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Electrostimulation represents a well-known trophic factor for different tissues. In vitro electrostimulation of
non-stem and stem cells induces myogenic predifferentiation and may be a powerful tool to generate cells
with the capacity to respond to local areas of injury. We evaluated the effects of in vivo electrostimulation on
infarcted myocardium using a miniaturized multiparameter implantable stimulator in rats. Parameters of electrostimulation were organized to avoid a direct driving or pacing of native heart rhythm. Electrical stimuli were
delivered for 14 days across the scar site. In situ electrostimulation used as a cell-free, cytokine-free stimulation system, improved myocardial function, and increased angiogenesis through endothelial progenitor cell
migration and production of vascular endothelial growth factor (VEGF). In situ electrostimulation represents
a novel means to stimulate repair of the heart and other organs, as well as to precondition tissues for treatment
with cell-based therapies.
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INTRODUCTION
Electrostimulation (ES) represents a well-known tro
phic factor for different tissues. In a multicellular organism,
the function and fate of cells are tightly regulated and respond
to environmental factors and intercellular signals (11).
Neurodegenerative diseases affecting primary motoneurons are often associated with loss of muscle mass, suggesting that trophic factors and electrical stimuli play a
pivotal role in the life cycle and function of muscle. It has
been shown that the compensation, by controlled electrical
stimulation, for the lack of electrical stimuli can increase

