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Abstract
TE (tissue engineering) of skeletal muscle is a promising method to reconstruct loss of muscle tissue. This study evaluates

MSCs (mesenchymal stem cells) as new cell source for this application. As a new approach to differentiate the MSCs

towards the myogenic lineage, co-cultivation with primary myoblasts has been developed and the myogenic potential of

GFP (green fluorescent protein)-transduced rat MSC co-cultured with primary rat myoblasts was assessed by ICC

(immunocytochemistry). Myogenic potential of MSC was analysed by ICC, FACS and qPCR (quantitative PCR). MSC–

myoblast fusion phenomena leading to hybrid myotubes were evaluated using a novel method to evaluate myotube fusion

ratios based on phase contrast and fluorescence microscopy. Furthermore, MSC constitutively expressed the myogenic

markers MEF2 (myogenic enhancer factor 2) and a-sarcomeric actin, and MEF2 expression was up-regulated upon co-

cultivation with primary myoblasts and the addition of myogenic medium supplements. Significantly higher numbers of

MSC nuclei were involved in myotube formations when bFGF (basic fibroblast growth factor) and dexamethasone were

added to co-cultures. In summary, we have determined optimal co-culture conditions for MSC myogenic differentiation up

to myotube formations as a promising step towards applicability of MSC as a cell source for skeletal muscle TE as well as

other muscle cell-based therapies.
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1. Introduction

TE (tissue engineering) of skeletal muscle is a promising method to

treat tissue defects caused by trauma, tumour or other diseases

that result in a loss of muscle tissue (Hutmacher et al., 2009;

Mollmann et al., 2009). Several requirements have to be met to

generate functional skeletal muscle tissue, such as cell differenti-

ation, matrix development and in vivo biocompatibility. Satellite

cells are the most commonly used cell source for skeletal muscle

TE because of their muscular origin and ability to restore

functional muscle tissue (Bach et al., 2003; Boonen and Post,

2008). Despite these properties, muscle satellite cells lack a

sufficient differentiation capacity after several cycles of cell

expansion (Carlson and Conboy, 2007), rendering it difficult to

generate a sufficient number of well-differentiated cells to create

large constructs of skeletal muscle tissue, as needed for a

possible clinical application. One reason for this lack of sufficient

differentiation capacity is the heterogeneity of the satellite cell

population (Rudnicki et al., 2008; Negroni et al., 2009; Pietrangelo

et al., 2009). MSCs (mesenchymal stem cells) from adult bone

marrow could be a promising alternative as notional progenitors of

satellite cells (Bossolasco et al., 2004; Belema Bedada et al.,

2005; Satija et al., 2009). Their ability to differentiate into the

myogenic lineage has previously been suggested using a variety

of distinct culture conditions (Gang et al., 2004, 2008; Grefte et al.,

2007; Liu et al., 2007). Until now, the most efficient differentiation

conditions to differentiate MSC towards functional muscle

progenitor cells have not been ascertained.

Transplantation in damaged or degenerated muscle as in mdx

mice for application in Duchenne muscular dystrophy were

evaluated in studies before (Gussoni et al., 1999; LaBarge and

Blau, 2002; Dezawa et al., 2005; Vieira et al., 2008) and showed

possible effects of paracrine influence on myogenic differentiation

of MSC. The effect of co-culture with viable myoblast needs to be

proved and is one aim of this study. Co-culture experiments with

cells from adipose-derived stem cells from mice showed the

potential of myogenic differentiation by paracrine effects in a co-

culture setting before and underlie our thesis (Di Rocco et al.,

2006). Experiments with other cell sources such as human

umbilical cord blood or lipoaspirate MSCs from mice showed

that myogenic potential of MSC makes them an attractive target

as cell source for skeletal muscle TE (Mizuno et al., 2002; Gang

et al., 2004; Secco et al., 2008). MSC as a possible cell source for

skeletal muscle: TE has distinct advantages compared with

primary satellite cells. They can replicate repetitively without

loosing their differentiation capacities in early passages in

contrast with primary myoblasts. Therefore, higher cell numbers

may be generated out of a small population. Moreover, they can

be transplanted in an autologous fashion and could have
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immunomodulatory functions in terms of promoting tissue

regeneration rendering them attractive candidates for muscle TE

(Pittenger, 2004; Garcı́a-Castro, 2008). Furthermore, the possibil-

ity of allogenic MSC transplantation makes them attractive

candidates for cell-based therapies in regenerative medicine

(Jung et al., 2009).

