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Abstract
The cardiomyogenic potential of adult bone marrow (BM) cells following their direct transplantation
into the ischemically injured heart remains controversial. Here, we investigated the ability of
transplanted BM cells to develop intracellular calcium ([Ca2+]i) transients in response to membrane
depolarization in situ. Low-density mononuclear (LDM) BM cells, c-kit-enriched (c-kitenr) BM cells,
and highly enriched lin− c-kit+ BM cells, were obtained from adult transgenic mice ubiquitously
expressing enhanced green fluorescent protein (EGFP) and injected into peri-infarct myocardium of
non-transgenic mice. After 9–10 days the hearts were harvested, perfused in Langendorff mode,
loaded with the calcium-sensitive fluorophore rhod-2, and subjected to two-photon laser scanning
fluorescence microscopy to monitor action potential-induced [Ca2+]i transients in EGFP-expressing
donor-derived cells and non-expressing host cardiomyocytes. Whereas spontaneous and electrically
evoked [Ca2+]i transients were found to occur synchronously in host cardiomyocytes along the graft-
host border and in areas remote from the infarct, they were absent in all of the more than 3,000 imaged
BM-derived cells that were located in clusters throughout the infarct scar or peri-infarct zone. We
conclude that engrafted BM-derived cells lack attributes of functioning cardiomyocytes, calling into
question the concept that adult BM cells can give rise to substantive cardiomyocyte regeneration
within the infarcted heart.

Introduction
Conflicting data exist as to the ability of adult bone marrow (BM) cells to give rise to
cardiomyocytes within the injured heart.1 The possibility of cardiomyocyte formation by adult
BM-derived stem cells was initially demonstrated in a study by Bittner et al. [2], who observed
dystrophin-expressing cardiomyocytes in mdx mice following BM reconstitution with wild-
type donor cells. Subsequently, Jackson and co-workers [3] induced myocardial ischemia/
reperfusion injury in mice following BM reconstitution with so-called side population cells
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that were genetically engineered to express β-galactosidase. Donor-cell derived
cardiomyocytes were detected in the peri-infarct zone, albeit at a very low prevalence (0.02%).
A study by Xaymardan et al. [4] showed that a small percentage of fluorescently labeled
unfractionated BM cells obtained from adult rats can acquire a cardiomyocyte phenotype in
an infarct transplantation model. Similarly, fluorescently tagged BM mononuclear cells from
patients with previous myocardial infarction were shown to transdifferentiate into
cardiomyocytes when seeded on cyroinjured mouse ventricle in culture.5

A limited number of studies reported extensive myocardial regeneration from BM-derived cells
within the infarcted heart.6,7 In these latter studies, female mice were subjected to permanent
coronary artery ligation and c-kit-positive BM cells from adult male transgenic mice
ubiquitously expressing enhanced green fluorescent protein (EGFP) were directly injected into
the viable peri-infarct region. De novo formation of donor cell-derived cardiomyocytes was
assessed by co-staining for cardiomyocyte-specific markers plus Y chromosome or EGFP. By
this approach, it was demonstrated that transplanted BM cells could give rise to millions of
new cardiomyocytes by 9 days after intracardiac injection, resulting in partial replacement of
the scar with functioning muscle. The concomitant improvement of left ventricular contractility
lead the authors to suggest that de novo cardiomyocytes became electromechanically integrated
and were thus capable of directly contributing to the overall pump function of the injured heart.

Numerous other studies have failed to observe cardiomyogenic differentiation from adult BM-
derived donor cells. For example, Balsam and co-workers [8] demonstrated that purified
populations of adult hematopoetic stem cells (HSCs) obtained from transgenic mice widely
expressing EGFP transiently engrafted within the infarcted myocardium, but did not express
cardiac tissue-specific markers. Rather, most of the donor-derived cells expressed the pan-
hematopoetic marker CD45 and the myeloid marker Gr-1. Nygren and co-workers [9] did not
observe cardiomyogenic transformation of unfractionated BM cells or c-kit+ enriched HSCs
following engraftment within the infarcted mouse myocardium, as evidenced by the absence
of cardiomyocyte-specific immune reactivity in the donor cells. Finally, Murry et al. [10]
utilized cardiomyocyte-restricted transgenes (expressing either beta-galactosidase or EGFP
under the regulation of the alpha-cardiac Myosin Heavy Chain promoter) as well as a
ubiquitously expressed EGFP reporter transgene (in conjunction with histochemical analyses)
to track the fate of two purified populations of BM-derived HSCs (lin− c-kit+ and lin− c-kit+
sca-1+ cells) following their transplantation into injured hearts. Although donor cells engrafted
in the damaged muscle, no transdifferentiation events were detected as evidenced by the lack
of expression of a cardiomyocyte-restricted reporter transgene, as well as the absence of
cardiomyocyte-specific immune reactivity in the donor cells.10

