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Aims Modulation of cardiac stem cell (CSC) differentiation with minimal manipulation is one of the main
goals of clinical applicability of cell therapy for heart failure. CSCs, obtained from human myocardial
bioptic specimens and grown as cardiospheres (CSps) and cardiosphere-derived cells (CDCs), can
engraft and partially regenerate the infarcted myocardium, as previously described. In this paper we
assessed the hypothesis that exposure of CSps and CDCs to extremely low-frequency electromagnetic
fields (ELF-EMFs), tuned at Ca2þ ion cyclotron energy resonance (Ca2þ-ICR), may drive their differen-
tiation towards a cardiac-specific phenotype.
Methods and results A significant increase in the expression of cardiac markers was observed after 5
days of exposure to Ca2þ-ICR in both human CSps and CDCs, as evidenced at transcriptional, transla-
tional, and phenotypical levels. Ca2þ mobilization among intracellular storages was observed and con-
firmed by compartmentalized analysis of Ca2þ fluorescent probes.
Conclusions These results suggest that ELF-EMFs tuned at Ca2þ-ICR could be used to drive cardiac-
specific differentiation in adult cardiac progenitor cells without any pharmacological or genetic manipu-
lation of the cells that will be used for therapeutic purposes.
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1. Introduction

Cardiovascular diseases represent the leading cause for mor-
bidity and mortality in the western world. Cell transplan-
tation into the damaged myocardium (cell therapy) for
heart regeneration has received extensive attention. The
accumulated evidence from both pre-clinical and clinical
studies suggests that cell therapy has the potential to
restore heart function. Up to date, major limitations to
the clinical applicability of adult stem/progenitor cells
(aS/PCs) in heart failure settings are the low-specific cardi-
omyogenic potential of bone marrow-derived aS/PCs, and
the arrhythmogenicity elicited by muscle-derived PCs.1

The optimal cell type to be transplanted should be charac-
terized by: (a) spontaneous disposition to integrate with
the target tissue without induction of immune reaction;

(b) cardiac commitment; (c) capacity to develop gap junc-
tions with host cells; (d) preferably by some degree of resist-
ance to ischaemia, in order to avoid massive apoptosis,
which is currently observed during cell transfer.2 In this
context, cardiac stem cells (CSCs) seem to fulfil many of
these characteristics. In fact, increasing attention has
been focused on the finding that the heart contains a reser-
voir of S/PCs.3–7 However, despite their cardiac origin, it is
difficult to obtain terminally differentiated cells.8 There-
fore, many attempts have been made to increase their
differentiative potential, mostly by pharmacological pre-
treatment (5-azacytidin,6 trichostatin A, oxitocin9).

The possibility of using cardiac bioptic specimens as a
source for ex vivo isolation and expansion of these cells,
introduced for the first time by our group,5,10 led to a new
breakthrough in the field of cardiac cell therapy. In fact,
CSCs obtained with this method promote cardiomyocyte
regeneration and improvement in systolic function after
their injection into the border zone of experimental infarcts† These authors contributed equally to the study.
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in SCID mice.10 Expansion ex vivo over a period of weeks is
necessary to obtain enough cells for experimental and clini-
cal purposes. Their potential as a convenient source for
autologous stem cell therapy has been considered as the
basis for forthcoming clinical trials that will explore the
use of CSCs for myocardial regeneration.

By using the method described previously,5 CSCs are spon-
taneously shed from human surgical or bioptical specimens
and murine heart samples in primary culture. The cells are
self-renewing, clonogenic, and multipotent, giving rise
spontaneously to cardiomyocytes, smooth muscle cells,
and endothelial cells. In semi-suspension culture, they
form multicellular clusters dubbed cardiospheres (CSps).
The improved method, which allows to expand them
manifold,10 gives rise to a population of adherent growing
cells (CSp-derived cells, CDCs), which is easier to use in
experimental and clinical settings.

In order to increase the reliability and the clinical feasi-
bility of CSC therapy, with particular attention to their
cardiogenic potential, new methods are needed to allow
modulation of the differentiation process with minimal cell
manipulation and without any pharmacological treatment
or gene modification.

