
Introduction
Cardiac diseases that ultimately lead to congestive heart failure 
involve the progressive loss of cardiac myocytes. Acute myocyte 
loss results from myocardial infarction.1 Slow progressive 
myocyte loss, involving apoptosis and/or necrosis can result from 
the sequellae of chronic hypertension2 or the hyper-adrenergic 
state of congestive heart failure.3 There is now strong evidence 
supporting the idea that heart failure progression involves a 
progressive reduction in cardiac myocyte number, due to myocyte 
apoptosis and necrosis.

Current congestive heart failure (CHF) therapies involve 
interruption of excessive adrenergic and angiotensin signaling 
cascades,4,5 but these therapies do not replace the myocytes that 
have died during CHF development and progression. Recently 
there has been great interest in cell therapy to repair the damaged 
heart.6,7 Many animal studies have been performed and most 
have shown that cell therapy can improve cardiac performance 
after myocardial infarction.8-13 A number of small scale clinical 
trials have also been completed and some of these have produced 
promising results.14-16

There are several major questions in the field of cell therapy 
for cardiac dysfunction. These include studying what cell types 
are best suited to repair the heart and whether the injected stem/
progenitor cells induce improved function by differentiating into 
functional myocytes or through paracrine effects that reduce 
cardiac injury and/or enhance endogenous repair.7,17,18

Bone marrow is a reservoir for stem/progenitor cells. The 
idea that these cells might be useful for cardiac cell therapy 
has been studied with mixed results.8-10,18,19 Some groups have 
found in animal studies that bone marrow stem cells (BMSCs) 
can differentiate into functional myocytes when injected into 
the infarct border zone,8,10 others have found that all injected 
cells die and there are no beneficial effects9,19 and some have 
found improvement in function but through paracrine effects 
rather than stem cell differentiation into new cardiac myocytes.18 
These studies highlight the heated debate related to the ability of 

bone marrow derived stem/progenitor cells to differentiate into 
functional cardiac myocytes.

We have recently found that c-kit+ stem/progenitor cells 
isolated from adolescent feline and human hearts (resident 
cardiac stem/progenitor cells) have the ability to differentiate 
into functional cardiac myocytes when grown with neonatal 
rat ventricular myocytes (NRVMs).20 In the present study we 
examined whether c-kit+ stem/progenitor cells isolated from 
feline bone marrow have the same capacity to differentiate into 
functional cardiac myocytes.

Our experiments show that when c-kit+ stem cells from the 
bone marrow are cultured with NRVMs they can differentiate into 
cells that express cardiac contractile proteins and organize these 
proteins into working sarcomeres. These new myocytes have 
cardiac type action potentials (APs), form electrical connections 
with NRVMs and contract. These results strongly support the idea 
that c-kit+ stem cells from the bone marrow can differentiate 
into functional cardiac myocytes when placed in an appropriate 
environment.

Methods and Materials

Bone marrow and c-kit± cell isolation
Crude bone marrow cells (BMCs) were dissociated from the 
feline femur in Ca2+- Mg2+ free phosphate buffered saline (PBS). 
Red blood cells (RBCs) were removed by incubating the BMCs 
in a RBC lysis buffer (155 mM NH4Cl, 10 mM KHCO3, EDTA, 
pH 7.3) for 5 minutes on ice. The lysis buffer treated BMCs 
were washed and re-suspended with PBS (pH 7.3) containing  
2 mM EDTA and 0.5% IgG-free BSA (Jackson). To isolate c-kit+ 
BMSCs, the BMCs were incubated with human CD117 (c-kit) 
rabbit polyclonal antibody (DAKO) and then incubated with the 
anti-rabbit IgG magnetic beads at 4°C. The BMCs that bound 
magnetic beads were collected using the OctoMACS magnetic 
separation unit (Miltenyi Biotec, CA, USA). Cells isolated in this 
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fashion are termed c-kit+ BMSCs. BM cells that did not bind to 
the column are termed c-kit− BMCs.

