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Clinical trials of bone marrow stem/progenitor cell therapy after myocardial infarction (MI) have shown 
promising results, but the mechanism of benefit is unclear. We examined the nature of endogenous myocar-
dial repair that is dependent on the function of the c-kit receptor, which is expressed on bone marrow stem/
progenitor cells and on recently identified cardiac stem cells. MI increased the number of c-kit+ cells in the 
heart. These cells were traced back to a bone marrow origin, using genetic tagging in bone marrow chimeric 
mice. The recruited c-kit+ cells established a proangiogenic milieu in the infarct border zone by increasing 
VEGF and by reversing the cardiac ratio of angiopoietin-1 to angiopoietin-2. These oscillations potentiated 
endothelial mitogenesis and were associated with the establishment of an extensive myofibroblast-rich repair 
tissue. Mutations in the c-kit receptor interfered with the mobilization of the cells to the heart, prevented 
angiogenesis, diminished myofibroblast-rich repair tissue formation, and led to precipitous cardiac failure 
and death. Replacement of the mutant bone marrow with wild-type cells rescued the cardiomyopathic pheno-
type. We conclude that, consistent with their documented role in tumorigenesis, bone marrow c-kit+ cells act 
as key regulators of the angiogenic switch in infarcted myocardium, thereby driving efficient cardiac repair.

Introduction
Initial data from rodent studies suggested that either direct 
implantation of c-kit+ hematopoietic stem cells into infarcted 
myocardium or their mobilization by SCF (ligand for c-kit) and  
G-CSF at the time of myocardial infarction (MI) could lead to 
robust cardiomyocyte regeneration and restoration of cardiac func-
tion (1, 2). These studies sparked several clinical trials of bone mar-
row cell therapy after MI, which in general have shown promising 
results (3). More recently, transdifferentiation of HSC to cardio-
myocytes has been challenged, calling into question the very ratio-
nale that guided the design of these trials (4–6). In order to gain 
insight into the potential mechanism of benefit of cellular therapy, 
we sought to characterize the endogenous cardiac repair responses 
that involve the c-kit/SCF pathway. Understanding these mecha-
nisms may facilitate the rational design of future biointerventions 
aimed at alleviating the burden of acquired cardiovascular diseases 
that remain the leading cause of death in the Western world.

The protooncogene c-kit, which encodes a receptor tyrosine 
kinase, maps to the W locus and is important for gametogenesis, 
melanogenesis, and hematopoiesis (7). Although no cardiac anom-
aly is noted in mice bearing mutations in the c-kit or SCF genes, the 
c-kit protein has been shown to be expressed on the cell surface 
of putative adult cardiac stem cells (8). Within the bone marrow, 
c-kit is expressed on hemangioblasts, which are the precursor to 
HSCs as well as the endothelial progenitor cells (EPCs) (9, 10). EPCs 
were first identified as a subset of CD34+CD45+ PBMCs that also 
expressed VEGFR2 (11). These cells were shown to attach to fibro-

nectin and adopt an endothelial cell–like phenotype. Both the HSCs 
and EPCs continue to express c-kit into adulthood (12). Although 
SCF is not important for the generation of c-kit+ HSCs, it has been 
shown to be critical for their mobilization into peripheral circula-
tion (13, 14). Indeed, mice with mutations in the c-kit receptor are 
poor HSC mobilizers (15). In accordance with this data, it is specu-
lated that a similar mechanism of EPC mobilization requiring c-kit 
signaling occurs in response to tissue ischemia (16, 17).

The role of bone marrow resident c-kit+ cells in organ repair has 
not been previously investigated. However, bone marrow–derived 
c-kit+ cells have been implicated in tumor angiogenesis. Specifical-
ly, trafficking of c-kit+ cells to tumors is associated with the onset 
of angiogenesis, and absence of such trafficking in c-kit mutant 
mice is associated with diminished angiogenesis even in the face 
of forced carcinogenesis (18, 19). Similarly, depletion of c-kit+ cells 
with c-kit–specific antibody blocks tumor angiogenesis (20). These 
roles are consistent with an absence of an EPC response when c-kit 
is mutated or blocked, although this remains speculative.

Based on the foregoing discussion, we hypothesized that the 
role of the bone marrow resident c-kit+ cells in endogenous car-
diac repair is likely to involve the post-MI angiogenic pathways. 
To address this hypothesis, we used the compound heterozygous 
c-kit mutant KitW/KitW–v mouse, which has a relatively normal 
lifespan and is the only c-kit mutant in which HSC mobilization 
has been previously shown to be defective in spite of relatively 
normal numbers of HSCs (15). The W mutation is the result of a 
78–amino acid deletion that includes the transmembrane domain 
of the c-kit protein, and the W-v mutation is a missense mutation 
in the kinase domain of the c-kit coding sequence (21). We pos-
tulate that EPC mobilization is also defective in these mice after 
MI. In support of this postulate, we show that the majority of  
c-kit+ cells that are recruited to infarcted myocardium are from 
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Figure 1
c-kit+ cells increase in infarcted myocardium. (A) Quantification of EPCs over a time course after MI in wild-type mice. Upper panels, flow cytometry for 
VEGFR2+ cells. Lower panels, in vitro splenocyte fibronectin (Fib.) adhesion, acetylated LDL uptake (Ac-LDL), and lectin-binding assay results. Total 
number of cells was calculated by multiplying percentage of positive cells by total number of cells isolated from both tibia and femur of 1 mouse. n = 3–5 
per time point. *P < 0.05 compared to day 0 values. (B) MI causes an increase in VEGFR2+c-kit+Sca-1+ subset of PBMCs. (C) Increase of c-kit+ cells is 
specific to the injured myocardium (arrowhead). Seven days after MI, c-kit+ cells were not detected in other organs and the peripheral circulation. Gray, 
isotype control; red, c-kit. (D and E) The c-kit+ cells detected after MI in the heart were homogeneously VEGFR2+ but heterogeneous with respect to 
CD45 expression. –ve con, negative control. (F) Quantification of the number of c-kit+ cells. Lower panel shows that the majority of the c-kit+ cells in the 
heart were CD45–. n = 3 per time point. (G–J) Confocal microscopic images. (G) c-kit+ cells visualized at the infarct border zone both as isolated cells 
(arrowheads) and in clusters (arrow). Scale bar: 100 μm. (H) The majority of the c-kit+ cells did not express CD45 (arrowhead) although some of the 
clusters contained CD45-expressing cells (arrow). Scale bar: 50 μm. (I) c-kit+ cells present in the clusters are shown to express Ki67 cell cycling–associ-
ated nuclear antigen. Scale bar: 10 μm. (J) c-kit+ cells in the cell cycle (arrowhead) did not coexpress CD45 (arrow). Scale bar: 10 μm.
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the bone marrow and require c-kit function for their mobiliza-
tion. We also show that abnormality in the c-kit/SCF pathway 
leads to dilated cardiomyopathy and death from cardiac failure. 
Finally, we show that failing KitW/KitW–v hearts are rescued with 
bone marrow replacement from wild-type mice and that the 
endogenous role of the bone marrow c-kit+ cells is to promote 
the angiogenic switch in infarcted myocardium by regulating the 
myocardial angiogenic cytokine milieu.