Electromagnetic fields (EMFs) have been shown to inter-
fere with cellular growth, proliferation11–14 and differen-
tiation, as recently demonstrated in murine and rat
neuronal cells,15,16 and to interfere in endorphinergic and
cholinergic systems.17,18 EMFs have also been reported to
regulate Ca2þ homeostasis and fracture healing.19 Studies
by Albertini et al.20 have suggested that EMFs can prevent
or repair damages suffered following heart ischaemia–
reperfusion injury. The authors found that continuous
exposure to a 3 mT, 75 Hz-pulsed extremely low-frequency
(ELF) EMFs decreased the amount of permanently injured
myocardium after ligation of the left anterior descending
coronary artery in rats. Moreover, results by Ventura
et al.21 and Lisi et al.22 and our preliminary data have
shown lineage-specific commitment in different cell types
after exposure to ELF-EMFs.21,22 However EMF-based tech-
nologies have not progressed to clinical translation
because of skepticism due to differences in experimental
exposure protocols and to static MF variation.

In the present study we introduced for the first time an
exposure system inside an a-magnetic room in order to
obtain totally controlled and reproducible conditions. We
assessed the hypothesis that the exposure of human CSps
and CDCs to define ELF-EMFs could interfere with their pro-
liferation, and modulate the cardiac differentiation process
without any other intervention. A combination of static and
alternate EMFs, tuned to Ca2þ ion cyclotron energy reson-
ance (Ca2þ-ICR), has been used to trigger human CSC-
specific differentiation, verified by analysis of their immuno-
phenotype, transcriptional activity, and by functional
characterization.

2. Methods

2.1 Cell culture

Cardiospheres and cardiosphere-derived cells were obtained from
surgical auricola samples, and cultured as described previously.5,10

Table 1 summarizes the features of the enrolled patients. Ethical
approval was obtained from the Ethics Committee of the ‘Sapienza’

University of Rome. This investigation conforms with the principles
outlined in the Declaration of Helsinki.

2.2 Ca21-ion cyclotron energy resonance
exposure parameters

The exposure parameters were calculated based on the following
equation.

f ¼
q � BDC

m � 2p
ð1Þ

where q and m are charge and mass of an ion, respectively, BDC is
the flux density of the applied static MF, and f is the frequency of
the superimposed EMF.

Since at resonance conditions the maximum possible extent of
energy is believed to be transferred to the system, the intensity
of the EMF applied was in the microtesla range. Under these con-
ditions, the amount of heating due to Joule effect is negligible,
and all the effects reported after cell exposure must be related to
cyclotron exposure.

2.3 Ion cyclotron energy resonance generation
system for chronic exposure

Cardiospheres and cardiosphere-derived cells were exposed for 3 or
5 days to a static MF (10 mT) and a sinusoidal ELF-EMF (2.5 mT RMS of
intensity) at a 7 Hz frequency, close to the ICR frequency corre-
sponding to the charge/mass ratio of the Ca2þ ion. All experiments
were done under blind conditions.

The apparatus (Figure 1A) for EMF production (solenoid) is
installed in an a-magnetic room. This equipment includes a cellular
incubator made of an a-magnetic material, where temperature
(37+0.18C), atmosphere composition (5% CO2), and humidity regu-
lation were provided and continuously controlled and recorded by a
lab view program (control system). The main body of the solenoid is
a cylinder in 5 mm-thick PVC, and it has a diameter of 33 cm and a
height of 3 m. It is made of 3300 turns of 1 mm-thick copper wire. It
is driven by three amplifiers and a signal generator, which create
static and alternate currents for EMF production. This apparatus is
able to produce a frequency from 0.01 Hz to 1 KHz, an EMF
between 10 nT and 1 mT, and induction at 33 mV RMS. As a
non-Ca2þ-ICR frequency control, CSps and CDCs were exposed for
up to 5 days to a static MF (10 mT) and a sinusoidal EMF (2.5 mT
RMS of intensity) at 18 Hz frequency, far from the ICR of the most
important ions involved in cardiac metabolism, such as Kþ, Naþ,
Mg2þ, Cl2. The technical details of the instrument are described
in patent No. MI 2005A000693.