muscle mass, leading to clinical improvement and quality of life (19). Although the mechanisms underlying the
effect of electrical stimulation remain unclear, a considerable body of evidence has accumulated which points to the
induction of cellular hypertrophy, regeneration (1,2,5,6),
and inhibition of apoptosis (16,21,23,30,33). One group
of researchers has reported that latissimus dorsi muscle
flaps, preconditioned by long-term pacing for subsequent
use in cardioplasty, undergo anatomopathological differentiation (3). Additionally, studies on biventricular pacing in sheep treated with intramyocardial injection of
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autologous myoblasts demonstrated enhanced production of myosin following electrostimulation (29).
In our prior studies, we hypothesized that stimulating a cardiac microenvironment by mimicking in vitro
electrophysiological conditions and parameters of normal heart rhythm would promote differentiation toward
cardiomyocyte phenotype. This ES‑induced cardiac pre
commitment would use a cytokine-free culture system,
thus avoiding potentially harmful demethylating agents
or growth factors, which are limitations to the clinical
application of cell therapy.
We tested this system on both non-stem and stem
cells: (1) fibroblasts, which regulate cardiac extracellular
matrix and represent the most abundant cell population
in the region of a myocardial infarction, and (2) human
mesenchymal stem cells, widely known for their rapid
harvesting, amenable culturing properties and high plasticity (7,8). Predifferentiation resulted in several morphological changes, including multinucleated cells formation
and cytoskeleton rearrangement. The expression of cardiac proteins related to cell contraction and intercellular
communication appeared early. Myocardiocyte predifferentiation of stem and non-stem cells appears to be a potentially powerful tool to obtain cells with oriented evolutive
capacity able to answer to signals in the local environment.
These cells exhibit phenotypic and metabolic changes that
facilitate their homing, adaptation, survival, replication,
function, and resultant therapeutic effect (7,8).
The potential to induce a reorganization of the cell biosynthesis apparatus after a short period of electrostimulation
led us to investigate mechanisms related to membrane modifications. In particular, ion channels aperture timing may be
affected by ES, leading to transient changes in intracellular
pH and nuclear transcriptional enzyme activation (8).
Interestingly, this system of predifferentiation was
not a phenotype-restricted phenomenon but could be
applied to both embryonic and adult non-stem and stem
cell lines (7,8). We further investigated potential mechanisms underlying the effect of ES related to growth factors and molecular pathways. We performed a microarray
on electrostimulated (ES) cells and a proteomic analysis
on both ES cells and culture supernatants, and we isolated
an important member of the transforming growth factor
(TGF)-b superfamily, follistatin, as a potential candidate
responsible for this phenomenon in stem cells (9).
Given these findings obtained with in vitro ES of
fibroblast, we sought to reproduce our findings in vivo
using an animal model of myocardial infarction by applying ES to scar fibroblasts in situ.
The role of ES in inducing angiogenesis, cell proliferation, and inhibition of apoptosis is widely known.
Therefore, we also sought to determine whether ES
induces angiogenesis and endothelial progenitor cell
mobilization in an in vivo model of myocardial infarction.
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Specifically, we used a miniaturized multiparameter
implantable stimulator to induce ES of the region surrounding a myocardial infarction. Parameters of ES were
organized to avoid a direct driving or pacing of native
heart rhythm. In this way, we could evaluate the global
effects of the application of a variable electric field,
which does not interfere with endogenous heart activity,
at the site of an experimental myocardial infarction, to
determine the effects of ES on cardiac function and to
help to elucidate the mechanisms involved.
MATERIALS AND METHODS
General Overview
Female Wistar rats (16 weeks old, weighing 250–
300 g, Charles River Laboratory) were used in the study.
A total of 24 animals were divided in two groups. One
group (treatment group) underwent nonpacing electrical
stimulation by a previously described electrostimulator
(25) for 2 weeks following induction of a myocardial
infarction by ligation of the left anterior descending
coronary artery. In the control group, electrodes were
implanted but not activated following induction of the
myocardial infarction. All procedures, care, and handling
of the animals were reviewed and approved by the Institu
tional Animal Care and Use Committee of the Regina
Elena Institute.
Operative Procedures
Anesthesia. Rats were anesthetized during the surgical
procedure with 1.0–1.5% isoflurane (Abbott Laboratories,
North Chicago, IL, USA) in 100% oxygen for induction
and maintenance of anesthesia. Rats were endotracheally intubated and mechanically ventilated with a small
animal respirator at a rate of 60–70 breaths per minute
(Harvard Apparatus, Holliston, MA). Tidal volume was
set to 2 ml/100 g of body weight. Rats were placed on a
warming pad (37°C) in the supine position. The hair on
the anterior and lateral chest wall was trimmed with an
electric clipper. The skin leads of an electrocardiographic
apparatus (Biomatica, Italy) were attached on both fore
limbs and on the left hind limb, and the electrocardiogram was monitored. Before skin incision, one dose of
cefuroxime (100 mg/kg) was administered intramuscularly for prophylaxis against surgical infection.
Myocardial Infarction Protocol. Surgery was performed using aseptic techniques with sterile instruments.
The skin of the anterior chest wall was aseptically prepped
with a povidone–iodine solution. The chest was opened at
the fourth intercostal space, and the left anterior descending coronary artery was identified. Myocardial infarction
was induced with ligation of the left anterior descending
coronary artery 2 mm from the tip of the normally positioned left auricle as previously described (22).
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Electrostimulation. Electrostimulator devices (manufactured and commercially available at the University
of Liverpool, UK) were implanted accordingly to manufacturer’s instructions with the electrodes placed in the
formed myocardial scar and the power supply in the
abdominal cavity. Devices delivered a 3-V pulse at a rate
of 10 Hz (25). Electrocardiographic recordings during
pacing confirmed a nondriving activity on heart rhythm of
the electrical stimuli delivered. Electrostimulators had an
internal light-based switch to enable/disable pacemaker
functioning using a conventional flash illuminator.
Wound Closure and Recovery. Closure of the chest
was performed as follows: a 6–0 suture (1 of 2) used to
retract the upper rib during surgery was passed under the
lower rib, taking care to avoid vital structures, and taking
only the intercostal muscles. This was tied to approximate the ribs. The muscle layer was reformed using semiinterrupted 5–0 sutures to form a complete seal. The skin
was closed with semi-interrupted 5–0 sutures. A dab of
povidone–iodine solution was placed on the suture line.
After closure of the chest and thorax evacuation, the animals were allowed to recover on a warming pad. When
responsive to stimuli and able to maintain an upright posture, rats were returned to the home cage and analgesia
initiated. Buprenorphine (0.5 mg/kg) analgesic and cefur
oxime (100 mg/kg) antibiotic were administered intramuscularly twice a day for 3 days after surgery.
Functional Assessment
Angio-Computed Tomography. AngioCT (Siemens AG,
Erlangen, Germany) was performed on treatment and control groups to assess the efficacy of myocardial infarction
induction. An additional group of healthy animals was
added for comparison. Rats were anesthetized with mida
zolam at a dose of 2 mg/kg intramuscular. Electrocar
diography (ECG) gating was achieved, iodated contrast
medium injected in the tail vein, and cardiac computed
tomography (CT) scans were obtained and reformatted in
3D using maximum intensity projection (MIP) and volume
rendering algorithms. Left ventricular end-diastolic (LVEDD)
and end-systolic (LVESD) diameters were measured by
two independent blinded observers.
Echocardiography. Functional assessment was achieved
by echocardiography, performed by a blinded investi
gator on control and treatment groups using a Sequoia C256
system (Acuson, Mountain View, CA, USA) equipped with
a 13-MHz linear array transducer (15L8). Rats were anesthetized with isoflurane gas (3% isoflurane for 1 min
induction and 1.25–1.5% isoflurane for maintenance)
and restrained in the supine position. Echocardiography
was performed 15 min after isoflurane induction on each
rat. Although isoflurane gas may have a slight variable
cardiodepressant effect, a recent report indicates that
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echocardiographic assessment of cardiac function in
rodents anesthetized with isoflurane gas was comparable to that in anaesthetized conscious rodents (32). Enddiastolic (EDV) and end-systolic (ESV) volumes were
measured, and ejection fraction (EF) was calculated
as follows:
EF (%) =