Results
c-kit+ cells increase in infarcted myocardium. The kinetics of EPC distri-
bution after MI was assessed after coronary ligation in wild-type 
mice. Fibronectin-adherent endothelial-like cell numbers increased 
in both the bone marrow and the peripheral circulation within the 
first week, with a rapid decline thereafter (Figure 1A). As anticipat-
ed, the dynamics of VEGFR2+ cell redistribution in the bone mar-
row and the PBMCs closely matched these data (Figure 1A). Cell 
surface phenotyping of the VEGFR2+ cells showed that more than 
95% of VEGFR2+ cells also expressed Sca-1 and c-kit (Figure 1B). 
Thus, coronary ligation leads to a robust increase in the number 
of peripheral blood VEGFR2+c-kit+Sca-1+ cells, a phenotype that is 
consistent with previously reported phenotype of EPCs.

After MI, c-kit+ cells could readily be detected in the myocardium 
that was subtended by the ligated coronary artery (Figure 1, C–F). 
Seven days after MI, c-kit+ cells could not be detected in nonin-
jured organs: lung, liver, kidney, and the peripheral blood (Figure 
1C). Of the c-kit+ cells in infarcted myocardium, more than 95% 
expressed VEGFR2 (Figure 1D), but only 30% expressed CD45 
(Figure 1, E and F). The CD45-expressing cells had 1.2 ± 0.2 fluo-
rescent log units lower CD45 levels than c-kit+ cells in the bone 
marrow (P < 0.001). This finding was independent of the treatment 
required to release single cells from the heart for flow cytometry 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI27019DS1). Whether this phe-
nomenon represented preferential proliferation or recruitment of 
CD45– cells or CD45 downregulation by CD45+ cells is not clear.

Microscopy extended observations made by flow cytometry. 
The c-kit+ cells were rarely detected in the heart prior to MI (2 
cells in 8 coronal sections from 4 mice). Visualization of the  
c-kit+ cells in infarcted myocardium showed cells in isolation and 
in clusters (Figure 1G). Within the clusters, 85% of the c-kit+ cells 
did not express CD45 (Figure 1H). Nearly 10% of the c-kit+ cells 
in the clusters also expressed the cell cycle–associated antigen 
Ki67 (Figure 1I). Of the 26 c-kit+ clusters comprising 134 c-kit+ 
cells, 21 c-kit+CD45+ cells were scanned, none of which expressed 
Ki67 cycling antigen (Figure 1J). This data is consistent with the 
notion that there is preferential proliferation of c-kit+ CD45– 
cells. None of the c-kit+ cells within the clusters showed meta-
chromasia with toluidine blue staining or cytoplasmic granular 
staining with avidin, suggesting that the c-kit+ cells within the 
c-kit+ clusters are not mast cells. In fact, toluidine blue staining 
of infarcted myocardium 7 days after coronary ligation showed 
that at most 9.6 ± 0.7 mast cells were present per 8 μm coronal 
myocardial section (Supplemental Figure 2). Thus, MI leads to 
an increase in c-kit+ VEGFR2+ cells, first in the blood and then 
specifically within the infarcted myocardium, and the majority of 
these c-kit+ cells are not mast cells.

c-kit+ cells in infarcted myocardium are from the bone marrow. To 
address whether the c-kit+ cells in infarcted myocardium are from 
the bone marrow, we engineered GFP bone marrow chimeric mice 

to track GFP-expressing bone marrow cells. After stable reconsti-
tution, 69% ± 0.4% of bone marrow cells, 94% ± 0.7% of PBMCs, 
84% ± 4% of peripheral EPCs (Figure 2A), 70% ± 6% of PBMC 
VEGFR2+ cells, and 74% ± 1.2% of c-kit+ cells in the bone marrow 
expressed GFP (Figure 2B and Table 1). Control C57BL/6 mice 
did not have GFP-expressing cells in the bone marrow, blood, 
spleen, or heart. Seven days after MI, c-kit+ cells could be identi-
fied in the hearts of C57BL/6 mice, and none expressed GFP. In 
the GFP chimeric mouse, 74% ± 0.6% of the c-kit+ cells in the heart 
expressed GFP (Figure 1B and Table 1). Confocal microscopy con-
firmed that c-kit+ cells in the heart also had GFP expression in the 
chimeric mice (Figure 2C). Of 7 mast cells identified in sections 
from 2 mice by avidin staining, none showed GFP staining. Thus, 
the majority of the non–mast cell c-kit+ cells that infiltrate the 
infarcted heart are from the bone marrow.