Neonatal rat ventricular myocyte culture and co-culture 
experiments
NRVMs were isolated and cultured by the methods previously 
described21,22 with minor modifications. The neonatal rat hearts 
from 1-day-old Sprague-Dawley rats were removed and atria 
were trimmed off. Remaining ventricles were minced and the 
myocytes were dissociated with a Ca2+/bicarbonate free Hanks 
buffer (pH 7.5) containing HEPES (10 mM), penicillin (50,000 
U/L)/streptomycin (50 mg/L), gentamicin (50 mg/L), heparin 
(5000 USP units/mL), DNase (2 mg/mL), and trypsin (1.5 mg/mL) 
at 25°C with gentle mixing. The dissociated NRVMs were washed 
and cultured overnight in DMEM (GIBCO, Carlsbad, CA, USA) 
supplemented with 5% FBS (Hyclone Laboratories, Logan, UT, 
USA), BrdU (0.1 mM; Sigma Chemical, St. Louis, MO, USA), 
vitamin B12 (1.5 mM; Sigma), and antibiotics (penicillin 500,000 
U/L, streptomycin 50 mg/L, gentamicin 50 mg/L; Sigma). Prior 
to the co-culture, the preculture medium was replaced with co-
culture medium: DMEM (GIBCO) supplemented with 5% FBS 
(Hyclone), insulin (10 µg/mL; Sigma), transferrin (10 µg/mL; 
Sigma), vitamin B12 (1.5 mM; Sigma) and the antibiotics used in 
the preculture medium.

Techniques to track BMSCs in co-culture: membrane staining 
with PKH26-Red and adenoviral infection of EGFP
The isolated c-kit+ cells were plated on a fibronectin (20 µg/mL) 
coated dish. The plated cells were cultured in DMEM supplemented 
with 10% heat inactivated FBS and transfected with adenovirus 
containing enhanced green fluorescence protein transcript (Ad-
EGFP) for 40 h. The transfected c-kit+ cells were dissociated from 
the culture dish by mechanical force and washed with the co-
culture medium. In some experiments, isolated c-kit+ cells were 
stained with PKH26-Red dye according to the manufacturer’s 
protocol (Sigma). For co-culture experiments, the PKH26-Red 
stained or Ad-EGFP transfected c-kit+, c-kit−, and crude BM cells 
were directly added onto the NRVM dish and co-cultured for 
specific time periods.

Immunofluorescence
The co-cultured cells on glass coverslips were fixed in 4% 
paraformaldehyde and permealized with a PBS-based 
permealization buffer containing 0.05% Triton X-100 and 1% 
IgG free BSA (Jackson). A lower Triton X-100 concentration 
(0.04%) was used to permealize PKH-26 membrane dye stained 
cells to prevent loss of PKH-26 dye from the membrane. After 
the permealization, the co-cultured cells were incubated with 
the mouse monoclonal antibodies; sarcomeric α-tropomyosin 
(Sigma); α-actinin (Sigma); and rabbit polyclonal antibodies; 
connexin 43 (Millipore); Ki67 (Vector). The antibody bound 
molecules were detected by secondary antibodies conjugated 
with FITC or rhodamine X (Jackson). Nuclei were stained with 
DAPI. Fluorescent images were taken and analyzed with a Nikon 
EZ C1-plus confocal microscope. Video images were captured 
using a Coolsnap cf2 digital camera (Roper Scientific).

Fluorescence recovery after photo-bleaching (FRAP)
The gap junction mediated cell-to-cell communication was 
analyzed in the NRVM-BMSC co-culture. The co-cultured cells 
were loaded with calcein (0.2 µg/mL calcein-AM: CellTrace 

calcein red-orange-AM; Invitrogen) for 15 minutes at 37°C. 
After the loading, the cells were washed three times and bathed 
in prewarmed (37°C) normal Tyrode solution supplemented with 
1.8 mM CaCl2. Contracting, GFP expressing BMSC derived new 
myocytes, attached to neighboring NRVMs were located using 
a Nikon TE-300 microscope. Intracellular calcein in the GFP 
expressing cell and immediate neighboring NRVMs was photo-
bleached using a 520–560 nm excitation light for 30 seconds. The 
cells were allowed to recover from the photo-bleach for 7 minutes. 
As a control experiment, the FRAP protocol was repeated with 
100 µM carbenoxolone, a gap junction blocker (Sigma) with a 
longer recovery time (15 minutes).

