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Human muscle tissue models are critical to understanding the complex physiology of skeletal muscle in studies of
drug discovery, development, and toxicity profiling in the human body. However, due to the challenges in in
vitro maturation of human muscle cells, few research groups developing their own tissue engineering techniques
have succeeded in producing contractile human muscle tissues. Moreover, a more sophisticated method is
necessary to measure contractile forces generated by the muscle tissues for preclinical studies in muscle physi-
ology and drug discovery. Although a few research groups have established their own tissue model systems that
measure contractile force, they require multi-step fabrication processes to produce human muscle tissues suffi-
ciently functional to be able to measure the contractile forces. To improve the usability of our tissue model
system, this study focused on simplifying the tissue engineering approach to produce a practical muscle tissue
model.

In this study, muscle satellite cells were simply mixed with a combination of fibrinogen, thrombin, and
Matrigel before gel formation. The presence of muscle satellite cells induces gel compaction and spontaneously
induces unidirectional stretching of the gel, resulting in the muscle satellite cells being aligned three-
dimensionally with the direction of stretching. Furthermore, this gel environment promotes the maturation of
the human muscle progenitor cells into aligned myofibers, also provides the tissue with an elastic platform for
muscle contraction, and allows the attachment of the muscle tissue to a device for measurement of contractile
force. Therefore, this one-step tissue fabrication allowed us to produce 3D-aligned human muscle tissues and this
tissue model is ready to use for the measurement of contractile forces. In fact, the muscle contractions created by
electrical and chemical stimulation were quantitatively determined using our measurement system. In addition,
the impact of some representative drugs on this muscle tissue were able to be monitored in real-time throughout
the changes in contractile forces.

In conclusion, our tissue model system, produced by a simple fabrication method, can be used for preclinical in
vitro studies in muscle physiology and drug discovery.

1. Introduction response and toxicity between animals and humans [3,4]. Since animal

models have limitations in understanding mechanisms in the human

Traditionally, small animal models have been used for drug discov-
ery, development, and toxicity profiling in preclinical studies. However,
only 10 % of drugs that pass preclinical animal tests become clinically
approved due to unexpected drug toxicity or insufficient therapeutic
benefits [1,2]. This is mainly because of the critical gaps in drug

body, human cell-based tissue models have many significant advantages
for use in preclinical drug testing [5-9]. In studies of muscle diseases,
human muscle tissue models promise a better understanding of disease
mechanisms and facilitate the discovery of new drugs [10-13]. In
addition, the high metabolism of skeletal muscle results in a greater
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exposure of administered drugs to the tissue, and often results in severe
unexpected effects on muscles [3,14,15]. Therefore, muscle tissue
models are also required when studying drug toxicology [16,17]. Tissue
engineering technologies have allowed us to engineer muscle tissues
from cultured muscle progenitor cells in vitro. Due to the difficulty in
stimulating the maturation of human muscle cells, a number of research
groups have reported on the modeling of muscle tissues using rodent
muscle progenitor cells [18-20]. However, a large number of drug
development trials have not been able to determine the pathogenic
mechanism in human cells because of the limitations of animal tissue
models. Given the critical gaps between humans and animals, it is
important to use human cell-based muscle tissues in preclinical
applications.

Native skeletal muscle has a highly oriented structure of parallel
bundles of contractile myofibers. Although in the last few decades,
several research groups have reported strategies to replicate the unique
aligned structure of native muscle, only a few groups have succeeded in
the production of human cell-based muscle tissue with biomimetic
structures and functions [16,21-25]. In some previous studies, the tissue
formation technique stimulates the formation of 3D-aligned structures
simply by mixing muscle cells with extracellular matrix (ECM) proteins.
Even though the miniaturized structures of these tissue models have
potential to be used for drug screening, the contraction displacement
still needs to be analyzed using a motion analysis tool to determine
functionality of the muscle tissues. On the other hand, we demonstrated
that our tissue model system allows us to directly measure contractile
force generated by muscle tissues. In our previous study, we reported on
our unique method for the production of human muscle tissues based on
our original tissue engineering method, “cell sheet-based engineering”
[23,24]. The thermoresponsive substrate we use allows confluent cells
to be released from the culture surface by lowering the temperature and
subsequently manipulated as a sheet-shaped assembly, a “cell sheet”
[26,27]. We also were able to engineer muscle tissue having a
biomimetic-aligned structure, by developing a micropattern on our
thermoresponsive substrate [28,29]. Muscle cells aligned on the
micropatterned substrate can be transferred as a cell sheet onto a
fibrin-based gel that facilitates the functional maturation of the aligned
muscle satellite cells. Based on the cell sheet-based tissue fabrication
process, human muscle sheet tissues with a biomimetic-aligned structure
can now be uniquely produced on the gel platform [23,24,30-32].

