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Abstract
Purpose: The purpose of this study was to detect and follow transplanted superparamagnetic
iron oxide (SPIO)-labeled endothelial progenitor cells (EPCs) by magnetic resonance imaging
(MRI).
Procedures: Infarcted rats were randomized to injections of SPIO-labeled EPCs, unlabeled
EPCs, or saline. From 1 day to 8 weeks, in vivo serial MRI was performed for cell tracking.
Results: Labeled cells were visualized as hypointense areas by MRI. The presence of labeled
EPCs at 10 days and disappearance of these cells by 8 weeks was confirmed by iron and 4’,6-
diamidino-2-phenylindole. Co-staining for iron and ED-1 showed that the iron-positive cells were
macrophages. EPC implantation significantly elevated vascular endothelial growth factor
expression, accompanied by increased capillary and arteriole density in the ischemic myocardium.
Conclusions: At 8 weeks, the transplanted EPCs were not present and the enhanced MRI
signals arose from macrophages. However, both EPCs enhanced cardiac function. The major
mechanism of cardiac improvement appears to be paracrine pathways of the engrafted EPCs.
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Introduction

Ischemic heart disease is the leading cause of morbidity
and mortality in industrialized countries [1]. Implantation

of bone marrow-derived stem cells shows therapeutic
potential for the repair of myocardial infarction (MI) [2].
However, results from randomized clinical trials of stem cell
therapy for MI have yielded mixed results, with some
studies reporting significant improvement in cardiac function
[3] and others showing no effects [4]. The observed failure
of engraftment could be due to delivery techniques, the
number of engrafted cells, and/or other unknown causes. It is

critically important to understand the underlying stem cell
biology which requires the use of molecular markers to
determine the nature and track the long-term fate of the
transplanted cells [5]. Studies have demonstrated that very
few stem cells localize within a specific target area, making
it difficult to assess the exact fate of implanted cells [6].
Therefore, the development of imaging strategies that can
monitor graft survival, track cell migration, and integration
is crucial.

Magnetic resonance imaging (MRI) is the imaging
modality used by most research studies to noninvasively
evaluate stem cells in vivo. MRI has excellent soft tissue
contrast, high anatomical detail, and minimal invasiveness.
MRI has the ability to monitor stem cell homing or provide
dynamic assessment of cell migration into the targets [7].Correspondence to: Genshan Ma; e-mail: magenshan@hotmail.com



Cells labeled with iron oxide or other paramagnetic probes
lead to reduced T2 and signal intensity of the surrounding
protons [8]. Superparamagnetic iron oxide (SPIO)-laden
cells have been detected after injection into the infarcted
myocardium of mouse, rabbit, and pig [9–11]. Adult bone
marrow is a rich reservoir of tissue-specific stem and
progenitor cells. A scarce population of bone marrow cells
known as endothelial progenitor cells (BMEPCs) has a
potential angiogenic effect and contributes to the revascula-
rization of ischemic areas [12]. However, cells in the
transplanted tissue were identified only in postmortem
histology, making the fate and movement of transplanted
cells uncertain.

In the present study, we focused on two objectives: (1) to
examine whether intramyocardial transplantation of rat BMEPCs
could survive, enhance neovascularization, and improve left
ventricular function after chronic MI and (2) to test the function
of SPIO-labeled vs. unlabeled cells, as well as serial imaging of
labeled BMEPC migration to the ischemic area.

Methods

Rat EPC Preparation

Endothelial progenitor cells (EPCs) were isolated from the tibias
and femurs of 4-week-old male Sprague–Dawley (SD) rats
(Shanghai Laboratory Animal Center of the Chinese Academy of
Science). Aspirated bone marrow was mixed with 1,000 U/mL
heparin in phosphate-buffered saline (PBS). The mononuclear cell
fraction was obtained from a Lymphoprep density gradient (Sigma,
St. Louis, MO) after centrifugation. The mononuclear cell fraction
was collected, washed, and centrifuged. The cell pellet was
suspended in growth factor-supplemented EBM-2 medium (Lonza,
Walkersville, MD) and plated on fibronectin (FN; Sigma)-coated
flasks. After 48 h, the non-adherent cell population was transferred
to a new FN-coated plate to remove rapidly adherent hematopoietic
cells; only the non-adherent cell population was harvested for
further evaluation in all experiments. Spindle-shaped cells were
observed after 4 days.