c-Kit immuno-staining
Isolated c-kit+ BMSCs, c-kit− BMCs, and crude BMCs were plated 
on fibronectin coated glass coverslips in 10% heat-inactivated FBS 
 DMEM for 1-hour at room temperature (RT). The cells were then 
fixed with 4% paraformaldehyde for 30 minutes at RT. Prior to 
c-kit staining the cells were washed with PBS and incubated in 
DAKO antigen retrieval buffer for 20 minutes at RT. Primary c-kit 
antibody was applied at 4°C overnight. All additional primary 
antibodies were applied at 37°C for 1 hour in a humidified chamber. 
A biotinylated secondary antibody conjugated with streptavidin-
HRP was used to detect amplified c-kit signals. c-Kit signal was 
amplified using the NEN TSA Fluorescence Systems kit (NEL702 
for tyramide-tetramethyl-rhodamine) following manufacturer 
recommendations. Cardiac α-actinin was detected following the 
c-kit staining using the standard indirect immunofluorescence 
techniques as described previously.

Electrophysiological recordings from co-cultured cells
GFP+ BMSCs and NRVMs were bathed in Tyrodes solution 
containing (in mM): CaCl2 1, glucose 10, HEPES 5, KCl 5.4, MgCl2 
1.2, NaCl 150, sodium pyruvate 2, pH 7.4. GFP+ BMSC-derived 
new myocytes were studied after 24–36 hours of co-culture with 
NRVMs. Only those GFP+ new myocytes with visible sarcomeres 
and visible contractions were studied. Whole-cell patch clamp 
recordings were performed at 37°C using the Axoclamp 2A 
amplifier (Molecular Devices, Sunnyvale, CA, USA) and pipettes 
(5–7 MΩ resistance) filled with a solution containing (mM): KOH 
120, aspartic acid 120, KCl 20, Na2ATP 5, MgCl2 1, HEPES 10, pH 
7.2. APs were recorded in the current-clamp mode and analyzed 
using pClamp8 software. AP waveshape was recorded from GFP+ 
new myocytes in close contact with GFP− (NRVMs) cells as well 
as GFP+ cells that appeared to be less well coupled to NRVMs. 
Spontaneous APs were also recorded in isolated GFP− NRVMs. 
For each cell, the AP duration at 50% repolarization (APD50) was 
derived from the average of 3 APs.

Statistical analysis
All data are expressed as mean ± SEM. Intergroup comparisons 
were made by unpaired Student’s t-test. Differences with a p-value 
< 0.05 were considered statistically significant.

Results

BMSC isolation
Using magnetic cell sorting, we isolated mono-nucleated cells 
expressing the stem cell marker, c-kit from the feline bone marrow. 
c-Kit+ cells made up 1.6 ± 0.4% (n = 8) of total mono-nucleated 
bone marrow cells (MNCs). Immunofluorescence experiments 
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showed that BM cells isolated in this fashion had strong c-kit 
staining while the crude BMCs and cells in the c-kit isolation 
column out-flow (c-kit− cells) had low or no detectable c-kit 
staining (Figure 1). The majority of the c-kit+ cells also stained 
positively for the hematopoietic cell/leukocyte linage marker 
CD45. None of these cells were detected to have cardiac myocyte 
proteins such as sarcomeric α-actinin or α-tropomyosin  
(Figure 1). These results show that our sorting technique selectively 
isolates cells with abundant c-kit expression that are not already 
differentiated cardiac myocytes.

