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Transplantation of skeletal myoblasts (SMs) has been investigated as a potential cardiac cell therapy
approach. SM are available autologously, predetermined for muscular differentiation and resistant to
ischemia. Major hurdles for their clinical application are limitations in purity and yield during cell isola-
tion as well as the absence of gap junction expression after differentiation into myotubes. Furthermore,
transplanted SMs do not functionally or electrically integrate with the host myocardium.

Here, we describe an efficient method for isolating homogeneous SM populations from neonatal mice
and demonstrate persistent gap junction expression in an engineered tissue. This method resulted in a
yield of 1.4 � 108 high-purity SMs (>99% desmin positive) after 10 days in culture from 162.12 ± 11.85
mg muscle tissue. Serum starvation conditions efficiently induced differentiation into spontaneously con-
tracting myotubes that coincided with loss of gap junction expression.

For mechanical conditioning, cells were integrated into engineered tissue constructs. SMs within tissue
constructs exhibited long term survival, ordered alignment, and a preserved ability to differentiate into
contractile myotubes. When the tissue constructs were subjected to passive longitudinal tensile stress,
the expression of gap junction and cell adherence proteins was maintained or increased throughout
differentiation.

Our studies demonstrate that mechanical loading of SMs may provide for improved electromechanical
integration within the myocardium, which could lead to more therapeutic opportunities.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cell transplantation strategies for tissue repair have been ex-
plored with an increasing focus on cardiovascular disease, due to
its global significance as the primary cause of death [1,2]. With
the hope of developing an alternative for heart transplantation,
which is currently the only therapeutic option for end stage heart
failure [3], cell transplantation strategies are the focus of intense
investigation at both the pre-clinical [4] and clinical [5] levels.

For over a decade, reports on the use of various cell types for
cardiac repair and regeneration have been published [6]. These in-
clude trials with skeletal myoblasts (SMs) [7]. SMs were initially
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considered to represent an attractive option for cardiac cell therapy
due to their myogenic and contractile phenotype, availability for
autologous transplantation, high proliferative capacity in vitro,
and their resistance to ischemia [8]. SMs were the first cell type
to be used in clinical studies [9–11], in which they were shown
to improve post-infarct heart function, but could also cause ven-
tricular arrhythmias [12]. Electrical isolation of transplanted SMs
was caused by the lack of intercellular communication with host
cardiomyocytes [13]. The enhancement of gap junctional commu-
nication through connexin43 (Cx43) expression, which is typically
decreased during differentiation of SMs [14], has been achieved by
gene transfer [15] and cyclic stretching [16]. Transplantation of
genetically modified SMs expressing Cx43 was shown to prevent
arrhythmia [17]. However, other challenges for the application of
cell transplantation strategies whether they involve SMs or not re-
main, including poor cell retention and survival [18].

Recently, we reported transplantation of SM-based engineered
tissue constructs (ETC) for propagation of atrio-ventricular electri-
cal conduction in a rat model [19]. Our experiments showed
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promising long-term results with respect to survival and retention
of SM within transplanted ETCs and the conservation of some
important electrophysiological properties if this form of treatment
were to be applied to humans with complete heart block.

In the present study, we extend this work by improving the cell-
to-cell communication characteristics of a SM-based ETC.