Cells were primarily characterized by phase contrast microscopy
evaluating cobblestone morphology. Cells were incubated with
acLDL-Dil for 4 h at 37°C. Lectin binding was analyzed using
fluorescein isothiocyanate (FITC)-conjugated UEA-1-lectin
(Sigma). Cells were then examined under a fluorescence micro-
scope. Immunocytochemistry was used to analyze the expression of
various progenitor and endothelial lineage markers such as KDR/
Flk-1, eNOS, CD31 (Santa Cruz Biotechnology, Santa Cruz, CA),
and CD34 (Dako, Glostrup, Denmark).

The EPCs were used between culture passages 3 and 6. The
cultured EPCs were incubated with the labeling medium containing
25 μg/mL SPIO (Resovist, Schering AG, Berlin) and 0.375 μg/mL
poly-L-lysine for 18 h in a 25-cm2 flask. Prussian blue staining was
performed, and labeling efficiency was determined by manual
counting of stained and unstained cells at ×100 magnification.
Labeling efficacy was also checked with T2-weighted MRI.
Different concentrations of labeled cells were suspended in agarose
to determine the ability to track cells.

The effect of SPIO labeling on cell viability and proliferation was
tested using the methyl thiazolyl tetrazolium (MTT) assay. SPIO-
labeled and unlabeled EPCs were grown in a 96-well plate. After
4 days, MTT was added. The 570-nm wavelength of light absorption
was employed for measurement of the light absorption value of every
well in a spectrophotometer (Bio-Rad Laboratories, Hercules, CA).

To evaluate the incorporation of EPCs into the ischemic
myocardium, SPIO-labeled and unlabeled cells were also labeled
with the fluorescent dye 4′,6-diamidino-2-phenylindole (DAPI,
Sigma). For fluorescent labeling, DAPI was added to the culture
medium at a final concentration of 50 μg/mL. After 2 h of incubation,
labeled cells were washed with PBS three times to remove the excess
DAPI, trypsinized, and collected for the subsequent studies.

Rat Model of Myocardial Ischemia and EPC
Transfer

SD rats weighing 250±30 g were purchased from the Shanghai
Laboratory Animal Center of the Chinese Academy of Science. They
were housed with a 12/12-h dark/light cycle with water and standard
chow diet ad libitum. The study complied with standards for the care
and use of laboratory animals (Laboratory Animal Center of Southeast
University). Rats were subjected to ligation of the left coronary artery.
Briefly, a thoracotomy was performed via the fourth intercostal space,
the heart was exposed, and ECG was then monitored. A 6–0
polypropylene suture was passed loosely around the left anterior
descending (LAD) coronary artery near its origin. Once hemody-
namics was stabilized, LAD occlusion was performed by tightening
the suture loop. Acute myocardial ischemia was deemed successful on
the basis of elevation of the ST segment on ECG.

Ninety rats were included in the study and were divided into the
MI group (n=80) or sham MI group (n=10). Among the rats with
MI, 20 died within 4 h after the surgical procedure. Sixty rats with MI
were included in functional and morphometric evaluation by echo
and MRI. MI rats were randomly divided into three groups: those
receiving 1×106 SPIO-labeled EPCs, those receiving 1×106

unlabeled EPCs, and those receiving PBS by direct injection into
the infarct area. All rats underwent serial MRI examinations for cell
tracking at 24 h, 10 days, 4 weeks, and 8 weeks after MI and were
euthanized at 24 h (n=12), 10 days (n=24), and 8 weeks (n=24) after
MI to confirm MRI results. 2,3,5-Triphenyltetrazolium chloride
(TTC) staining was performed 24 h after MI, and echo and
histological analysis were performed 10 days after MI.