An important question has not yet been addressed: does

myogenic differentiation of MSCs take place upon cell–cell

contact with primary myoblasts? This phenomenon has been

evaluated by differentiation of MSC in co-culture with renal or

hepatic cells, but not with skeletal muscle cells (Lange et al.,

2005b; Singaravelu and Padanilam, 2009). The aim of this study

was to evaluate the effect of co-culturing MSC and primary

muscle satellite cells or L6 myoblast lineage cells with emphasis

on MSC myogenic differentiation. We also measured the effects of

dexamethasone and bFGF (basic fibroblast growth factor) on

myogenic MSC differentiation compared with common differenti-

ation medium (Eberli et al., 2009). Paracrine effects of the cell–cell

contacts are investigated as the most realistic setting for in vivo

applicability. Our aim was to determine the most promising

differentiation conditions to bring MSC towards the myogenic

lineage. For this purpose, rat MSC co-cultured with myoblasts

were assessed by ICC (immunocytochemistry), FACS (flow

cytometry), qPCR (quantitative PCR) and light microscopy

regarding the expression of myogenic markers.

2. Materials and methods

2.1. Myoblast cell culture

Satellite cells were isolated from hind limb muscles of male Lewis

rats as described previously (Beier et al., 2004). Experiments were

approved by the animal care committee of the University of

Erlangen and the Government of Mittelfranken, Germany. The

medium was changed every second day, and cells were passed

when they were subconfluent. Myoblasts of passage 3 were used

for all experiments.

2.2. MSC cell culture

MSCs were isolated from Lewis 1WR2 rats. Phenotype was

assessed by their ability to differentiate into chondrocytes,

adipocytes and osteocytes. Moreover, lack of CD45-positive cells

was proved by FACS analysis over 10 passages to avoid

contamination with haematopoetic stem cells (Lange et al.,

2005c). MSCs were stably transduced with GFP (green fluo-

rescent protein) for cell labelling and GFP-positive clones were

expanded as described previously (Lange et al., 2005a, 2005b).

MSCs were cultured at the same conditions as myoblasts (see

below) and were used at passages 11 and 12 for all experiments.

2.3. L6 cell culture

Cells of the myogenic cell line L6 (ATCC) were cultured as des-

cribed below and used at passage 3 for all experiments.

2.4. Differentiation conditions

For myogenic differentiation, different media based on DMEM

(Dulbecco’s modified Eagle’s medium)/Ham’s F-12 were used.

DM1 (differentiation medium 1) contained 2% DHS (donor horse

serum, Biochrom AG) and 1% L-glutamine, DM2 (differentiation

medium 2) contained 2% DHS, 1% L-glutamine, 1 ng/ml bFGF

(Sigma–Aldrich)+0.4 mg/ml dexamethasone (Sigma–Aldrich). All

groups were supplied with one of the differentiation media for 2

or 5 days. Groups were subsequently analysed by FACS, ICC or

qPCR. The following 10 groups (G1–G10) were evaluated

(Table 1).

2.5. Myoblast–MSC co-culture

Cells were detached from culture plates using 4 ml of trypsin–

EDTA for 5 min at 37uC. The reaction was stopped by adding 8 ml

of expansion medium. Suspension was centrifuged at 1500 rev./

min for 5 min, and the supernatant was discarded. The pellet was

resuspended in differentiation medium and seeded in 75-cm2

culture flasks again. Differentiation medium was changed every 2

days. In co-culture groups with myoblasts and MSCs (G7 and G8),

cells were mixed at a ratio of 1:1 and then seeded at 26105. In

groups with L6 and MSC (G9 and G10), we changed the ratio to

1:5 because of the fast growth of the L6 cell lineage and also used

a total cell number of 26105. Control groups with monocultures

of the three different cell types (G1–G6) were seeded with the

same cell number as co-culture groups (G7–G10). Three inde-

pendent cell cultures were set up per group and time point.

2.6. Light and fluorescence microscopy

Cells of group G7 and G8 were seeded in a six-well MultiwellTM

plate (BD FalconTM) and cultured with differentiation medium for 5

days. At days 2 and 5, the cells were analysed with fluorescence

and light microscopy to evaluate the growth and myogenic

differentiation of both groups. MSC could be distinguished from

myoblasts based on their expression of GFP in vital cocultures

(Figure 1). All MSCs per defined region of interest were counted

by blinded observers, and a MFR (myotube fusion ratio) was

Table 1 Experimental group design
Groups with different cell types and media (+, contains cells of this type; 2, without cells of this type). Mb, myoblasts.