In addition to the production of human muscle tissues having aligned
structures, the technology to measure contractile forces generated by the
muscle tissues is essential for preclinical studies. Since contractile ability
is the fundamental characteristic of native skeletal muscle, the func-
tionality of engineered muscle tissues allows us to understand the
impact of some drugs on the tissue model in preclinical drug testing.
However, few research groups have established a system to directly
measure the contractile force of engineered muscle tissues [16,21,23].
Furthermore, previous methods require complicated stepwise fabrica-
tion to meet the needs of contractile measurements. In this study, we
focused on the simplification of tissue modeling to improve the usability
of muscle tissue models. Muscle satellite cells were simply incorporated
into the gel with an adaptor customized specifically for attaching to our
measurement device. This tissue fabrication allows the cells to align and
mature into myofibers to mimic the structure and function of native
skeletal muscle in one step. In addition, the contractile force generated
by the tissue was measured by attaching to the device after functional
maturation. In summary, the muscle tissues produced in this study
showed great potential for use as a preclinical tissue model in studies of
muscle physiology and drug screening.

2. Materials and methods
2.1. Proliferation culture of human skeletal muscle satellite cells

Human skeletal muscle satellite cells (HSKkMC; Lifeline Cell
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Technology, Frederick, MD, USA) were used in this study. Cells were
seeded in 100 mm-culture dishes at a density of 5000 cells/cm? and
cultured at 37 °C in a 5 % CO; environment. The day after seeding and
every 1-2 days thereafter, the culture medium was changed until
approximately 80 % confluent. The cells were passaged repeatedly to
collect a sufficient number of cells for tissue fabrication [24,32]. Stem-
Life Sk Medium Complete Kit (Lifeline Cell Technology) was used as the
medium for cell proliferation.

2.2. Fabrication of 3D-aligned muscle tissue in one step

Fabrication of 3D-aligned muscle tissue was performed by mixing the
muscle cells with fibrin-based gel. First, 3 x 10° cells harvested from
culture dishes by trypsinization were suspended in 250 pL of 10 mg/mL
fibrinogen from bovine plasma (Sigma-Aldrich, St. Louis, MO, USA).
One mL of 4 mM calcium chloride, 500 pL of 10 U/mL thrombin from
bovine plasma (Sigma-Aldrich), and 500 pL of Matrigel (Corning, NY,
USA) were mixed in a ¢35 mm-culture dish. Then, 250 pL of this mixture
was added to 250 pL of the cell-suspended fibrinogen solution. After
mixing by pipetting, the solution was poured into the gel preparation
apparatus. The solution containing the cells was capped before gelation
to seal the mold, and incubated for 20 min at 37 °C in a 5 % CO,
environment. After gelation, the gels were transferred to 6-well culture
plates. The growth medium was supplemented with gel lysis inhibitors,
500 KIU/mL aprotinin (FUJIFILM Wako Pure Chemical, Osaka, Japan),
and 2 mg/mL 6-aminocaproic acid (ACA; FUJIFILM Wako Pure Chem-
ical), then placed in each well and the muscle tissues were incubated in
the medium at 37 °C in a 5 % CO environment. After 4 days of the
incubation without changing the medium, the medium was replaced
with differentiation induction medium [Dulbecco’s Modified Eagle
Medium (DMEM; FUJIFILM Wako Pure Chemical) supplemented with 2
% horse serum (HS; Thermo Fisher Scientific, USA), the gel lysis in-
hibitors, 10 pM SB431542 (Santa Cruz Biotechnology, Dallas, TX, USA)
and penicillin-streptomycin] and the muscle tissues were further
cultured for 7 days with medium. The medium was changed every 2-3
days. Following the differentiation induction, electrical pulse stimula-
tion (EPS) (voltage: 10 V, frequency: 1 Hz, duration: 10 ms) using an
electrical pulse generator (IonOptix, Milton, MA, USA) with carbon
electrodes for 6-well plates (C-Dish; IonOptix) was continuously applied
for 60 min and pauses of 180 min. This procedure (exercise for 1 h and
rest for 3 h) was repeatedly performed for 1-2 days [23,24,30,31].

For microscopic observation of contraction behavior, muscle tissues
were electrically stimulated (voltage: 10 V, frequency: 1 Hz or 15 Hz,
duration: 10 ms) and muscle contractions induced by EPS were moni-
tored sequentially using a phase contrast microscope equipped with a
CCD camera (Basler Ace, Basler AG, Germany; 30 frames/s).

2.3. Immunofluorescence staining

Muscle tissues were fixed overnight at 4 °C in 2 % paraformaldehyde
in phosphate buffered saline (PBS). The fixed samples were incubated
with a blocking solution [5 % bovine serum albumin (BSA), 0.2 %
Triton-X 100] (Sigma-Aldrich) for 12 h at room temperature (RT). Pri-
mary antibodies [sarcomeric a-actinin (1:500) (Abcam, Cambridge, MA,
USA), myosin heavy chain (MHC) (1:200) (R&D Systems, Minneapolis,
MN, USA)] were added dropwise and left at 4 °C overnight. After
washing with PBS, the fixed tissues were incubated with fluorescent-
labeled secondary antibody (1:1000) (Thermo Fisher Scientific) for 2
h at RT. For nuclear staining, Hoechst 33258 (Dojindo Laboratories,
Kumamoto, Japan) was used and allowed to stand at RT for 1 h, then
washed three times with PBS. Images were acquired with a confocal
microscope FV1200 and analyzed with FV10-ASW.

