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Monitoring Bone Marrow-Originated Mesenchymal
Stem Cell Traffic to Myocardial Infarction Sites
Using Magnetic Resonance Imaging

Yidong Yang,1'2 Autumn Schumacher,' Yuhui Yang,1 Jimei Liu,’
Xingming Shi,® William D. Hill,*® and Tom C.-C. Hu"?*

How stem cells promote myocardial repair in myocardial in-
farction (MI) is not well understood. The purpose of this study
was to noninvasively monitor and quantify mesenchymal stem
cells (MSC) from bone marrow to MI sites using magnetic
resonance imaging (MRI). MSC were dual-labeled with an
enhanced green fluorescent protein and micrometer-sized
iron oxide particles prior to intra-bone marrow transplantation
into the tibial medullary space of C57BI/6 mice. Micrometer-
sized iron oxide particles labeling caused signal attenuation
in T3-weighted MRI and thus allowed noninvasive cell track-
ing. Longitudinal MRI demonstrated MSC infiltration into MI
sites over time. Fluorescence from both micrometer-sized
iron oxide particles and enhanced green fluorescent protein in
histology validated the presence of dual-labeled cells at Mi
sites. This study demonstrated that MSC traffic to Ml sites
can be noninvasively monitored in MRI by labeling cells with
micrometer-sized iron oxide particles. The dual-labeled MSC
at Ml sites maintained their capability of proliferation and dif-
ferentiation. The dual-labeling, intra-bone marrow transplanta-
tion, and MRI cell tracking provided a unique approach for
investigating stem cells’ roles in the post-MI healing process.
This technique can potentially be applied to monitor possible
effects on stem cell mobilization caused by given treatment
strategies. Magn Reson Med 65:1430-1436, 2011. © 2011
Wiley-Liss, Inc.
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A major complication of myocardial infarction (MI) is
heart failure (1), since the scar tissue healing over the
necrosed myocardium contains no contractile or pace-
maker myocytes (2). Stem cell-based therapies have been
explored to potentially regenerate healthy tissue at MI
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sites, given that the heart lacks the necessary cardiomyo-
cyte progenitors to do so by itself (3). However, the roles
of stem cells in the myocardial repair and remodeling
processes are as yet unknown (4,5).

Cells such as embryonic stem cells (6), human embry-
onic stem cells-derived cardiomyocytes (7), skeletal myo-
cytes (8), and bone marrow-derived stem cells (9,10)
have been previously transplanted into infarcted myocar-
dium. However, complications have occurred when
applying these cells to myocardial repair, including
adverse immunological response and/or teratoma forma-
tion (11), highly complex harvest process (12), and fail-
ure to functionally integrate with the host tissue (13).
Compared with other cell types, mesenchymal stem cells
(MSC) demonstrate advantages in cardiac cell therapy
since they exhibit a multi-lineage plasticity, a reduced
immune response, and an easy harvest process (14,15).
Research by Quevedo et al. (16) showed that MSC were
capable of restoring cardiac function with an increase of
ejection fraction from 35.0 = 1.7% to 41.3 *= 2.7% over
12 weeks in swine receiving transendocardial injection
of 200 million MSC.

Previous studies attempted to improve cardiac struc-
ture and function by directly delivering labeled stem
cells into the damaged myocardium. However, this
method usually led to severe cell loss (12). Studies also
showed that intracoronary and intravenous injections
were no more successful than the intramyocardial route
at rendering satisfactory graft efficiency (17-19). Further-
more, transfer of iron oxide particles from originally la-
beled cells to macrophages can lead to false interpreta-
tion of magnetic resonance imaging (MRI) data (20,21),
which imposes additional disadvantage for intramyocar-
dial delivery. Intra-bone marrow transplantation is an al-
ternative delivery method, which has exhibited
improved engraftment (22). The bone marrow milieu pro-
vides a native environment for transplanted cell engraft-
ment and proliferation.

Therefore, the purpose of this study was to investigate
MSC’s infiltration traffic from the bone marrow to MI
sites by an intra-bone marrow cell delivery method. MSC
were labeled with enhanced green fluorescent protein
(eGFP) and micrometer-sized iron oxide particles
(MPIO), which were also tagged with a Suncoast Yellow
fluorescent dye. MPIO labeling enabled the noninvasive
cell tracking with MRI. Fluorescence from both eGFP
and MPIO was used to confirm the MRI findings by
histological fluorescent imaging. This study intended to
demonstrate that combining intra-bone marrow cell
delivery, dual-cell labeling, and MRI cell tracking is a
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promising methodology for studying stem cells mobiliza-
tion in animal MI models.

