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Abstract
Background—In contrast to the adult, fetal sheep consistently regenerate functional
myocardium after myocardial infarction. We hypothesize that this regeneration is due to the
recruitment of cardiac progenitor cells to the infarct by stromal-derived factor-1α (SDF-1α) and
that its competitive inhibition will block the regenerative fetal response.

Methods—A 20% apical infarct was created in adult and fetal sheep by selective permanent
coronary artery ligation. Lentiviral overexpression of mutant SDF-1α competitively inhibited
SDF-1α in fetal infarcts. Echocardiography was performed to assess left ventricular function and
infarct size. Cardiac progenitor cell recruitment and proliferation was assessed in fetal infarcts at 1
month by immunohistochemistry for nkx2.5 and 5-bromo-2-deoxyuridine.

Results—Competitive inhibition of SDF-1α converted the regenerative fetal response into a
reparative response, similar to the adult. SDF-inhibited fetal infarcts demonstrated significant
infarct expansion by echocardiography (p < 0.001) and a significant decrease in the number of
nkx2.5+ cells repopulating the infarct (p < 0.001).

Conclusions—The fetal regenerative response to myocardial infarction requires the recruitment
of cardiac progenitor cells and is dependent on SDF1α. This novel model of mammalian cardiac
regeneration after myocardial infarction provides a powerful tool to better understand cardiac
progenitor cell biology and to develop strategies to cardiac regeneration in the adult.

Adult mammalian myocardial infarction (MI) causes cardiomyocyte loss, scar formation,
and a progressive decline in function. Zebrafish [1] and even neonatal mice [2] have been
shown to regenerate the heart after amputation of a portion of the ventricle in a process
thought to be dependent on the dedifferentiation and proliferation of existing
cardiomyocytes; however, the environment after amputation differs dramatically from the
ischemic environment after MI. We have previously reported mammalian cardiac
regeneration occurs after MI in fetal sheep, with restoration of functional myocardium [3].
In this study, we demonstrate that mammalian fetal cardiac regeneration depends on cardiac
progenitor cell recruitment to the infarct zone by competitively inhibiting stromal-derived
factor 1α (SDF-1α).
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SDF-1α is a highly conserved chemokine [4, 5] that binds to the C-X-C chemokine receptor
type 4 receptor [6, 7] and promotes progenitor cell recruitment in response to a chemotactic
gradient [8, 9]. Experimental models augmenting SDF-1α after adult MI have improved
cardiac function as a result of increased stem cell recruitment and decreased inflammation
and apoptosis [10–12]; however, the role of SDF-1α has not been assessed in models of
mammalian cardiac regeneration.

We hypothesized that the fetal regenerative response to MI is due to SDF-1α recruitment of
cardiac progenitor cells to the infarct zone, where they differentiate into functional
myocardium. To test our hypothesis, we competitively inhibited SDF-1α through lentiviral
over-expression of mutant SDF-1α (SDFi), which binds the C-X-C chemokine receptor type
4 receptor without activating it after fetal MI. Control experiments were performed with a
lentivirus containing no transgene (empty).

Material and Methods
All experiments were approved by the Institutional Animal Care and Use Committees of
The University of Mississippi Medical Center, Children’s Hospital of Philadelphia, and The
University of Pennsylvania and performed in compliance with Guide for the Care and Use
of Laboratory Animals (National Institutes of Health Publication No. 85-23, revised 1996),
and the European Convention on Animal Care.

Animal Model
Fetal (65 to 76 days’ gestation) Dorset sheep (n = 20) or adult Dorset sheep (n = 29) were
used for all studies. Quantitative echocardiography was performed before infarction,
immediately after infarction, and at the time of euthanasia. Animals were sedated with
ketamine (11 mg/kg intramuscularly), intubated, and anesthetized with inhaled isoflurane.
Cefazolin (1 g intravenously) was given before incision and oxytetracycline (0.006 mg/kg
intramuscularly) before extubation for antibiotic prophylaxis.

For the fetal model, a laparotomy and hysterotomy was performed to expose the fetus. A left
thoracotomy was performed, and the pericardium was opened to expose the heart. The left
anterior descending coronary artery and appropriate diagonal branches were suture-ligated
to produce an infarct involving 20% of the left ventricular mass [3]. Sham operations were
performed in the same manner, without performing coronary artery ligation.