Cyclosporin A (50 mg/kg, HuaBei Pharmacy, Shijiazhuang)
was administrated orally in all groups by daily oral gavage starting
on the day of transplantation for immunosuppressive treatment.

EPC Tracking by MRI

Cardiac MRI was performed at 24 h, 10 days, 4 weeks, and
8 weeks post-MI using a 7T Bruker PharmaScan and Paravision
software (PV5.0, Bruker, Germany). Rats were anesthetized with
1.0% isoflurane (KeYuan, ShanDong) in 1 L/min of oxygen and
monitored using a small animal instrument monitoring and gating
system for respiration rate and cardiac triggering. Images were
obtained with a conventional cardiac-gated fast low-angle shot
(FLASH) sequence. The field of view was 6×6 cm and a 256×256
matrix was employed, yielding an in-plane resolution of 234×
234 μm. The images were acquired from successive slices along the
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short cardiac axis (short axis) with a slice thickness of 1 mm; 16
frames were prescribed from apex to base. The repetition time was
70 ms, echo time was 2.5 ms, and flip angle was 60°. The entire
imaging protocol was performed in the range of 15 min.

Gadodiamide is a commonly used MRI contrast agent that
results in delayed contrast enhancement of an injured myocardium
and areas at risk for infarct. Gadodiamide (0.2 mmol/kg, Bayer
Schering Pharma) was injected via the tail vein 10 min before
imaging at 24 h after MI. The MRIs were analyzed using ImageJ
1.41 software (NIH). Infarct sizes were determined manually by
analysis of Gd-DTPA-enhanced regions. Slice hyperintense areas
were then summed to generate infarct volume as a percentage of
left ventricle (LV) myocardial volume.

Histological Analysis

After the MRI acquisition at 24 h, 10 days, and 8 weeks post-MI,
rats were euthanized with sodium pentobarbital (50 mg/kg, IP).

To measure infarct size at 24 h after MI, the heart was cut into five
transverse slices from apex to base, each approximately 2 mm thick.
Slices were incubated with 2% TTC (Sigma) for 5 min at 32°C in
which the viable myocardium stained red and the infarcted area
stained white. Each slice was digitalized using a scanner. ImageJ was
used for manual planimetry of the LV border and infarct region on
TTC images. Infarct volume was calculated as a percentage of total
LV volume and was compared with MRI results in a blinded manner.

In the 10-day and 8-week groups, the heart was rapidly excised
after PBS perfusion. Cardiac tissues were fixed with 4% paraformal-
dehyde and embedded. Four-micrometer sections were obtained for
morphological analyses. Sections were subjected to Masson's tri-
chrome staining or immunohistochemical analysis using a staining kit
(Vector Laboratories, Burlingame, CA) according to the manufactur-
er's instructions. Primary antibody against ED-1 (Chemicon, Teme-
cula, CA, 1:200) was used for immunostaining of monocytes/
macrophages. The number of ED-1-positive cells was counted in a
double-blind fashion from ten different fields of each section (n=6) at
×400 magnification. Prussian blue staining was performed to detect
SPIO-labeled cells. Double staining was performed for ED-1 and
Prussian blue staining. For immunostaining, the following primary
antibodies were used: CD31, α-smooth muscle actin (SMA), and
vascular endothelial growth factor (VEGF) (Santa Cruz Biotechnol-
ogy, 1:200). Angiogenesis was quantitatively assessed by CD31-
positive staining for the determination of capillary density and
α-SMA-positive staining for the determination of arteriolar density.
Capillaries were identified as having a diameter G20 μm and a layer of
endothelial cells without smooth muscle cells, whereas arterioles were
identified as having a diameter 920 and G100 μm with a layer of
smooth muscle cells. To determine capillary density and artery
density, the number of positive staining was counted in a double-
blind fashion from ten different fields of each section in the peri-infarct
zone (n=8). The average number of the vessels in one section was
used for the assessment of vascular density.

Functional Assessment

A Vevo 770 echocardiography system (VisualSonics, Toronto, ON,
Canada) with a 12-MHz transducer was used. Under mild
isoflurane anesthesia, echocardiography was performed in the
10-day and 8-week post-MI groups.

