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Summary
Background—c-kit is a receptor tyrosine kinase family member expressed in hematopoietic
stem cells. c-kit is also transiently expressed in cardiomyocyte precursors during development, and
in a rare cell population in the normal adult heart. Here, the cardiomyogenic potential of c-kit+
cells isolated from normal neonatal, normal adult and infarcted adult mouse hearts was evaluated.

Methods and Results—Magnetic activated cell sorting (MACS) was used to prepare c-kit+
cells from the hearts of ACT-EGFP/MHC-nLAC double transgenic mice. These animals exhibit
widespread enhanced green fluorescent protein (EGFP) expression and cardiomyocyte-restricted
nuclear β-galactosidase activity, thus permitting simultaneous tracking of cell survival and
differentiation. A subset of the c-kit+ cells from double transgenic neonatal hearts acquired a
cardiomyogenic phenotype when co-cultured with fetal cardiomyocytes (2.4% of all EGFP+ cells
screened), but not when cultured alone or when co-cultured with mouse fibroblasts (0.03% and
0.05% of the EGFP+ cells screened, respectively). In contrast, c-kit+ cells from normal adult
double transgenic hearts failed to undergo cardiomyogenic differentiation when co-cultured with
non-transgenic fetal cardiomyocytes (>18,000 EGFP+ cells screened) or when transplanted into
normal or infarcted adult mouse hearts (14 EGFP+ grafts examined). A single c-kit+ cell from an
infarcted double transgenic adult heart was observed to acquire a cardiomyogenic phenotype in
co-culture (>37,000 EGFP+ cells screened).

Conclusions—These data suggest that the ability of cardiac-resident c-kit+ cells to acquire a
cardiomyogenic phenotype is subject to temporal limitations, or alternatively that the
cardiomyogenic population is lost. Elucidation of the underlying molecular basis may permit
robust cardiomyogenic induction in adult-derived cardiac c-kit+ cells.
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Introduction
Transplantation of donor myocytes or myogenic stem cells is emerging as a potential
therapeutic intervention for the treatment of heart failure.1 Consequently, considerable effort
is being invested to identify markers for stem cells with cardiomyogenic activity. c-kit (also
known as CD117) is a member of the receptor tyrosine kinase family which is expressed at
high levels in a number of hematopoietic progenitors, including hematopoietic stem cells,
multipotent progenitors and common myeloid progenitors.2–4 c-kit is also expressed in early
thymocyte progenitors, mast cells, melanocytes, interstitial cells of Cajal, and prostate stem
cells.

c-kit expression has recently been observed in cardiovascular progenitors. For example, Wu
and colleagues used a reporter transgene to isolate cells expressing the cardiomyogenic
transcription factor Nkx-2.5 in differentiating embryonic stem cell (ESC) cultures. A subset
of these cells expressed modest levels of c-kit, and gave rise to both cardiomyocytes and
smooth muscle cells in vitro, suggesting that c-kit marked bi-potent cardiovascular
progenitors.5 A similar approach was used by Christifirou and colleagues, who further
demonstrated that cardiomyocytes, smooth muscle cells and endothelial cells could be
derived from the sub-population of cells expressing c-kit, Nkx2-5 and Flk-1.6 Flk-1 was
previously reported to be expressed in cardiovascular progenitors derived from ESCs.7

c-kit expression has also been reported in cardiovascular precursors during in vivo
development. Using a BAC reporter transgene expressing EGFP under the regulation of the
c-kit promoter, Tallini and colleagues demonstrated that neonatal hearts contain cells co-
expressing c-kit and Flk-1.8 c-kit reporter transgene expression was also observed in
neonatal cardiomyocytes with α-actinin immune reactivity, and expression levels appeared
to be inversely related to the level of differentiation. These data are consistent with the
notion that c-kit expression marks cardiomyogenic precursors, and that expression is
extinguished with terminal differentiation. In support of this, Tallini and colleagues further
demonstrated that clonally-amplified EGFP-expressing cells from neonatal hearts carrying
the c-kit reporter transgene gave rise to cardiomyocytes, smooth muscle cells and
endothelial cells, similar to what was observed for ESC-derived c-kit+ cells.8 Transient c-kit
expression in neonatal cardiomyocytes was also observed by Li and colleagues via immune
cytologic analyses,9 and was thought to be critical for the termination of cardiomyocyte cell
cycle activity.