Analysis of 28-day engraftment of bone marrow cells in infarcted 
myocardium in 4 GFP chimeric mice showed that 30 cells of total 
3029 nuclei expressed GFP within the infarcted area and the sur-
rounding border zone. None of these GFP+ cells were cardiomyo-
cytes (Figure 2D). Thus, although bone marrow c-kit+ cells traffic to 
the infarcted heart, they do not significantly engraft over the long 
term or give rise to new cardiomyocytes in our current model.

c-kit dysfunction is associated with dilated cardiomyopathy after MI. To 
examine the functional importance of c-kit–expressing cells in car-
diac repair, we examined c-kit mutant KitW/KitW–v mice and their 
congenic Kit+/+ wild-type littermates. Coronary ligation excluded 
a similar volume of myocardium from the circulation immedi-
ately after ligation (Figure 3A). Similarly, at 24 hours, no differ-
ence in the volume of infarcted myocardium was present (Figure 
3A). In spite of the similarity within the first 24 hours, KitW/KitW–v 
mice had a 2-fold increase in mortality compared with Kit+/+ mice 
(Figure 3B). Serial echocardiography demonstrated that cardiac 
systolic function was reduced and the left ventricle was dilated 
in KitW/KitW–v mice (Figure 3C), with nearly maximal differences 
emerging within 14 days. Invasive pressure-volume measurements 
(Figure 3D) showed greater end-systolic and end-diastolic vol-
umes and lower ejection fraction in KitW/KitW–v mice. Reduced first 
derivative of pressure during isovolumic contraction (dP/dt max) 
and relaxation (dP/dt min) coupled with prolonged time constant 
of isovolumic relaxation (t) suggested abnormalities in myocar-
dial energetics in KitW/KitW–v mice (see Supplemental Table 1 for 

Table 1
c-kit+ cells in infarcted myocardium are from the bone marrow

	 Day 0	 Day 7

	 c-kit (%)	 c-kit GFP (%)	 c-kit (%)	 c-kit GFP (%)
Bone marrow
C57	 7.6 ± 0.4	 0.8 ± 0.1	 5.3 ± 0.46	 0.7 ± 0.03
C57-GFP	 3.4 ± 0.15	 6.6 ± 0.12	 1.5 ± 0.11	 4.0 ± 0.12
Heart
C57	 0.13 ± 0.03	 0.07 ± 0.02	 2.2 ± 0.26	 0.08 ± 0.02
C57-GFP	 0.13 ± 0.03	 0.09 ± 0.03	 0.59 ± 0.04	 1.62 ± 0.01

Dual-colored flow cytometry of the heart and bone marrow in C57BL/6 
mice (C57) and in C57BL/6-GFP bone marrow chimeric mice (C57-
GFP) before (Day 0) and 7 days after (Day 7) MI. Results represent 
percentage of cells that expressed c-kit but not GFP (c-kit) or c-kit and 
GFP (c-kit GFP). n = 5 per group. Representative flow cytometric plots 
are presented in Figure 2B.
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detailed invasive hemodynamic measurements). Both end-systolic 
elastance (Ees) and preload recruitable stroke work (PRSW) analy-
sis demonstrated a marked rightward shift of the volume intercept 
in KitW/KitW–v mice (Ees: 2.1 ± 5 μl versus 20.3 ± 5 μl, P = 0.036; 
PRSW: 14.0 ± 3 μl versus 26.0 ± 4 μl, P = 0.03), suggesting that the 
worse cardiac function in KitW/KitW–v mice was to a large degree 
because of exaggerated left ventricular dilation after MI.

Computerized planimetry of explanted 
hearts fixed at physiologic pressures at 6 
weeks also showed 1.8-fold greater left ven-
tricular dilation mainly because of a 2.8-fold 
greater scar surface area in the KitW/KitW–v 
mice (Figure 3, E and F). The heart to body 
weight ratio was also 1.2-fold higher in the 
KitW/KitW–v mice, suggesting greater myocyte 
hypertrophy, which was confirmed by histo-
logic evaluation of cardiomyocyte cross sec-
tional diameter (see Supplemental Table 2 for 
detailed histomorphometric measurements). 
These measurements are consistent with end-
stage cardiac failure in the KitW/KitW–v mice 
after MI. Interestingly, nonischemic wound 
healing in the ear was not affected in KitW/
KitW–v mice (Supplemental Figure 3). Taken 
together, these data indicate abnormalities in 
ischemic cardiac repair but not in generalized 
wound healing in the KitW/KitW–v mice.

Acute c-kit dysfunction recapitulates the cardio-
myopathic phenotype. To ascertain whether the 
KitW/KitW–v cardiomyopathic phenotype is 
independent of its anemia, we examined the 
impact of acute c-kit inhibition in mice treat-
ed with Gleevec and in mice rendered acutely 
anemic by normovolumic hemodilution. 
Hemodilution nonsignificantly reduced 
dP/dt max and ejection fraction but did not 
contribute to ventricular dilation. Treatment 

with Gleevec markedly reduced dP/dt max and ejection fraction and 
led to rapid ventricular dilation after MI. Gleevec also reduced myo-
cardial VEGF and proliferating cell nuclear antigen (PCNA) levels 
(Supplemental Figure 4). Thus, acute inhibition of c-kit partially 
recapitulates the functional defects seen in the KitW/KitW–v mice.

c-kit dysfunction causes hyporesponsiveness in c-kit+ cells. To confirm 
the attenuated c-kit function in KitW/KitW–v mice in vitro, we har-

Figure 2
c-kit+ cells in infarcted myocardium are from 
the bone marrow. (A) EPCs from bone mar-
row chimeric mice carry the GFP transgene. 
(B) Dual-colored flow cytometry of C57BL/6 
(C57) or C57BL/6-GFP bone marrow chimeric 
mice (C57-GFP) for GFP on the x axis and c-kit 
on the y axis. In the bone marrow preparation, 
74% of c-kit+ cells in the C57-GFP chimeric 
mice expressed GFP; 74% of c-kit+ cells in the 
infarcted myocardium in the C57-GFP chimeric 
mice also expressed GFP. Representative flow 
cytometry data from 5 independent experiments 
is shown with results summarized in Table 1. 
Iso. con, isotype control (C) Confocal micro-
graph confirming that c-kit+ cells in infarcted 
myocardium also expressed GFP in chimeric 
mice (arrow). A GFP+ cell that did not express 
c-kit (arrowhead) is also visualized in this micro-
graph. Scale bar: 50 μm. (D) Engraftment of 
bone marrow–derived cells was minimal when 
evaluated at 28 days after MI in the bone mar-
row chimeric mice. Scale bar: 100 μm.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 116      Number 7      July 2006	 1869

vested bone marrow cells from KitW/KitW–v and Kit+/+ mice and cul-
tured them in the absence or presence of SCF. Whereas the Kit+/+ 
cell number and size increased over the 7 days in the presence of 
SCF, the KitW/KitW–v bone marrow cells showed neither an increase 
in cellularity nor an increase in cell size (Figure 4A). Consistent 
with the in vitro data, although MI increased myocardial SCF 
expression in both groups of mice (Figure 4B), the few c-kit+ cells 
detected in the KitW/KitW–v did not express the Ki67 cycling antigen 
as frequently as those in wild-type mice (Figure 4C).