Group nr. G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

MSCs + + 2 2 2 2 + + + +
Mb 2 2 + + 2 2 + + 2 –
L6 2 2 2 2 + + 2 2 + +
Diff. medium DM1 DM2 DM1 DM2 DM1 DM2 DM1 DM2 DM1 DM2
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calculated as follows: nuclei of MSC i (involved) and ni (not-

involved) in myotubal formations were counted, and myotube

fusion ratio was calculated as MFR5i/ni. MFR of different groups

at the same time points were compared statistically using the

Student’s t test method with significance level of P,0.001.

2.7. FACS

FACS was performed on a FACS Canto II Cytometer with a

FACSDiva Sofware (BD Biosciences) and analysed with FlowJo

Software (Tree Star Inc.). Myoblasts and L6 cells were labelled

with SNARFj-1 at a concentration of 2.5 mM/ml (Invitrogen Corp.)

to avoid horizontal gene transfer. For every group, 56105 cells

were seeded in a 75-cm2 flask and cultured with differentiation

medium for 2 or 5 days in DM1. Then, cells were rinsed twice with

PBS (Biochrom AG) and harvested using 4 ml of trypsin–EDTA for

5min at 37uC. Reaction was stopped by adding 8 ml of expansion

medium. Cells were centrifuged at 1500 rev./min for 5 min, and

the supernatant was discarded. After resuspending the cell

pellet in 5 ml PBS with 5% FBS (fetal bovine serum) for a blocking

period of 15 min, they were centrifuged and washed with PBS.

The pellet was picked up in 100 ml of Cytofix/Cytoperm solution

from BD Cytofix/CytopermTM Fixation/Permeabilization Kit (BD

Biosciences) and incubated for 20 min at 4uC. Afterwards, cells

were washed twice with BD Perm/Wash Buffer from the same kit

by centrifugation and resuspending. The supernatant was

discarded, the pellet picked up in 100 ml BD Perm/Wash Buffer

with the primary antibody at a concentration of 1:50 and incubated

for 30 min at 4uC. Anti-a-sarcomeric actin (Abcam), anti-MyoD1

(myogenic differentiation factor1), anti-MEF2 (myogenic enhancer

factor 2) and anti-MHC (myosin heavy chain) (all from Labvision

Corp.) were used as primary antibodies. All primary antibodies

were mouse-anti-rat IgG1 antibodies. Then, cells were washed

twice with BD Perm/Wash Buffer as described before. After

discarding the supernatant, cells were resuspended in 100 ml BD

Perm/Wash Buffer, which contained 2% PE-anti-mouse IgG1

(BD Biosciences) and incubated for 30 min at 4uC. Cells were

centrifuged and the pellet picked up in 0.5 ml of PBS with 2% FBS

and 0.1% NaN3 as FACS buffer for further FACS analysis.

Unstained cells were used as negative control. L6 cell line myo-

blasts were used as positive control. To avoid unspecific binding,

an isotype control with mouse-IgG1 (BD Biosciences) at the same

concentration as the primary antibodies (1:50) was used with the

secondary PE-labelled anti-mouse antibody for each group.

2.8. ICC

Cells of each group were seeded in four-well Permanoxj

Chamber slides (Nunc) and cultivated with 1 ml of differentiation

medium per well for the given period. The medium was changed

every 2 days. Two or five days after seeding, the medium was

discarded, and cells were rinsed twice with PBS. Cells were

subsequently fixed with 200 ml of Cytofix/Cytoperm solution from

BD Cytofix/CytopermTM Fixation/Permeabilization Kit and incu-

bated for 30 min at 4uC. Then, chambers were washed twice with

BD Perm/Wash Buffer and incubated with 100 ml primary antibody

solution for 1 h at 24uC. Primary antibodies were diluted 1:50 in

BD Perm/Wash Buffer. The same primary antibodies as in FACS

analysis were used in ICC (anti-a-sarcomeric actin, anti-MyoD1,

anti-MEF2, anti-MHC).

Cells were subsequently washed twice with BD Perm/Wash

Buffer and incubated with 100 ml of secondary antibody solution for

30 min at 24uC. Alexa Fluor 594 goat-anti-mouse IgG1 (Invitrogen

Corp.) was used as secondary antibody at a 1:200 dilution. Probes

were rinsed twice and then counterstained with DAPI (49, 6-

diamidino-2-phenylindole, Applied Science/Roche) for 5 min. After

washing, slides were covered using Fluoprep (Biomérieux)

as mounting medium. Skeletal muscle from Lewis rats served as

positive control for all ICC stainings, and in each group, an isotype

control was performed using mouse-IgG1 (BD Biosciences) instead

of the primary antibody. All probes were analysed and digitally

photographed with a fluorescence microscope and camera (Leitz

DMRBE, Leica Microsystems). No further digital image processing

was performed apart from contrast enhancement.