EDV − ESV
× 100
EDV

Histology and Structural Evaluation
Rats were humanely sacrificed and their hearts harvested, frozen in 2-methylbutane precooled in liquid
nitrogen, and serially cryosectioned (from the apex
to the base of each heart) into sections 5–10 µm thick.
Masson’s Modified Trichrome Stain Kit (IMEB, San
Marcos, CA) and hematoxylin/eosin were used to stain
the infarct scar according to the manufacturer’s instructions. Immunohistochemistry for vascular endothelial
growth factor (VEGF) and cluster of differentiation
34 (CD34) was performed as previously described (7).
Briefly, sections were fixed and incubated with mouse
anti-rat VEGF (at a dilution of 1:100) and CD34 (1:100)
primary antibodies (Sigma, Milwaukee, MA) at 37°C.
Horseradish peroxidise-conjugated secondary antibodies
and 3-3¢-diaminobenzidine were used to detect antibody
binding. Slides were viewed under a light microscope
(Nikon F100) by blinded observers and positive staining
evaluated by Image-Pro Plus imaging software (Media
Cybernetics, Inc., Bethesda, MD).
RT-PCR
Total cellular RNA was isolated using RNeasy mini kit
(Qiagen, Inc., Valencia, CA) according to the manufactur
er’s protocol. To eliminate DNA contamination, samples
were treated with 2.0 U of DNase I (Invitrogen, Carlsbad,
CA) at 37°C for 15 min followed by inactivation with the
addition of EDTA 2 mM at 65°C for 10 min according
to the manufacturer’s instructions. Reverse transcriptasepolymerase chain reaction (RT-PCR) was performed to
detect the expression of atrial natriuretic peptide (ANP),
VEGF, and b-actin, as housekeeping gene, using specific
primers (Table 1) and Superscript One-Step RT-PCR
(Invitrogen) for cDNA synthesis. PCR amplification was
carried out for a total of 35 cycles using SYBR-Green
PCR master mix (Invitrogen) in a total volume of 30 µl,
according to the protocol and thermal profile reported in
Table 1. Amplification products were identified by size
on a 2% agarose gel.
Endothelial Progenitor Cells (EPCs) Count
and Flow Cytometric Analysis
EPC count was performed by flow cytometry as previously described (27) on a fluorescence-activated cell
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Table 1. Primers for Gene Expression
Gene