Collectively, regeneration of cardiomyocytes from adult BM-derived cells within the injured
heart remains highly controversial, despite the use of seemingly identical donor cells and
experimental conditions. Here we elected to use an assay which relied on examination of
function, rather than potentially subjective immune histologic endpoints, to examine the
regenerative potential of adult BM-derived cells in the infarcted heart. Specifically, we
systematically probed the ability of engrafted BM-derived cells to develop intracellular calcium
([Ca2+]i) transients in response to membrane depolarization within the intact heart, using a
previously developed two-photon laser scanning microscopy (TPLSM)-based imaging
technique.11,12 A side-by-side comparison of low-density mononuclear (LDM) BM cells, c-
kit-enriched (c-kitenr) BM cells, and highly enriched hematopoetic stem cells (lin− c-kit+ BM
cells), obtained from adult transgenic mice ubiquitously expressing EGFP, was performed. We
demonstrate that all donor cell types were efficiently engrafted in the infarcted tissue of non-
transgenic recipient hearts at 9 days following cell injection. However, while spontaneous and
electrical stimulation-induced [Ca2+]i transients were observed to occur synchronously in host
cardiomyocytes along the graft-host border, they were absent in all of the more than 3,000
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imaged BM-derived cells that were located in clusters within the infarct scar or border zone.
These results indicate that engrafted BM-derived cells lack fundamental attributes of
functioning cardiomyocytes and further call into question the concept that adult BM cells can
give rise to substantive cardiomyocyte regeneration within the infarcted heart.

Results
Donor cell preparation

ACT-EGFP mice were used to isolate donor BM cells. These mice express EGFP under the
control of the chicken β-actin promoter.13 In control experiments, a comparison of 10-µm
sections obtained from adult ACT-EGFP and wild-type hearts under epifluorescence
illumination demonstrated that all cardiomyocytes in the transgenic hearts expressed EGFP
throughout the cytoplasm and nuclei (Fig. 1). Kinetics of electrically evoked [Ca2+]i transients
in adult ACT-EGFP hearts were indistinguishable from those in wild type hearts (not shown).
From these observations we expect any BM-derived cardiomyocytes from ACT-EGFP mice
to stably express EGFP, and to function normally.

Three different donor BM cell populations were studied, namely low-density mononuclear
(LDM) BM cells, c-kit-enriched (c-kitenr) BM cells, and highly enriched lineage negative
(lin−) c-kit+ BM cells. LDM BM cells were isolated using a density centrifugation protocol as
published previously.9 c-kitenr BM cells were isolated using magnet-activated cell sorting.
Flow cytometry analyses of the c-kitenr BM cells demonstrated that the percentage of c-kit-
positive cells in the eluted (i.e., labeled) fraction from the magnetic column was ca. 5- to 6-
fold larger than that in the eluent (i.e. unlabeled) fraction (Fig. 2A). The c-kitenr BM cell
population was further assayed for the expression of EGFP and a variety of surface antigens.
Prior to enrichment, 35% (dotted area in Fig. 2B) of the cells in the initial LDM BM preparation
were EGFP positive (Fig. 2C). We confirmed the percentage of EGFP-expressing cells in
additional epifluorescence analyses. Our number is in good agreement with previous studies
using EGFP reporter transgenes to track the cardiomyogenic potential of marrow-derived cells.
7,14 c-kitenr BM cells were 45% negative for a cocktail of antibodies recognizing mature
hematopoetic cells, including lymphocytes, monocytes, granulocytes, neutrophiles, and
erythrocytes (Fig. 2D). Markers for hematopoetic stem and progenitor cells (CD34, sca-1,
flk-1) were present in 4% (flk-1) to 21 % (sca-1) of the c-kitenr BM cell population (Fig. 2E–
G). Restricting the flow cytometry analysis to the subfraction of EGFP-positive cells within
the c-kitenr BM cell population did not alter the expression profile of surface antigens (see
Supplementary Fig. 1), suggesting that the presence of the fluorescent protein does not impart
negative or positive selections on BM subpopulations. Highly enriched lin− c-kit+ BM cells
were prepared by first removing cells expressing hematopoetic lineage markers via magnetic
immunobead subtraction.15 This lin− fraction was then reacted with an anti-c-kit monoclonal
antibody and separated by FACS into c-kit+ and c-kit− cells (Fig. 2H). Lin− cells that showed
c-kit expression levels 2-fold to 100-fold higher than EGFP−/c-kit− cells were used for
intracardiac transplantation (only EGFP-expressing cells were used).

ACT-EGFP BM-derived cells stably engraft infarcted myocardium
The peri-infarct regions of non-transgenic hearts were injected with 100,000 LDM, c-kitenr or
lin− c-kit+ BM cells. The hearts were subsequently harvested and processed to monitor scar
formation and donor cell viability, using Sirius Red/Fast Green histochemical staining and a
chromogenic anti-EGFP immune reactivity assay, respectively. Analysis was performed at 9
to 10 days post-engraftment, as previous studies had suggested extensive cardiomyocyte
regeneration from lin− c-kit+ BM cells within this time period.6,7,16 Fig. 3 shows
representative examples of grafts generated with each cell type. In accordance with previous
observations,6,7,8,9,10,16 we found high levels of EGFP+ cells that were primarily located in
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clusters throughout the infarcted tissue and in the bordering peri-infarct zone rather than in the
viable myocardium. Thus, all three BM-derived donor cell types survived and efficiently
engrafted infarcted myocardium.