2.4 Acute ion cyclotron energy resonance exposure
and direct fluorescence microscopy settings for
Ca21 imaging

The integrated EMF expositor system for acute exposure to Ca2þ-ICR
is shown in Figure 1B. The EMF device consisted of a Helmholtz coil
(b), shielded by mMetal (a), lowered into the incubation chamber
surrounding the microscope objective. Since the equipment was
not attached to the chamber, the chamber could be moved in the
x- and y-axis to select the field of cells to be examined. The EMF,
measured with a calibrated Hall probe and oscilloscope, showed a
decrease of approximately 10% when the measuring probe was

Table 1 Features of the enrolled patients

n Percentage Average age Max Min

Males 6 43 62 69 46
Females 8 57 72 77 67

R. Gaetani et al.412

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/82/3/411/475221 by guest on 13 M

arch 2024



displaced laterally within a 3 mm radius along the horizontal plane.
The measured EMF change was approximately 215% for 1 mm steps
along the microscope z-axis. Adherent cells on a glass coverslip were
placed 2 mm below the centre of the coil. The presence of the
microscope objective did not measurably alter the field. Cells
seeded on a Petri dish (c) were maintained at 378C by a heat
chamber (d), and temperature was balanced by a water pump
control system. Electronic devices (e) for appropriate field pro-
duction were based on combined static and alternate MFs.

2.5 Cellular metabolic activity and proliferation

2.5.1 WST assay
The quantification of CSp and CDC metabolic activity, as an index of
cellular proliferation, was performed by a colorimetric assay based
on oxidation of tetrazolium salts (Cell Proliferation Reagent water-
soluble tetrazolium salt (WST)-1; Roche Diagnostics, Basel, Switzer-
land). Exponentially growing CDCs and CSp-forming cells from seven
different patients were seeded in 96-well plates at a density of 2000
or 3000 cells/well, respectively. Cells were cultured for up to 6 days
in a normal humidified incubator (control) or in the presence of the
Ca2þ–ICR EMFs (exposed), and they were analysed by means of the
formazan dye every 24 h. WST reagent diluted to 1:10 was added in
the wells at 4 h, 1, 2, 3 and 6 days after plating, and then incubated
for 2 h in humidified atmosphere (378C, 5% CO2). Quantification of
the formazan dye produced was performed by absorbance

measurement at 450 nm with a scanning multiwell spectropho-
tometer (Biotrack II; Amersham Biosciences, Little Chalfont, UK).

2.5.2 Bromodeoxyuridine incorporation assay
Exponentially growing CDC- and CSp-forming cells from seven differ-
ent patients were seeded 2000 or 3000 cells/well, respectively, in
96-well plates. Exposed and unexposed control cells were cultured
for 4 days and tested every 24 h. Bromodeoxyuridine (BrdU) 10 mM
was added to each well for the final 2 (CDCs) or 18 (CSps) hours in
culture. Cells were then fixed and incubated for 30 min at 378C
with the anti-BrdU antibody (Cell Proliferation Kit; Roche Diagnos-
tics). After incubation with 2,20-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) for 30 min, the absorbance of the samples was
measured in an ELISA reader at 405 nm.

2.6 Immunofluorescence

CSps and CDCs were fixed in paraformaldehyde 4% (48C, 10 min),
washed twice in Ca2þ/Mg2þ-free PBS and permeabilized at room temp-
erature (RT) for 15 min (0.1% Triton X-100, 1% BSA; Sigma-Aldrich,
St Louis, MO, USA). Non-specific antibody binding sites were blocked
with 10% goat serum (Sigma-Aldrich) prior to incubation with
primary antibodies: cardiac troponin I (TnI; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA), NK2 transcription factor related, locus 5
(Nkx2.5) and smooth muscle actin (SMA; Abcam, Cambridge, UK), vas-
cular endothelial growth factor (VEGF), VEGF receptor [kinase insert

Figure 1 Extremely low-frequency electromagnetic field exposure systems. (A) Schematic representation of the apparatus for chronic extremely low-frequency
electromagnetic field exposure. (B) Experimental setting for acute exposure to extremely low-frequency electromagnetic field and Ca2þ imaging.
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domain receptor (KDR)] and connexin-43 (Cx43; Chemicon, Millipore
Corporation, Billerica, MA, USA), myosin heavy chain (MHC; clone
MF-20, kindly provided by Maurizia Caruso). After washing in PBS con-
taining 0.1% Triton X-100 and 1% BSA, slides were incubated with the
nuclear dye TOPRO3 Iodide (Invitrogen, Carlsbad, CA, USA), anti-rabbit
and/or anti-mouse secondary antibodies (Chemicon; Invitrogen), and
mounted with Vectashield medium (Vector Laboratories, Burlingame,
CA, USA).