To observe the cross-sectional structure of the muscle tissues, they
were embedded in paraffin and sections of the muscle tissues were
prepared. The sectioned specimens were soaked in xylene and ethanol.
After washing twice with PBS, cells were immersed in Target Retrieval
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Solution (Agilent Technologies, Santa Clara, CA, USA) and treated with
antigen activation in a pressurized chamber ((1) 125 °C for 30 s, (2)
90 °C for 10 s). After the samples were brought to RT and washed three
times with PBS containing 0.1 % Tween 20 (Bio-Rad Laboratories,
Hercules, CA, USA) (PBST), Blocking One-Hist (Nacalai Tesque, Kyoto,
Japan) was added dropwise and the samples were incubated for 1 h at
RT. Primary antibodies [laminin (1:500) (Abcam), MHC (1:200) (R&D
Systems), dystrophin (1:500) (Abcam)] were then added dropwise to the
samples and the samples were incubated overnight at 4 °C. Following
three washes with PBST, the samples were treated with the secondary
antibody for 1 h at RT. The samples were washed three times with PBST
followed by one wash with PBS. Finally, the samples were enclosed in
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific).
Images were acquired with a confocal microscope FV1200 and analyzed
with FV10-ASW.

2.4. Contractile force measurement of 3D-aligned muscle tissue

The contractile force measurement device was originally developed
by our group, and partly customized by NIHON KOHDEN Corporation
(Tokyo, Japan) [33]. The device consisted of a load cell (LVS-10GA;
Kyowa Denshi Kogyo, Tokyo, Japan) and a culture bath made of acrylic
plates. The load cell height is adjustable with a single-axis stage (Chuo
Precision Industrial, Tokyo, Japan). The fibrin gel was suspended from
the sensor rod of the load cell using an adapter. The muscle tissue was
incubated in Medium 199 (Thermo Fisher Scientific) containing 2 % HS,
2 mg/mL ACA, and penicillin-streptomycin on a heating plate set at
37 °C. The medium was gently agitated during the measurement. The
load cell was connected to a strain amplifier (DPM-712B; Kyowa Denshi
Kogyo), and the contractile force was recorded on a PC through an A/D
converter (DC-300H; NIHON KOHDEN). After the base of contraction
waveform was stabilized, the contractile forces of the muscle tissues
were measured by applying EPS [voltage: 35 V, frequency: 1.5 Hz (for
twitch), 15 Hz (for tetanus), duration time: 10 ms] using an electrical
stimulation device (SEN-3401; NIHON KOHDEN). The contractile force
profiles were analyzed with LabChart 8 (AD Instruments). To optimize
the contractile force measurement conditions, EPS was applied at
different voltages (10, 20, 30, 35, 40, and 50 V), and contractile forces
generated by the same tissue were compared. To optimize the concen-
tration of SB431542, the muscle tissues were cultured for 7 days in
differentiation induction medium supplemented at different concentra-
tions (0, 5, 10, 25, and 50 pM). The contractile forces produced by the
muscle tissues were compared to determine the effect of SB431542 on
the maturation of the muscle tissues.

2.5. Drug efficacy evaluation of 3D-aligned muscle tissue

Chemically induced tissue contractility was confirmed by adding
100 mM acetylcholine chloride solution (final concentration: 1 mM)
(Sigma-Aldrich) to the medium [13,16]. In the drug efficacy evaluation,
two representative agents affecting ryanodine receptors, ryanodine
(Santa Cruz Biotechnology) and dantrolene (Sigma-Aldrich) were used
[24]. Ryanodine was added to the medium at final concentrations of 0.5,
1, and 5 pM. Dantrolene was added to the medium at final concentra-
tions of 12.5, 25, and 50 pM. To observe changes in contractility, EPS
(frequency: 1.5 Hz, voltage: 35 V, duration: 10 ms) was applied imme-
diately after the additions of each of these agents. To determine the
changes in contractile forces, the average contractile force of five
twitches was calculated every minute after each addition. In addition,
tetanus contractions at 0 min and 10 min were also compared. Clen-
buterol (Sigma-Aldrich) was also added to the medium (final concen-
tration: 0.1, 10, 50, and 100 pM) [24]. The EPS (frequency: 1.5 Hz,
voltage: 35 V, duration: 10 ms) was applied immediately after the
addition of clenbuterol to observe changes in contractility. The average
contractile force of five twitches was calculated every minute after the
addition of clenbuterol for 20 min. To determine the effect of
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clenbuterol on the ability to maintain a tetanus contraction, the gradient
of a tetanus contraction profile from the starting to ending points was
calculated as the force change with clenbuterol at different concentra-
tions (0, 0.1, and 10 pM). The force change was compared before and
after the addition of clenbuterol.

2.6. Statistical analysis

Data are presented as the mean + standard deviation. Statistical
analysis of the comparison of the two groups was performed by Stu-
dent’s t-test (Fig. 7c). One-way ANOVA (Fig. 3c and 7a) or Welch’s
ANOVA (Figs. 4b, 5b and 6b) was used for multiple comparisons, and
Dunnett’s test (Figs. 3c, 6¢ and 7a), Tukey’s HSD (Fig. 4d), or Games-
Howell test (Figs. 4b, 5b and 6b) was used as a post-hoc test. Statisti-
cal significance was considered at *P < 0.05, **P < 0.01. Statistical
processing was performed using R Software.