c-kit dysfunction increases apoptosis and decreases mitogenesis. Next, to 
understand the mechanism of cardiac failure in KitW/KitW–v mice, 
we evaluated surrogate measures of cellular proliferation and 
apoptosis. Nearly 15% of nuclei in wild-type mice expressed Ki67 
in the infarct border zone on day 7 after MI (Figure 4, G and H). 
Previous studies have suggested that the majority of the cycling 
cells in infarcted myocardium are cardiac endothelial cells and 
myofibroblasts but not the recruited leukocytes (22). Interest-

ingly, we observed that the percentage of 
cells that expressed the cycling antigen 
Ki67 in the border zone and the remote 
myocardium was significantly dimin-
ished in the KitW/KitW–v mice (Figure 4, G 
and H). At most, only 0.14% of cardio-
myocytes coexpressed Ki67 in Kit+/+ mice, 
ruling out the possibility that absent 
cardiomyocyte regeneration played a 
potential role in the cardiomyopathic 
phenotype of KitW/KitW–v mice. Plotting 
the number of infiltrating c-kit+ cells 
against the number of cells expressing 
Ki67 in the border zone showed a linear 
correlation (Figure 4I). Evaluation of the 
rate of apoptotic cell death by a TUNEL 
assay also showed a difference at day 7, 

with a lower apoptosis rate in the Kit+/+ mice (Figure 4, J and K). 
Thus, greater c-kit+ cell infiltration was associated with increased 
mitogenesis and decreased apoptosis in particular in the infarct 
border zone 7 days after MI.

c-kit dysfunction is associated with abnormal EPC mobilization and func-
tion. To trace back the diminished c-kit+ cell infiltration in the KitW/
KitW–v mice to the bone marrow, we evaluated the impact of MI on 
mobilization of c-kit+ cells into the peripheral circulation. We used 
3 independent assays that included quantification of the number 
of hematopoietic progenitor cells by a semisolid methylcellulose 
CFU assay, quantification of the number of VEGFR2+ cells by 
flow cytometry, and quantification of the number of EPCs by the 
fibronectin adhesion assay. MI in Kit+/+ mice rapidly increased the 
number of circulating VEGFR2+ cells, circulating EPCs, and circu-
lating hematopoietic CFCs (Figure 5, A–C). In KitW/KitW–v mice, no 
increase in the number of such cells was observed (P < 0.05 for all 
3 experiments) (Figure 5, A–C).

Figure 3
c-kit dysfunction is associated with dilated 
cardiomyopathy after MI. (A) Coronary liga-
tion results in a similar volume of myocar-
dium being at risk for infarction and a similar 
volume becoming necrotic within 24 hours. 
n = 3–4 per group. (B) Actuarial survival is 
worse in the KitW/KitW–v mice after coronary 
ligation. n = 86 per group. (C) Echocardiog-
raphy shows rapid decline in cardiac sys-
tolic function (fractional area contraction) 
and rapid ventricular dilation (left ventricular 
end diastolic diameter in the mutant mice). 
n = 5 per group. *P < 0.05. (D) Representa-
tive pressure-volume loops of uninfarcted 
(D0) and infarcted (day 14, D14) Kit+/+ and 
KitW/KitW–v mice. n = 5 per group. Volume 
is indicated on the x axis and pressure on 
the y axis. (E) Representative perfusion-
fixed hearts before (D0) and 6 weeks after 
(D42) coronary ligation. Note the ventricu-
lar dilation in the KitW/KitW–v mouse. n = 5 
per group. (F) Representative H&E-stained 
mid-papillary transverse myocardial sec-
tions depicting the pronounced ventricular 
dilation and larger infarct size in the KitW/
KitW–v mice. n = 5 per group.
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Figure 4
c-kit dysfunction increases apoptosis and decreases mitogenesis. (A) Incubation of bone marrow cells from Kit+/+ mice with 50 ng/ml of 
recombinant SCF causes cell proliferation. KitW/KitW–v bone marrow cells had no response to SCF. (B) After coronary ligation, myocardial 
SCF levels increased in both Kit+/+ and KitW/KitW–v mice. Representative immunoblot of 5 independent experiments is shown. (C) Consistent 
with the in vitro data, the recruited c-kit+ cells in KitW/KitW–v mice had lower index of proliferation as assessed by Ki67 and c-kit staining and 
visualized by confocal microscopy of 10 random ×400 fields. n = 3 per group. *P < 0.05. (D) The total number of c-kit+ cells in KitW/KitW–v mice 
was lower than in Kit+/+ mice. (E) Quantification of the total number of c-kit–expressing cells in the infarcted myocardium. n = 3 per time point 
per group. (F) The Kit+/+ mice had more CD45– c-kit+ cells than KitW/KitW–v mice. n = 3 per group. (G) Nonmyocyte mitogenesis was markedly 
higher in Kit+/+ mice in the infarct border zone. (H) Quantification of general mitogenesis by region and over a time course. n = 3 per time 
point per group. #P < 0.01. BZ, border zone. (I) The number of infiltrating c-kit–expressing cells correlated with the number of cycling cells  
(r = 0.78). (J) Differences in apoptotic cell death as quantified in K were smaller than differences in mitogenesis. n = 3 per time point per group. 
*P < 0.05 versus Kit+/+. Magnification, ×200.
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To test the c-kit–dependent proangiogenic functionality of bone 
marrow cells isolated from Kit+/+ and KitW/KitW–v mice, we cultured 
whole bone marrow cells from the 2 types of mice in the presence 
or absence of SCF. In Kit+/+ cells, coincubation with SCF resulted 
in marked upregulation of the VEGF mRNA (Figure 5D). Angio-
poietin-1 was expressed by both groups and was not induced by 
incubation with SCF (Figure 5D). Angiopoietin-2 was expressed at 
higher levels in the Kit+/+ bone marrow cells (Figure 5D). Enzyme-
linked immunosorbent measurement of VEGF levels in the super-
natant confirmed that Kit+/+ cells incubated with SCF produced 
highest levels of VEGF (Figure 5E). Immunoblotting also showed 
greater angiopoietin-2 production in the Kit+/+ and greater angio-
poietin-1 production in the KitW/KitW–v bone marrow cells (Figure 
5, F and G). Thus, proangiogenic cytokine oscillations may be 
induced by SCF in bone marrow cells only if the c-kit receptor is 

