
Introduction

Acute myocardial infarction is still associated with a
significant mortality in humans. In the industrialized

world congestive heart failure after myocardial infarc-
tion represents the leading cause of hospitalization and
death, and the extent of irreversibly damaged myo-
cardium serves as an important predictor of clinical
outcome. The loss of viable myocardium initiates ad-
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j Abstract Cell transplantation has recently emerged as a novel therapy
for ischemic heart disease. The presented study investigated the effect of
intramyocardial transfer of human endothelial progenitor cells (EPCs) and
stromal-cell derived factor-1a (SDF-1a) on left ventricular function in a
chronic setting after myocardial infarction in cyclosporine treated rats.
BrdU-labeled EPCs (106), 10 lg SDF-1a, EPCs+SDF-1a or placebo medium
were injected directly into the border infarct zone 4 weeks after acute
myocardial infarction. Eight weeks after transplantation, echocardiogra-
phy identified significantly improved fractional shortening after EPC or
EPCs+SDF-1a injection as compared with injection of placebo medium.
Investigating isolated hearts revealed a significant increase in left
ventricular developing pressure after transplantation of SDF-1a or
EPCs+SDF-1a. Furthermore, coronary flow rates were significantly
elevated, especially after transplantation of EPCs+SDF-1a (under cate-
cholamine stress 24.2 ± 1.55 ml/min vs. 13.1 ± 1 ml/min in the control)
correlating with increased density of CD31+ vessel structures in the EPC as
well as EPCs+SDF-1a groups, thus defining a higher rate of neovascular-
ization. Notably, SDF-1a injected hearts showed only a trend towards
improvement in coronary flow. BrdU+ signals were detected in infarct
areas, partially integrating into vascular networks. The rate of apoptotic
cells as well as the amount of inflammatory cells was significantly elevated
in the placebo control group. In conclusion, transplantation of EPCs as well
as EPCs+SDF-1a associated with improvement in cardiac function after
infarction, which was attributable to enhanced neovascularization and
decreased inflammation. These results imply a combined benefit of
EPCs+SDF-1a in the treatment of myocardial infarction.

j Key words cell based therapy – progenitor cells – neovascularization –
myocardial infarction – left ventricular function
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verse left ventricular (LV) remodeling with ventricular
dilatation and contractile dysfunction.

As recent studies revealed, regeneration of the
adult heart may occur by resident stem/progenitor
cells [17]. In addition, several types of transplanted
cells are effective in functional improvement after
myocardial infarction. For instance, transplantation
of fetal cardiomyocytes, skeletal myoblasts, smooth
muscle cells, human umbilical vein endothelial cells
(HUVEC), or bone marrow mononuclear cells led to
an increase in global LV ejection fraction and to
regression of LV remodeling by stimulating regener-
ation of cardiac myocytes but also by inducing neo-
vascularization within the ischemic myocardium [11,
15, 16, 18, 21, 27, 29]. These effects were well docu-
mented even in long-term experiments [4, 27].

Recent reports suggest that local or systemic
administration of endothelial progenitor cells (EPCs)
enhances ischemic neovascularization and improves
the function of ischemic tissues in animals with
hindlimb or myocardial ischemia [1, 8, 13, 19]. Under
physiological conditions EPCs are basically present in
bone marrow and peripheral blood. EPCs can be de-
fined as progenitor cells with the capacity to differ-
entiate into mature endothelial cells when grown
under appropriate conditions [8]. In several vascular
disorders the number of circulating EPCs has been
shown to associate with endothelial regeneration but
also with endothelial dysfunction [5, 6, 25, 26, 31, 32].
Especially, in patients with unstable angina and after
myocardial infarction a transient increase in the
number of circulating EPCs was documented [5, 25].
Furthermore, it has been shown that transfer of EPCs
influenced myocardial remodeling following coronary
artery ligation and increased vascular perfusion in a
hindlimb ischemia model [13, 19]. Encouraged by
these results first clinical studies demonstrated that
intracoronary infusion of autologous progenitor cells
appears to be feasible and may beneficially affect the
remodeling process after an acute myocardial infarc-
tion [7, 9, 23, 30].