3. Results

3.1. Fabrication of 3D-aligned muscle tissue in unidirectionally stretched
fibrin gel

To engineer a human muscle tissue with a biomimetically aligned
structure, human skeletal muscle satellite cells were encapsulated in a
fibrin-based gel simply by mixing them before gel formation. The
schematic illustration of the one-step tissue fabrication is shown in
Fig. 1.

Attachment to the contractile force measurement device was ach-
ieved by forming the gel with an adapter specifically designed for our
measurement device (Fig. 2a) [33]. The gel was anchored at two parts of
the adaptor. When the gel was released from the adaptor by cutting both
sides (shown as a dotted line), the gel became smaller regardless of the
presence of the encapsulated cells. However, the shrinking rate was
remarkably higher in gels with cells (Fig. 2a). This indicated that the
presence of the cells induced compaction of the fibrin gel. In fact, some
previous studies have reported that cells mediated compaction of gel
made from ECM proteins [34,35]. Subsequently, this gel compaction
produced anisotropy in the culture environment for the muscle cells.
When the gel was released from the adaptor after 5 days, the length of
the gel reduced from 16 mm to 12 mm as indicated by arrows in Fig. 2b.
This suggested that due to the anchoring with the adaptor, the gel was
unidirectionally stretched (extension rate: approximately 130 %). The
spontaneous stretching resulted in the formation of 3D-aligned myo-
fibers within the anisotropic gel environment (Fig. 2c-h) [36,37]. To
replicate the anisotropic environment in the gel, the fibrin-based gel was
manually stretched using a stretchable chamber as shown in Supple-
mentary Figure 1a. When the gel containing muscle cells was unidirec-
tionally stretched to 130 % using the device, the cells cultured in the gel
environment formed an aligned structure (Supplementary Figure 1b). In
this study, the tissue fabrication process allowed us to produce the
spontaneous stretching of the fibrin gel, which then led to the formation
of the 3D-aligned myofibers in the muscle tissue.

As reported by several research groups, it is difficult to produce
mature human muscle tissues in a normal 2D cell culture system. On the
other hand, the culture environment of fibrin gel containing Matrigel
allowed the aligned muscle cells to form sarcomere structures essential
for muscle contraction (Fig. 2d and e). In addition, laminin and dys-
trophin were localized surrounding the aligned myofibers, suggesting
the formation of native-like membrane structures (Fig. 2f-h). This bio-
logical aspect is very important for our engineered muscle tissue to
perform as a biomimetic tissue model [16,23,30,31]. Taken together,
this tissue fabrication method allows us to simultaneously achieve the
formation of biomimetic structures, including aligned myofiber struc-
tures, sarcomere structures, and membrane-like structures.
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Fig. 2. One-step fabrication of a human muscle tissue composed of aligned myofibers in a fibrin-based gel adjusted for contractile force measurement. (a) A fibrin-
based gel was formed with a customized adaptor to attach a contractile force measurement device, and shrunken gels, with and without cells, were released from the
anchoring parts (indicated as dotted lines) by cutting both sides of the gel. (b) Fibrin-based gel with cells before and after release from the hanging adaptor. The
lengths of the gel are indicated by arrows. (c-h) Fluorescence images of aligned myofibers in the gel after 7 days of differentiation induction [(c) green: MHC, blue:
nuclei; (d, e) green: a-actinin, blue: nuclei; (f, g) green: MHC, red: laminin; (h) red: dystrophin]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

3.2. Contractile force measurement in 3D-aligned muscle tissue

This fibrin-based gel was fabricated with a customized adaptor that
allowed the muscle tissue to be lifted onto a load cell (Fig. 2a and. 3a).
Importantly, the gel environment also resulted in the biomimetic-
aligned structure of muscle cells and promoted maturation of the
aligned myofibers (Fig. 2). Therefore, this one-step tissue fabrication
allowed us to measure the contractile force generated by the functional
muscle tissue just by attaching it to the device. When the muscle tissue
was electrically stimulated, twitch and tetanus contractions were

observed according to EPS conditions. At frequencies of 0.5 or 1 Hz, the
muscle tissues produced twitch contractions (Supplementary Video 1).
As the frequency increased to 5 Hz, the contractions were partially
fused, and the stimulation at a frequency of 15 Hz induced a tetanus
contraction (Supplementary Video 1). The tetanus contraction was
dynamically shorter than the twitch contractions. Our measurement
system quantitatively showed the contractile ability of the muscle tissue.
The contractile forces were differentially generated according to the
frequency of EPS, and the tetanus contraction produced a much higher
contractile force than the twitch contractions (Fig. 3b). These contractile
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Fig. 3. Contractile force measurement of human muscle tissues stimulated electrically and chemically. (a) Photographs of muscle tissue suspended on a load cell for
contractile force measurement. Two electrodes were immersed in a culture medium (phenol red free) to electrically stimulate the muscle tissue. (b) Representative
profile of contractile force produced by muscle tissue at various EPS frequencies (0.5, 1, 5, and 15 Hz). (c) Contractile forces of muscle tissues generated by twitch and
tetanus contractions. These tissues were cultured in a differentiation medium containing SB431542 at various concentrations (0, 5, 10, 25, or 50 uM). Contractile
forces of six different tissues were measured at each concentration (n = 6). Significant differences were observed between 0 pM and 10 pM in twitch, and between 0
pM versus 5 and 10 pM in tetanus (**P < 0.01, Dunnett’s test). (d) Representative contractile force profile of a muscle tissue chemically stimulated by the addition of
ACh. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