MATERIALS AND METHODS
Overall Experimental Protocol

All animal procedures were performed in compliance
with the Institutional Animal Care and Use Committee at
the Medical College of Georgia, Augusta, GA. Adult male
C57B1/6 mice (6—12 weeks old, 23.8 = 3.0 g) underwent
irradiation, unlabeled rescuing bone marrow cell trans-
plantation (1 day after irradiation), and transplantation
of the labeled MSC (2 days after irradiation). At 14 days
after labeled MSC transplantation, one animal group
underwent MI surgery as an experimental group (Experi-
mental group, n = 7); another group underwent sham-
operated surgery (thoracotomy without any heart injury)
as a sham control group (Sham control, n = 7). A third
group receiving neither irradiation nor cell transplanta-
tion underwent MI surgery as MI control (MI control,
n = 6). MRIs were performed on all mice at baseline,
3 days (D3), 7 days (D7), and 14 days (D14) post-MI
or sham surgery. Figure 1 illustrates the overall experi-
mental time course.

MSC lIsolation and Culture

Bone marrow was harvested from 18-month-old C57Bl1/6
mice by flushing the femora and tibiae with complete
isolation medium consisting of RPMI-1640 with 9%
heat-inactivated fetal bovine serum, 9% horse serum,
100 U/mL penicillin, 100 pg/mL streptomycin, and
12 pmol/L r-glutamine (23). The bone marrow was then
dispersed into single-cell suspension and plated in
flasks. To minimize MSC contamination with hematopoi-
etic progenitor cells, the bone marrow cell suspension
was allowed to adhere to the flasks for 3 hours at 37°C
in a 5% CO, atmosphere (24). The media was then
removed, the flask containing adherent cells gently
washed with phosphate-buffered saline, and the cells
cultured in complete isolation medium until they
reached 80% confluence. Cells were then lifted by tryp-
sin and subjected to negative immuno-selection by using
magnetic beads to remove any hematopoietic lineage
cells (25). The magnetic beads had been conjugated with
CD11b, CD11c, CD45R/220B, and PDCA-1 monoclonal
antibody. The hematopoietic lineage cells removed in
this process included granulocytes, macrophages,
myeloid-derived dendritic cells, natural killer cells, B
lymphocytes, T lymphocytes, classical dendritic cells,
plasmacytoid dendritic cells, and macrophage progeni-
tors. Last, all cells negative for these antigens were sub-
jected to a positive immuno-selection using stem cell
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antigen-1 (Sca-1) monoclonal antibody conjugated mag-
netic beads.

MSC Labeling and Delivery

First, MSC were fluorescently labeled with eGFP via
infecting the cells with retroviral vectors expressing
eGFP (AU3-GFP) (26). The eGFP allowed cells to be
visualized with fluorescent imaging. Next, the MSC were
magnetically labeled with 1.63 pm MPIO (Bangs Labora-
tories, Fishers, IN). MPIO have a polymer-coated magne-
tite core (42.5% weight) and are tagged with a Suncoast
Yellow fluorescent dye. The magnetic core and Suncoast
Yellow fluorescence allowed MPIO to be visualized via
MR and fluorescent imaging, respectively. For labeling,
MPIO were opsonized in 50% fetal bovine serum for 1 h
at 37°C, washed in phosphate-buffered saline and resus-
pended in 1 mL expansion media with a concentration
of 1 x 10® MPIO per mL. MSC were then incubated in
10 mL of media with a concentration of 1 x 10° MPIO
per mL for 48 h.

Labeling outcomes were evaluated using a Zeiss Axio-
vert 10 microscope (Carl Zeiss, Jena, Germany) with a
SPOT camera and software (Diagnostic Instruments, Ster-
ling Heights, MI). The dual-labeled MSC were identified
by the co-localization of eGFP and Suncoast Yellow fluo-
rescence. Labeling efficiency was measured by randomly
selecting labeled-cell cultures. The ratio of the number
of dual-labeled cells to the total cell number was calcu-
lated within a single fluorescent image (20x magnifica-
tion). MSC were further examined under an electron
microscope to confirm MPIO were inside the cells. These
dual-labeled cells maintained their capability of differen-
tiation during a 10-day observation.