Hence, in the presented study we characterized
the effect of intramyocardial transfer of human
EPCs on LV functional recovery and especially on
structural changes within the myocardium after an
infarction in a rat model. We furthermore at-
tempted to augment the postulated beneficial effects
of transplanted EPCs by injection of SDF-1a, a
central chemokine that interacts with the CXC
chemokine receptor 4 to mediate mobilization and
recruitment of progenitor cells during the embry-
onic hemato-, vasculo-, and cardiogenesis but also
along hypoxic gradients [2, 3, 24, 33]. Thus, using
SDF-1a we sought to additional mobilize endoge-
nous circulating EPCs for further improving the
neovascularization.

Materials and methods

j Generation of myocardial infarctions

Female adult Sprague–Dawley rats (200–250 g) were
intubated under general anesthesia (1 ml/kg ketamine
and 10 mg/kg xylasine, intraperitoneal) and positive
pressure ventilation was maintained with supple-
mented room air, using a rodent respirator. Hearts
were exposed through a 2-cm left thoracotomy and
myocardial infarction was induced by suture occlusion
of the left anterior descending artery (LAD) between
the left atrium and the right pulmonary outflow tract
using a 7/0 polyprolene snare (Ethicons). The muscle
layer and skin incision were closed with a silk suture.
Animal experiments were approved by local authorities
and complied with German animal protection law.

j Cells

Human EPCs were isolated from 20 ml of citrate/
dextran anticoagulated peripheral blood according to
previously published protocols [3, 31, 32]. In brief,
peripheral blood mononuclear cells (PBMCs) were
separated by Biocoll (Biochrom AG) density gradient
centrifugation, washed twice in phosphate buffered
saline (PBS) and counted. Finally, the PBMCs were
resuspended in microvascular endothelial growth
medium MV2 (PromoCell) and plated in a T-25 cul-
ture flask coated with 10 lg/ml human fibronectin
(Harbor Bio-Products). After 4 days non-adherent
cells were removed and fresh medium was added. At
day 7 adherent cells were detached with trypsin,
counted, resuspended (106 in 100 ll PBS), and
transplanted. On the day before transplantation, cells
were incubated with BrdU (Zymed) as described by
the manufacturer. Endothelial phenotype of cultured
cells was confirmed by flow cytometry and fluores-
cence microscopy using anti-von Willebrand anti-
body, anti-VEGFR2 (KDR) antibody (both from
Sigma), DiI-ac-LDL (Harbor Bio-Products), and lec-
tin-FITC (Sigma) as previously described [3, 31, 32].

j Cell transplantation

Transplantation was performed 4 weeks after acute
myocardial infarction. The rats were anesthetized and
the hearts exposed by a thoracotomy as described
above. The areas for injection were visually selected
by surface scarring and wall motion akinesis. EPCs
were transplanted into marginal zones of the myo-
cardial infarction by syringe injection (for 1-min
injection time) at three distinct but adjacent sites. The
rats are divided into four groups: the first group re-
ceived BrdU-labeled EPCs (106, n = 12), the second
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group received 10 lg SDF-1a (Peprotec, Rocky Hill,
NJ, n = 8), the third group received EPCs+SDF-1a
(n = 8), and the fourth group (placebo control) re-
ceived only culture medium (n = 12). After injection,
the puncture sites were closed by suture, which served
as a marker for the area of transplantation at follow-
up thoracotomy. Cyclosporin A (50 mg/kg) was
administrated orally in all groups by injection in the
mouth daily, starting on the day of transplantation.