In the 8-week group, hemodynamic parameters were measured
by carotid cannulation using a 2.5-French micro-manometer (Millar
Instrument) by advancement into the left ventricle. Mean arterial
pressure, cardiac contractility (dP/dt maximum, dP/dt minimum),
and left ventricle end diastolic pressure (LVEDP) were analyzed
using Chart for Windows (version 4; AD Instruments).

Quantitative Real-Time PCR

Total RNA was extracted from infarct myocardium using Trizol
reagent (Invitrogen, Carlsbad, CA) in the 10-day groups. cDNA
was transcribed using a cDNA Archive Kit (Applied Biosystems,
Foster City, CA). Quantitative real-time PCR was carried out using
the Gene Expression Assay Rn00582935_ml for VEGF running on
a 7500 real-time PCR system (Applied Biosystems). Transcription
of the housekeeping gene GAPDH was determined by specific
primer/probe mix. The final quantification was determined by
Relative Quantification software (Applied Biosystems).

Statistical Analysis

Data were compared among experimental groups using ANOVA
followed by Fisher's PLSD. Data were expressed as mean ± SEM.
Differences were considered statistically significant at a value of
PG0.05. A Pearson correlation coefficient analysis was calculated
to describe the relationship between EPC numbers in infarct area
with left ventricular contractility.

Results
Characteristics of EPCs

Bone marrow mononuclear cells were separated by density
gradient centrifugation and differentiated into “late EPCs”
after a longer culture period (three to six passages). Late EPCs
exhibited cobblestone-like morphology typical of endothelial
cells (Fig. 1a). Additionally, endothelial cell phenotype was
characterized by assessing acLDL-Dil uptake and FITC-
conjugated UEA-1-lectin binding (Fig. 1a). Furthermore,
EPCs were positive for a panel of endothelial cell markers,
including CD31, KDR, CD34, and eNOS (Fig. 1b). The cells
were therefore confirmed as BMEPCs. A labeling efficiency
of 100% was observed for SPIO in EPCs. SPIO-labeled EPCs
showed abundant intracytoplasmic blue inclusions by Prus-
sian blue staining. The magnetic properties of labeled cells
were assured by MRI scans of agar phantoms prepared from
cell suspensions. A good correlation between the number of
labeled cells and T2 relaxometry in the MR images was
observed. A phantom of 1×106 cells appeared black, whereas
a phantom of 0.1×106 cells appeared gray (Fig. 1d).

The absorbencies of the SPIO-labeled and unlabeled
EPCs were 0.56±0.01 and 0.53±0.01, respectively. There
were no significant differences in cell viability between the
two groups by MTT assay (P90.05, n=8), indicating that
the labeling method poses little effect on cell viability.
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MRI-Guided EPC Tracking in Rats
with and without MI

In the MI 1-day groups, gadodiamide was administered as a
contrast enhancement agent to aid in the identification and
quantification of the infracted region, which appeared white