The role of c-kit expressing cells in the adult heart is less clear. Experiments with adult mice
with diminished levels of c-kit activity10 or with mice carrying reporter transgenes8

suggested that c-kit expressing cells are predominantly involved with post-injury
revascularization and beneficial myofibroblast-mediated remodeling. Other studies suggest
that c-kit immune reactivity in the adult heart is limited to mast cells.11 In contrast,
transplantation of in vitro amplified c-kit+ cells from adult rat12 or human13 hearts was
thought to result in overt myocardial regeneration, with the transplanted c-kit+ cells giving
rise to endothelial cells, smooth muscle cells and cardiomyocytes. In support of this, Kubo
and colleagues demonstrated that adenovirus-transduced c-kit+ cells from failing human
hearts could give rise to cardiomyocytes in vitro.14 Unfortunately, differences in the
experimental approaches and read-outs employed in these various studies make it difficult to
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retrospectively evaluate the relative cardiomyogenic potential of cardiac-resident c-kit+ cells
at different stages of development.

Co-culture with cardiomyocytes has been used previously to characterize the
cardiomyogenic potential of a number of progenitor cell populations.14–16 Here, co-culture
with fetal mouse cardiomyocytes was employed to directly compare the cardiomyogenic
potential of cardiac-resident c-kit+ cells isolated from normal neonatal, normal adult and
infarcted adult mouse hearts. The experiments utilized a combination of reporter transgenes
and immune cytology to monitor cell survival and cardiomyogenic potential. A subset of the
c-kit+ cells isolated from neonatal hearts acquired a cardiomyogenic phenotype in co-
culture, independent of cell fusion events. However, this activity was markedly diminished
in c-kit+ cells isolated from normal or infarcted adult hearts. Moreover, c-kit+ cells from
adult hearts failed to undergo cardiomyogenic differentiation when transplanted into either
normal or infarcted adult hearts. These data suggest that the ability of cardiac-resident c-kit+
cells to acquire a cardiomyogenic phenotype is subject to temporal limitations, or
alternatively that the cardiomyogenic population is lost.

Methods (see On-Line Methods section for a complete description)
Mice

ACT-EGFP (C57BL/6-Tg(ACTB-EGFP)1Osb/J) and [DBA/2J × C57Bl/6J]f1 mice were
from the Jackson Laboratory (Bar Harbor, ME). MHC-nLAC mice17 utilize the mouse
alpha-cardiac Myosin Heavy Chain promoter to target expression of a nuclear β-
galactosidase reporter. NOD/SCID-IL2-gamma null mice were from the Indiana University
Simon Cancer Center.

Flow cytometry of c-kit+ cells
Cardiac cells were isolated by mincing whole neonatal or adult hearts in 0.1% Collagenase
IV, incubating for 45 minutes at 37°C18 and then filtering through a 40-μm mesh.
Alternatively, whole hearts were minced in Liberase/Blendzyme for 45 minutes at 37°C.
Cells were stained with PerCP-conjugated antibody against CD45 or anti-c-kit-PE antibody
for 45 minutes. Cells were analyzed using a FACSCalibur flow cytometer.

MACS-isolation of c-kit+ cells from the heart
Cells from enzymatically-dispersed whole hearts (normal or infarcted) were reacted with
magnetic beads conjugated with mouse anti-c-kit antibody for 20 min. and subsequently
separated by magnet-activated cell sorting into c-kit+ and c-kit− fractions.

Co-culture of c-kit+ cells with fetal mouse cardiomyocytes
Embryonic day 15 whole hearts were dissociated with collagenase I for 60 minutes at 37°C,
plated on gelatin-coated dishes at a density of 25,000 to 50,000 cells per cm2 and cultured
for 24 hours in DMEM supplemented with 10% FBS and antibiotics. The medium was
replaced with DMEM supplemented with 10% FBS, 10 ug/mL insulin, 10 ug/mL transferrin
and antibiotics and seeded with freshly isolated c-kit+ cells at a density of 2,500 to 5,000
cells per cm2.