It had been reported previously that green autofluorescence can be mistaken as EGFP
fluorescence in the ischemically injured heart under epifluorescence illumination.17 TPLSM
imaging of peri-infarct regions in Langendorff-perfused mouse hearts similarly revealed
strongly autofluorescent structures. They could however be reliably distinguished from EGFP
fluorescence on the basis of their distinct emission profiles under the vital imaging conditions
used in this study (for details, see Supplementary Data and Supplemenrary Fig. 2).

Engrafted donor-derived cells lack electrically evoked [Ca2+]i transients
We next investigated the functional fate of ACT-EGFP BM-derived cells following
transplantation into peri-infarct regions. Hearts receiving LDM BM cells were examined first.
Hearts were harvested 9 or 10 days following BM cell injection, loaded with rhod-2 (a calcium-
sensitive fluorescent dye) and subjected to TPLSM imaging. Imaging was initially performed
along the graft/host border as the presence of [Ca2+]i transients in host cardiomyocytes within
the same microscopic field provided a good positive control. A representative frame-mode
image obtained during remote point stimulation at 4 Hz is shown in Fig. 4A. A cluster of small
(< 10 µm diameter), round donor-derived cells, readily identifiable by virtue of their EGFP
fluorescence, were present adjacent to the peri-infarct border zone of the host myocardium.
Host cardiomyocytes located on either side of the BM cell graft exhibited periodic increases
in rhod-2 fluorescence (denoted by asterisks), reflecting cyclic increases in intracellular free
calcium triggered by propagated action potentials. The calcium responses in these cells appear
to be in synchrony and at the same frequency as remote stimulation, indicating that they are
functionally coupled to the remote myocardium outside the peri-infarct region. In contrast, no
[Ca2+]i transients were detectable in the cluster of EGFP-expressing donor-derived cells.

We also obtained line-scan images from the graft/host border by repeatedly scanning at a high
rate (500 Hz) along the white line in panel A of Fig. 4 during remote electrical stimulation at
4 Hz. The scan line traversed a host cardiomyocyte, a juxtaposed capillary, and a small donor-
derived cell. The line scans were then stacked such that the y-axis represents time and the x-
axis represents distance (Fig. 4B). Spatially averaged traces for the red and green fluorescence
signal were then generated from the line-scan data (Fig. 4C). These traces confirm the presence
of action potential-evoked calcium responses in the host cardiomyocytes, and absence of
calcium responses in the neighboring LDM BM-derived cells. A series of X, Y scans taken at
4-µm z-steps along the graft/host border during continuous electrical point stimulation at 4 Hz
similarly did not reveal calcium responses in the cluster of donor-derived cells (Fig. 4D).

To exclude the possibility that the absence of spontaneous and remote stimulation-evoked
[Ca2+]i transients in donor-derived cells results from a lack of electrical coupling between
donor and host cells (rather than from an intrinsic inability to raise cytosolic calcium in response
to membrane depolarization), we also monitored changes in [Ca2+]i during electrical field
stimulation (100 V, 2 ms, 3 Hz). Under these conditions, development of [Ca2+]i transients is
no longer dependent on intercellular action potential propagation. Electrical field stimulation
readily evoked [Ca2+]i transients in host cardiomyocytes at sites remote from the graft as well
as in areas bordering donor cell clusters, but not in donor-derived cells within the clusters.
Collectively, these data indicate that engrafted LDM BM-derived cells within the infarcted
tissue lack the ability to transiently raise cytosolic calcium in response to electrical membrane
excitation. Similarly, no [Ca2+]i transients were inducible in BM-derived cell clusters in the
center of the scar during spontaneous sinus rhythm, remote electrical point stimulation, or
electrical field stimulation. A total of > 300 LDM BM-derived cells imaged and distributed
among 8 animals were shown to lack spontaneous or electrically evoked [Ca2+]i transients.
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We next examined the functional fate of c-kitenr and lin− c-kit+ BM cells following their direct
injection into peri-infarct regions. Representative TPLSM images obtained from hearts 9 days
after transplantation of either donor cell type are shown Fig. 5 and Fig. 6. Frame-mode and
line-scan mode images revealed synchronous and periodic increases in rhod-2 fluorescence in
host cardiomyocytes at the graft/host border during electrical point stimulation at 4 Hz, but not
in donor-derived cell clusters, which in many cases appeared to be in physical contact with
functioning host myocytes (see panels A in Fig. 5 and Fig. 6). Line scan data (panels B in Fig.
5 and Fig. 6) was used to generate spatially averaged traces for the green and red fluorescent
signals (panels C in Fig. 5 and Fig. 6), which confirmed the presence and absence, respectively,
of action potential-evoked [Ca2+]i transients in host cardiomyocytes and donor-derived cells.
Electrical field stimulation also failed to evoke cytosolic calcium transients in these donor-
derived cell populations. Moreover, we did not detect spontaneous or electrically evoked
calcium responses in donor-derived cells located within the infarct scar remote from
functioning host cardiomyocytes. Identical results were obtained in a total of >1,700 and
>1,300 donor-derived cells following transplantation of c-kitenr and lin− kit+ BM cells,
respectively. These cells were distributed among 10 independent animals per group. Thus, our
results indicate that the clustered EGFP-expressing cells, whether they were derived from
LDM, c-kitenr, or lin− c-kit+ BM cells, lack the ability to develop cytosolic calcium transients
in response to membrane depolarization, and consequently do not function as cardiomyocytes
following direct transplantation into ischemically injured heart muscle.