Confocal microscopy was performed with a Leica TCS DMIRE 2 (LCS
Lite Software; Leica, Wetzlar, Germany). No significant fluorescent
signal was detectable with any of the secondary antibodies alone.

2.7 Real-time quantitative reverse transcriptase–
polymerase chain reaction analysis

Total RNA was extracted after 5 days from control, Ca2þ-ICR
exposed, non-Ca2þ-ICR exposed, and unexposed CSCs, deriving

from seven different patients, using TRIzol Reagent (Invitrogen),
according to the manufacturer’s instructions. We obtained on
average 5–10 mg total RNA per 70 cm2 dish of cultured cells. We
also isolated RNA from a whole cardiac biopsy as a positive
control. One microgram of total RNA was used to synthesize first-
strand cDNA with random primers, using 100 U of ImProm-IITM

RT–PCR kit (Promega, Madison, WI, USA). The quantification of all
gene transcripts was carried out by real-time quantitative reverse
transcriptase–polymerase chain reaction (RT–PCR). Experiments
were conducted to contrast relative levels of each transcript and
endogenous control GAPDH in every sample. Gene expression was
presented using the (222DDCt) method, described by Livak and
Schmittgen,23 where DCt = (average target Ct 2 average GAPDH
Ct) and DDCt = (average DCt treated sample 2 average DCt
untreated sample).

We performed a validation experiment to demonstrate that the
amplification efficiency on target genes and reference GAPDH was
equal. Real-time PCR was performed with Sybr Green I Mastermix,
using an ABI PRISMTM 7000 Sequence Detection System (Applied Bio-
systems, Foster City, CA, USA). Each reaction was run in triplicate
and contained 0.5–1 mL of cDNA template along with 250 nM
primers in a final reaction volume of 25 mL. The sequences and
annealing temperatures of the primers used are shown in Table 2.
Cycling parameters were: 508C for 2 min, 958C for 10 min (to acti-
vate DNA polymerase), then 40–45 cycles at 958C for 15 s and
608C for 1 min. Melting curves were performed using Dissociation
Curves software (Applied Biosystems) to ensure only a single
product had been amplified. As negative controls, reactions were
prepared in which RNA or reverse transcriptase had previously
been omitted during reverse transcription.

2.8 Western blot analysis

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–
PAGE) was carried out according to Laemmli.24 CSps and CDCs
from six different patients were seeded on Petri dishes and cultured
for 5 days in the absence (control) or in the presence (exposed) of
Ca2þ-ICR EMF. Equal amounts of protein from control and exposed
cells were loaded for each lane, after lysis in sample buffer

Table 2 Primers used for real-time reverse transcriptase–
polymerase chain reaction

Target Sequence Annealing
temperature (8C)

VEGF 50-CTTGGGTGCATTGGAGCCT-30 60
50-CTGCGCTGATAGACATCCAT-30

KDR 50-CAGCATCACCAGTAGCCAG-30 60
50-TTATACAGATCTTCAGGAGCTT-30

SMA 50-ATGAAGATCCTGACTGAGCG-30 60
50-GCAGTGGCCATCTCATTTTC-30

Nkx2.5 50-CAGCGACCCCGACCCAG-30 60
50-GCTTCCTCCGCCGTCGC-30

MHC 50-CAGAAGAAGAAGATGGATGC-30 60
50-CGCTGGTGTCCTGCTCCT-30

TnI 50-GGACAAGGTGGATGAAGAGA-30 60
50-AGGGTGGGCCGCTTAAACT-30

GAPDH 50-CATCATCTCTGCCCCCTCT-30 60
50-CAAAGTTGTCATGGATGACCT-30

Figure 2 Metabolic activity and bromodeoxyuridine-incorporation of cardiac stem cells exposed to Ca2þ-ion cyclotron energy resonance. The WST assay on
developing cardiospheres (A) and exponentially growing cardiosphere-derived cells (B) revealed a higher metabolic activity in exposed cells compared with unex-
posed controls. The BrdU pulse-labelling time-course on cardiospheres (C) and cardiosphere-derived cells (D) confirmed that the higher metabolic activity cor-
related with a higher proliferation rate. *P , 0.05; ctr, unexposed control; exp, exposed.