in these images; the borders between hyperintense areas and
non-enhanced areas were distinct (Fig. 2a). MR images and
corresponding TTC slices obtained in a rat after gadodia-
mide injection are depicted in Fig. 2b. Delayed hyper-
enhancement was clearly visualized in the anterior left
ventricular walls corresponding to the infarcted myocardium
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Fig. 1. Characterization of cultured BMEPCs. a At day 7 after the isolation, adherent cells intensively took up acLDL and
bound an endothelial-specific lectin as revealed by fluorescence microscopy. b Positive for CD31, VEGFR2 (KDR), CD31, and
eNOS. c Prussian blue-stained SPIO-labeled EPCs (25 μg/mL). DAPI-labeled EPCs (×200 magnification). d Sensitivity of in vitro
MRI of SPIO-labeled EPCs. Cell numbers ranging from 1×101 to 1×106 were scanned after treatment with SPIO for 18 h. In
vitro cells MRI, T2-WI of seven Eppendorf tubes, images of SPIO-labeled EPCs showed increased hypointensity as the number
of cells was increased (from 101 to 106).
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Fig. 2. Representative short-axis delayed contrast-enhanced (DCE) image in rats acquired at 7T using FLASH sequence. a
Twenty-four hours after MI, gadodiamide results in delayed contrast enhancement of injured portions of the myocardium and
areas at risk for infarct of the same rat were compared. MRI can differentiate viable and non-viable (red arrow) myocardial
tissue. b Example of MR images and corresponding TTC slices obtained in a rat after gadodiamide injection. c The bright
hyper-enhanced region (arrows) corresponds to infarcted myocardium 10 min post-gadodiamide injection. d Representative
postmortem TTC staining (×10 magnification). e Histologic section with Prussian blue stain 1 day after SPIO-labeled EPC
injection (×200 magnification). f Quantitative analysis of infarct volume (TTC). g Percentage of DCE myocardial volume at 24 h
after MI.
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in the MR images of heart slices from all three MI groups
(Fig. 2c). In addition, round hypointensities were observed
at the region of cell injection in all rats injected with SPIO-
labeled EPCs. TTC staining directly corresponded to MRI
results (Fig. 2d). No apparent difference in myocardial
infarct size was observed in all three MI groups 1 day after
MI (Fig. 2f, g).

We performed serial MRI exams to track the cells at
10 days, 4 weeks, and 8 weeks after cell injection into the
infarct area of the LV. Areas with hypointensity were still
visualized in rats receiving SPIO-labeled EPCs and were
attenuated at 8 weeks after MI. There were no hypointense
lesions in myocardial regions in MI control and MI/EPC
(unlabeled) hearts. We also observed the progression of
ventricular remodeling that developed as a consequence of
MI from 10 days to 8 weeks, including thinning of the
anterior wall of the left ventricle and expansion of the left
ventricular chamber (Fig. 3a, e).

EPCs Improved Cardiac Function After MI

We used two methods to evaluate cardiac function after EPC
transplantation in MI model. At 10 days and 8 weeks after
MI, transthoracic echocardiographic examination was per-
formed. MI caused a significant increase in systolic (LVIDs)
and diastolic left ventricular inner diameter (LVIDd),
whereas LV ejection fraction and fractional shortening (FS)
were significantly reduced (Table 1). Both SPIO-labeled and
unlabeled EPCs attenuated LV dilatation and dysfunction
compared to the MI control group. We observed a positive
correlation between the number of EPCs in infarct area and
LVEF (Pearson correlation coefficient; r=0.741, P=0.002).

The effects of EPC transplantation on hemodynamic
parameters 8 weeks after MI are shown in Table 2. MI
induced a fivefold increase of LVEDP compared to the sham
group, whereas EPC transplantation significantly reduced
LVEDP. Cardiac contractility was markedly reduced after
MI, but was significantly increased by EPC transplantation.
No significant difference between labeled and unlabeled
cells was observed at 8 weeks.

EPC Transfer Reduced Apoptosis
and Inflammatory Cell Accumulation

Apoptotic cardiomyocytes were detected by TUNEL stain-
ing in the peri-infarcted region 10 days after MI (Fig. 4a).
The ratio of TUNEL-positive cardiomyocytes to total
number of cardiomyocytes in both EPC transplantation
groups was significantly reduced compared to the MI control
group (Fig. 4b).

Inflammatory cell accumulation in the infarcted region of
the heart was identified by ED-1 immunostaining 10 days
after MI (Fig. 4c). ED-1-positive cells were counted for the
quantification of monocyte/macrophage number (Fig. 4d).
Increased inflammatory cell infiltration was detected in the
infarct area of the heart after MI; however, transplantation of

unlabeled and labeled EPCs significantly decreased the
number of ED-1-positive cells compared with the MI control
group.