For the lentiviral studies, 1 × 108 plaque-forming units of lentiviral vector containing empty
(control) or SDFi and green fluorescent protein transgenes were suspended in 25 μL
phosphate-buffered saline and injected in 5-μL aliquots into five distinct regions of the
infarct immediately after ligation. The chest and skin incisions were closed.

For the fetal model, the amniotic fluid was replaced with sterile normal saline plus 2 million
units of penicillin-G added for antimicrobial prophylaxis. The uterus and abdominal
incisions in the ewe were closed before emergence from anesthesia. Analgesia was provided
with buprenorphine (0.005 mg/kg intramuscularly) before extubation and flunixin
meglumine (2.5 mg/kg intramuscularly) 4 hours postoperatively.

Animals were euthanized at 3 days or 1 month after infarction. For the proliferation studies,
the ewes received 250 mg 5-bromo-2-deoxyuridine (BrdU) intravenously 24 and 48 hours
before euthanasia. The hearts were excised and processed for histology and
immunohistochemistry.
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Echocardiography
Quantitative 2-dimensional subdiaphragmatic echocardiograms in the adult and quantitative
2-dimensional transuterine echocardiograms in the fetus were obtained before coronary
ligation (pre-MI), immediately after coronary ligation (post-MI), and at the time of
euthanasia. Echocardiography was performed on a Phillips Sonos 7500 (Andover, MA)
using a 3.5-MHz probe in the adult and a 7-MHz probe in the fetus, and recorded on 0.05-
inch videotape. The modified Simpson’s rule technique [13] was used to analyze apical 4-
chamber views in fetuses and adults, using an offline analysis system (TomTec Imaging
System, GmbH, Unterschleissheim, Germany), to obtain left ventricular volumes at end-
systole and end-diastole. The ejection fraction (EF) was calculated from these volumes.
Infarct length was defined and measured as length (cm) of akinetic myocardium present on
the long-axis view.

Lentiviral Vector Construction
Lentivirus containing the mutant SDF-1α transgene (SDFi) was created by replacing the C-
terminal proline amino acid with glycine. This generates a mutated form of SDF-1α that
binds to the C-X-C chemokine receptor type 4 receptor but does not activate it [14].

A complementary DNA library was prepared from mouse tissues using Trizol and
Superscript (Invitrogen, Carlsbad, CA), following the manufacturer’s instructions. Sequence
analysis was used to confirm the murine SDF-1α complementary DNA as well as the
SDF-1α inhibitor.

The CS-CG HIV-1 transfer plasmid, modified as previously described [15, 16], was used to
generate a self-inactivating lentiviral vector. This lentiviral vector allows expression of the
SDFi construct with the green fluorescent protein reporter gene (Clontech Laboratories,
Mountain View, Calif) as a single transcript under the control of a cytomegalovirus
promoter. Vesicular stomatitis virus-G protein pseudotyped viral particles were generated by
transfection into a 293T cell line and titered, as previously described [17].

To test the ability of our viral construct to efficiently infect cells and produce transgene
protein, we incubated passage 5 dermal fibroblasts with our lentiviral construct at a
multiplicity of infection of 100 for 24 hours. Transduced fibroblasts were then plated in 12-
well tissue culture plates at a seeding density of 5 × 105 cells per well. Tissue culture
supernatants were aspirated from the plates 24 hours after transfection and frozen at −80°C.
SDFi protein content was determined using a Quantikine enzyme-linked immunosorbent
assay kit for murine CXCL12/SDF-1α (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. All transduced cells produced more than 100 ng/mL of SDF-1α
inhibitor [18]. Successful transduction of our lentivirus in fetal cardiac cells was confirmed
by visualizing green fluorescent protein on frozen section (see Appendix Fig 1; an Appendix
for this article is available in the Auxiliary Annals section of the STS website: http://
www.sts.org/auxiliaryannals/Allukian-2013-96-1-163-Appendix.pdf).