R. Gaetani et al.414

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/82/3/411/475221 by guest on 13 M

arch 2024



(150 mM NaCl, 50 mM Tris/HCl, pH 8, 0.5 mM EDTA, 0.1 mM EGTA, 1%
Triton X-100). Electrophoresis was performed on 7.5% SDS–poly-
acrylamide gels at 60V for 2 h. Transfer on nitrocellulose membranes
(Biorad, Hercules, CA, USA) was then performed at 300 mA for 2 h.
After blocking in 5% fat-free-milk for 1 h at RT, membranes were
incubated with the following monoclonal antibodies: TnI (Santa
Cruz), KDR and Cx43 (Chemicon), Nkx2.5 and SMA (Abcam), MHC
(clone MF-20, kindly provided by Maurizia Caruso), b-Actin
(Sigma-Aldrich), and then revealed by chemiluminescence system
(Amersham Biosciences).

Densitometric analysis was performed with the Quantity One soft-
ware (Biorad).

2.9 Ca21-fluorescence digital imaging

2.9.1 Rhod-2-AM and Oregon Green 488BAPTA-1 loading
Cardiosphere cells were plated on glass coverslips (7000 cells/cm2)
and chronically exposed to Ca2þ-ICR or to the control non-Ca2þ-ICR
frequency for 3 or 5 days. After exposure, CSCs were loaded with
4.5 mM Rhod-2/AM (mytocondrial probe; Invitrogen) or 1 mM
Oregon Green 488BAPTA-1 (Invitrogen) in presence of 0.005% Pluro-
nics 127 (Sigma-Aldrich) for 30 min at RT or 45 min at 378C, respect-
ively, in HEPES buffer (156 mM NaCl, 3 mM KCl, 2 mM MgSO4,
1.25 mM KH2PO4, 2 mM CaCl2, 10 mM glucose, and 7.5 mM HEPES
at pH 7.35). Cells were washed thoroughly before fluorescence
microscopy analysis. Exposed and unexposed cells, labelled with
the probes, were then acutely re-exposed to Ca2þ-ICR in the minia-
turized exposure system for direct visualization under a fluor-
escence microscope (Figure 1B).

2.9.2 Fluorescence acquisition and analysis
Fluorescence measurements were obtained using an inverted micro-
scope (Olympus IX51, Tokyo, Japan) equipped with oil immersion
60� objective and with a cooled CCD camera (Spot RT Slider,
acquisition rate five frames per second, full frame; Diagnostic
Instruments, Sterling Heights, MI, USA). For the qualitative

Figure 4 Representative western blots for differentiation proteins and corresponding densitograms. (A) After 5 days of exposure, cardiosphere-derived cells and
cardiospheres showed a significant increase in the expression of cTnI and MHC, or in Nkx2.5, MHC and Cx43, respectively. (B) Protein levels of KDR and SMA were
either reduced or unaffected by 5 day exposure to Ca2þ-ICR. *P , 0.05; ctr, unexposed control; exp, exposed.

Figure 3 Quantitative real-time polymerase chain reaction for differen-
tiation markers. (A) cardiospheres and cardiosphere-derived cells exposed
to Ca2þ-ion cyclotron energy resonance for 5 days revealed a significant
increase in relative TnI, Nkx2.5, and MHC mRNA levels (see Methods for
details). No changes in VEGF and KDR mRNA levels were detected, but the
decrease in SMA levels was statistically significant. (B) No statistically signifi-
cant variation in any marker was detected after 5 days of exposure to the
control non Ca2þ-ion cyclotron energy resonance frequency. *P , 0.05; exp,
exposed.
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measurement of mytocondrial and cytosolic Ca2þ, Rhod-2 fluor-
escence was excited at 560 nm and collected through a
590 nm-long pass barrier filter. Oregon Green fluorescence was
excited at 460 nm and collected through a 490 nm-pass barrier
filter. High-resolution imaging enabled identification of individual
mitochondria for analysis. All imaging data were acquired and ana-
lysed using Spot RT software 4.1 (Diagnostic Instruments). Since
Rhod-2 and Oregon Green are single-wavelength fluorescent indi-
cators, it was not possible to apply the ratiometric method for quan-
titative analysis. Therefore, the information derived from the
measurements of Rhod-2 and Oregon Green probes were normalized
as a function of the first image. Excitatory light was kept to a
minimum with neutral density filters and a computer-controlled
shutter to minimize photo-bleaching and photodynamic injury to
cells. In situ calibration was performed by exposing loaded cells
to the controlled Ca2þ-buffer in the presence of 10 mM ionomycin
(Sigma-Aldrich).