Myocardial infarction and intra-cardiac grafting
Myocardial infarction was performed in 12 week old mice as described previously.19 For
intra-cardiac grafting, donor cells suspended in 3 μl phosphate-buffered saline were injected
into the anterior and posterior infarct border zones of the ischemic myocardium after
coronary ligation, or in normal hearts.
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Results
Characterization and isolation of myocardial c-kit+ cells

Fluorescence-activated cell sorting (FACS) was used to quantitate and characterize the c-
kit+ cells in normal neonatal and adult hearts, as well as in infarcted adult hearts. c-kit+ cells
from adult bone marrow were used as a reference. Isotype-matched antibodies were used to
set threshold levels for detecting c-kit and CD45 immune reactivity. c-kit+/CD45− and c-
kit+/CD45+ populations were readily observed in representative dot plots from each source
(Figure 1A). Quantitative analyses (Figure 1B and C) revealed that approximately 9% of the
mono-nucleated cells from the bone marrow expressed c-kit, the majority of which (>90%)
co-expressed the hematopoietic lineage marker CD45. In the neonatal heart, 0.65% of the
cells were c-kit+, and of these approximately 10% were CD45+. In the adult heart,
approximately 0.5% of the cells expressed c-kit, of which approximately 15% co-expressed
CD45. Myocardial infarction via permanent coronary artery occlusion resulted in an
approximately 3-fold increase in the number of cells expressing c-kit in adult hearts, of
which the majority (76%) co-expressed CD45 when analyzed at 7 days post-infarction, in
agreement with published observations.10

Magnetic-activated cell sorting (MACS) was employed to isolate c-kit+ cells from mice
carrying the ACT-EGFP reporter transgene (which targets EGFP expression under the β-
actin promoter).20 The vast majority of cells obtained from neonatal or normal adult hearts
following two cycles of MACS purification exhibited EGFP epi-fluorescence (Figure 2A
and B, respectively). Immune cytology analyses revealed that >90% of cells with EGFP epi-
fluorescence also exhibited c-kit immune reactivity. Similar results were obtained from
infarcted adult hearts (not shown).

c-kit+ cells derived from neonatal hearts acquire a cardiac phenotype following co-culture
with fetal cardiomyocytes

Co-culture with cardiomyocytes was used to quantitate the cardiomyogenic potential of
cardiac-resident c-kit+ from various stages of development. Cells were prepared from double
transgenic mice carrying the ACT-EGFP and MHC-nLAC reporter transgenes. As shown
above, the ACT-EGFP reporter targets EGFP expression to most cardiac-resident c-kit+
cells. The MHC-nLAC reporter targets cardiomyocyte-restricted nuclear β-galactosidase
activity which is detected by reacting with the chromogenic β-galactosidase substrate X-
GAL.17 Thus, the presence of c-kit+ cells in co-cultures could be readily quantitated via the
presence of EGFP epi-fluorescence or anti-EGFP immune reactivity, and their
cardiomyogenic differentiation could be quantitated by co-localization of anti-EGFP and
anti-α-actinin immune reactivity or by induction of nuclear β-galactosidase activity. Control
experiments using fetal cardiomyocytes confirmed the fidelity of the reporter transgenes for
these analyses (see Supplemental Figure 1).

Fetal cardiomyocytes from non-transgenic mice were plated, and 24 hours later the cultures
were seeded with MACS-isolated c-kit+ cells prepared from the hearts of neonatal ACT-
EGFP/MHC-nLAC double transgenic mice. After 7 days of co-culture, a subset of the cells
with EGFP epi-fluorescence exhibited robust contractile activity (Supplemental Video 1).
The samples were fixed, reacted with X-GAL, and processed for EGFP (Alexa488-
conjugated antibody) and α-actinin (rhodamine-conjugated secondary antibody) immune
reactivity. A subset of the EGFP-expressing cells exhibited highly mature sarcomeric
structure as evidenced by α-actinin immune reactivity (Figure 3); moreover, all of the
EGFP-positive cells with α-actinin immune reactivity also exhibited nuclear β-galactosidase
activity (Figure 3, inset). Two to 3% of the neonatal heart-derived c-kit+/EGFP+ cells
exhibited a cardiomyogenic phenotype when co-cultured with non-transgenic fetal
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cardiomyocytes (Table 1). In contrast, EGFP-expressing, β-galactosidase positive
cardiomyocytes were only rarely detected when the neonatal heart-derived c-kit+ cells were
cultured alone, or when co-cultured with NIH-3T3 cells (Table 1).