For the Experimental and Sham control groups, ani-
mals underwent irradiation with '*’Cs using a Gamma-
cell 40 irradiator (Best Theratronics, Ottawa, ON,
Canada). A dose of 8.0 Gy was used to ablate the bone
marrow. The animals received a rescuing donation of
unlabeled ~0.5-2 x 10° bone marrow cells via retro-or-
bital plexus injection within 24 h after irradiation. Two
days after the irradiation, each animal was properly
anesthetized with a mixture of medical air, oxygen (1:1),
and ~2.0% isoflurane (Abbott Laboratories, Abbott Park,
IL), and a hole was drilled into the proximal articular
surface with a 26-gauge needle. Approximately 30-50 nL
of bone marrow was then aspirated from the bone mar-
row cavity, and ~6.6 x 10° eGFP and MPIO dual-labeled
MSC (1.3 million cells per mL in phosphate-buffered
saline) were transplanted into the tibial medullary space.
The mice were allowed to recover in a postoperative
recovery chamber under careful supervision before being
returned to their cages.
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FIG. 2. Dual-labeled MSC with eGFP and MPIO. a: a merged fluorescent image of dual-labeled MSC. The eGFP expression is in green
and MPIO are indicated by red spots. b: Image from an electron microscope showing MPIO engulfment inside a cell. The black arrow
indicates a MPIO particle. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Myocardial Infarction and Magnetic Resonance Imaging

The MI and sham surgeries were performed 2 weeks after
MSC transplantation using previously described proce-
dures (27). Briefly, mice were anesthetized with an intra-
peritoneal injection of ketamine/xylazine at a dose of
2 pL/g body weight. The Sham control mice had their
chests immediately sutured after performing the thora-
cotomy without injuring the heart. The MI control mice
had their left anterior descending coronary artery perma-
nently ligated to produce an acute infarction in the left
ventricular myocardium. The mice were then allowed to
recover for 3 days before next MRI.

MRI procedures were conducted using a previously
described protocol (27). Each mouse was anesthetized
with a mixture of medical air, oxygen (1:1), and 1.5-
2.0% isoflurane, maintaining a respiration rate of 61 = 6
breaths per minute and a heart rate of 434 * 58 beats per
minute for all MRI sessions. MRI was performed on a
horizontal 7.0-T, 21-cm MRI spectrometer (Bruker Instru-
ments, Billerica, MA) equipped with a micro-imaging
gradient insert (950 mT/m). A 35-mm inner diameter vol-
ume coil was used to transmit and receive signal at pro-
ton frequency (300 MHz). Short-axis cardiac images were
acquired through the left ventricle perpendicular to the
long axis of the heart using two pulse sequences: (1) an
electrocardiogram-gated gradient echo sequence with
flow compensation (GEFC) that acquired single T5-
weighted images, and (2) an electrocardiogram-gated
GEFC cine sequence that acquired movies of cardiac
movement during the cardiac cycle. The gradient echo
sequence was sensitive enough to detect the signal
attenuation generated by MPIO (28,29). The parameters
for the GEFC sequence were: echo time/repetition time =
4/120 ms; flip angle = 30°; field of view = 30 x 30 mm;
slice thickness = 1 mm; matrix = 256 x 256; and num-
ber of average = 8. Cardiac function such as left ventric-
ular ejection fraction (LVEF) was monitored using the
cine sequence. The parameters for GEFC cine sequence
were: echo time/repetition time = 4/16 ms; flip angle =
25°; field of view = 30 x 30 mm; slice thickness =
1 mm; matrix = 128 x 128; number of average = 8; and
eight frames in one cardiac cycle.

LVEF was calculated using the left ventricular end-dia-
stolic volume (LVEDV) and left ventricular end-systolic
volume (LVESV) determined from the endocardial con-
tours in the end-diastolic and end-systolic phases, respec-
tively [LVEF(%) = (LVEDV — LVESV)/LVEDV]. Contrast-
to-noise ratio (CNR) at the MI site was calculated using sig-
nal intensity (SI) measurements in the GEFC T5-weighted
images [CNR = (SIyy — Slyorm)/Slhigl. The SIyy represented
the SI at the MI region located where the left ventricular
wall thinned; the MI region was confirmed by the akinetic
contractility area seen in the cine images. The Sl repre-
sented the SI in the normal (noninfarcted) myocardium
and the Sl represented the background noise.