Ca2þ-storage analysis with Oregon Green was performed on 15
sets of experiments. Statistical analysis for Rhod-2 was performed
on five replicates for a total of 1000 single cells screened.

2.10 Statistical analysis

Statistical analysis of the data was performed using the Student’s
t-test, with P = 0.05 as the minimum level of significance. Data
are shown as mean+ standard deviation.

3. Results

3.1 Extremely low-frequency electromagnetic field
affects human cardiosphere and
cardiosphere-derived cell metabolic activity and
proliferation

Exponentially growing CSps and CDCs were plated in 96-well
plates and exposed to Ca2þ-ICR frequency for up to 5 days.
Exposed cells showed an increase in metabolic activity com-
pared with the unexposed control, as assessed by the WST
assay at different time points (Figure 2A and B). BrdU-pulse
experiments on CSps and CDCs revealed that the higher

Figure 5 Immunofluorescence analysis for differentiation markers. Confocal images of exposed and unexposed cardiospheres (A) and cardiosphere-derived cells
(B). In cardiospheres, cardiac markers, such as Cx43, TnI, MHC, and Nkx2.5 (higher magnification panels are shown in inserts), were up-regulated compared with
controls; conversely expression of vascular markers, such as KDR, VEGF, and SMA, was slightly down-regulated or unaffected in exposed cardiospheres vs. con-
trols. Consistently, in cardiosphere-derived cells TnI and MHC display increased expression. Red arrows: Nkx2.5-expressing cells; ctr, unexposed control; exp,
exposed.
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metabolism corresponded to higher proliferation rates
(Figure 2C and D). Data are representative of triplicate
experiments on cells from three different patients.

3.2 Extremely low-frequency electromagnetic field
modulates cardiosphere and cardiosphere-derived
cells differentiation

After 5 days of exposure to ELF-EMF, both human CSps and
CDCs show a significant increase in the expression of
cardiac markers, as evidenced by RT–PCR (Figure 3),
western blotting (Figure 4), and immunofluorescent analysis
(Figure 5).

Real-time RT–PCR revealed a significant increase in rela-
tive TnI, MHC, and Nkx2.5 mRNA levels (Figure 3A) after
Ca2þ-ICR exposure. In contrast, vascular markers either did
not show any change at the mRNA level, as for VEGF and
KDR, or showed a statistically significant decrease, as for
SMA (Figure 3A). Exposure to the control non-Ca2þ-ICR fre-
quency (18 Hz) did not affect the expression of any marker
(Figure 3B).

We also normalized the mRNA levels of cardiac markers
(TnI, Nkx2.5 and MHC) of exposed and unexposed cells to
those of adult heart tissue from a whole biopsy (see Sup-
plementary material online, Figure S1). From this graph it
is evident that the ratio between cardiac markers’ mRNA
levels and the positive control is higher in CSps than in
CDCs. This difference further increases in exposed compared
with unexposed samples, confirming the differentiation
effect of Ca2þ-ICR exposure.

Results of western blot analysis are shown in Figure 4: an
increase in band thickness, relative to Nkx2.5, MHC, and
Cx43, was detected in exposed CSps compared with those
unexposed (Figure 4A). Moreover, exposed CDCs showed a
statistically significant increase in the expression of TnI
and MHC (Figure 4A), while in normal conditions CDCs are
usually characterized by weak expression of terminal

cardiac-specific markers. The opposite effect was observed
for the VEGF receptor, KDR, which displayed a statistically
significant decrease at the protein level, while SMA was
not affected (Figure 4B).

Confocal analysis of CSps (Figure 5A) showed a brighter
positive signal for cardiac Cx43, TnI, MHC and Nkx2.5 in
the 5-day exposed CSps compared with the unexposed
control. In normal conditions, these cardiac proteins are
spontaneously expressed mostly in the external layers of
the CSp, as previously described.5 A reverse pattern of
expression was observed in CSps for KDR and VEGF staining,
while changes in SMA levels and distribution were undetect-
able. Immunofluorescence for cardiac markers on CDCs
(Figure 5B) showed a slight increase in TnI and MHC
signals, while Cx43 and Nkx2.5 staining did not reveal a
noticeable modulation.