To determine if cell fusion contributed to the apparent cardiomyogenic events, fetal
cardiomyocyte cultures were prepared from single transgenic MHC-nLAC mice. Twenty-
four hours later, the cultures were seeded with MACS-purified c-kit+ cells prepared from the
hearts of single transgenic neonatal ACT-EGFP mice. The cultures were fixed 7 days later
and processed as described above. Two to 3% of the cells with EGFP immune reactivity also
exhibited α-actinin immune reactivity (Figure 4). However, the preponderance of these cells
did not exhibit MHC-nLAC reporter transgene activity (which was readily detected in
cardiomyocytes lacking EGFP epi-fluorescence; see Figure 4, inset). Indeed, only two cells
with MHC-nLAC reporter transgene activity were observed when more than 3,500 EGFP-
expressing cells were screened (Table 1), suggesting a cardiomyocyte/c-kit+ cell fusion rate
of 0.05% under these assay conditions.

c-kit+ cells derived from adult hearts have very limited cardiomyogenic potential following
co-culture with fetal cardiomyocytes or intra-cardiac engraftment

Next, c-kit+ cells prepared from normal adult mice were tested for cardiomyogenic activity.
Fetal cardiomyocytes from non-transgenic mice were plated, and 24 hours later the cultures
were seeded with MACS-isolated c-kit+ cells prepared from the hearts of adult ACT-EGFP/
MHC-nLAC double transgenic mice. After 7 days of co-culture, the samples were fixed,
reacted with X-GAL, and processed for EGFP and α-actinin immune reactivity. Cells with
green EGFP immune reactivity were readily identified, indicating that the adult cardiac-
resident c-kit+ cells survived in co-culture. However, these cells lacked detectable α-actinin
immune reactivity (Figure 5) and failed to activate the MHC-nLAC reporter transgene
(Figure 5, inset). No cardiomyogenic events were detected when more than 18,000 EGFP-
expressing c-kit+ cells were screened (Table 1).

To determine if the adult heart provides an environment more conducive to their
cardiomyogenic differentiation, MACS-isolated c-kit+ cells prepared from normal adult
ACT-EGFP/MHC-nLAC double transgenic mice were engrafted into normal or infarcted
(via permanent coronary artery ligation) recipient hearts. Syngenic [C57Bl/6J × DBA/2J]F1
or immune compromised NOD/SCID-gamma recipients were used. The hearts were
harvested at 10 to 21 days post-engraftment, fixed and sectioned. The sections were then
reacted with X-GAL and processed for EGFP and α-actinin immune reactivity. Although
cells with EGFP immune reactivity were detected within the engrafted hearts, they lacked α-
actinin immune reactivity (Figure 6) and failed to activate the MHC-nLAC reporter (Figure
6, inset). No cardiomyogenic events were detected in 14 hearts successfully engrafted with
adult heart-derived c-kit+ cells (Supplemental Table 1). Control experiments with double
transgenic fetal cardiomyocyte donor cells confirmed the fidelity of the reporter transgenes
for these analyses (see Supplemental Figure 2).