j Echocardiography

Four weeks after acute myocardial infarction and
2 months after transplantation, rats were anesthetized
and two-dimensional and m-mode measurements were
performed with a model SONOS 5500 HP (Agilent, Palo
Alto, CA) with a 12.5-MHz linear phased-array probe.
The animals were placed in the supine or lateral posi-
tion and excessive pressure on the thorax was avoided.
Parasternal long-axis and short-axis views were ob-
tained, ensuring that the mitral and aortic valves and
apex were well visualized and recorded. Measurements
of LV end-diastolic and end-systolic dimensions were
obtained in M-mode from more than three beats and
fractional shortening (FS) was calculated in percentage
as follows: (LVIDd)LVIDs)/LVIDd · 100. LVIDd/s
indicates the LV internal dimension in diastole (d) and
systole (s), respectively.

j Langendorff perfusion and assessment of infarct
size

Two months after transplantation, rats were anesthe-
tized and hearts removed. Heart function was mea-
sured with a Langendorff device with filtered Krebs–
Henseleit buffer at a pressure of 65 mmHg equilibrated
with 5% CO2 and 95% O2. A latex balloon was placed
into the left ventricle to record pressure and heart rate.
After 30 min of stabilization, coronary flow was mea-
sured by timed collection. The balloon size was in-
creased by adding 5 ll increments up to a 30 ll volume.
The systolic and diastolic pressures were recorded at
each balloon size and developed pressure was calcu-
lated. Isoproterenol (70 nmol/l) was added and LV
pressure development was measured. The scar size of
LV-free wall was measured by computed planimetry
(NIH Image Software) of digitized images taken from
hears that were fixed in distension (30 mmHg) with
10% formalin and cut into 5 lm slices.

j Cell identification and analysis of infarct area

For cell identification, cross sectional slides (5 lm)
were dried overnight and stained with anti-BrdU kit

(Zymed). Universal quick kit and alkaline phosphatase
substrate kit (Vector Laboratories) were used with anti-
CD31 antibody (Santa Cruz Biotechnology) to stain
vessels in infarct areas. The CD31+ circular structures
were counted and expressed as an absolute number per
mm2. Nuclei undergoing apoptosis were stained with
MEBSTAIN apoptosis kit II (MBL) and the TUNEL+
(i.e. apoptotic) nuclei were counted and calculated as a
percentage of all nuclei (apoptotic index). Accustain
trichrome stain (Masson, Sigma) was used to determine
collagen content of the infarct regions. The stained
areas were measured by computer-assisted planimetry
(Diskus software, Hilgers) and expressed as percent
from total infarct area. Macrophages and neutrophils
were stained with a-naphthyl acetate esterase (Sigma)
and naphthol as-d chloroacetate (Sigma), respectively.
Stained cells (macrophages in yellow-brown, neutro-
phils in red) were counted pro mm2 in the infarct and
remote area. For analyzing each heart 3–4 sections were
used. Cells were counted in 3–4 fields of each section.

j Statistical analysis

Data represent mean ± SD. Data analysis was per-
formed with Prism 4 software (Graph Pad) using
unpaired Student t test or one-way ANOVA followed
by Newman–Keuls test. Differences with P < 0.05
were considered significant.

Results

Infarct size was analyzed by computed planimetry and
revealed no significant difference in infarct areas be-
tween different groups as a sign of equal severity of
infarctions in all groups (data not shown). BrdU-
labeled EPCs (n = 12), 10 lg SDF-1a (n = 8),
EPCs+SDF-1a (n = 8), and placebo medium (n = 12)
were injected 4 weeks after ligation of the left coronary
artery into two or three areas of infarct myocardium
and adjacent border zones. The phenotype of cultured
human PBMCs at day 7 after the isolation was assessed
by analyzing expression of VEGFR2 (KDR) and von
Willebrand factor, ac-LDL uptake as well as lectin
binding (Fig. 1). Accordingly [3, 8, 31, 32], these cells
were characterized as EPCs. Two months after trans-
plantation we evaluated changes in myocardial con-
tractility by 2D echocardiography and in isolated heart
with retrograde perfusion according to Langendorff.
We further assessed the presence of transplanted cells
in host myocardium by immunochemistry. BrdU+
signals from transplanted areas were detected in host
myocardium. These signals were identified in infarct
areas, mostly integrated into host vessel (Fig. 2). The
TUNEL staining for apoptotic cells demonstrated
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significantly reduced apoptotic index after EPC, SDF-
1a, or EPCs+SDF-1a transplantation as compared with
placebo medium injection (Fig. 3A).