2.9. RNA extraction and qPCR analysis

In each group, the expression rate of desmin, MyoD1, myogenin,

MEF2, MHC with GAPDH (glyceraldehyde-3-phosphate dehydro-

genase) as endogenous control was analysed. Cells from L6

myoblast lineage were used as positive control based on their

myogenic potential and constant expression of the various myo-

genic marker mRNAs. Cells of each group were harvested, and

pellets were frozen in liquid nitrogen immediately. RNA of all

probes was extracted using the Micro-RNeasy-kit (Qiagen GmbH)

with corresponding QiaShredder according to the manufacturer’s

protocols. After confirming sufficient RNA concentration and

assessment of purity with an Eppendorf Biophotometer

(Eppendorf AG), the probes were reverse-transcribed into cDNA

with Omniscriptj-RT-kit, oligo-dT primers for cDNA synthesis and

RNase Inhibitor (Qiagen GmbH). For qPCR, ABsoluteTM QPCR

Figure 1 Phase contrast–fluorescence overlay of MSC
Phase contrast and fluorescence overlay image demonstrating GFP-expressing MSC
co-cultured with primary myoblasts in medium DM1 at day 5 of co-culture.
Differentiation towards myotube formation can be observed here in vital cells. Nuclei
that are involved in myotube formation are marked with red asterisks. MSC co-cultured
with primary myoblasts in DM1. MSC can be identified by their GFP expression which
appears as green fluorescence.

Cell Biol. Int. (2011) 35, 397–406

E The Author(s) Journal compilation E 2011 Portland Press Limited Volume 35 (4) N pages 397–406 N www.cellbiolint.org 399



SYBRj Green kit was used (Thermo Fisher Scientific) with a Light

Cycler (Bio-Rad iCycler iQ5, Bio-Rad Inc.). Samples were tested

as triplicates, and only variations of less then 1.5 threshold cycles

were tolerated. Threshold cycles after cycle 35 were defined as

invalid. Data evaluation was performed using the DDCT method.

Primers were as follows:

Desmin: fwd 59-ATACCGACACCAGATCCAGTCC-39, rev 59-

TCCCTCATCTGCCTCATCAAGG-39;

Myogenin: fwd 59-TGAGAGAGAAGGGAGGGAAC-39, rev 59-

ACAATACACAAAGCACTGGAA-39;

MyoD1: fwd 59-AGAGGGAAGGGAAGAGCAGAAG-39, rev 59-

GCAGCAGCAACAACAACCAG-39;

MEF2: fwd 59-TGCTGCTCTCACTGTCACTAC-39, rev 59-TTC-

ACGACTTGGGGACACTG-39;

MHC: fwd 59-TGACTTCTGGCAAAATGCAG-39, rev 59-CCA-

AAGCGAGAGGAGTTGTC-39;

GAPDH: fwd 59-CAACGACCCCTTCATTGACC-39, rev 59-CA-

ACGACCCCTTCATTGACC-39

3. Results

3.1. MSC expression of myogenic marker proteins
and myotube formation upon co-culture with
primary myoblasts

Using FACS, we detected a positive staining for MEF2 and a-

sarcomeric actin in MSC, L6 lineage myoblasts and primary

isolated myoblasts. Those results demonstrate that MSC con-

stitutively express those two myogenic markers at protein level.

Compared with the isotype control with purified mouse IgG1, a

fluorescence shift was observed (Figures 2a and 2b). Positive

staining can also be verified using the MFI (mean fluorescence

index), which is based on the quotient of the geometric mean of

the probe compared with the geometric mean of the isotype

control. The MFI for MEF2 of MSC cultured 5 days in DM1 was

6.74. Compared with primary myoblasts (2.03) and L6 cells (2.27),

MSC showed a high expression of this myogenic marker protein.

This effect was enhanced by co-cultivation with primary myo-

blasts for 5 days under the same conditions. Here, the MSC

subpopulation showed a higher MFI (8.18) for MEF2 compared

with monocultivation (Figure 3). MSC also showed an expression

of a-sarcomeric actin, but there was no verifiable correlation with

several groups or culture conditions. The MFI of the a-sarcomeric

actin staining was very stable and showed no verifiable dif-

ferences in the several groups. Staining for MyoD1 and MHC were

negative. The geometric means of MSC subpopulations were mea-

sured by gating the subpopulations by their different fluorescence.

