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Abstract To increase the accessibility of myogenic cells

for cell therapy in the infarcted heart, we identified condi-

tions to improve the reproducible conversion of bone mar-

row mesenchymal stromal cells (BMSCs) into myogenic

cells. Such cells may permit functional regeneration fol-

lowing a myocardial infarction. BMSCs derived from green

fluorescent protein (GFP) transgenic rats were co-cultured

with neonatal rat cardiomyocytes (1:1, 1:10, 1:20, and 1:40

ratios) for 7 days. Some BMSCs contracted synchronously

with the neonatal cardiomyocytes, and exhibited action

potentials that were confirmed with current clamp record-

ings. The myogenic phenotype of the BMSCs was con-

firmed by immunohistochemical staining and flow

cytometry (antibodies against cardiac specific a-sarcomeric

actinin, Troponin I, MEF-2C). An increase in the number of

BMSCs expressing cardiac markers correlated with

increasing numbers of neonatal cardiomyocytes in the cul-

ture. When BMSCs were co-cultured with DiI-labeled

neonatal cardiomyocytes, a small percentage of GFP/DiI/

Troponin I triple-positive cells were observed after 7 days.

This type of myogenic conversion increased nearly twofold

when BMSCs were co-cultured with apoptotic (TNF-a-

treated) cardiomyocytes. BMSCs co-cultured with cardio-

myocytes acquired a functional myogenic phenotype in a

dose-dependent manner. Myogenic conversion increased

when the BMSCs were cultured with apoptotic cells.
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Introduction

Because the irreversible loss of cardiomyocytes that

accompanies myocardial infarction (MI) contributes to

congestive heart failure [1], therapeutic strategies have

often focused on providing new and functional cardio-

myocytes [2, 3]. A variety of cell types have been exam-

ined for their potential to achieve this type of cardiac

reconstitution following an MI, but few have been shown

to differentiate into myocytes capable of connecting with

residual cardiomyocytes both mechanically and electrically

following implantation [4, 5].

Bone marrow mesenchymal stromal cells (BMSCs) have

been intensively studied [6]. When treated with 5-azacyti-

dine (5-aza) [7] or basic fibroblast growth factor (FGF-2)

[8], BMSCs can differentiate into cardiomyocytes that
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survive following in vivo implantation, integrate with the

host myocardium, and improve left ventricular function [9,

10]. There is also evidence that BMSCs may obtain a

myogenic phenotype when co-cultured with neonatal

cardiomyocytes; however, the optimal culture conditions

have not been elucidated [11, 12]. Since BMSCs implanted

into the infarcted myocardium will be in contact with native

cardiomyocytes, we believe that cardiomyocyte co-culture

is more representative of the in vivo scenario than other

described methods to induce myogenic conversion. Thus,

we sought to determine whether varying concentrations of

neonatal cardiomyocytes would induce varying degrees of

transformation in a co-cultured BMSC population. Also, to

understand how stem cells mobilized from the bone marrow

after an MI might acquire a myogenic phenotype, we

examined whether the rate of myogenic conversion of

BMSCs was affected by administration to the co-culture

system of TNF-a, which partially represents the pro-

apoptotic inflammatory conditions present after acute MI.

Methods

Experimental animals

BMSCs were isolated from transgenic Wistar rats express-

ing green fluorescent protein (GFP); cardiomyocytes were

isolated from Sprague–Dawley rats (1–2 days old, Charles

River, Canada). The protocol for the study was approved

by the Animal Care Committee of the University Health

Network, and conformed to the Guide for the Care and

Use of Laboratory Animals published by the US National

Institutes of Health (NIH Publication No. 85-23, revised

1985).

Cell isolation and culture

BMSCs were harvested from the femurs and tibias of GFP

transgenic rats. After connective tissue was removed from

around the bones, both ends were cut. Bone marrow plugs

were flushed with Iscove’s Modified Dulbecco’s Medium

supplemented with 10% fetal bovine serum, 100 U/ml

penicillin G, and 0.1 mg/ml streptomycin. Cells were

plated and cultured in the same medium. Three days later,

the medium was changed, and nonadherent cells were

discarded. The medium was replaced every 3 days, and the

cells were subcultured when confluency exceeded 90%.