In previous experiments we suggested that
inflammation and angiogenesis are closely related

with neovascularization being the prominent vascular
response to chronic inflammation [14]. Vascular
density in the infarction area was assessed by staining
for CD31 of endothelial structures in order to examine
whether transplantation of EPCs and SDF-1a might

Fig. 2 Immunohistochemical BrdU staining of infarct areas 2 months after cell and SDF-1a transplantation revealed that EPCs integrate into vascular structures
(arrows). Inset in the left upper corner shows a positive control for BrdU. Representative images were shown
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Fig. 1 Characterization of cultured EPCs. At day 7 after the isolation adherent cells were positive for von Willebrand factor and VEGFR2 (KDR), intensively took up ac-
LDL and bound an endothelial-specific lectin as revealed by flow cytometry (A) and fluorescence microscopy (B)
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affect angiogenesis. As revealed in Fig. 3B cell trans-
plantation and co-injection of SDF-1a displayed sig-
nificantly increased number of vessels at 2 months
after transplantation (337.8 ± 27.6 vessels/mm2 and
388.4 ± 18.6 vessels/mm2, respectively) as compared
with placebo medium injected control hearts
(246.1 ± 26.4 vessels/mm2), whereas SDF-1a injected
myocardium showed only a trend towards increased
vessel density (298.6 ± 9.9 vessels/mm2).

Next, collagen density was determined within the
infarct area. After EPC, SDF-1a, or EPCs+SDF-1a
injection significantly higher amount of collagen
(37.8 ± 2.6%, 44.2 ± 4.4%, or 38.6 ± 4.5%, respec-
tively) was detected within the infarct area as
compared with the control group (25.7 ± 3.0%,
Fig. 3C). As a hallmark of inflammation we assessed
the macrophage/neutrophil infiltration within the
infract area. In EPC (38.9 ± 11.3 macrophages/mm2,
P < 0.05 vs. control), SDF-1a (78.9 ± 22.8 macro-
phages/mm2), or EPCs+SDF-1a (34.4 ± 4.7 macro-
phages/mm2, P < 0.05 vs. control) injected hearts
we documented less frequently infiltrates than in
placebo-injected hearts (106.8 ± 25.2 macrophages/
mm2, Fig. 4). Notably, in the remote myocardium
there were significantly more inflammatory cells
after transplantation of EPCs (23.1 ± 4.8 macro-
phages/mm2) or EPCs+SDF-1a (28 ± 3.8 macro-
phages/mm2), as compared with placebo medium-
injected hearts (11.1 ± 1.6 macrophages/mm2,

Fig. 4). A similar trend was also observed for neu-
trophils (Fig. 4). These data suggest that 2 months
after cell transplantation an inflammatory response
possibly triggered by transplanted cells is still
present even in the remote myocardium.