This subpopulation was detected by their green fluorescence, ac-

cording to their GFP expression and the lack of SNARF-1j

labelling, which accounted for the myoblast subpopulation.

MSC showed positive staining for a-sarcomeric actin (Figure 4)

and MEF2 (Figure 5) in ICC. Highest differentiation levels were

observed in group G8, i.e. MSC plus myoblasts cultured under

stimulation with bFGF and dexamethasone. Here, a fusion of

MSC and myoblasts to multinucleated myotubes was detected

(Figure 6). However, since cultivation of L6 myoblasts, which are

derived from an immortalized cell line, constitutively results in

myotube fusion after less than 5 days under differentiation

conditions, this cell population could not be selectively analysed

by means of FACS.

3.2. Altered MSC myogenic marker mRNA expression
under co-culture conditions and bFGF/
dexamethasone influence

After 2 days in monoculture, MEF2 expression on mRNA level was

2.96 (¡0.15 cycles) higher in MSC of group G1 compared with L6

myogenic lineage cells, which were used as a positive control

and baseline. Using DM2 instead in group G2 induced a 13.93

Figure 2a FACS staining for alpha-sarcomeric actin and MEF2 of monocultured MSC and MEF2 of
(A) Green graph, a-sarcomeric actin; red graph, isotype. Shift between green and red graph shows enlarged fluorescence intensity compared with isotype
control and demonstrates expression of a-sarcomeric actin. MSC were monocultured 5 days with DM1. (B) Green graph, MEF2; red graph, iso-
type. Shift between green and red graph shows enlarged fluorescence intensity compared with isotype control and demonstrates expression of MEF2. MSC
were monocultured 5 days with DM1.
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(¡0.06)-fold expression of MEF2 in MSC at day 2. After 5 days of

MSC monocultivation, up-regulation of MEF2 was increased up to

4.00 (¡0.12)-fold with DM1, while it was further increasing up

to 17.15 (¡0.28) when cultivated in DM2 (Figure 7a). In co-culture

groups G7 and G8, the same but weaker effect of dexamethasone

and bFGF could be observed (Figure 7b). Expression increased

from 1.48 (¡0.42) to 1.74 (¡0.35) at day 2 and from 0.95 (¡0.32)

to 1.74 (¡0.35) at day 5 of cultivation comparing DM1 and DM2.

Desmin was also up-regulated in these groups upon co-cultivation

using DM2 in comparison with DM1: desmin expression in DM1

was 10.92 (¡0.78)-fold and 26.91 (¡0.38)-fold in DM2 at day 2

compared with L6 in DM1. Desmin expression was even more

up-regulated under stimulation with DM2 medium after 5 days: a

2.76 (¡0.38)-fold up-regulation was noted in DM1, while a 23.70

(¡0.44)-fold increase in expression rate was observed in DM2

medium (Figure 7c). Expression of MyoD1, myogenin and MHC

Figure 3 Mean fluorescence index of MEF2 stainings
MFI of MEF2 stainings of monoculture groups compared with MSC subpopulation in co-culture with myoblasts in DM1. Mean fluorescence index shows the
geometric mean of fluorescence intensities from the group of interest compared with fluorescence intensities from isotype control.

Figure 4 Immunocytochemical staining for a-sarcomeric actin
a-Sarcomeric actin staining (red) of MSC monocultured with DM1 for 5 days. Nuclei
were counterstained with DAPI (blue). Red fluorescence shows characteristic
appearance of a-sarcomeric actin as muscle-specific cell structure protein

Figure 5 Immunocytochemical staining for MEF2
MEF2 staining (red) of MSC monocultured with DM1 for 5 days. Nuclei were
counterstained with DAPI (blue). Red fluorescence shows characteristic archetype of
MEF2 near the nuclei where it acts as transcription factor.
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did not show significant differences in most groups. In nearly all