2. Materials and methods

2.1. Myoblast isolation and culture

Neonatal C57BL/6 mice were euthanized and the limb muscle
tissue was harvested for SM isolation as described previously
Fig. 1. Skeletal myoblast (SM) isolations from neonatal mice. (A) Immunocytochemical
Scale bar: 50 lm. Flow cytometric analysis of SMs after pre-plating (d3) and culture expa
total cells and ratio of desmin positive cells after pre-plating (d3) and culture expansion (
legend, the reader is referred to the web version of this article.)
[20]. Tissue samples were further processed by incubation in
0.2% collagenase type IV (Invitrogen, Karlsruhe, Germany), 2.4 IU/
ml dispase (Invitrogen) and 3 mM calcium chloride (Sigma–Al-
drich, Munich, Germany) in PBS. Tissue debris was removed using
a 70 lm cell strainer (BD Biosciences, Heidelberg, Germany). Cells
were cultured in isolation medium consisting of Ham’s-F10 med-
ium (Invitrogen), supplemented with 20% fetal bovine serum
(FBS, Invitrogen) and 2.5 ng/ml basic fibroblast growth factor
(bFGF, PeproTech, Hamburg, Germany) at a density of
1 � 105 cells/cm2 on collagen-coated plates (5 lg/cm2 type I colla-
gen, Invitrogen). These pre-plating steps were performed sequen-
tially after 1, 2, 18 and 48 h of incubation. After the final
pre-plating step, cells in suspension were discarded and adherent
staining of SMs after seven days of cell culture for desmin (green) and DAPI (blue).
nsion (d10). Desmin: white histogram; Isotype control: black histogram. (B) Yield of
d10, ⁄⁄⁄p < 0.0001; n = 5). (For interpretation of the references to colour in this figure



Fig. 2. Skeletal myoblasts in cell culture and tissue constructs before differentiation Cell culture (A–E), non-preconditioned engineered tissue constructs (NP-ETCs (F–J)) and
preconditioned engineered tissue constructs (P-ETCs) after three days in isolation medium (K–O). Bright field microscopy images (A) and macroscopic images (F,K).
Immunostaining for desmin or a-smooth muscle actin (a-SMA) visualized in green, as indicated, in combination with connexin40 (Cx40), connexin43 (Cx43), connexin45
(Cx45) or N-cadherin (N-Cad) visualized in red, as indicated. Nuclear staining: DAPI (blue). Scale bar: 50 lm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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cells were detached by incubation with 0.05% trypsin/53 mM EDTA
(Invitrogen) and then expanded using growth medium consisting
of 40% Ham’s-F10 medium, 40% Dulbecco’s modified eagle medium
(DMEM, Invitrogen) supplemented with 20% FBS and 2.5 ng/ml
bFGF. All media were supplemented with penicillin/streptomycin
(1:100, Invitrogen) and fungizone (1:1000; Invitrogen). Cells were
passaged every other day at a ratio of 1:3, including a 15-min pre-
plating step to remove contaminating cells. On day 7 of expansion
(day 10 after cell isolation) cells at 80% confluence were differenti-
ated by changing culture conditions to differentiation medium,
which consisted of DMEM with 2% horse serum (PAA, Coelbe, Ger-
many). Differentiation medium was changed daily for 14 days.

2.2. Fabrication of engineered tissue constructs

For the fabrication of ETCs, a previously published method [19]
was modified. Briefly, the supportive matrix was prepared by
Fig. 3. Skeletal myoblasts in cell culture and tissue constructs after differentiation cel
preconditioned engineered tissue construct (P-ETC, K–O) after 14 days in differentiation
sections (F,K). Immunostaining of dystrophin, a-actinin (ACTN) or skeletal myosin light ch
connexin45 (Cx45) or N-cadherin (N-Cad) visualized in red as indicated. Nuclear staining
(D,N). Scale bar: 50 lm. (For interpretation of the references to colour in this figure lege
mixing ice cold isolation medium, collagen (type I, 5 mg/ml),
0.1 M NaOH (Sigma–Aldrich) and Geltrex (Invitrogen) at a ratio
of 3:3:1:1. Defined numbers of SMs were re-suspended in 200 ll
isolation medium and mixed with 500 ll of the premixed matrix.
The resulting cell-matrix suspension was cast into the molds. As
a control (non-preconditioned ETC) the cell-matrix mixture was
poured directly on a cell culture dish (BD Biosciences). The tissue
constructs were warmed to 37 �C and incubated in isolation med-
ium for 3 days, followed by incubation in differentiation medium
for 11 days.