Donor BM cells express hematopoetic lineage markers
Further evidence that the transplanted BM cells do not adopt a cardiomyocyte phenotype was
obtained by immunohistological analyses. At 9 days after transplantation, immune staining
revealed that clusters of EGFP-expressing cells, irrespective of the transplanted donor cell type,
engrafted the infarct scar or infarct border zone (Fig. 7A, D and G), and expressed the pan-
hematopoetic cell surface antigen CD45 (Fig. 7B, E and H), suggesting differentiation into
mature hematopoetic cells. Morphologically, CD45- and EGFP- double positive cells
predominately exhibited a round shape, compatible with a hematopoetic phenotype (Fig. 7C,
F and I). Occasionally, they had a more elongated shape reminiscent of the CD-45-positive
fibroblast population recently described by Haudek and co-workers [18] (Fig. 7J and K).
Moreover, immunestaining with an anti-α-actinin antibody revealed that no EGFP expressing
cell exhibited sarcomeric structure. In contrast, sarcomeric structure was readily apparent in
host cardiomyocytes (Fig. 7L).

Limitations of the TPLSM imaging system
Accurate discrimination of donor cell rhod-2 fluorescence intensities from host cell
fluorescence is crucial to unambiguously determine the functional state of individual donor
cell-derived, EGFP-expressing cells in situ. All of the results presented above focused on the
analysis of clusters of donor-derived cells, where interference from host cell rhod-2
fluorescence is not problematic. However, it was not clear if the TPLSM system has sufficient
resolution on the z-axis to discriminate between donor vs. host cell rhod-2 fluorescence when
imaging isolated donor cells closely juxtaposed to host cardiomyocytes, particularly given the
small size of the engrafted EGFP-expressing BM-derived cells. Preliminary control
experiments to address this caveat entailed image analysis of a non-engrafted, rhod-2 loaded,
isolated perfused heart. Serial optical sections were recorded at 2.0-µm axial intervals across
a bifurcated capillary during continuous electrical point stimulation at a rate of 4 Hz. Action
potential-induced rhod-2 transients were visible as ripple-like wave fronts which encompass
the entire width of the field of view, even when the focal plane is moved into the capillary
lumen (Fig. 8A, arrows). X, Z reconstructions of the same capillary during continuous electrical
stimulation confirmed the apparent presence of rhod-2 transients within the capillary lumen
(Fig. 8B, arrows). Identical observations were made in three more hearts. These findings
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indicate a degradation of spatial resolution at depth in living cardiac tissue under our imaging
conditions. Measurements of the three-dimensional fluorescence profile of 1-µm fluorescent
spheres following intracoronary injection into Langendorff-perfused heart revealed that a
marked axial, but not lateral, broadening of the two-photon excitation volume underlies the
decline of spatial resolution at depth (see Supplementary Data and Supplementary Fig. 3).
Consequently, the apparent occurrence of rhod-2 transients within the capillary lumen (Fig.
8A and B) reflects contamination from rhod-2 signals originating in cardiomyocytes both
below and above the imaged capillary. Because we found that the axial dimension of a
perfusate-filled capillary lumen in a Langendorff-perfused mouse heart is typically 8 – 10 µm
(measured from z-stacks taken across capillaries as shown in Fig. 8), we estimate that rhod-2
signals sampled from voxels located within at least a 5-µm axial distance from a donor-host
cell interface will represent variable contributions from both cell types. Given this, and given
the dimensions of the engrafted BM-derived EGFP expressing cells, the TPLSM imaging
system cannot be used to screen for the presence of [Ca2+]i transients in isolated donor cells
when they are closely juxtaposed to host cardiomyocytes on the z-axis.

Discussion
The data presented here confirm the ability of adult LDM, c-kitenr, and lin− c-kit+ BM cells to
efficiently engraft when directly injected into hearts of mice subjected to acute coronary artery
ligation. In accordance with previous observations,6,7,8,9,10,16 we found that the vast
preponderance of donor-derived cells were located in clusters throughout the infarcted tissue
and the bordering peri-infarct zone 9 days after artery occlusion. TPLSM imaging revealed
that while spontaneous or remote point stimulation-evoked [Ca2+]i transients were observed
to occur synchronously in host cardiomyocytes along the graft-host border, they were absent
in all imaged BM-derived cell clusters, irrespective of the donor cell type. Electrical field
stimulation was equally ineffective in triggering [Ca2+]i transients in these cells. Together, our
results indicate that the imaged donor-derived cells within the infarct scar are electrically
inexcitable and/or unable to transiently raise cytosolic calcium in response to membrane
depolarization. This result is consistent with the complete absence of sarcomeric alpha-actinin
immune reactivity, and the presence of CD45 immune reactivity, in the EGFP-expressing
donor-derived cells.