groups, mRNA expression of MyoD1, myogenin and MHC was very

low. The only groups in which the expression of these markers was

strongly increased were the control groups with L6 myoblasts (data

not shown). This might be explained by the low amount of MyoD1

and myogenin mRNA expressed in primary cells and the short time

period during which these very specific markers are detectable

throughout the process of myogenic differentiation. MHC is a

marker which is expressed at a very late stage of myogenic

differentiation playing an important role in maturation and gaining of

functionality in contractile myotubes. Thus, MHC expression might

increase after a longer period of stimulation with DM2, which could

be an interesting topic for future studies. Since L6 myoblasts

display such a high proliferative capacity that after a few days of co-

cultivation with MSC the proportion of L6 myoblasts clearly

predominate the MSC proportion, mRNA analysis for myogenic

marker genes in these groups were not performed. RNA extraction

and analysis of a purified MSC subpopulation in the primary

myoblast/MSC co-culture groups were attempted. However, due

to the strong adherence of MSC and myoblasts, no sufficient RNA

extraction could be achieved. Experiments under several different

conditions to perform a separation by digestion with trypsin/EDTA

and/or collagenase did not result in a high volume single-cell

solution. However, even after filtering through a cell strainer and

subsequent sorting of the cells with FACS, no sufficient number of

differentiated cells could be extracted from the subpopulations to

perform valid mRNA analysis.

3.3. Hybrid myotube formation with MSC and
primary myoblasts in co-culture

MSC of group G7 showed a fibroblast-like growth with no

orientation after 2 days in culture. Cells of group G8 began to

align and build myotubal formations with more than one nucleus.

MSC of G8 showed significantly higher alignment and nuclei

contributions to these syncytia compared with MSC in G7, where

no myotubes could be detected, and no signs of differentiation

appeared. These results were similar to those after 5 days of

culture, where MSC of G7 also showed a significantly higher grade

of myogenic differentiation by alignment and myotubal formations

(Figure 8).

4. Discussion

TE holds promise for numerous applications in medicine such as

cancer therapy (Hutmacher et al., 2009), plastic and reconstruc-

tive surgery or treatment of inherited diseases (Helenius et al.,

2004). TE of skeletal muscle is a promising tool to prefabricate

muscle tissue for clinical applications (Beier et al., 2006). This

tissue could either be used in regenerative medicine to recon-

struct functional muscle defects or to cover defects caused by

trauma, cancer or other acquired diseases. The most common

cell sources for TE of skeletal muscle are primary satellite cells

isolated from autogenous muscle by various digestion protocols.

Another very promising application of in vitro cultivated (and

genetically modified) myoblasts is the delivery of insufficiently

produced blood clotting factors in patients’ certain bleeding

disorders (Thorrez et al., 2006). This cell source comes along with

certain limitations and problems, which hampers the use of pri-

mary muscle cells as an only source for future applications of

this technology. Primary muscle cells loose their differentiation

capacity after extensive expansion and, therefore, lack the

possibility to generate high cell numbers, which are needed for

TE of three-dimensional constructs, as well as for gene therapy.

Other cells may also be used for TE of skeletal muscle (Stern-

Straeter et al., 2007). One promising cell source based on their

good availability and their high differentiation capacities are MSCs

(Mollmann et al., 2009; Satija et al., 2009). These cells, which are

able to transdifferentiate into different tissues, such as cartilage,

bone or fat, may have the potential to differentiate into the

myogenic lineage (Pittenger, 2008). One way of inducing this

differentiation is to culture them with certain medium supple-

ments, such as growth factors or platelet lysate (Gang et al., 2004,

2008; Grefte et al., 2007, Lange et al., 2007, Liu et al., 2007). Our

aim was to induce myogenic differentiation by cell–cell contact

with primary myoblasts or L6 lineage cells to evaluate paracrine

effects on MSC. For this purpose only, experiments with

differentiation media (DM1 or DM2) were performed as growth

medium does not effectively support myogenic differentiation

(Gawlitta et al., 2008; Stern-Straeter et al., 2008).

Paracrine effects on MSC in co-culture with differentiated cells,

such as hepatocytes or renal tubular cells had been previously

shown in a few studies (Lange et al., 2005a, 2005b; Singaravelu

and Padanilam, 2009). The use of myoblast-conditioned medium

or of cell culture inserts (for separation chamber co-cultures)

was not intended in our study, since we did not expect MSC

differentiation based on factor secretion solely, according to

previous works on MSC differentiation through co-cultivation with

differentiation compared with conditioned media (Lange, 2005b;

Figure 6 Myotube formation of MSC and myoblasts
Staining for a-sarcomeric actin (red) showing myotube fusion of GFP (green)-
expressing MSC co-cultured with myoblasts under myogenic culture conditions
(medium containing bFGF and dexamethasone). Nuclei were counterstained with
DAPI (blue). The appearance of green fluorescing cells in multinuceated myotube
formations and interaction with primary myoblasts, which appear with red fluorescence
as staining for a-sarcomeric actin is shown here.
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Singaravelu and Padanilam, 2009). Moreover, differentiation with

conditioned medium would not be as useful in a setting for

later in vivo experiments or clinical applicability because of the

impossibility to control strict dissociation of myoblasts and MSC.