2.3. Immunohistochemistry

Cells from expansion (d10) and differentiation culture (d14–
d24) were transferred onto collagen coated (5 lg/cm2 collagen
type I) microscope cover slips. After fixation (methanol, Sigma–Al-
drich) and permeabilization (0.3% Triton X-100 (Sigma–Aldrich) in
l culture (A–E), non-preconditioned engineered tissue construct (NP-ETC, F–J) and
medium. Bright field microscopy images of cell culture (A) and H&E staining of ETC
ain (MyL) visualized in green, as indicated, in combination with connexin43 (Cx43),

: DAPI (blue). Arrows point to locations of Cx43 (L); N-Cad (M) and Cx45 expression
nd, the reader is referred to the web version of this article.)
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PBS (Invitrogen), the samples were blocked with 5% bovine serum
albumin (BSA, PAA) and stained with primary antibodies against
desmin, N-cadherin (N-Cad), connexin40 (Cx40), connexin43
(Cx43), connexin45 (Cx45), a-smooth muscle actin (a-SMA), skel-
etal myosin light chain (MyL), dystrophin and a-actinin2 (ACTN2)
or a-actinin3 (ACTN3) diluted in PBS containing 1% BSA. Primary
antibodies were detected with species matched AlexaFluor conju-
gated secondary antibodies (Supplementary material) diluted in
1% BSA in combination with 40,6-diamidino-2-phenylindole (DAPI,
Invitrogen).

For immunohistochemistry, ETCs of d3 and d14 differentiated
SMs were embedded into Tissue Tek OCT (Sakura, Staufen, Ger-
many) and snap frozen in 2-methylbutane (Roth, Karlsruhe, Ger-
many). Sections (10 lm) were fixed, permeabilized and stained
using anti-desmin, anti-N-Cad, anti-Cx40, anti-Cx43, anti-Cx45,
anti-a-SMA, anti-MyL, anti-dystrophin and anti-ACTN2/3 antibod-
ies (Supplemental material).

Images were acquired using an Axiovert 200 microscope
equipped with a DFW-X710 Sony color digital camera (Sony, Berlin,
Germany) and Axiovision 4.3 software (Carl Zeiss, Jena, Germany).

2.4. Flow cytometry

For flow cytometric phenotype analysis SMs were harvested on
day 3 and day 10. The cells were fixed, permeabilized and incu-
bated with anti-desmin antibody diluted in PBS containing 1%
BSA. Subsequently, cells were incubated with fluorophore-conju-
gated secondary antibody (Supplemental material) and analyzed
on a FACSCalibur cytometer with Cell Quest Pro 6.0 software (BD
Biosciences).

2.5. Immunoblot analysis

Immunoblot analyses were performed as described before with
the following modifications [19]. Total protein extracts were sepa-
rated by SDS–PAGE and transferred onto nitrocellulose (Thermo
Fisher Scientific, Braunschweig, Germany, Supplemental material).
After blocking with 5% non-fat milk suspended in T-PBS (0.1%
Tween20, Sigma–Aldrich), the membranes were incubated with
primary antibodies (desmin, Cx43, Cx45, Cx40, N-Cad, N-CAM
and b-actin in 1% non-fat milk, Supplemental material) at 4 �C
overnight. Horseradish peroxidase conjugated secondary antibod-
ies (Supplemental material) and the ECL kit (Thermo Fisher Scien-
tific) were used for visualization. Densitometric analysis was
performed with ImageJ 1.37 software (National Institute of Health,
Bethesda, MD, USA).