Our data also show that the TPLSM imaging system has limits with regards to axial resolution.
Previous calculations have predicted that two-photon fluorescence excitation (and thus
emission) in tissue is confined to less than femtoliter volumes around the focal point of a 1.2-
numerical aperture water immersion objective, with <1 µm resolution in the z direction.19,
20,21 Wave front aberrations caused by the refractive index structure of the specimen have
been known to compromise three-dimensional resolution in multiphoton laser scanning
fluorescence microscopy.22,23 Both theoretical and experimental approaches have shown that
refractive index mismatch-induced optical aberrations cause a gradual decline primarily in
axial resolution with increasing imaging depths into living biological, i.e. aqueous, specimens,
even when water immersion objectives are used. In line with these observations, we found a
significant axial broadening of the two-photon excitation volume with increasing distance of
the focal plane from the epicardial surface of living, buffer-perfused mouse hearts,
compromising the ability of our imaging system to properly discriminate donor cell-derived
from host cell-derived rhod-2 signals within an axial distance of several microns from the
donor-host interface. Our attempts to enhance the axial resolution by introducing a pinhole in
the detection path resulted in near loss of the fluorescence signal at depth (data not shown), in
accordance with previous reports.24

These physical constraints of the TPLSM imaging preclude its ability to discriminate the origin
of rhod-2 fluorescence signals in small donor cells when they are closely juxtaposed to host
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cardiomyocytes. Consequently, the system cannot be used to screen for the presence of
functional attributes in isolated EGFP-expressing BM-derived cells that are located within a
few microns from adjacent cardiomyocytes in the z-axis, given their small size. It is of interest
to note that a TPLSM-based imaging approach was used in a recent study to demonstrate that
some donor-derived cells apparently develop electrical stimulation-evoked rhod-2 transients
in synchrony with host cardiomyocytes following engraftment into infarcted hearts.16
However, control experiments demonstrating sufficient in situ z-axis spatial resolution to
discriminate between signals originating in donor and host cells under the experimental
conditions employed were lacking. Given the z-axis signal deterioration reported by us and
others,22,23 it is highly possible that the rhod-2 transients observed in donor-derived cells in
that study arose as a consequence of fluorescence contamination from juxtaposed host
cardiomyocytes, and does not represent intrinsic cardiomyogenic activity in the donor cell.

Collectively, our results are incompatible with previous studies suggesting that engrafted BM-
derived cells exhibit both functional and structural characteristics of cardiomyocytes in situ
(see Introduction). The underlying basis for this is not clear. Given the simplicity of isolation,
it is unlikely that the LDM BM cells used here differed from those in studies which reported
cardiomyogenic activity.4,5 Similarly, flow cytometry analyses revealed that the scored
attributes of the c-kitenr BM cells and lin− c-kit+ BM cells used here (Fig. 2 and Supplementary
Fig. 1) appeared identical to those reported by others in studies reporting cardiomyogenic
activity.6,7 Thus it is unlikely that overt differences in the cellular composition of donor cell
populations can explain the discrepancies in study outcome.

EGFP may selectively destroy a BM-derived cardiogenic precursor line, as previous studies
revealed that the protein could be cytotoxic.25,26 EGFP could also negatively interfere with
cardiomyogenic activity. Finally, instability in EGFP fluorescent over time could give rise to
a false negative result.8 Several observations argue against these possibilities. First, the surface
antigen expression profile in EGFP-expressing c-kitenr BM cell population was identical with
that in the entire, EGFP-positive and -negative, c-kitenr population (see Supplementary Fig. 1).
Second, adult ACT-EGFP cardiomyocytes stably express the fluorescent protein and function
normally. Third, Orlic and co-workers [6] found that the percentage of engrafted BM-derived
bona fide myocytes co-expressing EGFP and cardiomyocyte-specific markers was similar to
that of EGFP-expressing c-kit-positive cells pre-transplantation, suggesting that EGFP does
not negatively influence the transformation of BM cells into bona fide cardiomyocytes. Thus
it is unlikely that the reporter gene negatively impacted cardiomyogenic activity in the current
study.

On the other hand, our results are in excellent agreement with those of a number of previous
studies that were conducted independently in different laboratories.8,9,10,27 These studies
exclusively relied on molecular analyses to follow BM cell fate following transplantation (see
Introduction). In the present study, cross checking the results of functional and
immunohistological analyses provided additional strong evidence that engrafted adult LDM
BM cells, c-kitenr BM cells, and lin− c-kit+ BM cells do not give rise to high levels of
functionally competent cardiomyocytes following direct injection into hearts of mice subjected
to acute myocardial infarction. These data suggest that any functional improvement seen in
infarcted hearts receiving BM cell transplants, both in animal studies and clinical trials, is likely
to reflect a beneficial effect imparted upon the surviving, pre-existing myocardium, rather than
a direct contribution of electromechanically integrated BM-derived de-novo cardiomyocytes.
Possible mechanisms that underlie improvement in functional outcome following direct BM
cell transplantation into ischemically injured myocardium appear to involve paracrine effects,
resulting in prevention of cardiomyocyte apoptosis28, preservation of cardiomyocyte
function28, and induction of angiogenesis29,30.
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Materials and Methods
All studies have been approved by the Institutional Review Board at the Indiana University
School of Medicine.