BMSCs from passages 3 to 5 were used for the studies.

Before co-culture, fluorescence-activated cell sorting

(FACS) analysis was carried out to characterize the

BMSCs according to their expression of the following

markers: CD90, CD44, Sca-1, CD34, CD117, CD45, and

CD31 (BD Biosciences).

Neonatal rat ventricular cardiomyocytes were prepared

as described previously [13]. Briefly, atria were removed

from neonatal rat hearts. The ventricles were minced and

digested with 0.15% Trypsin at 37�C, and the isolated cells

were pre-plated on a non-coated dish for 1 h to reduce

contaminating cardiac fibroblasts. The cells were then

plated at a density of 1.5 9 105/cm2 in plating medium

containing 10% FBS, 100 U/ml penicillin G, 0.1 mg/ml

streptomycin in DMEM, and Ham F12 in a 1:1 ratio. BrdU

(0.1 mM, Sigma) was added to the culture dish on the first

day to prevent the growth of non-myocytes in the early

stages of the experiment [14]. After the first day of culture,

the BrdU was removed, and the cells were cultured in the

same medium, with 2% FBS.

Co-culture

BMSCs were co-cultured with neonatal cardiomyocytes, at

1:1, 1:10, 1:20, and 1:40 ratios (BMSC:cardiomyocyte), in

DMEM and Ham F12 containing 8% FBS. The cells were

seeded at a density of 1 9 104/cm2, and incubated for

7 days. Immunohistochemical staining and FACS were

then performed to identify BMSCs that had assumed a

myogenic phenotype, as described in the sections below.

Electrophysiological recordings of contractile BMSCs

Beating, GFP-positive BMSCs were confirmed by elec-

trophysiological examination after 7 days of co-culture, as

reported previously [15]. In brief, cells were bathed in

extracellular solution containing (in mM): 145 NaCl,

1.3 CaCl2, 5.4 KCl, 25 HEPES, 28 Glucose, with pH

adjusted to 7.4 using NaOH. The osmolarities of the pipette

solution and the extracellular solutions were corrected to

within the range of 310–320 mOsm. Patch pipettes were

made using borosilicate capillaries (1.5 mm diameter;

World Precision Instruments, Sarasota, FL, USA) pulled

using a vertical 2-stage pipette puller (PP-830; Narishige,

East Meadow NY, USA) and filled with a solution con-

taining (in mM): 130 KCl, 0.5 CaCl2, 2 MgCl2, 5 EGTA,

10 HEPES, with pH titrated to 7.3 using KOH. Beating

BMSCs were identified under a fluorescent microscope,

and whole-cell patch-clamp recordings were performed at

room temperature (22–24�C) using the Axopatch-1D

amplifier (Axon Instruments, Foster City, CA, USA).

Immunohistochemical and FACS detection of BMSC

differentiation

Immunohistochemistry

Immunofluorescent staining was performed to identify

cardiac specific markers Troponin I, a-sarcomeric actinin,
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and myocyte enhancer factor (MEF)-2C. In brief, cultured

cells were fixed in 2% paraformaldehyde (PFA) for

10 min, blocked in 5% bovine serum albumin or 5% goat

serum, and then incubated with monoclonal anti-cardiac

Troponin I (1:400; Cedarlane), anti-a-sarcomeric actinin

(1:800; Sigma), or anti-MEF-2C (1:50; Santa Cruz),

followed by an Alexa fluor 555 goat anti-mouse IgG sec-

ondary antibody (1:200; Molecular Probes) or an AMCA

(amino methyl coumarin acetate) conjugated goat anti-

mouse IgG secondary antibody (1:50; Jackson Immuno-

Research). Nuclei were stained with Torpo-3, Hoechst, or

PI as necessary. The cells were examined using a Nikon

eclipse TE200 fluorescence microscope, or an Olympus

FluoView-1000 confocal microscope. To determine the

number of BMSCs that had assumed a myogenic pheno-

type, BMSCs positive for cardiac specific markers were

counted in four randomly selected fields in four culture

dishes from the initial plating. The percentage of the total

number of cells counted in each field that were double-

positive for GFP and a cardiac marker was then calculated.