Histology

After completing the final MRI session and while still
anesthetized, each animal was sacrificed by perfusing
the body with 4% paraformaldehyde injected into the in-
ferior vena cava. Once the blood was flushed out, the
heart was removed from the body. After 2 days in para-
formaldehyde, the heart was immersed in 30% sucrose
and then sectioned into 10 wm-thick transverse slices
along the longitudinal axis. These tissue slices were then
immuno-labeled with antibodies against fibroblast
marker ER-TR7, macrophage/monocyte marker F4/80 and
CD11. All slices were examined under a confocal micro-
scopy (Zeiss LSM 510 laser scanning microscope; Carl
Zeiss, Jena, Germany) for fluorescent imaging.

Statistical Analysis

All data were presented as mean * standard error of
mean. A two-way repeated-measures analysis of variance
was used to compare differences in CNR and LVEF val-
ues between different groups followed by Bonferroni
post hoc tests. The GraphPad Prism 5.01 (GraphPad Soft-
ware Inc., San Diego, CA) was used for all statistical
analyses with a significance level of 0.05.

RESULTS
MSC Labeling

Figure 2 demonstrates the dual-labeled MSC. Figure 2a
shows the co-localization of eGFP and MPIO in these
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FIG. 3. T3-weighted short-axis
cardiac MR images. Gradual sig-
nal attenuation was observed at
Ml sites for the Experimental
group, suggesting labeled cells
accumulation. No remarkable sig-
nal attenuation was observed for
sham group. Arrows indicate Ml
sites or corresponding sites. The
eclipse demonstrates the region
of interest drawn in the normal
myocardium used to calculate
Slhorm- MI: myocardial infarction.
LV: left ventricle. RV: right
ventricle.

Sham

Experimental

Baseline

cells with the eGFP expression shown in green and
MPIO represented by red spots. Figure 2b is an image
from an electron microscopy confirming that MPIO were
incorporated into the MSC. Based on 10 random meas-
urements (n = 10), a labeling efficiency of 97.2 * 1.5%
was obtained for MPIO cell labeling.

MRI Cell Tracking

Figure 3 shows an example of longitudinal T5-weighted
MR images acquired to monitor labeled MSC infiltration
into the MI sites. Gradual signal attenuation was
observed in infarction sites over time for the Experimen-
tal group. No remarkable attenuation was observed at the
corresponding sites for the Sham control mouse. Low SI
localized in the posterior left ventricular wall was pre-
sumably artifacts caused primarily by cardiac motion.
Temporal infiltration of MPIO-labeled MSC at the MI
site was quantified using CNR (Fig. 4a). The negative
CNR values seen for the Experimental group represents
signal attenuation around the MI sites indicative of
MPIO-labeled cell infiltration. The continuous CNR
attenuation over time denotes an increased MPIO-labeled
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7 days post-MIl 14 days post-MI

cell infiltration into the infarction site, which was not
observed in either the Sham or MI control group. Two-
way repeated measures analysis of variance test showed
significant difference in CNR among all groups (p <
0.0001). As expected, no significant difference in CNR
were found between any two groups at baseline (p >
0.05). Significant differences in CNR were found
between the experimental group and Sham control group
at 3 days (p < 0.01), 7 days (p < 0.001), and 14 days
(p < 0.001) post-MI, and between the experimental group
and MI control group at 7 days (p < 0.05) and 14 days
(p < 0.001). The CNR differences between the Sham and
MI control group were not significant at 7 days and 14
days (p > 0.05). The post-MI CNR attenuation for the MI
control group was presumably caused by unintended
hemorrhage during the surgical formation of the MI. The
pronounced signal attenuation for the Experimental
group indicates that the MPIO-labeled cells mobilized
into the MI site from bone marrow and was successfully
monitored with the T3-weighted MRI technique. A
considerable number of labeled cells also infiltrated
into the border region adjacent to the MI site, causing
signal attenuation in MRI. Part of the chest wall was
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FIG. 4. CNR and LVEF. a: Continuous CNR attenuation for the Experimental group suggests labeled MSC infiltration into MI sites. b:
Decrease in LVEF for both the experimental and MI control group evidences MI-caused cardiac dysfunction. NS: not significant; *p <

0.05; **p < 0.01; **p < 0.001. CNR: contrast-to-noise ratio; LVEF:

left ventricular ejection fraction.
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occasionally darkened due to the open-chest procedure
which triggered the mobilization of labeled MSC homing
to the injured site. Darkness at the left ventricular poste-
rior wall was observed for most animals, which was
potentially caused by motion artifact and/or iron deposi-
tion at the vicinity from the liver or lung.