Primer Sequence

Protocol

ANP

Up: 5¢- ATG GGC TCC TTC TCC ATC ACC -3¢
Down: 5¢- GTA CCG GAA GCT GTT GCA GCC -3¢
Up: 5¢- CCAGCACATAGGAGAGATGAGCTTC -3¢
Down: 5¢- GGTGTGGTGGTGACATGGTTAATC -3¢
Up: 5¢- GCCATGTACGTAGCCATCCA -3¢
Down: 5¢- GAACCGCTCATTGCCGATAG -3¢

94°C 30 s, 58°C 30 s, 72°C 1 min
35 cycles
94°C 20 s, 55°C 30 s, 72°C 1 min
35 cycles
94°C 20 s, 55°C 30 s, 72°C 1 min
35 cycles

VEGF
b-Actin

ANP, atrial natriuretic peptide; VEGF, vascular endothelial growth factor.

sorting (FACS) Diva flow cytometer (BD Biosciences,
Franklin Lakes, NJ). Briefly, a volume of 100 µl of peripheral blood was incubated for 15 min with 2 ml of 1× ammonium chloride lysis buffer (BD Biosciences). Cells were
then incubated for 15 min in the dark with monoclonal
antibodies against rat CD34 and CD45. Isotype-identical
antibodies served as controls (BD Biosciences). After
incubation, cells were washed with 2 ml washing solution
(BD Biosciences), centrifuged at 500 × g for 5 min, and
resuspended in 500 µl washing solution (BD Biosciences).
Before each analysis, 7-amino-actinomycin-D was added
as a viability stain. Each analysis included 100,000 events
within the lymphocyte gate. The CD34+ population was
expressed as the number of circulating cells per 100,000
lymphocytes (EPCs/lymphocytes) and, after adjustment
for the number of leukocytes in peripheral blood and the
fraction of lymphocytes/leukocytes, as the percentage of
EPCs per 100 µl blood (EPCs/blood).
Statistical Analysis
All the experiments were performed in triplicate. Data
are reported as the mean ± standard deviation. Data were
processed using SPSS (Statistical Package for Social
Sciences) release 13.0 for Windows (IBM, Somers, NY).
One-way ANOVA was performed to compare groups subjected to different treatments, followed by multiple pairwise comparison procedure (Tukey test). Significance
was at the 0.05 level.
RESULTS
The effects of in vivo ES were studied in a rat model of
myocardial infarction. Electrical stimuli were delivered
for 14 days across the scar site by a miniaturized device
(Fig. 1). Evaluation of the effects of in situ ES in terms
of cardiac function, histopathology, and angiogenesis was
performed.
Functional Assessment
AngioCT scans showed defined areas of hypoperfusion in the region of the myocardial infarction (Fig. 2).
Infarction resulted in an increased ventricular diameter
compared to preoperative status, but no statistically significant difference was found between treatment and