FACS

After 7 days in co-culture, BMSCs and cardiomyocytes

were harvested using 0.05% trypsin with EDTA (Gibco),

permeabilized with a Cytofix/Cytoperm kit (BD Pharmin-

gen), and stained with antibodies against a-sarcomeric

actinin, cardiac Troponin I, and MEF-2C, followed by

Alexa fluor 555 goat anti-mouse IgG secondary antibody.

Cells were analyzed using a Beckman Coulter EPICS XL

flow cytometer with EXPO32 ADC software. The fluo-

rescence intensity of 10,000 cells for each sample was

quantified.

Cardiomyocyte labeling and cell fusion

To identify cell fusion, neonatal cardiomyocytes were pre-

labeled with DiI (Molecular Probes) and co-cultured for

7 days with BMSCs. In brief, the cardiomyocyte suspen-

sion, at a density of 1 9 106/ml of serum free medium, was

labeled with 5 ll DiI at 37�C for 20 min. The labeled cells

were washed three times with culture medium, co-plated

with BMSCs as described in the ‘‘Co-culture’’ section (1:1

ratio), and incubated for 7 days. The cells were then stained

with an antibody against cardiac Troponin I, followed by an

AMCA-conjugated secondary antibody as described in the

‘‘Immunohistochemistry’’ section, and examined for double

or triple expression of GFP, DiI, and Troponin I.

Direct Interaction of cardiomyocytes with BMSCs

To test whether BMSC differentiation is influenced by the

absence of direct contact with cultured cardiomyocytes,

neonatal cardiomyocytes and BMSCs (density 1 9 104/cm2;

1:1 ratio) were cultured for 7 days at 37�C, on opposite

sides of polycarbonate filters with either 0.45 or 8.0 lm

pores (Corning Incorporated Costar). Immunohistochemi-

cal staining was performed using an anti-cardiac Troponin

I antibody, and nuclei were stained with PI.

Co-culture: BMSCs with apoptotic cardiomyocytes

To assess the effect of apoptotic cardiomyocytes on the

ability of BMSCs to assume a myogenic phenotype,

cardiomyocytes treated with 10 ng/ml TNF-a (Sigma) for

12 h (to induce apoptosis) and untreated (normal) cardio-

myocytes were labeled with DiI as described in the ‘‘Cell

Fusion’’ section. TNF-a-treated cardiomyocytes were co-

cultured with BMSCs, at 1:1, 1:10, 1:20, and 1:40 ratios, in

DMEM/F12 with 8% FBS, at a density of 1 9 104/cm2, in

six wells for 7 days. Untreated cardiomyocytes (DiI

labeling only) were cultured in the same manner and used

as controls. Cells were immunohistochemically stained for

cardiac Troponin I as described in the ‘‘Immunohisto-

chemistry’’ section, and those triple-positive for GFP, DiI,

and Troponin I were identified as described in the ‘‘Cell

Fusion’’ section.

Immunohistochemical and FACS detection

of cardiomyocyte apoptosis

Immunohistochemistry

FragEL staining was performed to identify apoptotic

cardiomyocytes. The cardiomyocytes were fixed in 4%

PFA for 20 min, and then stained using a TdT-FragELTM

DNA Fragmentation Detection Kit (Calbiochem) according

to the manufacturer’s instructions. A blinded observer

quantified apoptosis in each treatment group by assessing

nuclear morphology under a light microscope in five

random fields from each of four culture wells.

FACS

Cardiomyocytes were harvested using 0.05% trypsin with

EDTA (Gibco), and stained with Annexin V for 15 min at

room temperature using an FITC Annexin V apoptosis

detection kit (BD Biosciences). The cells were analyzed

using a Beckman Coulter EPICS XL flow cytometer with

EXPO32 ADC software. The fluorescence intensity of

10,000 cells for each sample was quantified.