LVEF was evaluated as a representation of cardiac
performance (Fig. 4b). As expected, LVEF decreased
following the MI surgery and gradually stabilized after
7 days for both the Experimental and MI control group.
Two-way repeated measures analysis of variance test
showed significant difference in LVEF among all groups
(p < 0.0001). No significant difference in LVEF was
found between any two groups at baseline (p > 0.05).
Significant differences in the LVEF were found between
the Sham group and both the MI control and Experimen-
tal group at 3 days (p < 0.01), 7 days (p < 0.001), and
14 days (p < 0.001) post-MI. No significant difference
was found between the experimental group and MI
control group at any time point (p > 0.05).

Histological Fluorescent Imaging

Fluorescent confocal imaging provided a three-dimen-
sional view of the histology slices. Therefore this method

Yang et al.

FIG. 5. Histological fluorescent
images. a: Dual-labeled MSC
contained both eGFP (green
color) and MPIO particles (red
spots). b: eGFP+ MSC and/or
derivatives (green color) were
positive to ER-TR7 antibody, a
fibroblast marker (red color).
Overlap of ER-TR7 and eGFP
turned out to be yellow. ¢: The
eGFP+ cells at the MI site had a
fibroblast-like phenotype and a
subset contain MPIO particles
(red spots marked by asterisks).
d: Some MSC-derived cells
(marked by white arrows) lined
the blood vessels. e: a cardiomy-
ocyte-like MSC derivative inserted
between the resident cardiomyo-
cytes. The higher magnification
insets show this eGFP+ cell also
carried a MPIO particle (marked
by the asterisk).

is well suited to examine the co-localization of dual
labels. Figure 5a illustrated dual-labeled MSC at the MI
site, with eGFP labeling identified by the green color and
MPIO labeling by the red spots. This finding confirmed
that dual-labeled MSC mobilized from the bone marrow
into the MI site, thus validating MRI findings. Figure 5b
shows that a subset of eGFP labeled MSC were also posi-
tive for ER-TR7 (i.e., the fibroblast biomarker). This
merged image shows ER-TR7 expression in red and eGFP
in green. The overlap between ER-TR7 and eGFP turned
the color yellow, suggesting that a population of trans-
planted MSC differentiated into fibroblasts at the MI site.
Figure 5c further shows many MSC derivatives at the MI
site had a fibroblast-like phenotype and a subset contain
MPIO particles. In Fig. 5d, some MSC-derived cells lined
the blood vessels, indicating that MSC may contribute to
the post-MI vascularization. Figure 5e shows a dual-la-
beled cardiomyocyte-like MSC derivative inserting in
between the resident cardiomyocytes. These histological
findings confirmed that the dual-labeled MSC maintained
their capability of proliferating, migrating and differentiat-
ing following intra-bone marrow transplantation. Addi-
tional immunohistological staining with F4/80 and CD11b
antibodies, two macrophage biomarkers, demonstrated no
macrophages with MPIO particles.
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DISCUSSION

This study demonstrated how combining the in vivo MRI
and ex vivo fluorescent imaging techniques assessed the
temporal characteristics of MSC homing to MI sites fol-
lowing their intra-bone marrow transplantation. The
main purpose of this study was to investigate a new
methodology for studying the roles of stem cells in vivo.
The experimental group received irradiation, rescue cell
transplantation, and labeled cell transplantation. Radia-
tion ablated the stem cells in the bone marrow of the
experimental group to create a niche for later trans-
planted labeled MSC engraftment. The reason for initial
engraftment of the labeled MSC into the bone marrow
was to examine the MI activation process which triggered
the release of labeled MSC from its native environment.
Dual labeling of MSC with eGFP and MPIO allowed non-
invasively and temporally tracking MSC infiltration into
the MI sites, as well as histological confirmation of the
MRI findings. This dual labeling strategy with both GFP
and iron oxide particles has been studied previously (30—
32). MRI data illustrated the post-MI attenuation of CNR
over time, indicating that mediation of MSC in myocar-
dial remodeling lasted at least 2 weeks. MRI findings
were confirmed by histological fluorescent imaging, in
which many dual-labeled cells were observed around MI
sites. However, correlating the counts/density of labeled
cells in histology with the SI in MRI at the MI site shall
further consolidate the findings.