EPC Transfer Increased Neovascularization
in the Border Zone

EPC transplantation significantly increased the expression
level of VEGF in the infarct area (Fig. 5d). Immunostaining
showed that the EPC and EPCs-SPIO groups showed strong
and extensive VEGF expression, especially in the border
zone (Fig. 5a). The upregulated level of VEGF was
associated with a significant increase in the amount of both
capillaries and arterioles at 10 days after MI, as identified by
immunostaining with antibodies to CD-31 and α-SMA,
respectively (Fig. 5b, c).

Quantitative analysis indicated that the capillary density
was significantly increased in the EPC groups compared to
the MI control group (Fig. 5d). Similarly, increased arteriole
number was observed in both the labeled and unlabeled
EPCs (Fig. 5f). These results indicate that BMEPCs are
capable of promoting neovascularization after MI and that
SPIO labeling does not decrease this effect.

The Fate of SPIO-Labeled and Unlabeled EPCs
after Transplantation in MI

To monitor the distribution and the fate of transplanted cells,
EPCs were double-labeled with SPIO and DAPI. Rats with
grafted SPIO/DAPI co-labeled cells were examined by MRI
at different times after EPC transplantation. MR images were
matched with postmortem histological sections as much as
possible.

Grafted SPIO-labeled cells were visualized as hypoin-
tense areas by MRI 1 day after MI. No MR signal
attenuation was observed in rats injected with unlabeled
EPCs (Fig. 2c). In postmortem specimens, both Prussian
blue staining and fluorescence microscopy revealed EPCs to
be located in the infarcted region (Fig. 2e).

Fig. 3. Serial in vivo tracking of EPCs by MRI. a In vivo MRI
10 days after EPC injection and sham operation. b Histologic
section with Prussian blue stain 10 days after SPIO-labeled
EPCs injection (×200 magnification). c Representative Mas-
son's trichrome staining (×10 magnification) and quantitative
analysis of infarct size. d Representative Prussian blue and
DAPI co-staining in the SPIO-labeled EPC injection group.
Several cells showed Prussian blue and ED-1 co-staining
10 days after MI. e Short-axis FLASH sequence of rat with
SPIO-labeled EPCs injection shows the distinct signal drop-
out (arrow) that is not observed in the control rat (4 and
8 weeks). f Representative Masson's trichrome staining in the
8-week group (×10 magnification). g Representative Prussian
blue and ED-1 double staining in SPIO-labeled EPC injection
group 8 weeks after MI.

b
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Ten days and 8 weeks after MI, serial follow-up MRI
revealed that grafted SPIO-labeled cells are visualized as
void signal. Prussian blue-positive cells were also detected
in the specimens obtained at 10 days and 8 weeks after EPC

injection. Prussian blue staining and fluorescence micro-
scopy confirmed the presence of implanted EPCs labeled
with SPIO/DAPI 10 days after MI (Fig. 3d). There were no
differences in DAPI-positive EPC number between the
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groups with and without SPIO labeling (11.8±2 and 11.8±3/
field). Eight weeks after MI, no Prussian blue-positive cells
were detected with DAPI-positive staining. However, those
Prussian blue-positive cells were not represented as the
originally grafted labeled cells. Prussian blue and macro-
phage marker ED-1 immunohistochemical double staining
confirmed that Prussian blue-positive cells are macrophages

(Fig. 3g). Only several cells showed Prussian blue and ED-1
co-staining 10 days after MI (Fig. 3d).

Discussion
The data presented in the current study demonstrate that the
transplanted SPIO-labeled EPCs were not present in the

2months

1month

MI/PBS MI/EPCs MI/EPCs-SPIOSham

MI/PBS MI/EPCs MI/EPCs-SPIOSham

E

F Sham MI/PBS MI/EPCs-SPIOMI/EPCs G

Fig. 3. (continued).