Statistical analyses

Group data are expressed as mean ± SEM. Analyses were

performed using SPSS software (v. 12.0), with the critical
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a-level set at P \ 0.05. Comparisons among experimental

groups were made using unpaired t tests or one-way

ANOVAs. When F-values were significant, differences

between the groups were specified using Tukey’s multiple

comparison posttests.

Results

Characterization of BMSCs and neonatal

cardiomyocytes in culture

BMSCs were cultured and passaged, nonadherent cells were

discarded, and the remaining spindle-shaped cells formed

colonies and proliferated. All of the cultured BMSCs fluo-

resced bright green under UV light (Fig. 1a, b). The cultured

neonatal cardiomyocytes contracted regularly and sponta-

neously 1 day after culture, and none were visible under UV

light (Fig. 1c, d). FACS analysis verified that the cultured

BMSCs were mesenchymal stromal cells [expressing CD90

(97.7 ± 1.74%), CD44 (96.9 ± 2.17%), and Sca-1

(79.7 ± 1.1%), but not CD34, CD117, CD45, or CD31

(Fig. 1e–k)] and confirmed the absence of contaminating

hematopoietic cells, macrophages, or endothelial cells.

BMSCs can assume a functional myogenic phenotype

in co-culture with cardiomyocytes

After 7 days of BMSC-cardiomyocyte co-culture (1:1

ratio), a small percentage of BMSCs (3–4%) expressed

cardiac specific markers Troponin I, a-sarcomeric actinin,

or MEF-2C (Fig. 2). Some of the GFP/cardiac marker-

positive BMSCs contracted synchronously with the neo-

natal cardiomyocytes at a rate of 60–80 contractions per

minute. To further characterize the electrical function of

the beating BMSCs, patch clamp recordings of their

membrane potential were performed 7 days after co-

culture. No action potential was observed in BMSCs cul-

tured alone (data not shown). Action potentials were

recorded from beating, co-cultured BMSCs, but the char-

acteristics of these were quite distinct from those of neo-

natal cardiomyocytes (Fig. 3). Specifically, the resting

membrane potential of co-cultured BMSCs (-38 mV) was

lower than that of cardiomyocytes (-51 mV). Moreover,

co-cultured BMSCs displayed less depolarization than

neonatal cardiomyocytes, and exhibited a hyperpolariza-

tion not observed in the cardiomyocytes.

Acquisition of the myogenic phenotype is dose-

dependent

BMSCs were co-cultured with cardiomyocytes in 1:1, 1:10,

1:20, and 1:40 ratios. After 7 days, the BMSCs were

evaluated for expression of cardiac specific a-sarcomeric

actinin, Troponin I, and MEF-2C using immunohisto-

chemistry (Fig. 4) and flow cytometry. We found that

3.2 ± 0.2% of BMSCs expressed a-sarcomeric actinin

when they were cultured in a 1:1 ratio with cardiomyo-

cytes. The rate of a-sarcomeric actinin expression

increased at least 3-fold when the cells were cultured with

higher concentrations of cardiomyocytes, to 11.6 ± 0.8%

at a ratio of 1:40 (Fig. 4a; P \ 0.05 vs. 1:1). The per-

centages of BMSCs expressing Troponin I or MEF-2C

increased with higher concentrations of co-cultured

cardiomyocytes in a similar, dose-dependent manner

(Fig. 4b, c; P \ 0.05 vs. 1:1 for both markers).

Consistent with the results from the immunofluores-

cent staining, flow cytometric analysis indicated a dose-

dependent increase in the percentage expression of cardiac

markers by BMSCs co-cultured with increasing concen-

trations of cardiomyocytes (data not shown).