Contractile protein expression and sarcomeric organization of 
bone marrow stem cell derived myocytes (BMSC-DMs)
To investigate the potential of BMSCs to transdifferentiate into 
cardiac myocytes, we placed c-kit+ BMSCs on NRVMs (NRVM-
BMSC co-culture system). c-Kit− and crude BMCs were also 
studied under these conditions. Each cell population in the co-
culture was tracked over time by labeling the cells with either 
PKH26 membrane dye or expressed GFP from adenoviral 
infection. To identify myogenic transdifferentiation, the co-
cultured cells were fixed and stained for the cardiac contractile 
protein, α-tropomyosin. Twenty-four and forty-eight hours 
after co-culture, 15.5 ± 1.8% and 41.2 ± 2.1% of c-kit+ BMSC-
DMs were expressing cardiac contractile proteins respectively. 
In contrast, a significantly lower percentage of c-kit− cells and 
crude BMCs expressed cardiac contractile proteins at 24 hours 
(4.0 ± 1.1% and 6.1 ± 1.2%, respectively) and 48 hours (12.3 ± 
1.4% and 17.1 ± 1.5%, respectively) (Figure 2). In order for BMSC-
DMs to contract, they must organize their contractile proteins 
into sarcomeres. Sarcomeric organization was detected using 
sarcomeric α-actinin immunostaining. This protein is located at 
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Figure 1. Characterization of c-kit+ bone marrow stem cells (BMSCs): C-kit+ 
and c-kit- cells (A and C) were sorted using immuno-magnetic beads from 
mononucleated bone marrow cells (BMCs). Our sorting method yielded c-kit+ 
cells that were 1.6 ± 0.4% (n = 10) of the total BMCs. The isolated c-kit+ BMSCs 
exhibited c-kit immunofluorescence signals (C and D), while the c-kit− cells exhibited 
little if any c-kit signals (A and B). Each cell type was detected to have low CD45 
signals (B and D). The cardiac myocyte marker a-Actinin was not detected in any 
of the cell types (A and C).

Figure 2. c-Kit+-BMSCs express cardiac contractile proteins when co-cultured with NRVMs: c-kit+ BMSCs, c-kit-, and crude BMCs were stained with a 
membrane dye PKH26 before being co-cultured with NRVMs. The co-culture was analyzed for the expression of cardiac contractile protein (a-tropomyosin) at 24 h 
(A–F) and 48 h (G–L). During the 48 hours of co-culturing, the c-kit+ BMSCs expressed a-tropomyosin. At 24 hours, the majority of the PKH26 stained BMSCs were small 
round shaped cells and only a few cells had a-tropomyosin expression (A–D). Some cells were in mitosis, with (C) or without a-tropomyosin expression (A). At 48 hours, 
the number of small round cells was decreased (H). The mitotic cells with a-tropomyosin expression were still present (G) but the majority of the a-tropomyosin expressing 
cells were larger (I and J). PKH26 stained c-kit− and crude BMCs were also found to express a-tropomyosin at 48 hours (K and L); however, at 24 hours, a-tropomyosin 
expression were rarely found in these cells (E and F). The percentage of c-kit+, c-kit−, and crude BMCs with contractile protein expression at 24 hours was 15.4 ± 1.7,  
4.0 ± 1.1, and 6.1 ± 1.2%, respectively. At 48 hours, these percentages increased to 41.1 ± 2.1, 12.3 ± 1.4, and 17.1 ± 1.5%, respectively. Red: PKH26; green: a-tropomyosin; 
blue: DAPI.
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the Z line of each sarcomere where it helps organize and stabilize 
contractile proteins. Immunostaining of α-actinin indicated  
that the majority of BMSC-DMs had organized sarcomeres  
(Figure 3). Collectively, these data indicate that some c-kit+ BMSCs 
can transdifferentiate into cardiac myocytes with organized 
sarcomeres and the ability to contract. Some of the BMSC-DMs 
were in the cell cycle, and these cells had less well organized 
sarcomeres. These results suggest that c-kit+ BMSCs have the 
potential to transdifferentiate into myocytes and to proliferate 
(Figure 4).

