimb
in aged mice showed a more negative angle direction compared

to that in the young group. It should be noted that because of

length density of EBD-labelled fibrils.

60_ 120 180 240 All data are shown as mean + SE

Time (min)

symmetry, the same trend was observed in the left hindlimb
(p < 0.001; Figure Sé).

3.6 | Possible involvement of neutrophil elastase in
myofascial remodelling of fibril structure with muscle
contraction

In order to clarify whether the fibril structure, intravitally stained with
EBD, primarily consists of elastin, we compared the EBD-labelled fi-
bril structures before and after elastase digestion (Figure 6a). The
EBD-labelled fibril structure in TA myofascia detected in TPM imag-
ing decreased significantly post digestion of elastase (Figure 6b), but
collagen fibres and membrane were clearly preserved after elastase
digestion.

Next, we have recently revealed the supporting role of neutro-
phil recruitment in working muscles during muscular activity (Chiba
et al., 2015; Tsuchiya et al., 2018). To investigate how elastolytic
enzymes such as ELANE, a major specific elastase produced by
neutrophils, possibly contributes to the remodelling of the elastic
fibril structure in myofascia, we performed IHC analysis of ELANE.
Although haematoxylin and eosin staining showed typical skeletal
muscle tissue histology in both groups (data not shown), intense
immunoreactivities of ELANE in TA myofascia were observed after
15 min of EPS-induced muscle contraction compared to that of TA
myofascia in control mice (Figure 6c). Based on the increase of cells
with immunoreactivities of Gr-1, a major neutrophil marker, ELANE-
producing cells were mostly neutrophils (Figure 6c, lower panels).
ELANE activity in homogenates of TA muscle tissues, including
myofascia, was upregulated with EPS-induced muscle contraction
(Figure 6d), corresponding with IHC observation. These results in-

dicated that neutrophil infiltration after exercise may play a role
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FIGURE 3 Effect of habitual (a)
exercise on EBD-labelled fibril structure
and orientation in TA myofascia. (a)
Representative TPM images of EBD-
labelled fibrils in TA myofascia of control
sedentary (Sed) and chronic voluntary
wheel running (Ex) mice. Colour mapping
code of fibril orientation preference is
indicated. (b) Quantitative assessments

of the mean diameter, length and
intersection density, and (c) orientation
histogram of EBD-labelled fibrils observed
in myofascia of the right TA (n = 6-8).

All data are shown as mean + SE and
analysed using unpaired t-test or

Muscle fiber orientation

(insertion)

b
Kolmogorov-Smirnov test for distribution (b)
of fibril orientation. Statistical significance = 0.36
is indicated with * (p < 0.05) and ** %’ 045
(p < 0.01), respectively. Rs, right-side g
hindlimb 3 034
0.33
Sed
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in contributing to the remodelling of the elastic fibril structure in

myofascia via the production of elastolytic enzymes.

4 | DISCUSSION

With a combination of quantitative approach and intravital fluores-
cence staining of the myofascial fibril structure, the present study
was designed to clarify whether the dynamics of the myofascial fibril
structure, primarily consisting of elastin, are dependent upon mus-
cular activity and ageing. Indeed, potentially favourable action of
neutrophils locally recruited with muscle contraction was involved in
maintaining muscle structure and strength via elastolytic activities.
Despite the growing focus on myofascia in view of muscular
physiology and pathology, there has not been a validated and acces-
sible approach with regard to quantitative analysis of myofascial fi-
brous structure. DiameterJ, an open application, enables researchers
to quantitatively examine the myofascial fibril structure and could