functional, and c-kit functionality is critical for the mobilization 
of c-kit+ cells to the blood and heart after MI.

c-kit dysfunction limits myocardial angiogenesis and formation of repair 
tissue. We next examined the balance of angiogenic cytokines with-
in the infarcted heart to evaluate the influence of bone marrow 
c-kit+ cell mobilization on endothelial mitogenesis and angio-
genesis. Seven days after MI, Kit+/+ hearts had an upregulation of 
VEGF that was principally immunolocalized to the border zone 
(Figure 6, A–C). Concomitantly, myocardial levels of angiopoietin-
2 were increased relative to angiopoietin-1 (Figure 6, D–F). In the 
KitW/KitW–v mice, myocardial VEGF levels were high at baseline, 
but there was no further increase after coronary ligation (Figure 
6A), and no targeting of VEGF to the infarct border zone was evi-
dent (Figure 6, B and C). In contrast to Kit+/+ mice, which had a 
pattern similar to that of angiopoietin expression in other studies 

Figure 5
c-kit dysfunction is associated with abnormal EPC mobilization and function. (A–C) c-kit function is required for the mobilization of hematopoietic 
progenitor cells (HPC), VEGFR2+ PBMCs, and EPCs after MI (n = 5 per group). **P < 0.05 versus Day 0 values; #P < 0.05 versus Kit+/+. (D) RT-
PCR reaction for VEGF, angiopoietin-1 (Ang-1), and angiopoietin-2 from bone marrow cells of Kit+/+ or KitW/KitW–v mice cultured for 7 days in the 
absence or presence of recombinant SCF. SCF led to marked-up regulation of VEGF mRNA only in Kit+/+ mice. Angiopoietin-2 levels were higher 
in Kit+/+ mice. (E–G) Quantification of VEGF by ELISA and angiopoietin-2 and angiopoietin-1 levels by immunoblotting and densitometry from 
cell supernatant described above. SCF caused increased VEGF and higher angiopoietin-2/angiopoietin-1 ratio only in Kit+/+ mice. The values 
are from 3 independent experiments quantified in triplicate. **P < 0.05 versus no SCF values; #P < 0.05 versus Kit+/+.
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Figure 6
c-kit dysfunction limits myocardial angiogenesis. (A) VEGF upregulation by total heart ELISA following MI is abrogated in KitW/KitW–v mice. n = 5 
per group. (B) The VEGF in the KitW/KitW–v mouse myocardium is diffusely present and is not localized to the border zone, as quantified in C. n = 4  
per group. (C) Integrated density value determined by random sampling in 3 ×400 fields per animal. n = 4 per group. (D and E) Kit+/+ responds to 
MI by increasing the ratio of angiopoietin-2 to angiopoietin-1 whereas KitW/KitW–v responds in the opposite fashion. Representative immunoblot is 
shown. Data are quantified by immunoblotting and densitometry from 4 independent experiments in triplicates. (F) Angiopoietin-2/angiopoietin-1 
ratio. **P < 0.05 versus day 0 (D0) values; #P < 0.05 versus Kit+/+. (G) Number of endothelial cells (blue is CD31) in the cell cycle (red is Ki67) 
was quantified using confocal microscopy (actin is green) in 5 random ×400 fields in the border zone. n = 3 per group per time point. Number of 
cycling endothelial cells, which appear magenta in color because of overlap of blue CD31 and red Ki67 staining, was higher in the Kit+/+ mice. 
*P < 0.05. hpf, high-power field. (H) Blood vessel density was assessed by CD31 immunohistochemistry in the border zone. (I) Quantification 
of the number of CD31+ structures from 5 random ×400 fields converted to mm2 showing diminished angiogenic response in KitW/KitW–v mice.  
##P < 0.01. (J) Blood vessel size quantification showing the KitW/KitW–v mice vessels to be fewer and of larger caliber. n = 5 per group.
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(23), the angiopoietin-2 levels were decreased relative to angio-
poietin-1 in the KitW/KitW–v mice (Figure 6, D–F). Thus, reversal of 
angiopoietin ratios in favor of angiopoietin-2, which is necessary 
for release of the endothelial cells from quiescence (24), and the 
microenvironmental increase in border-zone VEGF (25) were both 
absent in KitW/KitW–v mice.

Considering the proangiogenic milieu established in the 
Kit+/+ border zone compared with the KitW/KitW–v mice, we evalu-
ated endothelial mitogenesis and found that a greater number of 
endothelial cells appeared to be in the cell cycle in the Kit+/+ than the 
KitW/KitW–v mice by double immunofluorescence quantification of 
CD31+ cells that expressed Ki67 in their nuclei (Figure 6G). Accord-
ingly, after a day 1 nadir following ligation, the number of border-
zone blood vessels was increased in the Kit+/+ mice as compared with 
the KitW/KitW–v group (Figure 6, H and I). Morphometry demon-

strated that the Kit+/+ blood vessels in the border zone were smaller 
in caliber and more similar to capillaries, suggestive of sprouting 
angiogenesis, in contrast to the markedly enlarged and fewer blood 
vessels in the KitW/KitW–v mice (Figure 6J).