Isolation of bone marrow cells for intracardiac transplantation
Bone marrow was obtained from the tibias, femurs, and iliac crests of 6-8-week-old
heterozygous C57BL/6-Tg(ACTB-EGFP)1Osb/J mice of either sex (Jackson Laboratories,
Bar Harbor, ME). This transgenic mouse line (designated ACT-EGFP) ubiquitously expresses
enhanced green fluorescent protein (EGFP) under the control of the chicken β-actin promoter
and cytomegalovirus enhancer. Three different subsets of BM cells were collected for
intracardiac transplantation:

i) unfractionated low-density mononuclear BM (LDM) cells—The suspension of
whole BM cells was overlaid with sodium metrizoate (Histopaque, Sigma, St. Louis, MI)
solution (1.083 g/ml) and centrifuged at 740g for 25 min. The low-density cells were harvested,
washed and suspended (100,000 cells in 3 µL PBS) in preparation for intracardiac injection.

ii) c-kit enriched (c-kitenr) BM cells—LDM BM cells were reacted with a biotin-
conjugated anti-mouse c-kit monoclonal antibody (clone ACK-4) and subsequently stained
with streptavidin-phycoerythrin (SA-PE; Invitrogen Inc., Carlsbad, CA). The ACK-4/biotin/
SA-PE – labeled cells were then incubated with anti-PE magnetic immunobeads (Miltenyi
Biotec, Auburn, CA) and separated by magnet-activated cell sorting into c-kit+ and c-kit−
fractions. Cells expressing high levels of c-kit were used for intracardiac injection (c-kitenr

group).

iii) lineage-depleted BM cells expressing high numbers of c-kit receptors (lin−
c-kit+ cells)—LDM BM cells were incubated with a mixture of rat monoclonal antibodies
directed against the following murine hematopoetic cell lineage –specific surface markers: B
lymphocytes (B220), T lymphocytes (CD4 and CD8), granulocytes (Gr-1), myelomonocyic
cells (Mac-1), and erythroid cells (Ter-119) (Pharmingen, San Diego, CA)15. Antibody-
labeled lin+ cells were depleted using magnetic immunobeads (Miltenyi Biotec). The lineage-
depleted cell population was then collected and incubated with a PE-conjugated anti-c-kit
monoclonal antibody (clone ACK-4; Cedarlane Laboratories, Burlingtion, NC). Stained cells
were sorted using a Becton-Dickonson cell sorter (Becton-Dickinson, Franklin Lakes, NJ)
based on number of c-kit receptors and levels of EGFP expression. Lin− cells expressing high
levels of both c-kit and EGFP were used for intracardiac transplantation (lin− c-kit+ group).

Flow cytometry analyses of c-kitenr BM cells
In a separate set of experiments, we determined the expression levels of different markers on
the surface of ACT-EGFP c-kitenr BM cells using flow cytometry. c-kitenr BM cells were
collected from heterozygous ACT-EGFP mice as described above. Because eluted cells were
already reacted with CD117 that was developed by a PE-conjugated second step reagent,
aliquots of these cells were stained with other markers for analysis including PE-Cy5-
conjugated sca-1, flk-1 APC, a cocktail of APC-conjugated lineage markers (CD3e, CD11b,
CD45R/B220, Gr-1, and TER119), and biotinylated CD34 that was further developed with
streptavidin-conjugated APC-Cy7. Each aliquot was subsequently analyzed by flow cytometry
to determine expression levels of these surface markers in the c-kitenr cell population.

Coronary artery ligation and intracardiac grafting
Ten- to twelve-week-old, non-transgenic C57BL/6 mice were endotracheally intubated and
ventilated with a rodent ventilator (Harvard Apparatus, Holliston, MA). Anesthesia was
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maintained with inhalational isoflurane. A thoracotomy was performed and an 8-0
polypropylene ligature was placed around the distal left anterior descending coronary artery
as described previously.10 One hundred thousand donor cells suspended in 3 µL PBS were
injected into the anterior and posterior infarct border zones of the ischemic myocardium 3–5
h after coronary ligation. The chest was closed and the animals were weaned from the ventilator
and extubated.

Imaging of intracellular calcium transients using TPLSM
Imaging of intracellular calcium ([Ca2+]i) transients in Langendorff-perfused hearts was
performed as described previously.11,12 All hearts were subjected to TPLSM imaging at 9 or
10 days after intracardiac delivery of BM cells. Calcium responses in donor-derived cells and
host cardiomyocytes were monitored during spontaneous sinus rhythm, electrical point
stimulation at a site remote from the graft, and electrical field stimulation. For a more detailed
description of the imaging approach see Supplementary Information.