However, further investigations will be necessary to elucidate

the underlying mechanisms of action leading to myogenic MSC

differentiation. Blocking of cell–cell contacts responsible for

myoblast-fusion processes might be one promising approach

for future studies. Until now, it remains speculative upon which

cell–cell contact-mediated process and which downstream signal

transduction pathway constitute the basis for the observations

presented in this study.

We demonstrate MSC constitutive expression of some

muscle-specific markers in the absence of any co-cultured

myoblasts and without specific differentiation conditions. The

expression of MEF2 is a new finding. Expression of a-sarcomeric

actin underlines the myogenic potential of MSC according to

previously published results (Rose et al., 2008; Quevedo et al.,

2009). We could demonstrate the expression of these markers at

the mRNA level, as well as on protein level. Furthermore, co-

culture with two different media and assessed myogenic

differentiation phenomena after 2 and 5 days was performed.

Here, a differentiation of MSC towards the myogenic lineage in

one co-culture group, where MSCs were cultured with primary

myoblasts under the influence of bFGF and dexamethasone, was

observed. The latter growth factors/hormones are known to

support myogenic differentiation (Khezri et al., 2007; Eberli et al.,

2009). Myogenic differentiation resulting in alignment of the cells

with directed growth patterns and fusion towards multinucleated

myotubes could be observed and may be regarded as a sign of

Figure 8 Myotube fusion ratios in co-culture groups
Significant difference (*P,0.001) of MFR based on MSC contribution to myotube
formation, compared with MSC not involved in myotube formation in co-culture groups
of MSC and myoblasts, cultivated without (DM1) or with dexamethasone and bFGF
(DM2) after 2 days (2d) and 5 days (5d).

Figure 7 Expression of myogenic marker genes
(A) PCR analysis of MEF2 expression in monoculture groups. Quantitative RNA analysis
of MEF2 expression in monocultures of MSC using medium without (DM1) and with
dexamethasone+bFGF (DM2) after 2 days (2d) and 5 days (5d). Expressions are
demonstrated in x-fold difference compared with the positive control baseline cells (L6
lineage in DM1). (B) PCR analysis of MEF2 expression in co-culture groups.
Quantitative RNA analysis of MEF2 expression of co-culture groups with myoblasts
(Mb) and MSC cultivated in medium without (DM1) and with dexamethasone and bFGF
(DM2) after 2 days (2d) and 5 days (5d). Expressions are demonstrated in x-fold
difference compared with the positive control baseline cells (L6 lineage in DM1). (C)

PCR analysis of desmin expression in co-culture groups. Quantitative RNA analysis of
desmin expression of co-culture groups with myoblasts (Mb) and MSC cultivated in
medium without (DM1) and with dexamethasone and bFGF (DM2) after 2 days (2d) and
5 days (5d). Expressions are demonstrated in x-fold difference compared with the
positive control baseline cells (L6 lineage in DM1).
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advanced myogenic differentiation. qPCR analysis revealed an

expression of muscle-specific desmin and MEF2 in MSC with an

up-regulation of this key initial transcription factor in this most

differentiated co-culture group.

Desmin is plotted because of its characteristic appearance in

myoblasts and myocytes as muscle-specific marker gene and its

common use to detect cells with myogenic potential. The

increased expression of desmin shows the myogenic potential in

the group with myoblasts and MSCs with DM2. An up-regulation

of myogenin, MyoD1 or MHC could not be shown in this study.

Maybe longer cultivation periods under differentiation conditions

could demonstrate and increase the expression of MHC. For

detection of MyoD1 and myogenin expression, an earlier time

point of mRNA extraction might be promising because of their

restriction of expression to a very short time gap during myogenic

differentiation. Another problem in PCR analysis came up with the

co-culture itself. The primary myoblasts seem to express less

MEF2 mRNA than the monocultured MSC. Therefore, MSC

seemed to express more MEF2 in monocultures than in the

isolated mRNA of co-cultures. One might speculate that this

phenomenon is related to dilution of whole mRNA with mRNA

from primary myoblasts leading to a relatively lower expression of

MEF2 in these myoblast-containing groups. However, these

findings did not correlate with data obtained by ICC and FACS

and our experiences in morphological analysis of cell cultures.

Probably, the expression of the very early transcription factor

MEF2 could have been detected earlier in the co-culture group

with DM2 culture medium. In further studies, assessment of MEF2

expression during an earlier period, the first 12 or 24 h, e.g. might

be a promising investigation.