Table 1. Assessment of physiological parameters and the cardiac function by echocardiography in unlabeled cells, SPIO-labeled cells, and PBS-treated
groups 10 days and 8 weeks after MI

Variable Sham MI MI/EPCs MI/EPCs-SPIO

10 days 8 weeks 10 days 8 weeks 10 days 8 weeks 10 days 8 weeks

HW/BW (mg/g) 3.1±0.1 3.1±0.2 3.9±0.1 4.5±0.2 3.3±0.1* 3.5±0.1* 3.5±0.2* 3.7±0.2*
EF (%) 85.7±5.2 79.3±4.7 41.1±8.2 39.9±5.1 68.7±8* 64.9±6.4* 68.8±9.1* 64.2±5.1*
FS (%) 56.8±6.5 51.3±9.6 20.9±4.9 24.0±6.1 38.1±3.8* 37.7±3.9* 40.1±7.5* 36.6±8.5*
LVIDd (mm) 6.5±0.5 6.3±0.6 7.8±0.7 7.6±0.5 6.5±0.7* 6.4±0.4* 6.6±0.7* 6.4±0.7*
LVIDs (mm) 2.6±0.6 2.6±0.7 5.8±1.1 5.2±0.6 4.0±1.1* 3.8±0.4* 4.1±0.7* 3.9±1.0*

Values are mean ± SEM; n=5 in each group
MI myocardial infarction, EF ejection fraction, LVIDd left ventricular inner diastolic diameter, LVIDs left ventricular inner systolic diameter
*PG0.05 (vs. MI and sham)
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infarcted myocardium at 8 weeks. Postmortem histological
analysis showed that enhanced MRI signals arose from macro-
phages, although only a few grafted cells survived in the 10-day
groups. Both labeled and unlabeled cells maintain their
protective effect against progressive LV dilatation and dysfunc-
tion. Themajor mechanism appears to be paracrine pathways of
the engrafted EPCs, resulting in the prevention of apoptosis and
enhanced neovascularization of ischemic myocardium.

The development of molecular imaging techniques has
enabled the noninvasive assessment of cell location, migra-
tion, and proliferation in vivo [13]. Labeling with iron
particles and tracking cell fate by MRI provide a means of
identifying and tracking the migration of labeled cells in vivo
[14]. In the present study, commercially available agent

Resovist was successfully used to label cells, and our results
showed that the Resovist/poly-L-lysine method was very
efficient. In vitro MRI can efficiently detect low numbers of
SPIO-labeled EPCs and that the intensity of the signal is
proportional to the number of labeled cells.

A major advantage of the approach used here is that MRI
affords the opportunity to simultaneously acquire data about
cardiac structure and cell tracking capabilities. Using a 7.0-T
scanner to identify transplanted cells, we were able to detect
the intramyocardial injection sites of labeled EPCs in the rat
heart by in vivo MRI. From 1 day to 8 weeks after MI,
intracellular SPIO of transplanted cells could be readily
detected as dark spots, though at 8 weeks, the signal size
decreased. Successful cell engraftment was evidenced by

Table 2. Effects of EPC transplantation on cardiac function and hemodynamics 8 weeks after MI

Variable Sham MI MI/EPCs MI/EPCs-SPIO

MPA (mmHg) 91.5±19.7 55.6±10.4 87.9±14* 74.1±5.1*
LVEDP (mmHg) 5.9±2.1 29.8±12.5 11.4±2.3* 18.1±6.1*
dP/dt max (mmHg/s) 4,781.5±798 2,689±544 3,633.5±272* 3,724.3±172*
dP/dt min (mmHg/s) 4,627±1,036 2,264±408 3,201±276* 3,424±662*

Values are mean ± SEM; n=5 in each group
MI myocardial infarction
*PG0.05 (vs. MI and sham)
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Fig. 4. EPC transplantation treatment reduces cardiomyocyte apoptosis and monocyte/macrophage accumulation 10 days
after MI. a Representative micrographs show TUNEL-positive apoptotic cardiomyocytes from the peri-infarcted zone of rat
hearts (×200 magnification). b Quantitative analysis of apoptotic cardiomyocytes expressed as percentage of TUNEL-positive
nuclei in cardiomyocytes. TUNEL-positive non-cardiomyocytes were excluded. c Representative images of ED-1 immuno-
staining in the infarcted area (×200 magnification). d Quantitative analysis of ED-1-positive cells.
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numerous DAPI and Prussian blue double-stained cells at
the site of injection 24 h after injection. But at 8 weeks after
MI, according to DAPI fluorescence, neither labeled nor
unlabeled cells survived in the infarcted myocardium. In
addition, numerous Prussian blue-stained cells were positive
for ED-1 immunostaining, indicating that Prussian blue-
positive cells represent phagocytic macrophages that contain