Immunohistochemistry
Hearts were harvested 9 days after intracardiac injection of BM cells, washed in PBS, immersed
in fixation solution (1% para-formaldehyde and 1% cacodylic acid in PBS) for 48 hours at 2
to 4 °C, cryoprotected in 30% sucrose, and frozen in optimum cutting temperature compound.
Ten-µm cryosections were obtained and stained for EGFP alone (rabbit anti-EGFP; Millipore,
Billerica, MA) and developed with diaminobenzidine, or were stained with an anti-CD45
primary antibody (rat anti-CD45; Pharmingen), visualized with an Alexa555-conjugated
secondary antibody (Invitrogen) in combination with a FITC-conjugated goat anti-GFP
antibody (Novus Biologicals, Littleton, CO), and nuclear stained with 4,6-diamidino-2-
phenylindol dihydrochloride (DAPI; Molecular Probes). Tissue α-actinin immunereactivity
was detected by a mouse monoclonal antibody (Sigma) and visualized with a rhodamine-
conjugated secondary antibody (Millipore). Hematoxylin & Eosin and Sirius Red/Fast Green
stainings were performed as described previously.31

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative epifluorescence images of 10-µm sections obtained from adult hearts of an
ACT-EGFP transgenic (TG) mouse and its non-transgenic (NTG) littermate. Sections were
stained with Hoechst. Images for EGFP (green) and Hoechst (blue) fluorescence were merged.
Imaging parameters were identical for both sections.
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Figure 2.
Analysis of c-kitenr (panels A–G) and highly enriched lin− c-kit+ (panel H) BM cells. (A)
Representative flow cytometry dot plots of the eluted (positively labeled; right panel) and
eluent (unlabeled; middle panel) fraction of c-kitenr BM cells based on levels of EGFP (X axis)
and c-kit (Y axis) expression. Left panel shows isotype control. Axes are log-scaled. (B – G)
Flow cytometry analyses of surface antigen expression in ACT-EGFP c-kitenr BM cells. c-
kitenr BM cells were selected for c-kit+ (CD117+) cells using MACS as described in Materials
and Methods. (B) Light scatter gating of eluted cells identified approximately 70 % of the cells
within the low density mononuclear gate (FSC, forward scatter). (C) Analysis of GFP
expression versus side scatter (SSC) identified 35 % of eluted cells as GFP+. (D) Expression
of lineage markers (X axis) versus c-kit expression (Y axis) among cells falling within the
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mononuclear gate as defined in panel B. (E) Expression of CD34 (X axis) versus c-kit
expression (Y axis) among cells falling within the lymphocyte gate. (F) Expression of Sca-1
(X axis) versus c-kit expression (Y axis) among cells falling within the mononuclear gate.
(G) Expression of Flk-1 (X axis) versus c-kit expression (Y axis) among cells falling within
the mononuclear gate. (H) Fluorescence-activated cell sorting (FACS) of ACT-EGFP, lineage-
depleted (lin−) mouse BM cells based on c-kit- and EGFP-expression. Representative FACS
dot plot of lin− BM cells stained with ACK-4/Biotin/SA-PE. Antibody-labeled cells were
separated by FACS into four subsets based on number of c-kit receptors (Y axis) and levels of
EGFP (X axis) expression. Box in upper right rectangle indicates fraction of c-kit+/EGFP+