2.6. Statistical analysis

Numeric data are expressed as mean ± one standard deviation.
Statistical analyses were performed using the Sigmastat software
package (release 12, Systat Software, San Jose, CA, USA). Data de-
rived from immunoblot densitometry were tested by two-way re-
peated measure ANOVA followed by a Holm-Sidak post-hoc test for
multiple comparisons. A two-tailed probability value of less than
0.05 was considered statistically significant.
3. Results

3.1. Isolation of skeletal myoblast cells

SM isolations from two animals yielded at 162.12 ± 11.85 mg tis-
sue and 12.37 ± 2.10 � 106 cells in the primary isolate (n = 5). Three
pre-plating steps and 48 h of incubation diminished the total cell
number to approximately 50%. A majority of remaining adherent
cells (Supplemental material) showed the typical spindle shaped
morphology of SM. Immunocytochemistry showed a majority of
cells were positive for desmin (Fig. 1). This was confirmed and
quantified by flow cytometry where 89.5 ± 4% (n = 5) of cells were
desmin positive (Fig. 1). After 10 days of expansion, a yield of
140.20 ± 11.45 � 106 cells was achieved with even higher purity
as determined by desmin staining (97.1 ± 0.1%; n = 5).

3.2. Characterization of skeletal myoblast cells and myogenic
differentiation

The majority of SMs (>80%) cultured under growth conditions
expressed proteins necessary for mechanical (N-Cad) and electrical
integration (Cx40, Cx43 and Cx45), as well as a-SMA (Fig. 2). When
cells were subjected to serum starvation, distinct morphological
changes were observed. After 14 days, SM fused and formed mul-
ti-nucleated myotubes (Fig. 3), showing spontaneously contracting
clusters (Supplementary video 1). The immunocytochemical anal-
ysis of cells on d14 of incubation under differentiation conditions
demonstrated a loss of expression of N-Cad, Cx43 and Cx45. Under
growth conditions ACTN, dystrophin and MyL were widely ex-
pressed (Fig. 3).

3.3. Engineered tissue construct morphology

At day 10 after isolation (passage 3), SMs from culture expan-
sion (2–6 � 106 cells per ETC; Supplemental material) were used
for the ETC fabrication. The application of 5 � 106 cells per ETC re-
sulted in a homogeneous and longitudinal alignment of the myotu-
bes. The NP-ETC showed a random orientation of cells (Fig. 3).

3.4. Engineered tissue construct characterization and differentiation

Both ETCs (P-ETC and NP-ETC) were analyzed for changes in
protein expression before and after differentiation. Applying
growth conditions, both ETCs were positive for desmin, N-Cad, a-
SMA, Cx40, Cx43 and Cx45 (Fig. 2).

After 14 days of differentiation condition, P-ETCs were found to
maintain or increase expression of N-Cad, Cx43, and Cx45 (Fig. 3)
when compared to growth conditions. In addition, expression of
the differentiation markers dystrophin and MyL were increased
in P-ETCs.

When NP-ETCs were subjected to differentiation conditions, the
expression of desmin was retained (data not shown) whereas
expression of Cx43, Cx45 and N-Cad was not detectable. The
expression of dystrophin and MyL was reduced in comparison to
the P-ETCs (Fig. 3).

3.5. Effect of passive mechanical loading on gap junction and adhesion
protein expression

Samples from cell culture SMs, P-ETCs and NP-ETCs from either
day 1 and 3 (growth conditions) or day 5, 7 and 14 (differentiation
conditions) were further investigated by immunoblot analyses
(Fig. 4).

Desmin expression remained constant throughout the differen-
tiation process under all conditions.

Expression levels of gap and tight junction proteins in cultured
cells decreased from d1 before differentiation to d14 after differen-
tiation for Cx40 (3.0x, p = 0.0310), Cx43 (2.1x, p = 0.0358), N-Cad
(3.0x, p = 0.0102) and N-CAM (2.8x, p = 0.0067), whereas Cx45
increased (1.8x, p = 0.0309). For cells in NP-ETCs, expression levels
decreased for Cx45 (3.4x, p = 0.0052) and increased for N-CAM
(4.3x, p = 0.0046) and N-Cad (3.3x, p = 0.0319). Cells in P-ETCs
showed an increase in expression levels of Cx40 (1.7x, p = 0.0254),