Histologic Analysis
Tissues for permanent section were fixed in 10% neutral buffer formalin (Sigma-Aldrich, St.
Louis, MO) for greater than 72 hours and processed using a Leica 1050 histo-processor
(Leica Microsystems, Buffalo Grove, IL). Paraffin sections (4 μm) were mounted on Fisher
Plus slides (Fisher Scientific, Pittsburgh, PA) and incubated overnight at 52°F. Slides were
deparaffinized in xylene for 10 minutes × 3, followed by rehydration by graded ethanol (2 ×
100%, 95%, 75%) to distilled water. Hematoxylin and eosin and Masson Trichrome staining
was performed as previously described.
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Immunohistochemistry
All immunofluorescence was performed on paraffin sections. Antigen retrieval was
performed using 1× Antigen Retrieval Citra (BioGenex HK086–9k, Fremont, CA) in a
decloaking chamber using factory default settings (Biocare Medical, Concord, CA). For
nkx2.5, BrdU, and myosin staining, slides were rinsed 3 times in 0.1% Triton 100 in
phosphate-buffered saline (PBST) and blocked in 20% goat serum in 0.4% PBST for 60
minutes at room temperature. This was followed by overnight incubation at room
temperature with primary antibodies against nkx2.5 (Abcam, Cambridge, MA), rabbit
polyclonal ab35842, 1:100), myosin (mouse monoclonal ab15, 1:200; Abcam), or BrdU (rat
monoclonal H9970, 1:100; Accurate Chemical & Scientific Corp, Westbury, NY) in 5%
goat serum and 0.1% PBST.

The following day, slides were washed 3 times in 0.1% PBST and incubated with the
appropriate antimouse, antirabbit, or antirat secondary antibodies conjugated to Alexa Fluor
488 or 546 (1:500 dilution; Invitrogen, Carlsbad, CA) for 1 hour at room temperature. Slides
were washed 3 times in 0.1% PBST and mounted in Vectashield (Vector Labs, Burlingame,
CA). The slides were then examined by fluorescent microscopy (Leica). Cell count studies
were performed by averaging 4 to 5 high-power field images (original magnification ×63)
from the remote, borderzone, and infarct regions of representative sections.

Statistical Analysis
Means, standard errors, and p values were estimated using generalized linear mixed models
[19, 20] to account for within-animal associations arising from the repeated-measure design.
Generalized linear mixed models are similar to but more flexible than repeated-measures
analysis covariance. Primary generalized linear mixed model formulations used linear-link
functions and Gaussian response distributions. Mean structures included categoric terms for
animal age (adult, fetal), treatment group (sham, untreated, empty, SDFi), time (baseline and
postinfarct: immediate, 3-day, 1-month), and age-by-time and group-by-time interaction
effects as appropriate. Association models included variance components for animal, age,
and time to account for heterogeneous variance structures. Sensitivity analyses to modeling
choices yielded similar results in all cases.

Results
Quantitative echocardiography demonstrated that the infarct size decreased significantly by
1 month in fetal infarcts (p = 0.001, n = 9 animals, see Appendix Table 1 for data
summaries; an Appendix for this article is available in the Auxiliary Annals section of the
STS website: http://www.sts.org/auxiliaryannals/Allukian-2013-96-1-163-Appendix.pdf),
which had virtually no akinetic myocardium present, whereas the adult infarct size had
significantly increased (p < 0.001, n = 16; Fig 1A). One month after infarction, the fetal EF
had returned to baseline (n = 9, Fig 1B), but the adult EF demonstrated a significant and
progressive decline (p < 0.001, n = 16). Lentiviral-mediated competitive inhibition of
SDF-1α (SDFi) in the fetal infarcts resulted in a persistent and significant increase in infarct
size at 1 month (p < 0.001, n = 3; Fig 1C), whereas the empty lentiviral-treated control fetal
infarcts healed regeneratively, without residual akinetic myocardium (p < 0.001, n = 3).
Competitive inhibition of SDF-1α also appeared to result in a decline in the fetal EF by 1
month, but was somewhat less statistically supported (p = 0.053, n = 3; Fig 1D), whereas the
fetal EF returned to baseline in the control infarcts treated with empty vector infarcts.

At 3 days after MI, the fetal heart demonstrated gross ventricular wall thinning in the apical
infarct region (Fig 2A, left), but this thinning had resolved by 1 month, with restoration of
myocardium (Fig 2A, right). At 3 days after MI, hematoxylin and eosin staining (Fig 2B)
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shows the abrupt transition from normal to infarcted myocardium, identified by hemorrhage
and loss of cellularity. Trichrome staining of the fetal infarct at 1 month after MI
demonstrated restoration of cellularity and minimal scar formation (Fig 2C). The fetal
infarcts treated with empty vector demonstrated no gross ventricular wall thinning (Fig 2D,
left) at 1 month. In contrast, the fetal hearts treated with SDFi demonstrated persistent
ventricular wall thinning at 1 month (Fig 2D, right). At 1 month, the empty vector–treated
fetal infarcts demonstrated minimal scar formation by trichrome stain (Fig 2E), whereas the
SDFi-treated fetal infarcts demonstrated extensive scar formation (Fig 2F).