Differentiation and cell fusion are possible mechanisms

for the phenotypic changes

BMSCs may acquire a myogenic phenotype via differ-

entiation, though some studies have suggested that the

phenotypic changes of stem cells are the result of cell

fusion [16, 17]. To clarify the mechanism by which

BMSCs acquired cardiac markers in this study, BMSCs

were co-cultured with DiI pre-labeled neonatal cardio-

myocytes (1:1 ratio). Seven days after co-culture, the cells

were stained with an antibody against cardiac Troponin I.

Overall, 3–4% of BMSCs cultured at 1:1 expressed GFP

and Troponin I (indicating a myogenic phenotype). Some

BMSCs expressed these two markers only, suggesting

myogenic differentiation as the mechanism. However,

1.2 ± 0.1% of myogenic BMSCs also expressed DiI,

suggesting that cell fusion occurred in approximately

30–40% of cells that acquired a myogenic phenotype

(Fig. 5a–d).

Direct cell-to-cell interaction is a crucial factor

for acquisition of the myogenic phenotype

To assess the effects of direct cell-to-cell interaction on the

phenotypic changes of BMSCs, neonatal cardiomyocytes

and BMSCs were cultured (1:1 ratio) on separate sides of a

membrane filter for 7 days. When the filter’s pore size was

large (8.0 lm; allowing passage of cells and direct cell-to-

cell contact), some BMSCs expressed both GFP and car-

diac Troponin I (Fig. 5e–h). However, when the filter’s

pore size was smaller (0.45 lm; preventing transmembrane

migration), we observed no Troponin I-positive cells

among the GFP-positive BMSCs (Fig. 5i–l).
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BMSCs interact more readily in co-culture

with apoptotic cardiomyocytes

To identify whether BMSCs can rescue cardiomyocytes

undergoing apoptosis induced by TNF-a, apoptotic

cardiomyocytes or untreated (normal) cardiomyocytes were

pre-labeled with DiI, and then co-cultured with BMSCs in

1:1, 1:10, 1:20, and 1:40 ratios (BMSC:cardiomyocyte) for

7 days. Before co-culture, FragEL staining indicated that

3.6 ± 0.8% of untreated cardiomyocytes were apoptotic,

while 20.9 ± 1.8% of TNF-a-treated cardiomyocytes were

apoptotic (Fig. 6a, b). Flow cytometry confirmed a higher

rate of apoptosis for TNF-a-treated cells (Fig. 6c, d). In co-

culture with untreated cardiomyocytes, the percentage of
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Fig. 1 Cells in culture:

expression of cardiomyocyte

markers. a–d Representative

micrographs showing the

morphology of cultured BMSCs

isolated from rats expressing

green fluorescent protein (a, b)

and neonatal cardiomyocytes

(c, d), under normal light and

UV light (Fluorescence).

BMSCs were spindle, oval,

wedge, or sheet-shaped (a), and

all fluoresced bright green when

exposed to UV light under the

microscope (b). None of the

cardiomyocytes were visible

under UV light (d). e–k By

FACS analysis (representative

histograms shown),

97.7 ± 1.74% of BMSCs

expressed CD90 (e),

96.9 ± 2.17% expressed CD44

(f), and 79.7 ± 1.1% expressed

Sca-1 (g). The cells did not

express CD34 (h), CD117 (i),
CD45 (j), or CD31 (k). Open

curves = isotype control, shaded

curves = BMSCs. Magnification

9200 in a–d. All bar graphs in

e–k represent mean ± SEM

(n = 3–4)
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BMSCs expressing GFP, Troponin I, and DiI was small—

ranging from 1.2 ± 0.1% (at 1:1 ratio) to a maximum of

3.6 ± 0.1% (at 1:40 ratio). In co-culture with TNF-a-treated

cardiomyocytes, the percentage of BMSCs expressing

all three markers increased significantly to between

2.3± 0.2% (at 1:1 ratio) and 6.4 ± 0.4% (at 1:40 ratio)

(Fig. 7). Therefore, triple expression (suggesting a myo-

genic phenotype acquired by cell fusion) increased in a

dose-dependent manner in both treatment groups, but was

nearly twice as high (P \ 0.05 vs. control) when BMSCs

were co-cultured with apoptotic rather than normal

cardiomyocytes.