Finally, to determine if myocardial infarction enhances the cardiomyogenic potential of
cardiac-resident c-kit+ cells, adult ACT-EGFP/MHC-nLAC double transgenic mice were
subjected to permanent coronary artery ligation. Seven days later, c-kit+ cells were prepared
via MACS purification and seeded onto cultures of fetal cardiomyocytes from non-
transgenic mice which were prepared 24 hours earlier. After 7 days of co-culture, the
samples were fixed and processed as described above. Once again, the EGFP-expressing c-
kit+ cells readily survived in co-culture. A single EGFP+ cell exhibited α-actinin immune
reactivity and MHC-nLAC reporter activity was observed (Figure 7). The rest of the
>37,000 c-kit+ cells examined in the co-cultures lacked α-actinin immune reactivity and
failed to activate the MHC-nLAC reporter (Figure 8, Table 1).
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Discussion
The data presented here indicate that a sub-population of the cardiac-resident c-kit+ cells
isolated from neonatal mouse heart exhibit an overt cardiomyogenic phenotype when co-
cultured with fetal cardiomyocytes. This phenotype was largely absent in cardiac-resident c-
kit+ cells isolated from normal or infarcted adult mouse hearts. Importantly, the use of
reporter transgenes permitted straightforward quantitation of c-kit+ cell survival and
differentiation, and there was extremely high concordance between the results obtained via
X-GAL reaction (i.e., monitoring induction of the MHC-nLAC reporter) and α-actinin
immune reactivity (Table 1). Thus, the fidelity of the reporter transgene read-out is quite
high for identifying well-differentiated cardiomyocytes. Collectively, these data suggest a
developmental loss of cardiomyogenic activity in c-kit+ cells in the transition from neonatal
to adult life in mice, or alternatively a loss of the cardiomyogenic population.

Previous studies suggested that cell fusion could contribute to apparent transdifferentiation
events in vitro and in vivo.21, 22 Although cell fusion events could be detected when MHC-
nLAC fetal cardiomyocytes were co-cultured with neonatal ACT-EGFP c-kit+ cells, the
frequency of these events was >50-fold lower than the frequency of putative
cardiomyogenic events (0.05% vs. 3%, Table 1). Carry-over of differentiated cells from the
neonatal c-kit+ heart preparations could also contribute to the apparent cardiomyogenic
events. However, immune cytology analyses immediately following MACS isolation
indicated that only 0.11% of the cells exhibited alpha-actinin immune reactivity (9.82%
exhibited smooth muscle actin immune reactivity and 0.24% exhibited isolectin 4B immune
reactivity; see Supplemental Figure 9, Supplemental Table 2). The observation that the
percentage of cells with alpha actinin immune reactivity post-MACS (0.11%) was 22- to 27-
fold lower than the percentage of alpha-actinin positive cells expressing the reporter
transgenes following co-culture with non-transgenic fetal cardiomyocytes (2.4 to 3%, see
Table 1) suggests that simple carry-over of neonatal cardiomyocytes does not account for
the observed results. Moreover, the presence of a roughly similar content of α-actinin+ cells
immediately following MACS isolation versus 7 days of single culture or NIH-3T3 co-
culture (Table 1) argues against a role of enhanced survival and/or seeding of carry-over
neonatal cardiomyocytes in the fetal cardiomyocyte co-cultures. Collectively, the data are
consistent with the notion that a small portion of cardiac-resident c-kit+ cells from neonatal
hearts can undergo cardiomyogenic differentiation when co-cultured with fetal
cardiomyocytes. The data do not distinguish if these cells represent a true cardiomyogenic
stem cell, or alternatively a c-kit+ developmental intermediate which requires a co-culture
environment to acquire a cardiomyogenic phenotype. FACS followed by co-culture assay
(Supplemental Figure 10, Supplemental Table 3) revealed that the apparent cardiomyogenic
activity is present in the c-kit+/CD45− sub-population of cells isolated from the neonatal
hearts.

In contrast, the ability of c-kit+ cells isolated from normal or infarcted adult mouse hearts to
acquire a cardiomyogenic phenotype was limited, with only a single potential
cardiomyogenic event detected when more than 56,000 cardiac-resident c-kit+ cells were
screened. Moreover, the origin of the single EGFP+/α-actinin+/β-galactosidase+

