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Abstract

Electrical pulse stimulation has an important effect on skeletal muscle development

and maturation. However, the methodology for controlling these stimulation param-

eters to develop in vitro functional skeletal muscle tissues remains to be established.

In this work, we have studied the effect of simulated action potentials on the growth

and differentiation of skeletal myoblast cell cultures. A circuit simulating action

potentials of 0.15 and 0.3 V/mm, at a frequency of 1 Hz and with a 4‐ms pulse width,

is proposed. Results show an important improvement of the growth rate and differen-

tiation of myoblasts at a voltage of 0.15 V/mm. Parameters such as electrodes geom-

etry or type of signals must be considered in the development of in vitro skeletal

muscle.
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1 | INTRODUCTION

Generation of functional tissue by tissue engineering has a high impact

for regenerative medicine, in many medical fields, such as urinary

incontinence or aesthetic reconstruction, among others (Nikolic

et al., 2017). Traditional ex vivo cultivation methods typically result

in a low differentiation efficiency of stem cells and lack of contractile

function (Liao & Zhou, 2009). Current tissue‐engineered muscle con-

structs need to be upscaled to clinically relevant volumes of tissue

with a good level of differentiation and morphology and with an

appropriate level of contractile function (Nikolic et al., 2017).

Optimization of tissue engineering to develop functional muscle

requires a complex strategy combining stimulation with soluble fac-

tors, metabolic optimization, and biophysical stimulation (Nikolic

et al., 2017). Electrical stimulation from the central nervous system

via the motor neurons is one of the most important signals for skeletal

muscle development and maturation (Liao & Zhou, 2009). Electrical

pulse stimulation (EPS) has been applied to induce cell clustering in

cultured neural networks (Sang et al., 2007) or has improved skeletal

muscle regeneration through satellite cell fusion with myofibers in
wileyonlinelibrary.c
healthy elderly subjects (Di Filippo et al., 2017). It is well known that

physiological electrical impulses can be modelled in vitro by tuning

EPS parameters such as voltage amplitude, pulse width, and fre-

quency. However, methodology for controlling these stimulation

parameters to develop in vitro functional skeletal muscle tissues

remains to be established (Cheema, Yang, Mudera, Goldspink, &

Brown, 2003).

In muscle tissue engineering, the first important EPS results were

published from 2004. Radisic et al. (2004) applied EPS, with the char-

acteristics 0.5 V/mm, 2 ms, and 1 Hz, to rat ventricular myocytes. At

the end of the experiments, these cells showed alignment and an

increase of the contraction amplitude. In 2007, Au, Cheng,

Chowdhury, and Radisic (2007) also made use of EPS (0.23–0.43 V/

mm, 1 ms, and 1 Hz) in rat cardiomyocytes resulting in elongation of

the muscle fibres and alignment of the fibroblasts. Langelaan et al.

(2011) published an electrostimulation study in mouse cells C2C12.

In this study, they applied EPS (4 V/cm, 6 ms, and 2 Hz) on Days 0

to 3 after inducing differentiation in these cells. The results were con-

tractions in every culture, but only the culture with EPS starting in Day

2 after differentiation showed the typical mature skeletal muscle
© 2019 John Wiley & Sons, Ltd.om/journal/term 1265
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TABLE 1 Wells used in the 8W10E PET culture ware and
electrostimulation voltages used

Well # Electrostimulation applied (V/mm)

1 0 (control)

2 0.15

3 0.3

5 0 (control)

6 0.15

7 0.3
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proteins. In 2014, Ito et al. (2014) optimized the construct skeletal

muscle in vitro technic using continuous EPS in 3D skeletal muscle

constructed by Mag‐Te technique. They used mouse C2C12 cells

and, on Day 4 of differentiation, applied EPS with various values of

different parameters: 0.15, 0.3, and 0.5 V/mm; 2, 4, and 10 ms; and

0.5, 1, and 2 Hz. On Day 7, the results showed that the parameters

0.3 V/mm, 4 ms, and 1 Hz caused the highest force. At the end of

the study, on Day 14, they observed in this culture an increase of

force of 4.5 in relation to the control culture. It also showed an

increase of myosin heavy chain and tropomyosin and striation pat-

terns. A recent work has also shown the positive effects of an EPS

protocol consisting of 2‐ms pulses at 12 V, with a frequency of

1 Hz, for the induction of human skeletal muscle cell hypertrophy

(Tarum, Folkesson, Atherton, & Kadi, 2017).

Variability of previous results indicate that it is still necessary to

carry out more experimental work to understand the effect of

electrostimulation on muscular stem cells (analysing type of electrical

signal used, geometry of electrodes, or intensity and frequency used),

optimizing the methodology for developing in vitro functional skeletal

muscle. In this work, a new geometry for EPS electrodes and a new

type of signal are proposed to optimize the growth and differentiation

of skeletal myoblasts cell cultures. We base our voltage levels,
FIGURE 1 Electrical pulse stimulation circuit and signals used. (a) Block
electrical pulse stimulation signal obtained, simulating an action potential.
electrodes. (d) Detail of one of the eight wells of the 8W10E PET culture w
e1 is one of the 10 circular gold electrodes and e2 is the reference or groun
medium distance between the medium point of the electrodes and the gro
corresponds to 0.3 V/mm) [Colour figure can be viewed at wileyonlinelibr
frequency, and pulse duration on published works (Ito et al., 2014),