Discussion

Recent studies suggest that BMSCs may acquire a myogenic

phenotype when exposed to a cardiac microenvironment

both in vitro and in vivo, but the mechanisms responsible

remain unclear [9–12]. We sought to identify culture con-

ditions that optimize the myogenic conversion of BMSCs in

co-culture with neonatal cardiomyocytes. We demonstrated

that a small proportion (*3–4%) of BMSCs co-cultured

with cardiomyoctyes expressed cardiac specific proteins

(Troponin I, a-sarcomeric actinin, MEF-2C) after 7 days.

Some of the beating BMSCs acquired action potentials,

though these were distinct from those of neonatal cardio-

myocytes. Consistent with previous electrophysiological

experiments [18, 19], our results suggest that BMSCs can

acquire not only the protein markers, but also some of the

electrical properties, associated with cardiomyocytes.

Future experiments will assess ion channel protein expres-

sion in the myogenic BMSCs in order to confirm the alter-

ation of acquired electrical property changes.

Importantly, we found that BMSC acquisition of a

myogenic phenotype in co-culture with neonatal cardio-

myocytes was dose-dependent, with greater numbers of

contracting BMSCs developing in response to greater

concentrations of co-cultured cardiomyocytes. To our

knowledge, this is the first study to identify this dose-

dependent relationship. In theory, the dose effect could

boost conversion events due to myogenic differentiation

and to cell fusion, since greater numbers of cardiomyocytes

would boost paracrine enhancement of the myocardial

milieu that stimulates myogenic differentiation, and also

provide more targets for fusion with nearby BMSCs.

Another interesting finding of this study was that myo-

genic differentiation doubled when the BMSCs were

co-cultured with apoptotic cardiomyocytes. There are sev-

eral possible explanations for this. For example, the apop-

totic cells may have released paracrine signals that altered

the microenvironment sufficiently to trigger the myogenic

conversion of nearby BMSCs. Another possibility is that

apoptotic cardiomyocytes may fuse more readily (than

those that are healthy) with BMSCs. Here, we used

TNF-a to induce cardiomyocyte apoptosis in the culture

Fig. 2 Representative confocal micrographs illustrating the appear-

ance of BMSCs at 7 days after co-culture with rat neonatal

cardiomyocytes (1:1 ratio). The expression of cardiac proteins

Troponin I (a), a-sarcomeric actinin (b), or MEF-2C (c) is shown

in GFP-positive BMSCs (d–f). Nuclei were stained with Torpo-3

(g–i). Merged images (Merge) are shown in j–l. Arrows in a–l
indicate BMSCs that expressed GFP and a cardiac marker (double-

positive). Magnification 9400 in a–l
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environment. Although we cannot rule out the possibility

that the cytokine itself promoted myogenic conversion in

the co-cultures, we did document a *17% increase in

apoptosis in TNF-a-treated cardiomyocytes before they

were co-cultured with BMSCs. Future experiments will

measure caspase-3 activity to confirm the rates of apoptosis.

After an acute MI, numerous cardiomyocytes are lost due to

apoptosis within the inflammatory milieu of the infarcted

heart. Increased differentiation in the presence of apoptotic

cells suggests that the myogenic conversion of implanted

BMSCs might permit the replacement of lost myocytes or

the rescue of injured myocytes in the heart after an MI.

Myocyte replacement/rescue may thus partially account for

the therapeutic benefits of cell therapy.