To evaluate whether EPCs are able to improve
cardiac function we performed 2D echocardiography
before and 2 months after transplantation. Four weeks
after myocardial infarction dilated end-diastolic
diameters and reduced fractional shortening were
observed in all groups (data not shown). In a previous
study [26] we showed in the same animal model
(identical species and body weight) that the normal
heart function did not significantly differ at baseline
(FS 43.3 ± 5%, LVEDD 0.68 ± 0.06 cm). In the EPC as
well as the EPCs+SDF-1a groups end-diastolic diam-
eters decreased significantly 2 months after trans-
plantation (EPCs preTX: 0.77 ± 0.08 cm, postTX:
0.56 ± 0.12 cm, EPCs+SDF-1a preTX: 0.72 ± 0.07 cm,
postTX: 0.65 ± 0.06 cm, Fig. 5A) in contrast to pla-
cebo medium-treated hearts, which showed un-
changed diameters (medium preTX: 0.67 ± 0.09 cm,
postTX: 0.67 ± 0.2 cm, Fig. 5A). Fractional shortening
also revealed a significant improvement after trans-
plantation of EPCs or EPCs+SDF-1a, respectively
(EPCs preTX: 24.2 ± 11.5%, postTX: 39 ± 11.4%,
P < 0.05; EPCs+SDF-1a preTX: 26.9 ± 3.7%, postTX:
35.7 ± 8.3%, P < 0.05, Fig. 5B). In contrast, such an
improvement was not observed in the placebo control
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group (preTX: 31.9 ± 9.75%, postTX: 29.5 ± 5.42%)
and SDF-1a injection alone showed only a non-sig-
nificant trend towards better heart function (Fig. 5B).
For further quantification of LV function we
performed isolated heart studies with retrograde per-
fusion according to Langendorff. We identified a sig-
nificantly augmented peak in LV developed pressure
(LVDP) in EPCs+SDF-1a and SDF-1a treated animals
two months after transplantation (LVDP EPC+SDF-
1a 90.8 ± 23.5 mmHg, SDF-1a 90.3 ± 19.9 mmHg,
Fig. 5C) as compared to placebo medium injected
hearts (LVDP medium 68.7 ± 11.2 mmHg, P < 0.05,
Fig. 5C). EPC injection alone showed only a trend
towards improved LV function (Fig. 5C) and record-
ing of LV compliance by measuring end-diastolic
pressures in response to incremental augmentation of
LV volume load did not further reveal any significant
differences (data not shown). Coronary flow rates were
measured in both groups by Langendorff procedure.
Flow rates of EPC, SDF-1a and EPCs+SDF-1a trans-
planted hearts were also higher, partially significant at
baseline and under catecholamine stress testing
(Fig. 5D). Highest values were revealed with
EPCs+SDF-1a transplanted hearts (coronary flow
baseline 15.3 ± 3.6 ml/min vs. 8.8 ± 3.3 ml/min in the
control, coronary flow under catecholamine stress
24.2 ± 1.55 ml/min vs. 13.1 ± 1 ml/min in the con-
trol, Fig. 5D). These results underline the histological
findings, which documented a significant difference in

the vessel density within infarct areas after trans-
plantation of EPCs or EPCs+SDF-1a, Fig. 3B).

Discussion

The presented study investigated the effect of trans-
planted peripheral blood-derived EPCs on functional
improvement after myocardial infarction. We selected
an even chronic infarction model in which the cells
were transplanted 4 weeks after the acute event. After
that time the acute remodelling processes including in
general inflammatory reaction and increased oxidative
stress has already been attenuated. Thus, it is reason-
able to assume that such a microenvironment will allow
a more effective survival and incorporation of trans-
planted cells. The study aimed in particular to analyze
functional and structural changes within infarct areas
and to assess potential additional benefits of SDF-1a
application. Four weeks after myocardial infarction
EPCs, SDF-1a, EPCs+SDF-1a, or placebo medium were
injected into border zones around the infarct tissue.
Two months after transplantation positive effects on
LV function were evident. Histological examinations
further revealed significantly increased vessel density
and reduced apoptosis in the infarct area.

EPCs are able to home to areas of tissue injury,
thus contributing to endothelial regeneration and
neovascularization. Within the recent years consid-
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erable interest has focused on the possible thera-
peutic relevance of EPCs. EPCs respond to diverse
angiogenic growth factors and chemokines (e.g.
VEGF, SDF-1a) and their number has been altered
during several vascular disorders [5, 25, 32]. Of note,
patients with unstable angina or myocardial infarc-
tion [5, 25] have transient increase in the number of
circulating EPCs, whereas aging and risk factors for
ischemic coronary artery disease rather associated
with reduced EPC number [22, 31, 32]. Notably,
EPCs were able to improve the overall function in
ischemic injured tissues by increasing neovasculari-
zation and attenuating organ damage [1, 13, 19].
Studies employing models of myocardial ischemia
proved beneficial effects after local or systemic
delivery of bone marrow cells or EPCs [9, 10–13]. In
a rat model of myocardial infarction transplantation

of expanded EPCs enhanced neovascularization, re-
duced LV dilatation, and preserved cardiac function
[15].