control groups (Fig. 2D). Echocardiography showed a
significantly improved ejection fraction (EF) in the ES
group compared to the control group (Fig. 3).
Histological Assessment
Masson’s trichrome and H&E stainings were used to
define and characterize, respectively, the infracted area
(Fig. 4). Within the infarcted area, the ES group showed
the presence of an eosinophilic, elongated, spindle-shaped
cell population oriented in a parallel fashion in the proximity to the site of the electrode implant. These cells had an
eccentric nucleus and a fine granularity in the cytoplasm
(Fig. 5). These morphological findings were comparable
to the cytologic characteristics present in our previously
published in vitro experiments of ES with both light microscopy and ultrastructural analysis with electron microscopy.
Along with these findings, numerous vascular structures
could be identified in the treatment group (Fig. 5D). Immu
nohistology revealed the increased presence of endothelial progenitor cells (CD34+) in the ES group (Fig. 6).
Additionally, a higher level of VEGF was found in the group
treated with electrical stimuli. The findings of increased
numbers of both CD34+ cells and levels of VEGF were
subsequently confirmed by RT-PCR (Fig. 7) and flow
cytometry (Fig. 8).
RT-PCR
RT-PCR for VEGF showed a significantly higher
expression of VEGF in the treatment group (Fig. 7C, E).
Conversely, ANP expression was reduced in the treatment group (Fig. 7D, F).
Cytofluorometric Analysis
Flow cytometry did not show a significant increase
in endothelial progenitor cells in peripheral blood of rats
undergone the 14-day ES treatment protocol (Fig. 8).
However, an interesting subpopulation gating in the high
right side of the scattergram could be detected (Fig. 8B).
This cell population was CD45 negative and featured
large dimensions and markedly increased cytoplasmic
density. These findings were comparable with our previously published data on cytofluorometric analysis of in
vitro electrostimulated cells.
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Figure 1. Experimental settings. (A, B) Electrostimulator. (C) Abdominal implant of microelectrostimulator. (D) Coronary ligation
and induction of myocardial infarction. (E) Intraoperative image showing electrode tunnelized from the abdominal cavity to the thorax.
(F) Graphic of registered electrical activity during stimulation. Spikes indicating stimuli delivery are not synchronous with the heartderived ventricular complexes, indicating nonpacing conditions.

Figure 2. Myocardial infarction assessment and model validation by means of computed tomography (CT). (A, B) Representative
images of myocardial infarction in a nonelectrostimulated (control) rat to show the methodology used. Left ventricular short-axis (A)
and long-axis (B) reconstructions were acquired to evaluate status of myocardial tissue and to obtain accurate measurements of ventricular cavity. Arrows indicate the area of infarction, located in the left ventricular lateral wall. (C) 3D volume rendering reconstruction delineates the left ventricular apical pseudoaneurysm. (D) Bar chart of ventricular diameters in rats prior and following myocardial
infarction. Data are presented as mean ± SD. Significant difference was found between the ventricular diameter measured in healthy
and infarcted hearts (p = 0.03), while no significant difference was found between electrostimulated (ES) (treatment) and nonelectro
stimulated (control) groups. (*) Significance at the 0.05 level; NS, nonsignificance.
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Figure 3. Morphometric and functional parameters in treatment
and control groups. (A, B) Left ventricular end diastolic (A) and
end systolic (B) diameters (LVEDD, LVESD) as calculated by
angioCT. (C) Ejection fraction (EF) calculated by echocardiog
raphy. Data are presented as mean ± SD. *Significance at the
0.05 level; NS, nonsignificance.

DISCUSSION
Left ventricular remodeling is associated with myocyte apoptosis and cell replacement by fibrous tissue in
the ventricular wall. This mechanism is considered to be
the cause of cardiac dysfunction after an acute myocardial
infarction. At the cellular level, sudden suppression of

Spadaccio ET AL.