Transplanting BMSCs into acutely infarcted myocar-

dium has proven beneficial regardless of whether the

implanted cells differentiate into cardiomyocyte-like cells

or release paracrine factors that modulate the wound

healing process (e.g., by enhancing angiogenesis). Recent

evidence suggests that BMSCs do not differentiate into

cardiomyocyte-like cells in substantial numbers in vivo

[20, 21], favouring the paracrine hypothesis. Here, by

examining BMSCs and neonatal cardiomyocytes cultured

on opposite sides of membranes that either allowed or

disallowed transmembrane cell migration, we observed that

direct contact with cardiomyocytes was necessary for

BMSC transformation. This is consistent with a previous

study showing that a physical barrier between BMSCs and

cardiomyocytes is not conducive to the transformation of

BMSCs, even in the presence of a myocardial microenvi-

ronment [22]. Moreover, cell fusion may be involved in a
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at ratios (BMSC:cardiomyocyte) of 1:1, 1:10, 1:20, and 1:40. The

percentage of BMSCs expressing each protein increased in a dose-

dependent manner consistent with the ratio of co-cultured cardio-

myocytes, to a maximum of about threefold in 1:40 co-cultures.

* P \ 0.05 vs. 1:1 ratio. All data represent mean ± SEM (n = 4)
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substantial percentage (*30–40%) of the transformations,

in agreement with an earlier demonstration that fusion to

cardiomyocytes was the predominant mechanism by which

mesenchymal adult stem cells isolated from mouse bone

marrow achieved full myogenic differentiation when

membranes with different pore sizes were tested [23].

There is some previous evidence for the myogenic

differentiation of bone marrow cells [24]. In this study,

BMSCs expressing GFP were co-cultured with DiI pre-

labeled cardiomyocytes. Consistent with the results of other

in vitro culture experiments [17], the subsequent identifi-

cation of small numbers of double- (GFP/Troponin I) and

triple- (GFP/Troponin I/DiI) positive BMSCs revealed that

both differentiation and cell fusion could have contributed

to the myogenic conversion of BMSCs. Of course, loss of

GFP and DiI expression over time could result in an

underestimation of the number of cells that acquire a

myogenic phenotype; however, signal loss was not likely a

factor in this study since we restricted our experiments to

7 days after co-culture. In fact, we found that the DiI label

persisted in cultured cardiomyocytes for at least 14 days

(data not shown). It would therefore be useful to assess

whether longer periods of co-culture might allow for more

complete contractile apparatus formation in the myogenic

BMSCs.

Additional experiments will be required to define the

cardiomyocyte concentration and co-culture period that

yield optimal BMSC conversion in vitro, and to determine

whether this transformation also occurs in vivo after BMSCs

are implanted into a myocardial infarct. Future studies

should also compare the co-culture strategy with other

strategies known to stimulate the myogenic conversion of

Fig. 5 a–d Myogenic transformation of BMSCs may involve cell

fusion or differentiation. Representative confocal micrographs illus-

trating GFP (green, a), DiI (red, b), and cardiac protein Troponin I

(blue, c) labeling, 7 days after GFP-expressing BMSCs were co-

cultured with DiI pre-labeled neonatal cardiomyocytes (1:1 ratio).

Some BMSCs were positive for GFP, DiI, and Troponin I (d; arrow

indicates triple-positive cell), suggesting cell fusion; other BMSCs

were positive only for GFP and Troponin I (d; arrowhead indicates

double-positive cell), suggesting myogenic differentiation. Merged

image is shown in d. e–l: Direct effect of cardiomyocytes on BMSC

differentiation in co-culture. Representative confocal micrographs

illustrating GFP (green), Troponin I (blue), and nuclear stain PI (red)

labeling, 7 days after GFP-expressing BMSCs and cardiomyocytes

were cultured (1:1 ratio) on separate sides of membranes with either

large (8.0 lm, allowing passage of cells) or small (0.45 lm, disallow-

ing passage of cells) pores. Some BMSCs cultured with the 8.0 lm-

pore membrane expressed GFP, Troponin I, and PI (e–h; arrows

indicate triple-positive cell). However, GFP-positive BMSCs cultured

with the 0.45 lm-pore membrane did not express Troponin I (i–l),
illustrating the importance of direct cell-to-cell interaction in the

acquisition of a myogenic phenotype. Merged images are shown in

h, l. Magnification 9400 in a–d. Magnification 9200 in e–l
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BMSCs. Finally, the factor(s) present in the co-culture that

are responsible for inducing the myogenic phenotype will

need to be identified.
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