native iron or had ingested Resovist from lysed EPCs. But in
the 10-day groups, a few Prussian blue and DAPI double-
positive cells were observed and were negative for ED-1
immunostaining; only several cells were positive for iron
and ED-1 co-staining. Amsalem et al. [15] has reported that
at 4 weeks after transplantation of SPIO-labeled MSCs, the
transplanted cells are not present in the scar and that the
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Fig. 5. EPC transplantation promotes neovascularization 10 days after MI. Representative micrographs of heart sections
stained with antibodies against VEGF (a), CD31 (b), and α-SMA (c) (×200 magnification). d VEGF mRNA levels determined by
real-time PCR. Values are expressed as mean ± SEM (n=6, *PG0.05 vs. MI). e Capillary density expressed as capillaries per
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enhanced MRI signals arise from cardiac macrophages that
engulf the SPIO. Some studies showed that MRI over-
estimated iron-labeled stem cell survival after transplantation
in the heart [16, 17]. However, Sadek and Garry [18] believed
that the conclusion was misleading, inferring that Amsalem
and coworkers delivered immunogenic cells (MSCs) into an
immunocompetent model in the absence of immunosuppres-
sive agents, resulting in the complete elimination of the iron
oxide nanoparticle-labeled MSCs from the recipient heart.
Thus, we used cyclosporin A as an immunosuppressive agent,
but got similar results compared to Amsalem. We presume
that cellular rejection is not the main cause of macrophage
appearance. In acute MI, myocardial tissue damage causes
cell death and macrophage infiltration, leading to the engulf-
ment of dying and discarded host cells by macrophages.
Taken together, our data indicate that SPIO labeling is a better
marker for a high-resolution detection of cell location by MR
in the early stage of repair from MI. A fundamental drawback
ofMRI for cell tracking is the difficulty in distinguishing iron-
labeled cells from the free iron released upon cell death.

As shown in Tables 1 and 2, we used two methods to
evaluate cardiac function at 10 days and 8 weeks after MI. The
results consistently show that both labeled and unlabeled EPCs
attenuated LV dysfunction. Cardiac MRI can provide non-
invasive, high-resolution images of heart anatomy, viability,
perfusion, and function. However, in this study, functional
evaluation using high-field MRI was not undertaken because
we do not have the appropriate software to analyze the results.

EPCs possess a potential for augmented neovasculariza-
tion and functional preservation of the left ventricle in acute
myocardial ischemia [19]. We showed that VEGF levels are
upregulated by both labeled and unlabeled EPCs and are
associated with a significantly increased number of capillaries
and arterioles in the peri-infarct area. In addition to their role
as a structural tissue component, EPCs express many factors
that contribute to tissue regeneration and preservation,
including pro-angiogenic and anti-apoptotic growth factors
(e.g., VEGF, hepatocyte growth factor, etc.) [18]. Our results
showed that labeled and unlabeled EPCs enhanced cardiac
function after MI, although relatively few cells survived in the
ischemic tissue and no DAPI-positive cell incorporation into
vascular structures was observed. The disproportionately
large improvement in functional outcome in rats treated with
EPCs compared to the actual number of EPCs present in the
ischemic tissue indicates that the restorative effect of EPCs is
not due to transdifferentiation of the transplanted cells. We
found a markedly decreased ratio of cardiomyocyte apoptosis
and macrophage infiltration 10 days after MI, which is most
likely a paracrine effect of EPCs.

To the best of our knowledge, to further evaluate the
duration of transplanted cell survival, integration, and prolif-
eration in target organs, multimodality imaging techniques
combined with the relative advantages of MRI, PET, SPECT,
optical imaging, and ultrasound will provide complementary
and reliable information to assess stem cell engraftment in the
recipient tissue.
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