Cardiac progenitor cell recruitment was assessed by immunohistochemistry for nkx2.5 and
cellularity by 4′,6-diamidino-2-phenylindole (DAPI) staining (see Fig 3 for representative
images). Sham-operated fetal hearts demonstrated numerous DAPI, nkx2.5, and double-
stained cells within the apex (Fig 3A, top row). Three days after MI, the apical fetal infarcts
were hypocellular, with few DAPI and no nkx2.5+ cells present (Fig 3A, second row),
consistent with infarction. One month after MI, the fetal infarcts demonstrated numerous
DAPI and nkx2.5+ cells (Fig 3A, third row). In dramatic contrast, fetal infarcts treated with
SDFi demonstrated decreased cellularity and very few nkx2.5+cells in the infarct at 1 month
(Fig 3A, bottom row).

Quantitative histologic analysis (see Appendix Table 2 for data summaries; an Appendix for
this article is available in the Auxiliary Annals section of the STS website: http://
www.sts.org/auxiliaryannals/Allukian-2013-96-1-163-Appendix.pdf) demonstrated a
significant decrease at 3 days in the cellularity of the untreated apical fetal infarcts compared
with age-matched sham-operated fetal hearts (p < 0.001, Fig 3B). By 1 month, fetal infarcts
demonstrated a significant increase in cellularity (p < 0.001) to levels similar to noninfarcted
age-matched sham-operated fetal hearts. Treatment of fetal infarcts with SDFi abrogated this
response and resulted in a persistent and significant decrease in cellularity at 1 month
compared with untreated hearts (p = 0.005), whereas fetal infarcts treated with empty vector
showed no significant difference in cellularity compared with untreated hearts (p = 0.909).
The increased cellularity observed between untreated infarcts at 3 days and 1 month
remained significant when controlling for the expected increases observed in the shams (p =
0.001), whereas those in the SDFi group did not.

At 3 days, the untreated fetal infarcts also demonstrated a significant decrease in the number
of nkx2.5+ cells (p < 0.001, Fig 3C). By 1 month, the fetal infarcts demonstrated a
significant increase in the number of nkx2.5+ cells (p < 0.001), similar to noninfarcted sham
and empty vector–treated fetal infarcts. In contrast, treatment of fetal infarcts with SDFi
resulted in a significant decrease in the number of nkx2.5+ cells in the infarct compared with
untreated at 1 month (p < 0.001). After controlling for increases observed in sham hearts
between 3 days and 1 month, untreated fetal hearts still had significantly increased
recruitment of nkx2.5 cells (p = 0.024), whereas SDFi demonstrated a significant decrease in
nkx2.5+ cells (p = 0.024).

Myocardial regeneration was assessed using double immunohistochemistry for nkx2.5
(green) and myosin (red). At 1 month, empty vector–treated fetal infarcts contained
numerous nkx2.5+ cells and extensive myosin staining (Fig 3D), consistent with the
replacement of lost myocardium. In dramatic contrast, fetal infarcts treated with SDFi
demonstrated minimal nkx2.5 or myosin staining (Fig 3E), consistent with loss of
myocardium.

Cardiac progenitor cell proliferation was assessed by double immunohistochemistry for
nkx2.5 (green) and BrdU (red) in the remote, borderzone, and infarct regions 3 days after MI
(see Fig 4 for representative images). The borderzone region of sham-operated fetal hearts

Allukian et al. Page 5

Ann Thorac Surg. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.sts.org/auxiliaryannals/Allukian-2013-96-1-163-Appendix.pdf
http://www.sts.org/auxiliaryannals/Allukian-2013-96-1-163-Appendix.pdf


demonstrated a few proliferating BrdU+ cells that were also nkx2.5+ (Fig 4A, top row);
however, the borderzone of untreated (Fig 4A, middle row) and SDFi-treated (Fig 4A,
bottom row) fetal infarcts demonstrated increased proliferating BrdU+ and nkx2.5+ cells
compared with sham-operated fetal hearts.