Another relevant technique to ameliorate function of
injured tissue represents the cytokine-induced mobili-
zation. Hence, Orlic et al. [20] mobilized bone marrow
cells by G-CSF and stem cell factor, which led to de-
creased postinfarction mortality and functional recov-
ery as well as enhanced angiogenesis in the infarct
myocardium. Another study revealed that local injec-
tion of SDF-1a stimulated homing of systemically
delivered human mononuclear cells to the ischemic
muscle and induced vasculogenesis in athymic nude
mice with hindlimb ischemia [33]. Similar findings were
presented by Askari et al. [2] after transplantation of
SDF-1a transfected fibroblasts. These cells were able to
induce therapeutic homing to the injured myocardium.
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Secretion of pro-angiogenic cytokines in the course
of EPC transplantation has been shown to contribute to
new vessel formation [28]. In particular, SDF-1a, which
specifically binds to the CXC chemokine receptor 4 on
endothelial cells but also EPCs, has been shown to
augment mobilization of EPCs into hypoxic areas [2, 3,
24, 33]. Therefore, in our study EPC transplantation
was extended by additional SDF-1a protein application
including a control group employing single SDF-1a
injection. Indeed, our results showed higher number of
vessels in infarct areas after additional application of
SDF-1a as well as higher coronary flow rates. These
findings suggest that homing of host EPCs contribute to
increased vessel density in the infarct area. Though our
results may be limited by a short lasting effect of single
SDF-1a application during the transplantation process.
Hence, SDF-1a would presumably be more effective
after repeated application or even local expression.
Additionally, the kinetics and concentration of SDF-1a
may have conflicting effects on myocardial function.
For example, sole catheter-based transendocardial
delivery of SDF-1a in a porcine infarct model failed to
improve myocardial perfusion [14]. Notably, our re-
sults further showed a higher amount of collagen in
infarct areas which possibly contribute to enhanced
tension stability of the ventricular wall. However, this
issue remains rather controversial and open for debate
given that previous studies demonstrated a lower ratio
of fibrosis in infarct hearts [10, 15]. Nevertheless, the
higher collagen content in our chronic post-infarction
model was associated with improved LV function.

While neovascularization was increased in EPC/
EPCs+SDF-1a treated infarction areas, the inflam-
matory cellular response remained considerably dif-
ferent as compared to the placebo control group. Our

previous study using transplantation of HUVECs re-
vealed that the structural and functional improvement
of cardiac function was partially mediated by mac-
rophages due to possible paracrine effects [18]. In the
current study control groups showed an ongoing
inflammatory response 8 weeks after transplantation
within the infarct area associated with lower collagen
content and a diminished LV function. After EPC
transplantation, the inflammatory response was either
less pronounced or already concluded. Interestingly,
the surrounding regions also displayed a higher
amount of cellular immune response as compared to
the placebo control. These findings are further
underscored by a significantly lower rate of apoptotic
cells in the EPC and/or SDF-1a groups in contrast to
placebo. While cell transplantation changed the
structural response to myocardial injury, a postulated
additional effect on LV contractility through stable
integration of transplanted cells into host myocar-
dium was only rarely detected. BrdU+ cells most
commonly associated with vascular structures and the
significantly higher coronary flow rate indicated that
the effects observed were predominantly due to im-
proved neovascularization in the transplanted groups.

In conclusion, the present study demonstrated that
direct intramyocardial transplantation of EPCs in a
chronic setting after myocardial infarction signifi-
cantly improved cardiac function. Additional appli-
cation of the chemokine SDF-1a further recovered LV
function and supported the regenerative process.
Thus, the mechanisms of altered cellular immune
response, increased collagen content as well as im-
proved coronary flow appear to play an important
role in ventricular remodeling following EPC trans-
plantation after myocardial infarction.
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