A limitation of this work was the impossibility of isolating and

purifying the MSC subpopulation after co-culturing, hindering

specific mRNA analysis of this distinct cell fraction. The strong

adherence of MSC and myoblasts in this group could not be

dissolved by digestion with trypsin/EDTA or collagenase.

Unfortunately, only very limited numbers of single cells could

be isolated for FACS. Hence, not enough pure mRNA could be

isolated for quantitative RNA analysis. Other digestion methods

may solve this problem in the future and could render mRNA

analysis of this subpopulation possible. Still, even digestion

methods that may overcome the strong cell adherence would still

not permit evaluation of MSC involved in myotube formation.

Desired fusion to multinucleated cell syncytia itself appears to

make retrospective analysis of the already fused MSC subpopula-

tion extremely difficult.

Myogenic potential of MSC may already be postulated based

on their constitutive expression of MEF2 and a-sarcomeric actin at

the protein level, as demonstrated here. This hypothesis is further

underlined by up-regulation of MEF2 expression in MSC upon co-

cultivation with myoblasts at the mRNA level. Signs of increased

MEF-2 expression were also observed in ICC, but this effect was

not as robust as on mRNA level, thus possibly lying below

quantative detection limit in ICC technique. A next step to check

on the regulation of MEF-2 protein expression could be a Western

blotting analysis. Expression of a-sarcomeric actin and MEF2 was

also detected by FACS. Compared with isotype controls and

positive controls of L6 lineage cells, we could demonstrate that

there were no unspecific bindings. To avoid horizontal gene

transfer, we labelled the partner cells with SNARFj-1 and analysed

only the subpopulation that was positive for GFP expression and

negative for SNARFj-1 labelling.

To analyse the quantitative contribution of MSC to multi-

nucleated myotube formation, a new method was developed for

this study: overlay images were generated after successive image

acquisition using phase contrast microscopy and fluorescence

microscopy for GFP of the same region of interest. Thus, the ratio

of green fluorescing nuclei involved in myotube formations and of

green fluorescing nuclei not involved in myotube formations could

be calculated. As a result, we observed a significant difference

between MSC contributing to myotube formation while being

co-cultured with myoblast and stimulated by bFGF and dexa-

methasone compared with myoblast–MSC co-cultures without

myogenic growth factors. The stimulation resulted in a signifi-

cantly higher fusion ratio (P,0.001) of the group stimulated by

these medium supplements. For future studies, a standardized,

fully automatic image analysis to determine the ratio of GFP nuclei

involved/not involved in myotube formations would be desirable

and is the subject of ongoing studies.

Our study demonstrates that MSC may be a promising cell

source for skeletal muscle TE or other myoblast-based therapies.

In vivo application using a three dimensional matrix (Beier et al.,

2009) could be the next step to evaluate the potential of MSC

to prefabricate vascularized muscle tissue, e.g. in an animal model

for axial vascularization (Arkudas et al., 2009; Beier et al.,

2009, 2010). Thus, the advantages of axial vascularization

for prefabrication of transplantable tissue constructs could be

applied in a rodent and subsequently large animal model for

skeletal muscle TE in future studies. Also, questions concerning

myogenic differentiation in vivo as related to matrix compo-

nents, matrix assembling or other matrix properties, e.g.

mechanical attributes, can be evaluated (Zhang et al., 2009).

Further attempts to induce myogenic differentiation in vitro and in

vivo could be based on the injection of microRNAs (Nakasa et al.,

2009) or on neurotization of these neo-muscle constructs in vivo

that may once lead to generation of functional muscle tissue

(Charge et al., 2008).

5. Conclusion

Since myoblasts suffer from limitations because of their lack of

differentiation in higher passages, MSC have some clear

advantages for their use in skeletal muscle TE. The ability to

differentiate into the myogenic lineage and their expression of

muscle-specific markers underline their myogenic potential.

Moreover, based on their immunomodulatory properties, they

could provide a most promising cell source for skeletal muscle

TE. MSCs show an expression of myogenic markers at the

mRNA and protein level. We could show that MSC can be

differentiated towards the myogenic lineage up to multinucleated

myotubes by co-cultivation with primary myoblasts and stimu-

lation with bFGF and dexamethasone. Myogenic differentiation

induction in MSC may represent a promising approach for

Myogenic differentiation of mesenchymal stem cells
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TE of skeletal muscle and could bring new advantages

and possibilities towards reconstruction of functional skeletal

muscle tissue.
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