the oxygen supply triggers intricate molecular cascades,
which modulate a series of critical biological events (17).
Immediately following a myocardial infarction, the process of wound healing begins with the active migration
of inflammatory cells, recruitment of cardiac fibroblasts,
and eventual remodeling of the extracellular matrix to
stabilize the infracted area and preserve ventricular wall
function. However, cardiac function is seldom restored to
normal. Cardiomyocyte loss and replacement by fibrous
elements can result in progressive left ventricular remodeling and, eventually, congestive heart failure, a major
public health problem (12).
Stem cell-based therapeutic strategies to restore myocardial cellularity and regenerate contractile tissue have
generated considerable interest due to encouraging preliminary results (13,18,26,28). However, the answers to
many questions concerning the ultimate fate and precise functional integration of injected stem cells remain
unknown (34). Functional engraftment is required to augment synchronized contractility and avoid potentially lifethreatening alterations in the electrical conduction of the
heart (10,31). To address these issues, we have developed
a cytokine-free system using cell ES as a novel means
of inducing precommitment or conversion of fibroblasts
to a myocardial phenotype. We previously demonstrated
induction of cardiomyocyte precommitment in two
fibroblast cell lines with different evolutive potential (8).
This phenomenon, occurring in a stem cell phenotype as
well (7), resulted in the expression of structural cardiacspecific proteins associated with the contractile apparatus
and, importantly, with the proteins of the gap junctions
integral to electromechanical coupling of cardiomyocytes
in the heart, potentially leading to better cell functional
integration. Our previous studies have also included the
effects of long-term ES on human mesenchymal stem
cells (hMSCs). ES-induced both morphological and biochemical changes in hMSCs, resulting in a shift toward
a striated muscle cell phenotype expressing cardiac specific markers. This partially differentiated phenotype
might allow a gradual, ongoing differentiation within the
cardiac environment, providing time for both myocardial
regeneration and electromechanical integration (7).
ES is widely used in rehabilitative medicine for its
ability to restore muscle function reliably through induction of angiogenesis, promotion of cell proliferation, and
inhibition of apoptosis (2,8,24). We sought to demonstrate
increased angiogenesis and endothelial progenitor cell
mobilization in an in vivo myocardial infarction ES model.
We used a miniaturized multiparameter implantable stimulator to induce the ES of the infracted area. Parameters
of ES were arranged in order to avoid a direct driving
or pacing of native heart rhythm. Electrocardiographic
recordings during pacing confirmed a nondriving activity
on heart rhythm of the delivered electrical stimuli. The
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Figure 4. (A, B) Masson’s trichrome staining of control non-ES hearts (A) and treatment ES hearts (B) to define and characterize the
infarcted area (original magnification: 10×). (C, D) Representative H&E stainings of control (C) and treatment (D) groups (original
magnification: 10×). Sections have been obtained at the level of anterolateral papillary muscle.

Figure 5. Histological evaluation of control hearts (A) and ES-treated hearts (B–H). (B) Electrode implantation site. Eosinophilic
elongated spindle-shaped cells arranged in oriented manner were observed in proximity to the site of the electrode implant. Cells
demonstrated an eccentric nucleus (arrows in D) and a fine cytoplasmic granularity (arrow in F). Other cells showed a fibrillar-like
structure (arrows in G). Vascular structures were also present in the treatment group (arrows in H).
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Figure 6. Immunohistochemistry for CD34. (A) Control group (original magnification: 20×). (B) Treatment group (original magnification: 20×). (C, D) Treatment group (original magnification: 40×). Enhanced presence of CD34-positive cells could be observed in
the treatment group.

basis of this approach was the observation that ES prevents immobilization-induced muscle atrophy by minimizing (1) reduction of muscle fiber cross-sectional area,
(2) interstitial fibrosis, and (3) impairment of the blood
supply, due to improvements in capillary density and
the capillary/fiber ratio (24). Mimicking the physiological stimulation conditions provides the correct sequence

of signals to maintain and improve muscle structure and
function. For this reason, we hypothesized that electrical stimuli could result in a biological shift of adult cells
toward the muscle phenotype (14). ES of the cardiac cell
environment mimics the electrical features of a beating
heart and may direct the cellular apparatus of resident
cells toward a cardiomyocyte configuration.

Figure 7. (A, B) Immunohistochemistry for VEGF. (A) Control group (original magnification: 40×). (B) Treatment group (original
magnification: 40×). (C, D) RT-PCR and densitometry analysis for vascular endothelial growth factor (VEGF) (C) and atrial natriuretic
peptide (ANP) (D). *Significance at the 0.05 level.
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Figure 8. Flow cytometry analysis. Representative dot plots in control (A) and in treatment (B) groups. Note a subpopulation of elongated cells with high cytoplasmic density following electrostimulation.