cells that was used for cell transplantation (lin− c-kit+ group). Mean expression levels of both
c-kit and EGFP in c-kit+/EGFP+ cells were ~ 2-fold to ~ 100-fold higher than those in c-kit−/
EGFP− cells (lower left rectangle).
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Figure 3.
Direct transplantation and engraftment of ACT-EGFP BM cells into infarcted myocardium of
non-transgenic recipients. Left panels: Sirius Red and Fast Green stained histological sections
from infarcted hearts at 9 days following left coronary artery ligation and transplantation of
100,000 ACT-EGFP BM cells. Right panels: adjacent sections from the same hearts
immunostained for EGFP (brown signal, HRP-conjugated secondary antibody, signal
developed with diaminobezidine reaction). Scale bar: 30 µm.
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Figure 4.
Simultaneous imaging of rhod-2 and EGFP fluorescence in a non-transgenic heart at 9 days
following coronary artery ligation and injection of ACT-EGFP LDM BM cells into the peri-
infarct zone. (A) Full-frame TPLSM image of the graft/host myocardium border zone. Hearts
were loaded with rhod-2. Red (rhod-2) and green (EGFP) fluorescence signals were
superimposed. Host cardiomyocytes and donor-derived cells (green/yellow) are apparent. The
preparation was paced via point stimulation at a remote site at 4 Hz. The white bar demarks
the position of line-scan mode data acquisition. Asterisks mark host cardiomyocytes with
[Ca2+]i transients. Scale bar: 20 µm. (B) Stacked line-scan images of the regions in panel A
demarked by the blue dotted lines. Line-scans traverse one non-EGFP-expressing, i.e. host,
cardiomyocyte and one EGFP-expressing, i.e. donor-derived, cell. Scale bars: 20 µm
horizontally, 125 ms vertically. (C) Spatially integrated changes in rhod-2 and EGFP
fluorescence for one host cardiomyocyte and one juxtaposed donor-derived cell. The
fluorescence signal across the entire cell was averaged. F, fluorescence; a.u., arbitrary units.
(D) Full-frame TPLSM images obtained from the heart depicted in A at increasing depth. The
heart was paced via point stimulation at a remote site at 4 Hz. Numbers indicate nominal
distance of focal plane from the epicardial surface. Scale bar: 20 µm.
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Figure 5.
Simultaneous imaging of rhod-2 and EGFP fluorescence in a non-transgenic heart at 9 days
following coronary artery ligation and injection of ACT-EGFP c-kitenr BM cells into the peri-
infarct zone. A, Full-frame TPLSM image of the graft/host myocardium border zone. Hearts
were loaded with rhod-2. Host cardiomyocytes (red) and donor-derived cells (green/yellow)
are apparent. The preparation was paced via point stimulation at a remote site at 4 Hz. The
white bar demarks the position of line-scan mode data acquisition. Scale bar: 20 µm. (B)
Stacked line-scan images of the regions in panel A demarked by the blue dotted lines. Line-
scans traverse two non-EGFP-expressing, i.e. host, cardiomyocytes and three EGFP-
expressing, i.e. donor-derived, cells. Scale bars: 20 µm horizontally, 125 ms vertically. (C)
Spatially integrated changes in rhod-2 and EGFP fluorescence for one host cardiomyocyte and
one juxtaposed donor-derived cell. The fluorescence signal across the entire cell was averaged.
F, fluorescence; a.u., arbitrary units.
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Figure 6.
Simultaneous imaging of rhod-2 and EGFP fluorescence in a non-transgenic heart at 9 days
following coronary artery ligation and injection of ACT-EGFP lin− c-kit+ BM cells into the
peri-infarct zone. (A) Full-frame TPLSM image of the rhod-2 loaded heart at the graft-host
border zone. The heart was continuously paced via point stimulation at a remote site at 3 Hz.
Red (rhod-2) and green (EGFP) fluorescence signals were superimposed. Host cardiomyocytes
(red) and donor-derived cells (green/yellow) are apparent. White line demarks the position of
line-scan mode data acquisition. Scale bar: 20 µm. (B) Line-scan mode images of the regions
in panel A demarked by the blue dotted lines. The line scans traverse one EGFP-negative (i.e.
host) cardiomyocyte and four EGFP-expressing (i.e. donor-derived) cells. Scale bars: 20 µm
horizontally, 125 ms vertically. (C) Spatially integrated changes in rhod-2 and EGFP
fluorescence for one host cardiomyocyte and one donor-derived cell. The fluorescence signal
across the entire cell was averaged. F, fluorescence; a.u., arbitrary units.
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Figure 7.
Immune histological analyses for CD45, EGFP and α-actinin in 10-µm sections obtained from
non-transgenic hearts at 9 days following coronary artery ligation and ACT-EGFP LDM (A–
C), c-kitenr (D–F) or lin− c-kit+ (G–K) BM cells. The upper panels in A, D and G show
representative Hematoxylin and Eosin (H&E)-stained sections of the transition zone between
the surviving host myocardium and the infarct scar in the engrafted hearts. The lower panels
show that the donor-derived cells (green) predominately engraft within scar tissue or at the
infarct border zone, rather than within viable myocardium. The upper panels in B, E, H and J
show representative images of CD45 expression, the middle panels show EGFP expression,
and the lower panels show Hoechst nuclear staining; data is taken from the regions boxed in
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panels A, D and G (panels H and J correspond to the yellow and red box, respectively, in panel
G). Panels C, F, I and K show the corresponding merged fluorescence images. Scale bar 30
µm in A; 20 µm in B and C. (L) α-actinin (red) expression, EGFP (green) expression and
Hoechst nuclear staining in tissue sections adjacent to those shown in A, D and G. Scale bar,
20 µm.
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Figure 8.
Spatial resolution of the imaging system in living heart tissue. (A) Series of X, Y scans obtained
from an isolated perfused mouse heart loaded with rhod-2 using TPLSM in non-descanned
mode. Images were collected across a bifurcating capillary at 2-µm z-steps intervals during
continuous electrical point stimulation at 4 Hz. Numbers indicate imaging depth (in µm) in
reference to the image in panel a. The wave length of excitation light was 810 nm and rhod-2
fluorescence was collected between 560 nm and 650 nm. Green lines in panel c mark the
capillary endothelium. Asterisks denote endothelial cell nuclei. Periodic increases in rhod-2
fluorescence resulting from action potential–evoked increases in cytosolic calcium
concentration are visible as ripple-like wave fronts. Some X, Y scans reveal the appearance of
cardiomyocyte-typical rhod-2 transients within the perfusate-filled capillary lumen (arrows).
Scale bar, 10 µm. (B) Data sets shown in A were converted to a stack, and the stack was then
resliced to obtain X, Z projections of the capillary. Red lines in the X, Y scan on the left indicate
the X positions of the X, Z profiles shown on the right. Green arrows denote action potential-
induced rhod-2 transients. In all three projections, rhod-2 transients are clearly detectable
within the capillary lumen. Scale bars: 10 µm laterally, 5 µm axially.
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