potentially provide new insights into the biomechanics of skeletal

Bar = 50 pm
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> _ s
c& 03 g 15
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E 0
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muscles with future studies. Although future studies are warranted
to clarify the association between elastin and the EBD-labelled fi-
bril structures, our key finding using fluorescence-based contrast by
EBD injection is that the fibril structure with elastolytic susceptibility
in myofascia indicates biomechanical responses to muscle activity,
i.e. the density of EBD-labelled fibrils in myofascia decreased with
habitual exercise (Figure 3) but increased with muscle immobilization
(Figure 4). The angle distribution of fibril orientation in myofascia
would be a more sensitive indicator against biomechanical environ-
ment. The association of the fibril structure with muscular function
remains unclear; however, habitual exercise definitively contributes
in supporting and promoting roles for muscular activity, whereas im-
mobilization leads to the disturbance of muscular structural function
as a general consensus (Cohen et al., 2015; Theodorakopoulos et al.,
2017). Furthermore, consistent with this notion from a clinical view,
for patients with MPS, physical therapies including “myofascial re-
lease” have frequently been used for the improvement of muscular
function for pain elimination with a shorter response time (Ajimsha
etal.,, 2015; Behm & Wilke, 2019). Thus, further studies to clarify the
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(a) FIGURE 4 Impact of unilateral
hindlimb immobilization on EBD-labelled
= fibril structure and orientation in TA
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5 myofascia. (a) Representative TPM images
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relationship between muscular function(s) and elastic fibril dynamics
in myofascia are warranted.

In addition to the labelling characteristics of EBD described
in previous studies (Heinle & Lindner, 1984; Murphy & Lever,
2002; Weizsacker et al.,

ceptibility also revealed a dominant elastin component in the

2014), the results of elastolytic sus-

myofascial fibril structure labelled with EBD (Figure 6a and b).
Elastin is a major myofascial component responsible for main-
taining muscle performance with force transmission, particularly
2002; Pasquali-Ronchetti et al.,
1995; Yanagisawa & Wagenseil, 2019). In accordance with the

during exercise (Keeley et al.,

rearrangement of elastic fibre network under mechanical load-
ing (Montes, 1996), the dynamics of elastic fibrils in myofascia
with muscle activity possibly include functional tissue adapta-
tion. Several mouse exercise models (walking, chewing and EPS-
induced muscle contraction) have shown that the increase of
neutrophils in working skeletal muscles is a characteristic muscle
contraction phenomenon (Neubauer et al., 2013; Phillips et al.,

2000). We have demonstrated that neutrophil local recruitment

activates muscle performance due to the upregulation of muscle
metabolism, thus, alleviating muscle fatigue (Chaweewannakorn
et al., 2019; Chiba et al., 2015; Tsuchiya et al., 2018). Herein, as
a new insight in muscle biology, neutrophilic elastase was ob-
served to be potentially involved in biomechanical adaptation via
the remodelling of elastic fibre network in myofascia. However,
on the basis of anatomical knowledge that myofascia has less
vessels (Federative Committee on Anatomical Terminology,
1998; Marieb & Hoehn, 2007), local migration of neutrophils
producing ELANE would be the reasonable underlying mecha-
nism of myofascial remodelling.

With respect to the angle distribution of fibril orientation in
myofascia, three sharp peaks at -45°, 0° and 45° were generally
observed but not after habitual exercise (Figure 3c). Furthermore,
muscular immobilization transferred the angle distribution of
EBD-labelled fibrils to a positive direction in the right TA myo-
fascia (Figure 4c). However, interestingly, the right TA myofascia
in aged mice showed angle distribution with a shift to a nega-

tive direction, unlike immobilized TA, and the diameter of fibrils
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FIGURE 5 Effect of ageing on EBD-
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increased. In skeletal muscle tissue of aged mice, mass decreases
in association with less locomotor activity (Kadoguchi et al., 2019;
Shoji & Miyakawa, 2019) and tissue turnover is further delayed
(Svensson et al., 2016). Therefore, notwithstanding that more
data points are necessary for analysis, the impact of ageing in the
EBD-labelled fibril structure and orientation in myofascia must be
observed. Although the observations would be typical only for
TA myofascia, our results suggest that the quantitative approach
of observing EBD-labelled fibrils in myofascia entails potentially
several benefits to investigate muscular biology and pathology
with new insights.

In summary, our findings of myofascial fibril dynamics advanced
by the quantitative approach using TPM imaging and intravital fluo-
rescence labelling using EBD provide new insights to examine muscle
physiology and pathology. Although these methodological benefits
are still confirmed only in animal experiments, clinical applicability
will be analysed in the near future to establish a non-invasive ap-
proach via skin with improvement and development of microscopy

and fluorescence dyes.
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