Fig. 4. Expression of gap junction and adherens proteins in skeletal myoblasts from cell culture and tissue constructs before and after differentiation. (A) Mechanical
preconditioning increases the expression of gap junction proteins and adhesion proteins essential for electromechanical coupling. Immunoblot analyses of desmin,
connexin45 (Cx45), connexin43 (Cx43), connexin40 (Cx40), N-cadherin (N-Cad) and N-CAM expression for samples from cell culture (left panel), NP-ETC (middle panel) or P-
ETC (right panel) on day 1, 3, 5, 7 and 14. b-actin served as loading control. (B) The intensities of specific bands from immunoblot analyses were quantified by densitometry
(⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, represents d1 versus d14 in each group; §p < 0.05, §§p < 0.01, §§§p < 0.001, represents P-ETC versus cell culture at d14; #p < 0.05, ##p < 0.01,
###p < 0.001, represents NP-ETC versus cell culture at d14; $p < 0.05, $$p < 0.01, $$$p < 0.001, represents P-ETC versus NP-ETC at d14; n = 3).
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Cx45 (1.9x, p = 0.0228) and N-CAM (1.1x, p = 0.0496) from d1 to
d14.

No difference in the expression of gap junction and adherens
proteins between cells from culture, NP-ETCs and P-ETCs was
detectable at day 1.

On day 14, the expression of Cx45 was lower for cells in culture
when compared to cells in NP-ETCs (5.9x, p = 0.0035). Cells from
cultures showed higher expression levels for Cx40 (4.1x,
p = 0.0008), Cx43 (2.7x, p = 0.0266) and N-CAM (3.1x, p = 0.0027)
when compared to cells in P-ETCs. Cells from P-ETCs showed high-
er expression levels for Cx40 (3.4x, p = 0.0035), Cx43 (3.7x,
p = 0.0121), Cx45 (6.2x, p = 0.0020) and N-CAM (4.6x, p = 0.0010)
compared to those in NP-ETCs.
4. Discussion

Our protocol for the isolation of murine SMs relies on the differ-
ential adhesion properties of cell populations derived from neona-
tal skeletal muscle tissue.

Primary cell isolates are heterogeneous in nature [22]. We
confirmed this heterogeneity in the cells by virtue of their irreg-
ular morphology with an apparent predominance of fibroblast-
like cells. The serial pre-plating steps and subsequent incubation
on collagen-coated cell culture dishes, we observed enrichment
of SMs (see Supplemental material). Immunocytochemistry and
flow cytometry for the myogenic marker desmin [23] confirmed
this increased purity (89.5% ± 4%) in our cell population (Fig. 1).
Further expansion increased homogeneity to >97% and resulted
in an overall yield of 1.4 � 108 cells derived from two neonatal
mice (162.12 ± 11.85 mg tissue) within 10 days, representing a
remarkable purification and expansion efficiency of SM.

The generation of defined and homogeneous cells is of foremost
importance to achieve comparable and reproducible results;
thereby, allowing for the unambiguous mechanistic conclusions
about possible therapeutic effects.

The cell culture expanded SMs were characterized by immuno-
cytochemistry before and after the initiation of myogenic differen-
tiation by serum starvation. The expression of desmin was nearly
ubiquitous under both growth and differentiation conditions, con-
firming the absence of contaminating cell types.

In conventional 2-D cell cultures, applying the growth condi-
tions that were permissive for SM proliferation and restrictive for
differentiation into myotubes, the cells showed high levels of
expression for proteins that are essential in mechanical and electri-
cal cell-to-cell interaction. Our studies demonstrate the potential
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of these methods to create tissues capable of functionally integrat-
ing into host myocardial tissues.