Quantitative histologic analysis demonstrated a significant increase in the number of
proliferating nkx2.5+ cells in the borderzone of untreated and SDFi treated fetal infarcts
compared with the borderzone region of sham-operated fetal hearts (p < 0.001, Fig 4B, see
Appendix Table 3 for summaries; an Appendix for this article is available in the Auxiliary
Annals section of the STS website: http://www.sts.org/auxiliaryannals/
Allukian-2013-96-1-163-Appendix.pdf), whereas similar numbers of proliferating nkx2.5+
cells were seen in the remote and apex of regions of sham, untreated, and SDFi-treated
infarcts.

Comment
This study demonstrates that fetal cardiac regeneration after MI is due to increased
recruitment and differentiation of cardiac progenitor cells in the infarct region and that this
recruitment is dependent on SDF-1α, with competitive inhibition of SDF-1α blocking
cardiac progenitor cell recruitment and the regenerative fetal response. Decreased
recruitment of cardiac progenitor cells converts the regenerative fetal healing phenotype into
the reparative adult phenotype, which results in ventricular scar formation and progressive
decline in cardiac function.

Although cardiomyocyte dedifferentiation and proliferation may explain how the ventricular
apex in zebrafish and neonatal mice is generated after amputation [1, 2, 21], the environment
after MI is dramatically different. Devascularized and hypoxic, the infarct becomes a hostile
environment subjected to increased inflammatory, mechanical, and oxidative stress, all of
which have been implicated in preventing the adult heart from regenerating [22].

The morbidity, mortality, and economic burden after MI have generated tremendous interest
in strategies to promote cardiac regeneration [23]. The heart was originally considered a
terminally differentiated organ, but recent studies have demonstrated cardiomyocyte renewal
and the presence of CPCs in the adult heart [22, 24, 25]. However, the number of CPCs and
the rate of renewal in the adult heart appear insufficient to restore cardiac function after MI
[22, 26, 27].

Admittedly, important physiologic and developmental differences exist between the fetus
and the adult that may also contribute to the different observed responses to MI.
Cardiomyocytes within the developing fetal heart are mononuclear cells with proliferative
potential [28], whereas adult cardiomyocytes are multinucleated with limited proliferative
ability. The fetal environment is also relatively hypoxic, raising the possibility that the fetal
myocardium is resistant to hypoxic insult and decreased substrate delivery. Finally, adult
cardiac output is generated solely by the left ventricle, whereas shunts in the fetal circulation
distribute cardiac output between the right and left ventricle (60% and 40%, respectively),
potentially decreasing the work required of the left ventricle to maintain fetal viability and
possibly confounding the interpretation of EF as a marker for regeneration in our analysis
[29].

Despite advanced knowledge of chemokines and progenitor cells, cardiac regeneration in the
mammalian adult remains elusive. Previous strategies to improve the regenerative potential
of adult myocardium have included the administration of chemokines or progenitor cell
populations. The failure of various chemokines may be due to inadequate numbers of
cardiac progenitor cells available for recruitment to the infarct region, whereas failures in
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cellular therapy have been attributed to the type of cells used and their inability to integrate
and form functional myocardium.