behaviors shown in this study indicated that our engineered muscle
tissue had physiological functions similar to native skeletal muscle. In
this study, to optimize the EPS conditions, the muscle tissues were
stimulated at various voltage conditions. Since the highest contractile
force was measured by EPS application at 35 V (Supplementary Fig. 2),
contractile forces were measured at 35 V in this study.

To enhance the differentiation of muscle cells into myofibers, muscle
tissues were cultured in a medium containing 10 pM SB431542. This
TGF-p1 receptor inhibitor has often been used to produce muscle tissues
in vitro [38-40]. In this study, to optimize the conditions, our muscle
tissues were first cultured in the medium containing SB431542 at
various concentrations. The contractile force measurement allowed us to
determine the effect of SB431542 on the functionality of the muscle
tissues produced in this study (Fig. 3c). The effect of SB431542 was
enhanced by increasing the concentration to 10 pM, resulting in gen-
eration of higher contractile forces. On the other hand, an even greater
concentration of SB431542 (more than 25 pM) caused a reduction in
contractile force. This may have been because the TGF-p1 receptor was
excessively inhibited, which negatively influenced the maturation of the
muscle tissues. From the results of the quantitative measurement, the
3D-aligned muscle tissues in this study were cultured in a medium
containing 10 pM SB431542.

In native muscle, presynaptic neurons release acetylcholine (ACh)
from vesicles at the axon terminals upon nerve stimulation, and the
released ACh binds to acetylcholine receptor (AChR) clusters expressed
on the postsynaptic myofiber membranes [41]. Similarly, when in this
study the muscle tissues were chemically stimulated with ACh, they

responded to chemical stimulation through AChRs. The contractile force
profile indicated that the contractile behavior was different from muscle
contractions induced by electrical stimulations (Fig. 3d). Through the
interaction of ACh with AChRs on the myofibers, our muscle tissue
gradually generated contractile force, compared with the
electrically-induced contractions. This indicated that our measurement
system allows us to understand various kinds of contractile behaviors
quantitatively in real-time.

3.3. Measurement of contractile force in response to drugs through
interaction with ryanodine receptors

To demonstrate the potential of our engineered muscle tissue for
preclinical drug testing, changes in contractile force were measured by
the addition of several pharmaceutical agents. Since it is known that
ryanodine and dantrolene can influence muscle contraction through
interactions with ryanodine receptors (RyRs) located in the sarco-
plasmic reticulum membrane, these two drugs were used as represen-
tative agents to investigate the physiological response of the muscle
tissues [42]. Since ryanodine is a well-known modulator of
RyR-mediated Ca* release, it was expected that the addition of rya-
nodine caused a decrease in contractile force [43]. In this study, using
5.0 uM of ryanodine in the medium, the contractile forces generated by
twitch contractions were remarkably decreased after 10 min of incu-
bation (Fig. 4a). On the other hand, the additions at lower concentra-
tions (0.5 and 1.0 pM) only caused a slight decrease in contractile force
(Fig. 4b). In all cases, there was a significant decrease compared to the
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Fig. 4. Effects of ryanodine on the contractility of the engineered muscle tissue. (a) Upper: Representative profile of contractile force generated by EPS (1.5 Hz) for
10 min with ryanodine (5.0 pM). Lower: Contractile force profiles just after and 10 min after the addition of ryanodine (final concentration: 5.0 pM). (b) Change in
contractile forces reduced by the addition of ryanodine at different concentrations (0.5 pM, 1.0 pM, and 5.0 pM) (n = 3). Significant differences were observed in
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0.05, Games-Howell test). Contractile forces were normalized by the force at 0 min. (c) Profiles of tetanus contractions (EPS: 15 Hz) before (0 min) and after (10 min)
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concentration: 0.5 pM, 1.0 pM, and 5.0 pM). Contractile forces were normalized by the force before the addition of ryanodine (n = 3). The 5.0 pM ryanodine group
was significantly lower than the other two concentration groups (*P < 0.05, Tukey HSD). Contractile forces shown in (b) and (d) were obtained from measurements

of three different tissue samples.

group without any ryanodine. The contractile force generated by tetanus
contraction was also remarkably decreased with 5.0 pM of ryanodine
(Fig. 4c). On the other hand, the reduction with the lower concentrations
(0.5 puM, 1.0 pM) was significantly smaller than with 5.0 uM of ryano-
dine (Fig. 4d). Therefore, these results indicated that the muscle tissues
showed a dose-dependent change in contractile force, and our mea-
surement system allowed us to quantitatively determine the level of
dependence. In addition, we confirmed that the reduction in contractile
forces was caused by the effect of ryanodine, and not by the repeated
twitch contractions themselves (Supplementary Fig. 3).