The onset of angiogenesis was closely correlated with repopula-
tion of the infarcted segment with α-SMA–expressing myofibro-
blasts in Kit+/+ mice (Figure 7, A–C). Specifically, the percentage 
of the scar occupied by α-SMA–expressing cells was 30.1% ± 4.1% 
in Kit+/+ mice compared with 16.1% ± 5.1% in the KitW/KitW–v mice  
(P < 0.01) (Figure 7D) 7 days after MI. Thus, the formation of 
granulation tissue composed of myofibroblasts and blood vessels, 
which is a critical aspect of cardiac repair after MI, was significant-
ly attenuated when c-kit was dysfunctional.

Bone marrow rescue also rescues the cardiomyopathic phenotype. Lastly, 
given that the majority of the c-kit+ cells in the heart appeared to 
be from the bone marrow in our chimeric experiments, we evalu-
ated whether the cardiomyopathic phenotype of the c-kit mutant 
could be rescued solely by bone marrow rescue of the mutant mice 
with wild-type bone marrow cells. Chimeric KitW/KitW–v mice were 
engineered whose bone marrow cells were of Kit+/+ origin. As a 
control for the irradiation conditioning protocol used for bone 
marrow replacement, a subgroup of Kit+/+ mice were also irradi-
ated and reinjected with Kit+/+ bone marrow cells. Two weeks after 
coronary ligation, transthoracic echocardiography and invasive 
hemodynamic measurements confirmed that bone marrow rescue 
led to the rescue of the dilated cardiomyopathic phenotype in the 
KitW/KitW–v mice. We observed near complete restoration of systolic 
function and prevention of exaggerated ventricular dilation (Fig-
ure 8, A–C). No significant impact of the irradiation protocol was 
evident in the Kit+/+→Kit+/+ bone marrow transplantation.

Furthermore, bone marrow rescue increased myocardial VEGF 
levels to 1.3-fold above those of nonrescued KitW/KitW–v mice  
(P = 0.01) (Figure 8, D and E). Similarly, myocardial PCNA expres-
sion increased 1.2-fold above that of nonrescued KitW/KitW–v mice. 
Blood vessel count in the infarct border zone showed that bone 
marrow rescue also resulted in a 1.4-fold increase in the number 
of blood vessels in the KitW/KitW–v border zone 7 days after MI  
(P < 0.01) (Figure 8F). Thus, reconstitution of KitW/KitW–v bone 
marrow with Kit+/+ bone marrow rescued the KitW/KitW–v cardio-
myopathic phenotype at the biochemical, histological, morpho-
metric, and functional levels.

Discussion
Given that c-kit function appears to be required for mobiliza-
tion of bone marrow c-kit+ HSC, we reasoned that studying mice 
with attenuated c-kit function would allow us to uncover the 
role of c-kit+ cells in cardiac repair. We found in our compound 
heterozygous c-kit mutant KitW/KitW–v mice that MI leads to rapid 
dilated cardiomyopathy and poor survival, a phenotype that was 

Figure 7
c-kit dysfunction limits the formation of repair tissue. (A) Represen-
tative composite images constructed from 15–20 ×10 magnification 
images demonstrates less α-SMA per infarct area in KitW/KitW–v 7 days 
after MI when compared with Kit+/+ mice. (B) Higher magnification 
images of the border zone and scar area demonstrate that the majority 
of α-SMA–positive cells are localized in the scar region. (C) Quantita-
tive morphometrical analysis shows a significant difference between 
the strains. n = 3 per group per time point. **P < 0.05 versus day 0 
values; #P < 0.01 versus Kit+/+.
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recapitulated in mice in which c-kit was rendered acutely dysfunc-
tional by Gleevec. However, Gleevec also antagonizes Abl, which 
is important to compact-layer expansion during cardiac develop-
ment (26), phosphorylates the Z-disk protein ArgBP2 (27), and 
may affect cardiac function in a c-kit–independent manner. In 

spite of these considerations, the results of the 2 separate experi-
ments are consistent with the notion that c-kit function is impor-
tant to cardiac repair.

We also addressed the source of the majority of the c-kit+ cells 
that are recruited to the infarcted heart. This is important because 

Figure 8
Bone marrow rescue also rescues 
the cardiomyopathic phenotype. 
(A) Representative M-mode echo-
cardiographic images in Kit+/+, 
KitW/KitW–v, and KitW/KitW–v mice 
whose bone marrow was rescued 
by Kit+/+ bone marrow after lethal 
irradiation (Kit+/+ → KitW/KitW–v) 
and Kit+/+ mice who received 
the same dose of irradiation and 
whose bone marrow was reconsti-
tuted from other Kit+/+ mice (Kit+/+ 
→ Kit+/+), showing the prevention 
of ventricular dilation in Kit+/+ → 
KitW/KitW–v mice. (B) Quantifica-
tion of echocardiographic param-
eters: left ventricular end-diastolic 
diameter (LVEDD), left ventricular 
end-systolic diameter (LVESD), 
fractional shortening (FS), and 
fractional area contraction (FAC). 
n = 5 per group. Bone marrow res-
cue prevented ventricular dilation 
and better preserved ventricular 
systolic function. (C) Invasive 
hemodynamic measurements 
2 weeks after coronary ligation. 
Bone marrow rescue also res-
cued parameters of systolic func-
tion, such as ejection fraction 
and dP/dt maximum (max), and 
prevented ventricular dilation, 
but did not affect dP/dt minimum 
(min). n = 5–7 per group. *P < 0.05  
versus Kit+/+; **P < 0.05 versus 
KitW/KitW–v. (D) Bone marrow res-
cue results in higher myocardial 
VEGF levels and greater cell cycle 
activity (PCNA expression). The 
immunoblots are representative 
of 4 independent experiments. (E) 
Quantification of myocardial VEGF 
from 4 independent experiments 
performed in triplicate. (F) Bone 
marrow rescue increases border-
zone blood vessels. n = 5–7 per 
group. *P < 0.05 versus KitW/KitW–v 
(E and F). (G) Recruitment of  
c-kit+ cells from the bone marrow 
to the injured region of the heart is 
cardioprotective because it regu-
lates the myocardial balance of 
angiogenic cytokines.
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c-kit may also define a new cardiac-specific stem cell (8) and abnor-
malities in this cell type may account for part of our observations. 
The cardiac specificity of the c-kit+ cells isolated from the heart was 
previously concluded from the absence of the pan-hematopoietic 
cell-surface marker CD45 on the cells. But CD45 downregulation 
in that subset was not ruled out. In fact, CD45 downregulation 
may be necessary for cellular activation (28–30). To address this 
issue, we constructed chimeric mice whose bone marrow cells were 
donated from GFP transgenic animals. Interestingly, we observed 
that the majority of the c-kit+ cells in the heart carried the GFP 
transgene, strongly suggesting that the cells were of bone marrow 
origin. Although we did not show that the multipotent and clono-
genic c-kit+ cells isolated from the heart are from the bone marrow, 
our results raise the possibility that the putative cardiac c-kit+ stem 
cells are in actuality not from the heart. This observation would 
parallel findings in skeletal muscle tissue where muscle resident 
stem cells were tracked back to a bone marrow origin (31).