3.3 Extremely low-frequency electromagnetic
field effect on intracellular Ca21 in
human cardiosphere-derived cells

Pulse-labelling experiments with the Ca2þ probe Oregon
Green showed a marked increase in cytoplasmic fluor-
escence intensity in Ca2þ-ICR exposed cells vs. the unex-
posed (Figure 6), suggesting intracellular Ca2þ

accumulation. During acute exposure of CDCs to ELF-EMF,
realized in the miniaturized a-magnetic chamber adjusted
for microscope analysis, Ca2þ mobilization among cellular
compartments was observed (Figure 7A–E). This acute
effect was more pronounced when CDCs had been previously
exposed for 5 days to the Ca2þ-ICR frequency (Figure 7A–C),
compared with acute exposure alone (Figure 7D and E).
Compartmentalized analysis of fluorescence intensity con-
firmed Ca2þ mobilization from storage compartments to
the cytosol, and viceversa (Figure 7A–C; see Supplementary
material online Figure S2 and Movies 1 and 2). Chronically
exposed cells to the non-Ca2þ-ICR frequency and unexposed
cells did not display any detectable Ca2þ flux (Figure 7F
and G; see Supplementary material online, Figure S3,
respectively).

4. Discussion

The question whether ELF-EMFs can affect biological
systems has attracted the attention of many research
groups for quite some time. Nowadays, the theoretical
possibility of such an interaction is still debated and the
hypothetical mechanisms are unclear. There is substantial
evidence indicating that moderate-intensity static MFs are
capable of influencing a number of biological processes, par-
ticularly those whose function is closely related to the prop-
erties of membrane channels. Most of the reported effects
may be explained on the basis of alterations in membrane
Ca2þ flux.16 The model that has been suggested is based
on the diamagnetic anisotropic properties of membrane
phospholipids. It is proposed that reorientation of these mol-
ecules during exposure to MFs would result in the defor-
mation of imbedded ion channels, thereby altering their
dynamics.25

In the present report, we studied the effect of combined
static and alternate EMFs, tuned at Ca2þ-ICR, on a biological
system consisting of human CSCs. We suggest that suitable
combinations of EMFs may affect intracellular Ca2þ levels,

Figure 6 Ca2þ storage increase in chronically exposed cardiosphere-derived
cells. Fluorescence images of Ca2þ-ion cyclotron energy resonance 5 day
exposed cardiosphere-derived cells, loaded with Oregon Green, revealed
higher intracellular Ca2þ storage compared with controls, as shown by quanti-
fication of green fluorescence intensity. *P , 0.05; ctr, unexposed control;
exp, exposed.
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triggering PCs proliferation, and differentiation. A number of
mechanisms have been postulated to explain the observed
effects of combined MFs and EMFs. Among them, based on
Eq. (1), ICR occurs for predictable combinations of static
MFs and EMFs. Liboff et al.26 suggested that EMFs can interact
in a resonant manner with endogenous alternate current
electric fields in biological systems. Lednev25 elaborated a
theory to explain ICR at a biological level. He considered an
ion in its protein-binding site as a dipole; when the ion is
exposed at its ICR, energy is transferred to the dipole and,
as a consequence, the ion is released in solution.

Ca2þ ions are essential regulatory components of all
organisms. Being a second messenger, Ca2þ is involved in
regulation at all stages of cellular growth and development,
including proliferation, differentiation, assembling and dis-
assembling of cytoskeleton elements.27–31

In the present study, CSps and CDCs were exposed for
up to 5 days to ELF-EMFs close to the ICR frequency

corresponding to the charge/mass ratio of the Ca2þ ion, on
the basis of our previous results obtained with other cellular
models.15,32 Exposure to Ca2þ-ICR frequency produced
several effects in both CSps and CDCs. Figure 2 shows that
both CSps and CDCs exposed to ELF-EMF have a higher meta-
bolic activity compared with unexposed cells. This can be
related to an increase in cell proliferation, as evidenced
by the BrdU incorporation curves (Figure 2C and D). The
trend is reduced after 3 days of exposure, perhaps due to
both contact inhibition and/or the beginning of the differen-
tiation process, well documented after 5 days in both CSps
and CDCs at transcriptional and translational level (see
Results). Usually proliferation and differentiation are con-
sidered mutually exclusive paths, but since both CSps and
CDCs represent heterogeneous populations of progenitor
cells at various stages of commitment, one could expect
slightly different responses to proliferative and differentia-
tive stimuli at each intermediate stage. To a certain