Electrophysiological function and contraction
BMSC-DMs exhibited spontaneous APs and contraction after 2 
days of co-culture with NRVMs (Figure 5 and Video S1). In most 
instances BMSC-DMs were beating in synchrony with NRVMs. 
The mean AP duration of the BMSC-DMs was 317.8 ± 41.5 ms 
which was significantly longer than that of NRVMs (198.2 ± 
28.2 ms). The BMSC-DMs had less well polarized mean resting 
membrane potential (Em: –40.5 ± 7.9 mV) relative to the NRVMs 

(–62.8 ± 4.2 mV) in the same dish. The electrophysiological 
phenotype of the BMSC-DMs varied with the degree of attachment 
to NRVMs. The BMSC-DMs that were closely associated with 
NRVMs exhibited similar electrophysiological properties (AP 
shape, duration, and Em) to the NRVMs suggesting extensive 
electrical coupling via gap junctions between the two cell types. 
Well coupled BMSC-DMs and NRVMs both responded to 
β-adrenergic stimulation (10 nM isoproterenol) by increasing 
beating rate; however, the AP duration of these BMSC-DMs did 
not significantly change. BMSC-DMs that were not well coupled 
to NRVMs had different electrophysiological properties, with 
prolonged AP duration, lower peak AP, and depolarized Em. 
Additionally, these spatially isolated BMSC-DMs did not respond 
to the β-adrenergic stimulation (Figure 5).

Communication Between BMSC-DM and NRVM
Electrical communication between a BMSC-DM and neighboring 
myocytes is critically important for a candidate cell to be 
considered for future cell therapy. A stem cell derived newly 

formed myocyte that is poorly coupled 
to the parent myocardium can cause 
arrhythmia as reported in a number of the 
myoblast clinical trials.23,24 The existence 
of gap junction formation between a 
BMSC-DM and a neighboring NRVM 
in vitro so far has been controversial.25-27 
To investigate the ability of the electrical 
communication, we first looked for the 
formation of gap junctions between 
BMSC-DMs and neighboring NRVMs, 
by immunofluorescence staining for  
the gap junction protein connexin 43 
(Cx43). In our co-culture system, the 
BMSC-DMs formed gap junctions as 
indicated by Cx43 immunofluorescence 
(Figure 6). Our experiments showed that 
the greater the area of contact, the greater 
the Cx43 signal between the BMSC-DM 
and NRVMs. The BMSC-DMs spatially 
isolated from a group of the NRVMs had 
weaker Cx43 staining and the staining was 
not on the surface membrane (Figure 7). 
In some cells with only modest contact, 
there was intense Cx43 staining at the 
contact point between BMSC-DMs and 
NRVMs (Figure 7). We did not observe 
Cx43 staining between BMSC-DMs and 
non-myocytes (Figure 6).

The intracellular coupling (through 
gap junctions) of BMSC-DMs and NRVMs 
was also explored with fluorescence 
recovery after photo-bleaching (FRAP).28 
We loaded the cells with a fluorescent dye 
(calcein) that is small enough (less than 
1 KD) to move from cell to cell through 
gap junctions. After being loaded with 
calcein, BMSC-DMs and neighboring 
NRVMs were photo-bleached. Calcein 
fluorescence increased in these cells 
over the next 7 minutes. A gap junction 
inhibitor, carbenoxolone blocked the 

Figure 3. c-Kit+-BMSCs differentiate into cardiac myocytes with organized sarcomeres: GFP expressing 
c-kit+-BMSCs were co-cultured for 48 hours with NRVMs and analyzed for a-actinin immunofluorescence. 
38.6 ± 1.3% (n = 4) of the GFP expressing cells were observed to have organized a-actinin (A, B, and C). 
White arrows indicate the cells magnified in the bottom panels. Dotted white arrows indicate GFP expressing BMSC 
derived non-myocytes that are not expressing α-actinin (A). Green: GFP; red: α-Actinin; blue DAPI.

Figure 4. BMSC-DMs are proliferative. Some GFP expressing BMSC-DMs were found to be in the cell cycle.
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FRAP (Figure 8). These data indicate that there are gap junctions 
between BMSC-DMs and NRVMs. These findings explain why 
BMSC-DMs and NRVMs contract synchronously (Figure 6 and 
Video S1).