We also observed that the recruitment of bone marrow c-kit+ 
cells was correlated with mitogenesis of noncardiomyocytes, sug-
gesting that the recruited c-kit+ cells express mitogens, consistent 
with the prevailing view of the role of c-kit+ EPCs with regard 
to endothelial cells (32–34). In our study, post-MI angiogenesis 
was severely impaired in mice with abnormal c-kit function. This 
observation is also consistent with previous evidence (11, 18, 19, 
35–37). Importantly, administration of intravenous SCF to wild-
type mice can improve post-MI angiogenesis, suggesting that this 
pathway may be overdriven to improve neovascularization (38). In 
the present series of experiments, we also showed that whereas the 
wild-type mice generated more than 700 blood vessels per mm2 in 
the peri-infarct border zone, the KitW/KitW–v mice generated only 60 
blood vessels per mm2, and this deficiency was corrected by prior 
transplantation of Kit+/+ bone marrow cells.

Normal c-kit function was associated with border zone–specific 
increase in VEGF that was accompanied by a reversal of angiopoi-
etin-2/angiopoietin-1 ratio in favor of angiopoietin-2. Angiopoi-
etin-2 is critical in postnatal angiogenesis because it blocks the 
tonic quiescent signal that is delivered by angiopoietin-1. Increased 
angiopoietin-2/angiopoietin-1 ratio potentiates the endothelial 
cells’ responsiveness to VEGF and promotes blood vessel sprouting 
(24). Our blood vessel morphology data are reminiscent of find-
ings in a cornea micropocket angiogenesis assay (39). In that study, 
VEGF in the presence of excess angiopoietin-1 resulted in the for-
mation of fewer neovessels that were large in caliber, and VEGF 
in the presence of excess angiopoietin-2 resulted in the formation 
of a much greater number of smaller vessels of longer length (39). 
Taken together, our data suggest that in infarcted myocardium,  
c-kit+ cells are required to mediate the important transition of 
quiescent to active endothelium, which has been coined as the 
cytokine-mediated angiogenic switch in tumorigenesis (40, 41).

Indeed, bone marrow–derived c-kit+ cells act as the angiogenic 
switch in tumors, and blocking c-kit signaling blocks tumor 
angiogenesis (18–20). Of particular importance to our study, the 
KitW/KitW–v mice are also unable to activate their quiescent vascu-
lature even in the setting of forced epithelial carcinogenesis (18). 
Considering the role of c-kit signaling in mobilization of EPCs 
(16, 17), as also documented in our present study, it is conceiv-
able that this angiogenic switch, partially or in whole, is medi-
ated by the EPCs that are rapidly recruited to sites of physiologic 
and pathologic angiogenesis (42). During the preparation of this 
manuscript, Heissig et al. also noted an absence of EPC mobiliza-

tion in the Sl/Sld mouse, which bears mutations in the c-kit ligand 
(SCF) in response to hind-limb ischemia, further supporting the 
observations in the present report (43). Furthermore, Gleevec is 
also known to suppresses VEGF secretion and limit sprouting 
angiogenesis (44, 45), consistent with our series of observations.

Angiogenesis is an important aspect of granulation repair tissue. 
Infarcted segment stabilization is mediated by the abundant myo-
fibroblast-rich tissue that forms rapidly in the scar (22). The KitW/
KitW–v mice had poor formation of smooth-muscle actin expressing 
granulation tissue. An inability to provide the vascular support 
for the granulation tissue may explain the exaggerated ventricu-
lar dilation after MI in KitW/KitW–v mice (46) although a primary 
defect in the myofibroblast proliferation or differentiation can-
not be ruled out. Interestingly, the KitW/KitW–v mice are protected 
from diastolic failure induced by pressure overload–mediated 
cardiac fibrosis (47). The principal mediator of cardiac fibrosis 
is the myofibroblast population. Interference with formation of 
myofibroblast-rich tissue, therefore, may account for the seem-
ingly opposing observations. Protection from pressure overload 
also highlights that the principle deficiency of the KitW/KitW–v mice 
is unlikely to be at the cardiac progenitor/stem or cardiomyocyte 
level because such a deficiency would be predicted to be detrimen-
tal under both experimental cardiac injuries.

The protection in the mutant mice in the aortic banding model 
was mostly attributed to the known mast cell deficiency of the KitW/
KitW–v mice. Surprisingly, in our model system, very few mast cells 
were present in the infarcted hearts at a time when various other 
parameters were most divergent between the 2 groups of mice. Fur-
thermore, the majority of the c-kit+ cells did not show evidence for 
containing mast cell–specific granules, and the few mast cells that 
were present in the bone marrow chimeric GFP mice did not appear 
to carry the GFP transgene. The latter observation suggests that mast 
cells that home to the infarcted heart do not arise from bone mar-
row progenitors within the 4-week time frame from the bone marrow 
transplantation to coronary ligation. Coupled with our finding that 
bone marrow transplantation in the KitW/KitW–v mice within the same 
time frame rescues the cardiomyopathic phenotype, the data suggest 
that mast cells are unlikely to be major players in cardiac repair in the 
2-week period following an MI in the mouse heart.