cardiomyocyte observed in co-cultures with c-kit+ cells from infarcted adult heart is not
clear. It is equally likely that this cell originated from carryover of a border zone
cardiomyocyte which re-induced c-kit expression8, from a fusion event between a c-kit+ cell
and a fetal cardiomyocyte, or from a bona fide cardiomyogenic differentiation event.
Unfortunately, the rarity of the event precludes a systematic assessment of its origin. These
data suggest that the cardiomyogenic c-kit+ sub-population present in neonatal hearts is lost
upon maturation, or alternatively, loses its ability to undergo cardiomygeinc conversion
when co-cultured with fetal cardiomyocytes.
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These results differ from several in vitro studies using adult heart-derived c-kit+ cells from
rat and human. Although single culture of adult heart-derived c-kit+ cells resulted in only a
rudimentary cardiomyocyte phenotype (as evidenced by the induction of a limited number
of myocyte markers and the absence of myofiber structure),12 co-culture with
cardiomyocytes resulted in more robust cardiomyogenic differentiation.13, 14, 23 It is
noteworthy that prior to the establishment of co-cultures, these latter experiments all
employed varying degrees of in vitro manipulation of the c-kit+ cells, including prolonged
amplification of the cells or exposure to adenoviruses in suspension culture. It is possible
that these manipulations imparted a certain degree of re-programming which enhanced
cardiomyogenic potential. Indeed, increased expression of GATA-4 was observed in long-
term cultures of adult heart-derived c-kit+ cells.23 Although subtle differences in
methodologies might have altered our ability to observe overt cardiomyogenic induction in
adult c-kit+ cells, the observation that neonatal c-kit+ cells were cardiomyogenic when
subjected to the same protocols underscores a fundamental difference between heart-derived
c-kit+ cell populations prepared from different developmental stages. Adult heart-derived c-
kit+ cells also failed to give rise to overt cardiomyogenesis following engraftment into
normal or infarcted mouse hearts in our hands, despite survival of the donor cells. These
results contrast with previous data reporting extensive cardiac regeneration after direct
injection of c-kit+ derived cells from rat or human hearts.12, 13, 24 Once again, in vitro
manipulation of the cells in these latter studies may have contributed to the discrepant
results.

The observations reported here are supported by other studies. For example, Talinni and
colleagues showed that c-kit+ cells from neonatal mouse hearts could be clonally-amplified
and give rise to cardiomyocytes, smooth muscle and endothelial cells.8 In addition, c-kit
expression was observed to mark cardiomyocyte and smooth muscle precursors in fetal
hearts and differentiating ESC cultures.5, 6 Thus, the apparent cardiomyogenic activity in c-
kit+ cells derived from neonatal hearts observed here is perhaps not surprising. It is likely
that the co-culture experiments employed in the current study mimicked the cardiomyogenic
conditions developed by Talinni and colleagues. Although these authors did not examine the
cardiomyogenic potential of c-kit+ cells isolated from adult hearts, they did demonstrate that
expression of a c-kit-promoted reporter transgene was predominantly associated with
smooth muscle and endothelial cells following cryo-injury of the heart. Reporter gene
expression observed in border zone cardiomyocytes was attributed to a previously described
reactivation of c-kit expression following myocardial injury.9 The absence of overt
cardiomyogenic activity in adult heart derived c-kit+ cells following co-culture or intra-
cardiac injection in the current study is consistent with these results. These results are also
consistent with the low levels of cumulative cardiomyocyte renewal observed in individuals
alive during above-ground nuclear testing.25 Presently it is not clear if the cells with
apparent cardiomyogenic activity are cardiac resident or if they populate the heart following
migration from an extra-cardiac site. The absence of cardiomyogenic induction in co-
cultures with c-kit+ cells isolated from neonatal day 2 (Supplemental Figure 11,
Supplemental Table 3) or adult19 bone marrow suggests that the cells are not from the
marrow, with the caveat that if residence in a cardiac niche was required to acquire
cardiomyogenic activity in marrow-derived cells, this assay would not detect it.

The normal adult mouse heart contains approximately 1.5 × 106 cardiomyocytes, which
comprise 14.2% of the total cell number;26, Soonpaa, unpublished consequently there are
approximately 9 × 106 non-cardiomyocytes in the adult mouse heart. FACS analyses
revealed that approximately 0.5% of the non-cardiomyocytes are c-kit+ (Figure 1) in the
uninjured adult heart. Thus, there should be approximately 45,000 c-kit+ cells/heart. Since
we failed to see any cardiomyogenic events when 18,866 c-kit+ cells from normal hearts
were screened, these data suggest that there would likely be very few (i.e., less than 3)
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cardiomyogenic c-kit+ stem cells in the normal adult mouse heart. In infarcted mouse hearts,
the c-kit+ population increases to 1.4% at 7 days post-injury. Assuming a roughly similar
number of total cells, this would translate to 126,000 c-kit+ cells per infarcted adult heart.
Since we observed only a single potential cardiomyogenic event (caveats mentioned above
notwithstanding) when 37,372 cells were screened, these data suggest that there would
likely be fewer than 4 cardiomyogenic c-kit+ cells per adult mouse heart at 7 days post-
infarction.