The addition of dantrolene (final concentration: 50.0 pM) also
caused a decrease in the contractile force of the muscle tissue (Fig. 5a).
This indicated that muscle tissues physiologically respond to dantrolene,
and it induced a remarkable decrease in contractile force at 10 min after
the addition. Moreover, the contractile force was also significantly
decreased by the addition of 25.0 pM dantrolene (Fig. 5b). However,
decreasing the concentration to 12.5 pM did not significantly change the
contractile force from that without the addition of dantrolene. There-
fore, while the effect of dantrolene on the muscle tissue was dose-
dependent, the force profile was not significantly different between
the addition of 25.0 pM and 50.0 pM (Fig. 5b). Even when the concen-
tration was increased to 100.0 pM, the contractile force was only
decreased to approximately half (Supplementary Fig. 4). This limited
reduction was not observed in the case of the addition of ryanodine. The
same effect of dantrolene was also observed in tetanus contractions
using 50.0 pM of dantrolene (Fig. 5¢). However, as in the twitch con-
tractions, the addition of dantrolene only induced a modest decrease in

contractile force (Fig. 5d). Taken together, the addition of both reagents
caused a decrease in contractile force through interacting with RyRs on
the myofibers, but their influence on the functionality of the muscle
tissues differed.

Furthermore, our tissue modeling system provided additional
important information about how these two drugs influenced the con-
tractile myofibers. The addition of ryanodine caused not only a decrease
in the peak twitch contraction, but also an increase in the baseline of the
profile (Fig. 4a). This indicated that the engineered muscle was unable
to totally relax due to the effect of ryanodine. In fact, it is known that
when ryanodine interacts with RyR, Ca®" is continuously released from
the sarcoplasmic reticulum, and the relaxation is partly prevented [43].
The profile of twitch contractions agreed with the known effect of rya-
nodine on muscle physiology. On the other hand, when dantrolene was
tested on our muscle tissues, the contractile force decreased without an
increase of the baseline in the profile (Fig. 5a). Dantrolene is well-known
as a direct skeletal muscle relaxant that inhibits the release of Ca%* from
the sarcoplasmic reticulum of skeletal muscles by interaction with RyRs
during excitation-contracting coupling [42,44]. Therefore, our mea-
surement method allowed us to visualize the different responses of
muscle tissues to the two drugs interacting with RyRs.

3.4. Reduction in contractile force and fatigue resistance by treatment
with clenbuterol

Clenbuterol is a compound that belongs to a class of drugs called p2-
agonists. This drug can cause dilation of bronchial muscles, so it is often
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Fig. 5. Effects of dantrolene on the contractility of the engineered muscle tissue. (a) Upper: Representative profile of contractile force generated by EPS (1.5 Hz) with
dantrolene (50.0 pM). Lower: Contractile force profiles in twitch contractions just after (0 min) and 10 min after the addition of dantrolene (final concentration: 50.0
pM). (b) Change in contractile forces reduced by the addition of dantrolene at different concentrations (12.5 pM, 25.0 uM, and 50.0 pM) (n = 3). Significant decreases
in contractile force were observed between the low concentration groups (0 pM and 12.5 pM) versus the high concentration groups (25.0 pM and 50.0 pM) (*P <
0.05, Games-Howell test). Contractile forces were normalized by the force at 0 min. (c) Profiles of tetanus contractions (EPS: 15 Hz) before (0 min) and after (10 min)
the addition of dantrolene (final concentration: 50.0 pM). (d) Change in contractile force of tetanus contraction by adding dantrolene at different concentrations
(final concentration: 12.5 uM, 25.0 pM, and 50.0 pM). Contractile forces were normalized by the force before the addition of dantrolene (n = 3). Statistically
significant differences were not observed between the groups (one-way ANOVA). Contractile forces shown in (b) and (d) were obtained from measurements of three

different tissue samples.

used to treat asthma [45,46]. On the other hand, some previous studies
reported that high doses of this drug may induce myocyte death in
skeletal muscles, although these same studies only demonstrated the
effect of clenbuterol in animal experiments using rats [47,48]. In this
study, the contractile force decreased remarkably after the addition of
clenbuterol at higher doses up to 100 pM. Even though EPS was applied
to the muscle tissue, the contractile forces became too small to be
determined quantitatively (Fig. 6a). This indicated that our muscle tis-
sue replicated the physiological response to clenbuterol found in native
muscle. On the other hand, no change in contractile force was shown
with the addition of clenbuterol at lower doses (final concentration: 0.1
and 10 pM) (Fig. 6b). It has been previously reported that depending on
the dose, clenbuterol enhances the contractile ability of muscle [24].
However, in this study, our muscle tissues showed no enhancement of
contractile ability by treatment with lower doses (0.1 and 10 pM).
Compared with the change in the 0 pM group, there were only signifi-
cant decreases in the 50 pM and 100 pM clenbuterol groups (Fig. 6¢).
Therefore, the 3D-aligned muscle tissue only showed a decrease in
contractile force at the higher dose of clenbuterol.