Discussion
The present study was designed to determine if c-kit+ BMSCs 
could transdifferentiate into functional cardiac myocytes. This is 
a very controversial topic with evidence for8,10 and against9,19 the 
ideas. We used a BM stem cell-cardiac myocyte co-culture system 
that has been used previously to create a microenvironment 
sufficient to induce differentiation of many types of pluripotent 
cells29 into cardiac myocytes.20,25,26,28 We focused on BMCs that 
had the surface stem cell antigen, c-kit, because we have shown 
previously that c-kit+ cardiac progenitor cells differentiate into 
cardiac myocytes when co-cultured with NRVMs. The present 
experiments clearly show that when c-kit+ BMSCs are cultured 
with NRVMs they transdifferentiate into cardiac myocytes 
with cardiac contractile proteins and organized sarcomeres. 
Furthermore, these BMSC-DMs were able to contract and had 
cardiac type action potentials. BMSC-DMs formed functional gap 
junctions and contracted in rhythm with neighboring NRVMs. 
Importantly, BMSCs did not transdifferentiate into functional 
cardiac myocytes in culture without NRVMs, suggesting that 
NRVMs create an environment that is necessary for BMSC 
transdifferentiation, as previously suggested.25,26 While the c-kit+ 
BMSC-DMs were coupled with the neighboring NRVMs via 
functional gap junctions, we did not determine whether or not 
cell–cell communication between c-kit+ BMSCs and NRVMs is 
necessary for myogenic transdifferentiation.

BMSC-DMs had cardiac myocyte type electrophysiological 
properties. The specific electrophysiological phenotype of 
BMSC-DMs varied with the degree of physical integration with 
the neighboring NRVMs. BMSC-DMs that were well coupled 
to NRVMs exhibited electrophysiological properties similar to 
the NRVMs. BMSC-DMs with minimal attachment to NRVMs 
had electrophysiological properties of immature myocytes, 
including prolonged action potential duration and depolarized 
resting membrane potential. The current findings are consistent 
with those from our previous study using human cardiac stem 

cell derived myocytes (hCSC-DMs).20 
We speculate that with additional time 
in culture these immature new myocytes 
would become more tightly coupled 
to NRVMs and adopt a more mature 
electrical and mechanical phenotype.

β-adrenergic effects also varied 
with the coupling of BMSC-DMs to 
NRVMs with these cells responding 
to the β-adrenergic stimulation with 
increased beating rate and shortening 
of the action potential duration. BMSC-
DMs that were well coupled to NRVMs 
also increased their beating frequency. 
In contrast, the BMSC-DMs with 
minimum contact with NRVMs did not 
respond to the β-adrenergic stimulation 
at all. These findings suggest that BMSC-
DMs adopt adrenergic regulation of 
electrophysiological and mechanical 
properties as they mature.

The results of the present study 
indicate that the BMSCs in the 
hematopoietic system have the capacity 
to transdifferentiate into new cardiac 
myocytes. These results are consistent 

Figure 5. BMSC-DMs have electrophysiological properties of cardiac 
myocytes: The electrical properties of the BMSC-DMs were related to the 
degree of coupling with NRVMs. BMSC-DMs with minimal contact with 
NRVMs (A); BMSC-DMs attached to a NRVM (B); NRVMs with minimal contact 
to other cells (C). Basal electrophysiological properties of BMSC-DMs co-cultured 
with NRVMs: BMSC-DMs exhibited spontaneous action potentials (APs), whereas 
some NRVMs required electrical stimulation induced AP measurement. RMP: resting 
membrane potential; APD-90, action potential duration at 90% repolarization.

Figure 6. Three representative examples of BMSC-DMs that form gap junctions with neighboring cardiac 
myocytes: The GFP expressing BMSCs were co-cultured with NRVMs. At 48 hours, the co-culture was 
analyzed for a-actinin and connexin 43 (Cx43) immunofluorescence. GFP (green) expressing BMSC-DMs 
localized Cx43 (red) at the cell border with neighboring NRVMs (A, B, and C). Cardiac myocytes were identified by 
a-actinin immunofluorescence (yellow: D, E, and F). Cx43 was not detected between BMSC-DMs and non-myocytes 
(white arrow: A).
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with a number of studies using hearts from sex mismatched 
heart transplant patients that have shown that new myocytes 
from the host are routinely observed.30-32 We showed that 1.6% 
of BMCs expressed the stem cell marker c-kit+ and 41% of these 
cells transdifferentiated into cardiac myocytes within 2 days 
of co-culture. Additionally, about 12% of the cells that were 
not isolated for c-kit were also found to transdifferentiate into 
cardiac myocytes. These cells all expressed the surface marker 