In summary, we believe that the activation of the c-kit receptor 
on bone marrow–derived cells is important for their mobilization 
to the infarcted heart, where the cells act to initiate angiogenesis 
and potentiate the formation of myofibroblast-rich repair tissue 
(Figure 8G). Given that the cells are able to modify cardiac repair 
without the requirement to engraft in the heart over the long term, 
a unique therapeutic window is apparent. Bone marrow senescence 
in patients with coronary artery disease may partially underlie the 
inefficient cardiac repair that eventually leads to congestive heart 
failure in these patients. Transplantation of bone marrow cells 
prepared from young allogenic donors may significantly enhance 
cardiac repair, in particular because only temporary engraftment 
of the cells is required.

Methods
For a list of materials, antibody clone information and manufacturers, and 
more detailed protocols, please see the Supplemental Methods.

Mice. Eight- to ten-week-old female C57BL/6, WBB6F1-KitW/KitW–v, and 
Kit+/+ congenic controls, and C57BL/6-TgN(ACTbEGFP)1Osb enhanced 
GFP transgenic mice were from Jackson Laboratory. The C57BL/6-
TgN(ACTbEGFP)1Osb hemizygote mouse has the chicken cytoplasmic 
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b-actin promoter with the cytomegalovirus enhancer elements driving 
the expression of an enhanced GFP cDNA. All tissues, with the exception 
of erythrocytes and hair, fluoresce under excitation light (48).

Animal procedures. The Animal Care Committee of the University Health 
Network approved all experimental procedures, which were in accordance 
with the National Research Council’s Guide for the Care and Use of Laboratory 
Animals (49). Animals were intubated and ventilated with 2% isoflurane. 
Through a thoracotomy, the left coronary artery was ligated. To control 
for the anemia of the KitW/KitW–v mice, acute hemodilution of the C57BL/6 
mice was performed after coronary ligation with aspiration of 15% of 
blood volume from the jugular vein. We injected 2 × 1 ml of normal saline 
intraperitoneally before and after the procedure. The mortality for com-
bined MI and hemodilution was 64%. Gleevec was begun 2 days prior to 
MI, and 10 mg/kg was administered twice a day by oral gavage to the end 
of the study. For bone marrow reconstitution, mice were irradiated (9.5 
Gy). We injected 2.5 × 107 fresh bone marrow cells from donors prepared 
in aseptic fashion into the tail vein. After 4–6 weeks, reconstitution was 
assessed. Determination of myocardial volume excluded from circulation 
by coronary ligation and infarcted myocardial volume were performed by 
Evans blue and triphenyltetrazolium chloride staining.

Cardiac function and geometry. Under isoflurane anesthesia, a micro-
manometer and conductance 1.4 French catheter (SPR-839 Millar Instru-
ments) was introduced into the left ventricle through the right carotid 
artery. After stabilization, the signals were continuously recorded at a sam-
pling rate of 1000/s using pressure-volume conductance system coupled to 
a PowerLab/4SP analog to digital converter (ADInstruments). All pressure-
volume loops were analyzed by using a cardiac pressure-volume analysis 
program (PVAN 3.3; Millar Instruments). Echocardiographic recording 
was performed under ketamine/xylazine sedation using a Sequoia C256 
System (Siemens). M-mode and 2D images were obtained in parasternal 
short axis at the level of the papillary muscles. Cardiac measurements were 
completed off-line as detailed in the Supplemental Methods.

Forty-two days after MI, hearts were arrested, perfusion-fixed at physi-
ologic pressures using buffered 10% formalin, weighed, cut into 1-mm sec-
tions, photographed for morphometric measurements using computer-
ized planimetry, and sectioned for histology.

In vitro experiments. We plated 5 × 105 fresh bone marrow cells from 
Kit+/+ and KitW/KitW–v mice in 2 ml of Iscove’s Modified Dulbecco’s Media 
supplemented with fetal bovine serum, β-mercaptoethanol, and antibiot-
ics in 6-well plates in the presence or absence of 50 ng/ml of recombinant 
murine SCF. Cells were incubated for 7 days in humidified 37°C incuba-
tors with 5% CO2 and supplemental oxygen without changing the medium. 
Cell number and size were assessed by an automated cell counter using 
incremental size gates (Beckman Coulter). Cells and supernatant were then 
collected for biochemical analysis.

Microscopy. For determination of cardiac structural features, including 
measurement of myocyte hypertrophy and evaluation of collagen matrix 
structure, transverse myocardial sections from hearts perfusion fixed at 

physiologic pressures were used. For confocal microscopy, frozen sections 
embedded in OCT compound (Sakura) were used to minimize the auto-
fluorescence of infarcted myocardium.

Flow cytometry. A single-cell suspension of 5 × 105 cells was blocked with 
5% BSA, incubated with CD45, c-kit, Sca-1, VEGFR2, or IgG isotype control 
antibodies (1 μg/106 cells), and subjected to flow cytometry using EPICS XL-
MCL flow cytometer and Expo32 ADC Xa software (Beckman Coulter).

Immunoblotting and RT-PCR. Immunoblotting was performed as per 
routine protocol detailed in Supplemental Methods. For quantification, 
densitometry of the protein band of interest was divided by the corre-
sponding densitometry of the actin band using AlphaImager 2200 soft-
ware. Reported values were normalized to pre-injury (D0) or to no SCF 
Kit+/+ values, which were arbitrarily assigned the value of 1. For Gleevec dose 
response, the drug was dissolved at pH 4.0 in water and diluted in Iscove’s 
Modified Dulbecco’s Medium to a range of 1 to 100 μM.

Total RNA was extracted from bone marrow cells by Trizol reagent as 
per manufacturer’s instructions. RT-PCR was performed using 1 μg of 
total RNA for 25–35 cycles to ensure amplification in the linear range. The 
primer sequences are listed in the Supplemental Methods.

Statistics. Data are presented as mean ± SEM. Statistical analysis between 
2 groups was carried out using an unpaired 2-tailed nonequal variance 
Student’s t test. Time course and multigroup analyses were carried out 
using ANOVA. Tukey’s or Bonferroni’s post-test were used to detect data 
points at which differences between groups reached statistical significance. 
Survival data were analyzed by Kaplan-Meier survival curves and log-rank 
statistics. P < 0.05 was considered statistically significant.
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