EPS applications at high frequency (e.g., 15 Hz) induced tetanus
contractions, which continuously generated and maintained the force
during the application. Our measurement system showed maintenance
and reduction of contractile force in single tetanus contraction profiles.
The ability to maintain the force can be used to estimate fatigue resis-
tance of muscle tissues. Interestingly, although 10 pM dose of clenbu-
terol induced no change in the contractile forces (the peak of tetanus

contractions) (Fig. 7), the contraction profiles before and after the
addition of clenbuterol were different. Whereas the tetanus contraction
was maintained before the drug treatment, the profiles after 20 min of
treatments showed a higher gradient in the tetanus contraction (Fig. 7b).
On the other hand, the tetanus contractions with 0.1 uM dose of clen-
buterol showed similar profiles before and after the treatment. Even
though the EPS was continuously applied during the single tetanus
contraction, the contractile forces gradually reduced only in the case of
10 puM dose. This suggested that the specific dose of clenbuterol caused
the reduction in the ability to maintain the contractile force during a
tetanus contraction. Muscle fatigue is a commonly experienced phe-
nomenon that limits athletic performance and other strenuous or pro-
longed activities. Since muscle fatigue induces the inability of muscles to
maintain expected contractile force during sports and exercise activities,
fatigue resistance is an important feature in muscle physiology. In this
study, our measurement system showed that the 10 pM dose of clen-
buterol caused a reduction in the fatigue resistance of our muscle tissue
(Fig. 7b). Since the higher dose (50 and 100 pM) remarkably decreased
contractile force, the change in the gradient of tetanus contraction was
not comparable before and after the addition of clenbuterol (Fig. 7b).
Therefore, to confirm the reproducibility of the reduction in the fatigue
resistance, the force change in single tetanus contractions was quanti-
tatively determined with the addition of a dose less than 10 pM (Fig. 7c)
[24]. Whereas the 10 pM dose of clenbuterol caused a reduction in fa-
tigue resistance (the ability to maintain force in a tetanus), the lower
dose showed no influence on fatigue resistance. This indicated that
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Fig. 6. Reduction in contractile force of twitch contraction by treatment with clenbuterol. (a) Twitch contractions of the 3D-aligned muscle tissue at 0 and 20 min
after the addition of clenbuterol (final concentration: 0.1 pM and 100 pM). (b) Change in contractile forces generated by EPS (1 Hz) for 20 min with clenbuterol (final
concentration: 0 pM, 0.1 uM, 10 pM, 50 uM, and 100 pM). Contractile forces were normalized by the force just after (0 min) the addition of clenbuterol (n = 3). The
contractile force was significantly lower in the high concentration groups (50 pM and 100 pM) compared to the low concentration groups (0 pM, 0.1 pM, and 10 pM),
moreover, the results of the100 uM clenbuterol group were observed to be much lower than in the 50 pM clenbuterol group (*P < 0.05, Games-Howell test). (c)
Reduction in contractile force at 20 min after the addition of clenbuterol (final concentration: 0 pM, 0.1 pM, 10 pM, 50 uM, and 100 uM). Contractile forces were
normalized by the force just after the addition of clenbuterol (n = 3). Significant decreases were observed between the no clenbuterol group (0 pM) versus the 50 pM
and 100 pM clenbuterol groups (*P < 0.05, Dunnett’s test). Contractile forces shown in (b) and (c) were obtained from measurements of three different tis-

sue samples.

fatigue resistance in the engineered muscle tissue was reduced
remarkably by the clenbuterol treatment. Importantly, this reduction in
fatigue resistance was able to be observed only in tetanus, but not in
twitch contractions (Fig. 6b and c). Therefore, changes in the muscle
tissues affected by drugs provide different information by measuring the
twitch and tetanus contractions. In this study, the real-time monitoring
of tetanus contractions provided a visualization of the reduction in fa-
tigue resistance of muscles. In addition, these results indicated that our
muscle tissue model can be effectively used to replicate skeletal muscle
physiology and understand the effects of various kinds of drugs in the
human body.

4. Discussion

To understand muscle physiology and discover new drugs for the
treatment of muscle diseases, engineered muscle tissues are urgently
needed more than ever because of the advantages they will bring to
research in bioscience. Although various approaches to tissue engi-
neering have been reported to produce muscle tissues, most studies have
mainly reported on the production of rodent muscle tissue models [18,
19]. This has been because of the difficulty in in vitro maturation of
human muscle tissue for modeling muscle physiology, compared with
rodent muscle tissues. In our previous studies, we discovered that fibrin
gel containing Matrigel effectively promoted in vitro maturation of
human muscle tissues. In addition, the fibrin-based gel works as a
platform for the attachment of the tissue to a load cell in the contractile
force measurement device, which allows us to measure the contractile

force of the tissue [24,33,49]. Therefore, our method using these tech-
niques allowed us to produce human muscle tissues and then measure
their contractile force. However, the previously developed method used
a stepwise tissue fabrication process, which is not suitable for tissue
modeling in preclinical studies. In this study, we succeeded in the
simplification of the tissue engineering process. The presence of muscle
satellite cells induced compaction of the fibrin-based gel, and triggered
unidirectional stretching of the gel platform. The muscle satellite cells
were aligned in the stretched fibrin gel, and the gel promoted matura-
tion of the cells into contractile myofibers. In addition, the results here
suggested that muscle-specific membrane structures including laminin
and dystrophin were also formed in the muscle tissue. Consequently, the
one-step tissue fabrication process allowed us to produce a human
muscle tissue model that structurally and physiologically mimics the
native muscle. Furthermore, through the one-step process, this muscle
tissue is simultaneously ready for contractile force measurements in our
system.