In this study, we found changes at the cellular level
in the myocardial scar zone, similar to those obtained
with in vitro ES of fibroblasts. Cells within the infarcted
zone and surrounding the electrode implant sites showed
increased granularity and nuclear eccentricity, which are
typical features of striated muscular cells. Considering the
position of the nucleus, these cells presented characteristics of skeletal muscle fibers but were clearly located in
a scar area, thus indicating a cell differentiating effect of
in vivo ES. Along with these findings, the ejection fraction of treated animals significantly improved, without a
significant modification in ventricular cavity diameters.
In situ ES does not exert an effect on cardiac geometric
remodeling but can positively affect tensile and elastomechanical properties of the myocardial scar, improving
ventricle compliance and diastolic function. Considering
this final effect, we can reliably speculate that the cytologic modifications of the fibroblasts populating the scar,
resulting in a shift toward a muscular phenotype, could be
at the basis of the improvement on the diastolic function.
Whether this finding is actually playing a definite role
in the improvement of cardiac function after in situ ES
should be clarified with further studies.
Interestingly, we observed the appearance of a new
subpopulation of elongated CD45-negative cells with
high cytoplasmic density following ES. These findings
were comparable with our previously published data on
cytofluorometric analysis of in vitro electrostimulated
cells. This cell population might be at the root of a pro
angiogenic drive, improving the microenvironment of the
scar and overall cardiac function.
Immunohistology demonstrated an enhanced presence
of CD34-positive cells in the myocardial infarct zone following ES, while quantitative analysis of CD34-positive
cells in the peripheral blood failed to show a significant
increase of mobilized progenitors. An explanation for
these findings may be the migration and successive marginalization of the cells into the myocardium, according
to the reported kinetics of progenitor cells migration in
rats (4). This hypothesis is substantiated by the finding of

increased levels of VEGF at 14 days following myocardial infarction. This finding was confirmed and quantified
by RT-PCR, which demonstrated an increased expression
of VEGF-related mRNA. Taken together, these findings
indicate a proangiogenic drive induced by ES, which is
confirmed by the presence of neovascular structures on
histopathological evaluation.
However, authors acknowledge that data are not sufficient to fully ascertain whether they represent cells arising from bone marrow in response to ischemic injury or a
resident population directly migrating from the surrounding myocardium to aid tissue repair.
Further studies could be useful to elucidate the origin
of EPCs and the mechanism of action of ES concerning
the neoangiogenetic drive. These investigations might
include analysis of chemokines and chemoattractants
involved in EPC homing at the injury site.
RT-PCR analysis also showed a decreased expression
of ANP in the ES group when compared with control
nonelectrostimulated infarcted hearts. ANP is a marker
of cardiac heart failure whose production is stimulated
by atrial distension subsequent to heart deterioration (15).
In our study, ES reliably improved hemodynamic conditions manifest as a decrease in end diastolic pressures
and atrial distension. Recently, Mukherjee et al. have
performed long-term localized high-frequency electric
stimulation within the myocardial infarct in pigs using a
single lead pacemaker configuration (20). Although differences in experimental model, settings, and modalities
of electrostimulation make the results obtained by these
authors difficult to compare with the present work, the
study provides intriguing data on the influence of ES on
left ventricular wall thickness and remodeling of infarcted
region as a result of a reduction in the regional metallo
proteinases activity. The focus of our study has been
put on the possible poststimulation regenerative drive
induced by ES and confirmed by angiogenesis phenomena together with improved cardiac function. Even if we
failed to demonstrate a significant positive remodeling of
ventricular cavities, the reported decrease of ANP levels
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testified a general improvement in hemodynamics that
might contribute to the improvement in cardiac function.
In conclusion, our results concur to demonstrate a
positive influence of ES on infarcted myocardium. These
results extend our previous findings of in vitro progenitor
cells electrostimulation and envision a potential application of this technology for regenerative purposes.
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