Limitations of the study
The present study does not exclude the possibility of a cardiomyogenic c-kit+ population in
vivo in the normal or injured adult mouse heart. However, the quantitative analyses suggest
that if such cells do exist, they are extremely rare (within the limits of the cell isolation
protocols and cardiomyogenic assays employed). It is possible that long-standing heart
failure is required to obtain c-kit+ cells with cardiomyogenic activity. Although Kubo and
colleagues demonstrated that c-kit+ cells from failing human hearts were cardiomyogenic in
co-culture, it is not clear if cells from non-failing hearts were similarly examined. It is
possible that our results reflect an intrinsic species difference, as all of the in vitro
differentiation and cell transplantation studies reported to date used rat or human cells; thus
far, only studies with circumstantial data implying cardiomyogenic activity in cardiac-
resident c-kit+ cells from adult mouse hearts in the absence of genetic enhancement have
been reported.27–29 It is also possible that our fetal cardiomyocyte cultures may lack the
factors needed to promote differentiation of adult cardiac-resident c-kit+ cells, despite being
sufficient to induce differentiation of neonatal-derived cells (although co-culture with
neonatal cardiomyocyte preparations also failed to promote differentiation, Supplemental
Figure 12). Finally, our experiments did not address benefits of c-kit+ cells on ventricular
function after infarction which results from non-cardiomyogenic activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization c-kit+ cells
(A) Representative FACS dot plots showing the distribution of CD45+/c-kit−, CD45−/c-kit+
and CD45+/c-kit+ cells from bone marrow, neonatal heart, and normal and infarcted adult
heart. (B) Quantitative analysis of c-kit+ cells from bone marrow, neonatal heart and normal
and infarcted adult heart. (C) Quantitative analysis of the percentage of c-kit+ cells co-
expressing the hematopoietic marker CD45. Data represent mean ± SEM (n=6). *p < 0.05;
n.s.: not significant.
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Figure 2. Isolation of c-kit+ cells
c-kit+ cells were isolated using 2 consecutive isolation procedures with a MACS column.
Representative cell preparations from neonatal (A) and normal adult (B) hearts are shown.
The left panel shows EGFP epi-fluorescence, the middle panel shows c-kit+ immune
reactivity (Rhodamine-conjugated secondary antibody) and the right panel shows Hoechst
nuclear staining (blue). The insets depict high magnification images of a single cell from the
field. Bar = 20 microns in low power images, 5 microns in insets.
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Figure 3. Cardiac-resident c-kit+ cells from neonatal hearts exhibit robust cardiomyogenic
differentiation when co-cultured with fetal cardiomyocytes
Non-transgenic fetal cardiomyocyte cultures were seeded with neonatal c-kit+ cells from
ACT-EGFP/MHC-nLAC double transgenic hearts and cultured for 7 days. The cultures
were then fixed and processed for β-galactosidase activity (blue), EGFP (green) and α-
actinin (red) immune reactivity. EGFP-expressing cardiomyocytes exhibiting mature
sarcomeric structure (yellow due to the overlay of green EGFP and red α-actinin signals)
were readily detected by fluorescence microscopy; these cells also exhibited β-galactosidase
activity when visualized under bright field illumination (inset). Bar = 20 microns in the
fluorescent image, 20 microns in the bright field inset. Arrows mark β-galactosidase+ nuclei.
Bright field, single color fluorescence and merged images for these cells are shown in the
Supplemental Data section.
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Figure 4. Cardiac-resident c-kit+ cells from neonatal hearts exhibit robust cardiomyogenic
differentiation in the absence of cell fusion
Fetal cardiomyocyte cultures from single transgenic MHC-nLAC mice were seeded with c-
kit+ cells from neonatal ACT-EGFP hearts and cultured for 7 days. The cultures were then
fixed and processed for β-galactosidase activity (blue), EGFP (green) and α-actinin (red)
immune reactivity. EGFP-expressing cardiomyocytes exhibiting mature sarcomeric structure
(yellow due to the overlay of green EGFP and red α-actinin signals) were readily detected