but we use other electrodes geometry to stimulate cells. We also

use other signals, based on the simulation of action potentials to stim-

ulate the stem cell cultures.
2 | MATERIALS AND METHODS

For cell culture assays, commercial electrodes 8W10E PET (Applied

Biophysics Inc.) were employed. To electrostimulate the muscular

stem cells, an EPS circuit was implemented. An Arduino Uno
diagram of the designed and implemented circuit. (b) Detail of the
(c) Detail of the eight wells from Applied Biophysics used as
are from Applied Biophysics that were used in the experiments, where
d electrode. Each well has a side of 8 mm. We established 4 mm as the
und electrode (so that 0.6 V corresponds to 0.15 V/mm and 1.2 V
ary.com]
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FIGURE 2 Results. (a) Microscope image 10 g of unelectrostimulated well. (b) Microscope image 10 g of electrostimulated well with 0.15 V/mm.
Myotubes can be observed where the arrow points. (c) Microscope image 10 g of electrostimulated well with 0.3 V/mm. Myotubes can be
observed like in (b). (d) Microscope image 20 g of electrostimulated well with 0.15 V/mm. Tubular structures corresponding to muscle myotubes
can be observed. (e) Microscope image of electrostimulated well with 0.3 V/mm. Myotubes can also be observed. (f) Level of expression of the
anti‐alpha‐smooth muscle actin antibody (ab5694) in the different wells in the three same experiments. (g) Standardization of the expression
values of alpha‐smooth muscle actin in the electrostimulated wells normalized with respect to the unelectrostimulated well in each experiment
(control) [Colour figure can be viewed at wileyonlinelibrary.com]
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microcontroller was used to generate pulses of 5 V, with a modifiable

frequency and pulse duration, in this case, 1 Hz and 4 ms, respectively.

An inverter operational amplifier with a high capacity condenser was

implemented to generate the final signal shown in Figure 1b. This cir-

cuit modifies the pulse amplitude and form, so we finally obtain the

peak voltage to be used in the experiments (0.15 and 0.3 V/mm), sim-

ulating an action potential.

Rat skeletal myoblasts were obtained from Rattus norvegicus L6

cell line (ATCC® CRL‐1458™) and were cultured at 37°C in a CO2

incubator at 5% on the Instituto de Biomedicina de Sevilla. The

growth medium used was Minimum Essential Medium α (12571‐

063, Gibco) supplemented with 10% fetal bovine serum (F7524,

Sigma) and 1% penicillin–streptomycin (15140‐122, Gibco). After

the cells reached 85–90% of confluence, they were subcultured

using trypsin–EDTA at 0.05% (25300‐062, Gibco) and seeded

2.500 cells in the wells 1, 2, 3, 5, 6, and 7 with growth medium.

When the specific wells reached 60–70% of confluence, after rinse

with phosphate‐buffered saline (L0615, Linus), the medium was

changed to differentiation medium, MEMα supplemented with 2%

horse serum (S0910, Biowest) and 17.8mM NaHCO3 (S6297,

Sigma‐Aldrich). Microscope images were taken with the Olympus

IX‐71–inverted phase microscope.

Cells were kept at 37°C, 5% CO2 in a humidified atmosphere. The

2,500 cells were subcultivated in each of the 8W10E PET culture‐

ware wells (wells 1–3 and wells 5–7). All cell cultures were held in

growth medium the first days. After 4 days, all cell cultures reached

a confluence between 60% and 70%. The differentiation in myotubes

was then initialized by treatment with differentiation medium. Two

days after the change to differentiation medium, electrostimulation

was started, in accordance with the optimum found by Langelaan

et al. (2011). The electrostimulation voltage values used are shown in

Table 1.

A western blot analysis was carried out at the end of the experi-

ment to establish the level of expression of the anti‐alpha‐smooth

muscle actin (SMA) antibody (ab5694) in the electrostimulated cell cul-

tures, in comparison with unelectrostimulated ones. This antibody rec-

ognizes the alpha‐SMA protein. This protein, although is typical of

smooth muscle, appears in primary myoblasts and in L6 and C2C12

cells when the cultures are exposed to differentiation medium, that

is, in early stages of differentiation (Springer, Ozawa, & Blau, 2002).

Three sets of experiments with the setup were performed, in order

to compare results.
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3 | RESULTS AND DISCUSSION

In our experiments, we can observe the formation of myotubes with

an increase of 10 g only in the electrostimulated wells (Cheema et al.,

2003; Di Filippo et al., 2017; Liao & Zhou, 2009; Nikolic et al., 2017),

as shown in Figure 2. The alignment patterns in these myotubes can

also be observed, with a higher degree of differentiation compared

with unelectrostimulated wells. The expression of alpha‐SMA indi-

cated early stages of musculoskeletal differentiation, being this
expression higher in the wells that were electrostimulated with

0.15 V/mm, as it is also shown in Figure 2. This optimal value is in con-

trast with the optimal value of 0.3 V/mm found in other works (Ito

et al., 2014).

Results show an important improvement of the growth rate and

differentiation of myoblasts at a voltage of 0.15 V/mm. These experi-

ments also indicate how important can be the geometry of electrodes

or the type of signal used in electrostimulation, producing different

results to other published works. It is necessary to carry out future

experiments to further establish the electrostimulation optimal param-

eters in each different case. The electrostimulation protocol must be

transferred to 3D with the objective to be used in clinical applications,

optimizing parameters such as electrodes geometry or type of signals

and frequency used.
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