Figure 7 Qualitative measurements of mitochondrial and cytosolic Ca2þ mobilization by Rhod-2 fluorescence. (A) Chronically exposed cardiosphere-derived
cells showed Ca2þ mobilization from storage compartments to the cytosol (a), and viceversa (b), as shown by compartmentalized analysis of fluorescence inten-
sity (B and C, respectively). Cardiosphere-derived cells acutely exposed to Ca2þ-ion cyclotron energy resonance displayed slight Ca2þ mobilization (D), as con-
firmed by compartmentalized fluorescence analysis (E). After chronic exposure for 5 days to the non Ca2þ-ion cyclotron energy resonance frequency,
cardiosphere-derived cells did not show any Ca2þ flux among cytoplasmic compartments (F), as confirmed by fluorescence intensity analysis (G). s, seconds.
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extent, these responses are possibly overlapping in the pro-
gressive maturation process of the whole progenitor
population.

The increase in mRNA levels of cardiac-specific markers,
demonstrated by real-time PCR, was associated to an
increase in the corresponding protein expression, as evi-
denced in Figures 3A and 4A. Although CSps spontaneously
differentiate towards the cardiogenic phenotype, this
process was improved by ELF-EMF exposure. The improve-
ment in the differentiation process was cardiac specific
(see Results), although not terminal, and more relevant in
CDCs, in which spontaneous differentiation does not nor-
mally reach an advanced stage. After Ca2þ-ICR exposure,
cardiac markers such as TnI, MHC, Cx43, and Nkx2.5 were
up-regulated, while vascular markers, such as KDR and
SMA, were either unaffected or reduced (Figures 3A and
4). Cardiac-specific differentiation was further evidenced
when mRNA levels of cardiac markers (TnI, Nkx2.5, and
MHC) of exposed and unexposed cells were compared with
those of adult heart tissue from a whole biopsy (see Sup-
plementary material online, Figure S1). The upregulation
of cardiac markers, normalized to heart tissue, in Ca2þ-ICR
exposed compared with unexposed samples represents an
effective plotting option to evidence the progress of
cardiac differentiation.

Confocal analysis (Figure 5) confirmed an increase in the
expression of cardiac markers, as indicated by higher fluor-
escence intensity for TnI, Cx43, MHC, and Nkx2.5, although
with some variability between CSps and CDCs. Altogether
these results suggest that, in our experimental conditions,
a lineage-specific differentiation is driven by consequence
of the exposure to Ca2þ-ICR. As we previously described,
the CSp structure allows more advanced differentiative fea-
tures, compared with CDCs. Therefore, different expression
levels and balances of early (e.g. Nkx2.5) vs. late (e.g. TnI)
cardiac markers are not inconsistent.

The same experiments repeated at a frequency not
matching ICRs of biologically relevant ions did not show
any significant effect at transcriptional level (Figure 3B),
endorsing the hypothesis of a Ca2þ-mediated result.

The role of cytosolic Ca2þ has long been recognized in the
regulation of cellular and molecular interactions. Signal
transduction related to Ca2þ oscillations can provide mol-
ecular cues for cell functions such as differentiation16 and
proliferation.33,34 Although Ca2þ dynamics are versatile
and likely to depend on cell type, their role in human CSCs
differentiation is yet to be fully elucidated.

In the present work, although we did not investigate the
involved mechanisms, we unequivocally demonstrated
increased intracellular calcium accumulation in CDCs after
chronic exposure to Ca2þ-ICR (Figure 6). Furthermore, by
compartmentalized fluorescence analysis through the Ca2þ

probe Rhod-2, we detected that chronic and acute exposure
to Ca2þ-ICR correlates to Ca2þ mobilization among cellular
compartments (Figure 7A–E; see Supplementary material
online, Figure S2, Movies 1 and 2). Since Rhod-2 is a
mitochondria-specific probe, the mobilization is most likely
to be between mitochondria and the cytosol.

In conclusion, in the present experimental strategy, the
modulation of both proliferation and cardiac differentiation
observed in Ca2þ-ICR exposed cells correlates to induced
changes in intracellular Ca2þ accumulation and mobiliz-
ation, potentially modulating signal cascade pathways.16,31

Independently of the involved mechanisms, the induced
differentiation towards the cardiac phenotype has relevant
implications for the use of CSCs in cell therapy and tissue
engineering. The modulation of proliferation and specific
differentiation elicited by our system through ELF-EMFs
could represent an effective, minimally manipulating, and
safe biotechnological tool to improve their cardiac regen-
erative potential.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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