When the cells were subjected to serum starvation conditions,
formation of multinucleated, spontaneously contracting myotubes
were observed (Supplementary video 1). Immunocytochemical
analyses showed a loss of adherens and gap junction protein
expression. At the same time, dystrophin, ACTN and MyL were
widely expressed, reflecting maturation of SMs into myotubes.

SM incorporated within NP-ETCs showed comparable results
under growth conditions. However, when NP-ETCs were subjected
to differentiation conditions, there was no detectable expression of
Cx43 or N-Cad by immunohistochemistry (Fig. 3) or immunoblot
analyses (Fig. 4). On the other hand, there was increased expres-
sion of dystrophin, ACTN and MyL.

Consistent with SMs in cell cultures and NP-ETCs, cells in P-ETCs
retained expression of the myogenic marker desmin and the effi-
cient differentiation into myotubes was confirmed by dystrophin,
ACTN and MyL expression as well as the presence of spontaneously
contracting myotubes (Supplementary video 2). Interestingly, the
immunoblot analysis of P-ETCs under differentiation conditions
showed significantly higher expression of Cx43 and Cx40 when
compared to cultured SMs and those in NP-ETCs, which reflects
the potential for appropriate electromechanical coupling by gap
junction formation. Furthermore, immunoblot analyses showed
constant levels of N-Cad and N-CAM during differentiation. Both
of these proteins are necessary for cell-cell interactions, adhesion
and myoblast fusion [24]; suggesting the potential for functional
integration after transplantation.

These results directly address two key concerns about the effi-
cacy and safety of SM transplantation as a therapeutic option for
treatment of ischemic heart disease. Intra-myocardial delivery of
cells directly into the site of infarction has been shown to result
in poor cell survival and retention [25,26]. Apoptosis due to local
ischemia and inflammation in the host tissue as well as wash-out
effects after injection are considered as the main reason for the cell
loss [27]. Embedding the cells into a supportive matrix prior to
transplantation may provide an optimal delivery platform to over-
come the latter obstacle. The feasibility of this approach has been
validated in various animal studies [28].

The second fundamental concern for a cell transplantation ap-
proach revolves around the therapeutic potential of the cells. Here,
functional integration of transplanted cells into the site of injury is
of significant importance, especially in a complex organ like the
heart, with its highly orchestrated interactions between the con-
duction system and the working myocardium [29]. It has been
shown that expression of proteins necessary for cardiac electrical
coupling is decreased during differentiation of myoblasts to more
contractile myotubes, which results in the potential for ventricular
arrhythmia after transplantation [30].

There have been numerous publications reporting methods to
increase expression of gap junction proteins in SMs to reduce the
arrhythmogenic potential of transplanted cells. For instance, trans-
genic over-expression of Cx43 [17,31] or targeted knock-down of
regulator miRNA [32] resulted in significant improvement of heart
function and reduction of post-transplantational arrhythmia.

Since the transgenic manipulation of donor cells is not ideal for
clinical cell therapy, non-transgenic approaches have been studied
extensively, including successful manipulation of Cx43 expression
by chemical [33], electrical [34] and mechanical [19,35] condition-
ing. Mechanical forces between cells are transmitted to some ex-
tent via adherens junctions and transduced through integrins
into proportionate cellular responses regulating growth and sur-
vival through altered gene expression [36,37]. Directional mechan-
ical forces increase the rigidity of the extracellular matrix,
triggering internal cellular signals modulating cell motility and
tissue morphogenesis [38]. Related to our work, it has been shown
that directional mechanical force is essential for the formation of
structurally organized muscle tissue [39]. This leads to distinctly
different SM gene expression patterns in 3-D cultures compared
to conventional 2-D cultures [40].

Our approach of seeding highly-purified populations of SMs
into a 3-D hydrogel matrix without the need for trans-genetically
enhancing expression of gap junction proteins represents an
improvement in the clinical utility of SMs as a cardiac therapeutic
cell type. It remains to be shown if the presented results hold true
in an in vivo transplantation model.
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