by fluorescence microscopy; however these cells lacked β-galactosidase activity when
visualized under bright field illumination (inset). Bar = 20 microns in the fluorescent image,
20 microns in the bright field inset. Arrows mark β-galatosidase positive nuclei. Bright field,
single color fluorescence and merged images for these cells are shown in the Supplemental
Data section.
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Figure 5. Cardiac-resident c-kit+ cells from normal adult hearts fail to undergo cardiomyogenic
differentiation when co-cultured with fetal cardiomyocytes
Non-transgenic fetal cardiomyocyte cultures were seeded with c-kit+ cells from adult ACT-
EGFP/MHC-nLAC double transgenic hearts and cultured for 7 days. The cultures were then
fixed and processed for β-galactosidase activity (blue), EGFP (green) and α-actinin (red)
immune reactivity. EGFP-expressing cells were readily detected; however these cells lacked
sarcomeric structure when examined by fluorescence microscopy, and lacked β-
galactosidase activity when visualized under bright field illumination (inset). Bar = 20
microns in the fluorescent image, 20 microns in the bright field inset. Bright field, single
color fluorescence and merged images for these cells are shown in the Supplemental Data
section.
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Figure 6. Cardiac-resident c-kit+ cells from normal adult hearts fail to undergo cardiomyogenic
differentiation when transplanted into infarcted adult mouse hearts
c-kit+ cells from ACT-EGFP/MHC-nLAC adult double transgenic hearts were transplanted
into an infarcted non-transgenic recipient heart. The heart was harvested 13 days later, fixed
and processed for β-galactosidase activity (blue), EGFP (green) and α-actinin (red) immune
reactivity. EGFP-expressing cells were readily detected; however these cells lacked
sarcomeric structure when examined by fluorescence microscopy and also lacked β-
galactosidase activity when visualized under bright field illumination (inset). Bar = 20
microns in the fluorescent image, 20 microns in the bright field inset. Bright field, single
color fluorescence and merged images for these cells are shown in the Supplemental Data
section.
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Figure 7. Low levels of apparent cardiomyogenic differentiation from cardiac-resident c-kit+
cells from infarcted adult hearts when co-cultured with fetal cardiomyocytes
Non-transgenic fetal cardiomyocyte cultures were seeded with c-kit+ cells from infarcted
adult ACT-EGFP/MHC-nLAC double transgenic hearts and cultured for 7 days. The
cultures were then fixed and processed for β-galactosidase activity (blue), EGFP (green) and
α-actinin (red) immune reactivity. A single EGFP-expressing cardiomyocyte exhibiting
mature sarcomeric structure (anti-EGFP immune reactivity, green, upper panel; anti-α-
actinin immune reactivity, red, lower panel) was observed; this cell also exhibited β-
galactosidase activity when visualized under bright field illumination (inset). Bar = 20
microns in the fluorescent image, 20 microns in the bright field inset. Arrows mark β-
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galactosidase+ nuclei. Bright field, single color fluorescence and merged images for these
cells are shown in the Supplemental Data section.
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Figure 8. The vast majority of cardiac-resident c-kit+ cells from infarcted adult hearts fail to
undergo cardiomyogenic differentiation when co-cultured with fetal cardiomyocytes
Non-transgenic fetal cardiomyocyte cultures were seeded with c-kit+ cells from infarcted
adult ACT-EGFP/MHC-nLAC double transgenic hearts and cultured for 7 days. The
cultures were then fixed and processed for β-galactosidase activity (blue), EGFP (green) and
α-actinin (red) immune reactivity. EGFP-expressing cells were readily detected; however
these cells lacked sarcomeric structure when examined by fluorescence microscopy, and
lacked β-galactosidase activity when visualized under bright field illumination (inset). Bar =
20 microns in the fluorescent image, 20 microns in the bright field inset. Bright field, single
color fluorescence and merged images for these cells are shown in the Supplemental Data
section.
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