CD45. We previously reported that c-kit+ 
cardiac stem/progenitor cells contain a 
high proportion of CD45+ cells (88.3 ± 
2.0% in nonfailing and 86.9 ± 7.1%  
in failing human hearts). Moreover, 
most of these c-kit+/CD45+ cells were 
CD45dim/moderate relative to the bright CD45 
fluorescence intensity characteristic 
of mature leukocytes and many of the 
c-kit−/CD45+ cells found in the human 
heart.20 In the present study, we found 
CD45 immunofluorescence signal on the 
c-kit immuno-sorted bone marrow cells. 
The fluorescence intensity levels were not 
determined because we did not perform 
FACS analysis. Collectively, our results 
show that BMSCs have the potential 
to regenerate new myocytes within 
the damaged heart. Importantly, our 
studies also show that the environment 
in which these cells are placed is critical 
to whether or not they differentiate 
into new myocytes and couple to other 
myocytes. The environmental factors that 
best induce cardiac regeneration are an 
important topic for new research.

In addition, our recent study using 
hearts removed at transplant indicates 
that the failing human heart contains 
increased numbers of cardiac c-kit+ cells 
and, as shown, some of these c-kit+ cells 

also express CD45, suggesting a possible bone marrow origin.20 
These results suggest that reparative/regenerative cells are within 
the failing heart, but clearly these cells are unable to reverse the 
course of this heart failure syndrome. Future studies will likely 
explore novel approaches to either improve endogenous repair 
or to use stem cells with the ability to form new myocardium to 
rebuild the damaged heart.

Figure 7. BMSC-DMs in the cell cycle or those not making close connections with NRVMs did not have surface membrane Cx43 localization; The BMSC-DMs 
in the cell cycle (A and D) and the BMSC-DMs having little (B and E) or no contact (C and F) with neighboring myocytes had punctuate, intracellular localized 
Cx43. BMSC-DMs with minimal contact with NRVMs had intense Cx43 staining at the points of contact. Some BMSC-DMs had small areas of contact with neighboring NRVMs 
(G and H) and Cx43 immunofluorescence was intense at these areas (I and J).

Figure 8. FRAP shows that BMSC-DMs are coupled to neighboring cardiac myocytes: The GFP expressing 
BMSCs were co-cultured with NRVMs. At hour 48, the co-culture was loaded with calcein red-orange-AM (calcein) 
for 15 minutes (A, B, and C) and then photo-bleached (D). The photobleached calcein signal recovered after 7 minutes 
(E). This recovery was not observed after treatment with the gap junction blocker carbenoxolone (100 µM) (G).
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Conclusions
Many diseases that lead to heart failure, most notably ischemic 
heart disease, involve the progressive death of cardiac myocytes. 
Cell therapy represents one option for cardiac regeneration in 
these individuals. Our study suggests that c-kit+ BMSCs are 
capable of transdifferentiating into functional cardiac myocytes 
when placed in the appropriate environment. The modest 
improvement in ventricular function found in early clinical 
trials14 may be the result of such new myocyte formation. Much 
additional study is required to optimize the therapeutic potential 
of these cardiogenic cells.
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Supporting Information

Additional Supporting Information may be found in the online 
version of this article.

Video S1: Video analysis of GFP expressing c-kit+-BMSC-
DMs: c-kit+-BMSCs were co-cultured for 48 hours with NRVMs. 
A contracting BMSC-DM was video recorded as an AVI file using 
Coolsnap cf2 digital camera (Roper Scientific). The video image 
shows that the BMSC-DM and neighboring NRVMs contract 
synchronously. 

This material is available as part of the online article from 
http://www.ctsjournal.com.
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