Improved understanding of cardiac progenitor cell biology is essential to developing future
regenerative therapies. Further investigation into the mechanisms regulating fetal cardiac
regeneration after MI in a clinically relevant animal model may provide the insight required
to develop novel strategies which expand and use the existing adult cardiac progenitor cell
pool and to facilitate the recruitment of these cells to the infarct region. The in utero fetal MI
model provides a powerful tool to further our understanding of cardiac progenitor cell
biology and the development of potential therapeutic strategies to promote cardiac
regeneration in the adult.
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Fig 1.
Fetal cardiac function is restored at 1 month after myocardial infarction (MI). Inhibiting
stromal-derived factor-1α (SDF-1α) in fetal MI resulted in decreased cardiac function at 1
month after MI similar to the adult. Quantitative echocardiography measurements were
obtained at baseline, post-MI, 3 days, and 1 month after MI. Selected individual animal
trajectories are displayed in the background (light lines, open circles) with means (95%
confidence intervals) in the foreground (heavy lines). (A) Fetal and adult infarct length (IL):
average fetal IL decreased by 0.94 cm (p = 0.001) at 1 month, whereas adult IL increased by
0.84 cm (p < 0.001). (B) Fetal and adult ejection fraction (EF): fetal EF returned to near-
baseline levels at 1 month (difference of −1.98%, p = 0.548), whereas adult EF was
decreased by 12.7% (p < 0.001). (C) Mean IL after empty or mutant SDF-1α transgene
(SDFi) treatment was 1.13 cm at 3 days but returned to 0 at 1 month in the empty vector (p <
0.001) but increased by +0.49 cm (p < 0.001) for the SDFi vector. (D) EF in empty or SDFi
lentiviral vector–treated fetal infarcts: EF returned to near baseline levels at 1 month for the
empty vector (difference of −3.85%, p = 0.555), whereas EF in the SDFi vector was
decreased by −12.6% (p = 0.053).
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Fig 2.
Restoration of fetal myocardial architecture after myocardial infarction (MI) does not occur
with stromal-derived factor-1α (SDF-1α) inhibition is shown in representative images. (A)
Gross appearance of the fetal heart 3 days and 1 month after MI (scale bar = 3 mm). (B)
Hematoxylin and eosin staining of fetal infarct 3 days after MI. Remote (RM), borderzone
(BZ), and infarct (INF) regions are shown (left panel; scale bar = 200 μm). (C) Trichrome
staining of the apex of the fetal infarct at 1 month (right panel; scale bar = 200 μm). (D)
Gross appearance of empty and mutant SDF-1α transgene (SDFi) lentiviral vector–treated
fetal hearts 1 month post-MI (scale bar = 3 mm). Trichrome staining of fetal hearts treated
with (E) empty vector and (F) and SDFi at 1 month (scale bars = 200 μm).
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Fig 3.
Fetal cardiac cell repopulation after myocardial infarction (MI) is blocked by stromal-
derived factor-1α (SDF-1α) inhibition. Representative images show (A) staining with 4′,6-
diamidino-2-phenylindole (DAPI; blue), immunohistochemistry for nkx2.5 (red), and
merged DAPI and nkx2.5 in the fetal infarct. Representative images (scale bars = 50 μm) are
shown of the apex of fetal sham operation and fetal infarct at 3 day and of untreated fetal
infarct and fetal infarct treated with mutant SDF-1α transgene (SDFi) at 1 month. (B) Mean
cellularity (DAPI) at the apex 3 days after fetal MI was decreased by 158.8 cells/high-
powered field (hpf; *p < 0.001). At 1 month, untreated fetal infarct cellularity increased by
108.1cells/hpf (**p < 0.001), comparable with empty treated infarcts (p = 0.909), and had
increased compared with SDFi infarcts (++p = 0.005). (C) Mean cardiac progenitor cell
counts at the apex (nkx2.5) 3 days post-MI were decreased by 112.7cells/hpf (*p < 0.001).
At 1 month, the apical nkx2.5 cell population had increased by 58.7cells/hpf (**p < 0.001),
was comparable to empty vector–treated infarcts, and had increased compared with SDFi
infarcts, which had 120.1 fewer cells/hpf (++p < 0.001). (D) Images show double
immunohistochemistry for nkx2.5 (green) and heavy chain myosin (red), with DAPI
counterstaining (blue) in untreated and (E) SDFi treated (right panel) fetal infarcts 1 month
after MI (scale bars = 200 μm). Error bars correspond to mean value ± standard error of the
mean.
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Fig 4.
Early fetal cardiac cell proliferation is not affected by stromal-derived factor-1α (SDF1a)
inhibition (SDFi). (A) Representative immunohistochemistry for 5-bromo-2-deoxyuridine
(BrdU; red) and nkx2.5 (green) 3 days after myocardial infarction (MI). Representative
images of the borderzone region of sham (top row), untreated (middle row), and mutant
SDF-1α transgene SDFi-treated (bottom row) fetal infarcts are shown. (B) Comparable
populations of proliferating cardiac progenitor cells (BrdU+ and nkx2.5+) were observed in
the apex and remote regions. Mean population of cardiac progenitor cells in the borderzone
in untreated fetal hearts increased by 24.8 cells/high-powered field (hpf; *p < 0.001) and
15.7cells/hpf in SDFi treated hearts (**p < 0.001). Error bars correspond to the 95%
confidence interval.
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