The intra-bone marrow transplantation technique pro-
vided a unique cell delivery method for studying bone
marrow-originated stem cells in post-MI animal models,
since the bone marrow provides a native environment
for implanted cells to survive and proliferate. This study
showed that dual-labeled MSC maintained their capabil-
ity of migrating and differentiating following intra-bone
marrow transplantation. Once irradiation prepared the
bone marrow for MSC engraftment, the 2-week span
between the transplantation and sham/MI surgeries
proved to be an adequate amount of time for this cell
engraftment to occur. The potential pathway of the
labeled MSC from bone marrow to the infarction site is
through the blood circulating in either survived vessels,
regenerated collateral vessels, or neovasculatures.
Indeed, we observed MSC or their derivatives lining the
blood vessels. However, the exact mechanisms of labeled
cell homing, engraftment, as well as the engraftment effi-
ciency are as yet unknown and necessitate further inten-
sive investigation.

At the MI site, MSC have the potential to differentiate
into different cell types (33). Previous research found
that MSC were able to differentiate into vascular smooth
muscle cells, endothelial cells, and even cardiomyocytes
(16). In this study, MSC-derived fibroblasts were found
around the MI site, which potentially contribute to scar
formation. It was also observed that MSC derivatives
lined the blood vessel structures, potentially contributing
to angiogenesis. Interestingly, it was observed that some
dual-labeled cardiomyocyte-like cells were inserted
between the host myocardial cells based on cell mor-
phology. However, it warrants further investigation to
confirm that those transplanted cells are able to differen-
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tiate into cardiomyocytes (e.g., by using cardiomyocyte-
specific staining to confirm some dual-labeled cells are
cardiomyoctes). Further experiments are warranted to
elucidate the capability of MSC differentiation and its
function during the MI process.

MPIO were used in this study as cell labeling to pro-
vide image contrast by causing signal loss at the MI site.
Currently, many types of MR cell labeling probes are
being used or under investigation. Of these probes, iron
oxide particles cause negative contrast by producing
dark signal (28,34); gadolinium or manganese-based
agents cause positive contrast by increasing SI (35,36).
However, interpretation of the signal alteration caused
by these probes is complicated due to the addition of
artifacts in tissue background, such as hemorrhage or
tissue interface. Novel MR agents that are not based on
'H signal alteration are in development, with which
image contrast will be less affected by tissue artifacts
(37,38). MR spectroscopy can also be potentially used as
a means to quantify cells labeled with either 'H or
non-'"H based contrast agents. In the future study, the
infarction area can be outlined by using gadolinium-
based contrast agent to enhance the MR signal in situ. It
is also possible to examine potential perfusion/flow
effects in the infarct heart caused by labeled MSC infil-
tration with gadolinium-based contrast agent.

In conclusion, this study applied a dual labeling
approach to monitor bone marrow-originated MSC traffic
to MI sites. MPIO labeling produced a hypointensity in
MR images and enabled noninvasive and temporal cell
tracking. The fluorescent labeling allowed for ex vivo
examination of labeled cells to confirm MRI findings.
This technique with dual-labeling, bone marrow trans-
plantation, and multiple imaging modalities provides a
unique approach to investigate bone-marrow originated
stem cells in cardiac remodeling. Once the dual-labeled
cells infiltrated into the infarct heart, they maintained
their ability to divide and differentiate and would con-
tribute to healing process. In this manner, signaling path-
ways for tissue repair by stem cells can be tested and
alteration in cell infiltration flux can be monitored. In
the future, some experiments can be designed to investi-
gate any cardiac function recovery caused by enhanced
MSC infiltration, for instance, through modulation of the
number of MSC homing to the MI site by using drugs
such as granulocyte-colony stimulating factor that can
facilitate MSC mobilization. Therefore, this technique has
a potential application of monitoring treatment effects on
cell mobilization and infiltration at diseased sites in drug
development or post-treatment evaluation process.
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