The muscle tissue model developed in this study showed physio-
logical responses to some representative drugs and our measurement
system demonstrated that the impact of the drugs caused changes in
contractile forces. It is commonly understood that while both ryanodine
and dantrolene interact with ryanodine receptors, their action mecha-
nisms are different [42]. Our modeling system was effectively used to
determine the similarities and differences between these two mecha-
nisms affecting muscle contraction. The real-time monitoring clearly
showed that the addition of ryanodine and dantrolene had a subtlety
different influence on the engineered muscle tissue, although both drugs
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Fig. 7. Reduction of fatigue resistance (ability to maintain a tetanus contraction) in the 3D-aligned muscle tissue after treatment with clenbuterol. (a) Change in the
highest contractile force in single tetanus contractions by adding clenbuterol at different concentrations (final concentration: 0 pM, 0.1 pM, 10 pM, 50 uM, and 100
pM). Contractile forces were normalized by the force before the addition of clenbuterol (n = 3). A significant decrease was observed between the 0 pM clenbuterol
group and the 100 uM clenbuterol group (*P < 0.05, Dunnett’s test). (b) Profiles of a tetanus contraction at 0 and 20 min after adding clenbuterol (final concen-
tration: 0.1 pM, 10 uM, 50 pM, and 100 pM). EPS (frequency: 15 Hz) was applied to produce tetanus contractions in the same tissue samples at 0 and 20 min after
adding clenbuterol. (c) Force change in single tetanus contractions (the ability to maintain a tetanus contraction) with clenbuterol at different concentrations (0 pM,
0.1 pM, and 10 pM) (n = 3). Only in the 10 pM clenbuterol group, there was a significant difference between before and after the addition of clenbuterol (*P < 0.05,
Student’s t-test). Contractile forces shown in (a) and (c) were obtained from measurements in three different tissue samples.

induced a reduction in contractile force (Figs. 4 and 5). Furthermore, our
tissue model showed a reduction in fatigue resistance by adding clen-
buterol at a specific concentration (10 pM). Whereas this delicate change
was observed only by monitoring the profile of tetanus contractions, our
measurement system reproducibility showed a reduction in fatigue
resistance (Fig. 7). Therefore, these results indicate that this engineered
human muscle tissue is highly reliable as a tissue model for clinically
relevant in vitro studies in muscle physiology and drug discovery for
muscle diseases.

Although the responses shown in this study were similar to those of
human muscle tissues developed in some previous studies, the addition
of low concentrations of clenbuterol did not enhance the contractile
force [16]. This probably indicates that the muscle tissue produced in
this study had some limitations in replicating mechanisms of native
skeletal muscle. For example, the ratio of cell/ECM in the engineered
muscle tissue was likely lower than that in native muscle, which is
closely related with muscle tissue stiffness. In addition, some, but not all
nuclei were located along the periphery of myofibers. In native muscle,
all nuclei are typically located between a myofiber and a membrane to
efficiently produce a contractile force. Therefore, the nuclei position
possibly caused the difference found in this study. More importantly, the
contractile force generated by this muscle tissue was much lower than
that of native muscle. From these viewpoints, the functionality of our
muscle tissue needs to be further matured to more closely mimic native
muscle in the future. On the other hand, various types of currently

developed tissue models, including ours are sufficiently useful for drug
discovery research, depending on the characteristics of tissue models
and the purpose of each preclinical study. This study demonstrated a
simpler method for creating muscle tissue models and evaluating the
effects of drugs on muscle. Therefore, we believe that this tissue engi-
neering method will become an option for producing preclinical muscle
tissue models in future studies.

5. Conclusion

In this study, the one-step tissue fabrication approach allowed us to
produce contractile human muscle tissue with a biomimetic-aligned
structure. The cell-induced gel compaction triggered the unidirectional
stretching of the fibrin-based gel and the aligned orientation of the
myofibers in the gel. The gel environment also promoted the maturation
of the aligned cells and subsequently the muscle tissues produced twitch
and tetanus contractions according to electrical stimulation conditions.
In addition, since our muscle tissues were fabricated with adaptors
specifically designed for our measurement device, additional steps were
not necessary for the contractile force measurement. Our tissue model
system allowed us to estimate quantitatively contractile forces of human
muscle tissues induced by electrical and chemical stimulations. The
changes in contractile force in some of the drug tests were successfully
measured quantitatively in real-time. In addition, the reduction in fa-
tigue resistance induced by a specific dose of clenbuterol was
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reproducibly observed in our measurement system. Both the physio-
logical responses to the drugs shown in this study indicate that our
engineered muscle tissue fabricated in one step can be highly reliable as
a preclinical human tissue model for in vitro studies in muscle physi-
ology and drug discovery.
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