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Abstract. Application of a high electric field causes an electric shock to the heart. This is utilized in
defibrillation to reestablish normal contraction rhythms during dangerous arrhythmias or in cardiac
arrest. If shock-induced transmembrane potentials are large enough, they can cause tissue destruc-
tion due to irreversible electroporation (EP). Also electrochemotherapy of nearby tissues may have
an adverse effect on the heart. Herein, we present experimental data on effects of electroporation
in culture of cardiac cells (H9C2). The electric field was applied in short pulses of 25-3250 V/cm,
50 ps each. The viability of cells was tested by MTT assay after 24 hours. For detection of DNA
fragmentation, associated with apoptosis, alkaline and neutral comet assays were performed after
EP. Additionally phase contrast images of cells obtained directly after EP were analyzed. Although
cell images indicated disruption of cell membranes after EP with high intensities, only a few percent
of apoptotic cells and no necrotic effects in the cell nucleus could be observed in comet assay tests
performed 2 hours post EP. MTT viability test showed that pulse intensities above 375 V/cm are
destructive for myocytes viability.
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Abbreviations: ACA, alkaline comet assay; EP, elektroporation; NCA, neutral comet assay; PEA,
pulseless electrical activity.

Introduction

High-intensity electric shocks are normally applied in medi-
cine, especially to terminate atrial or ventricular fibrillation.
During this process a phenomenon called electroporation
(Neumann and Rosenheck 1972) is involved, inducing pores
in cellular membranes (Nikolski and Efimov 2005; Dosdall
et al. 2010). Electroporation (EP) has been widely used in
the experiments of foreign gene transfection into cells (e.g.
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Neumann et al. 1982; Daud et al. 2008; Mir 2009) and in
electrochemotherapy (Marty et al. 2006). On the other hand,
high electric field can induce transient or permanent electri-
cal effects on functioning of the heart muscle cells (Cheng
et al. 1999; Fedoro et al. 2008; Dyachok et al. 2010; Klauke
et al. 2010). Clinically, electrotherapy to the heart carries
a high-risk of myocardial stunning which may produce
pulseless electrical activity (PEA) or ventricular arrhyth-
mias, therefore can be life-threatening to a patient (Deakin
and Ambler 2006). Although mechanisms underlying high
intensity shocks are used routinely (e.g. defibrillation) they
still need clarification and better understanding.
Prerogatives of electric cardioversion and defibrillation
are well appreciated both in acute and chronic heart failure
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(Deakin and Nolan 2005; Zareba et al. 2011). In ventricular
dysrrhythmias prompt high-energy monophasic or biphasic
electric shock can restore sinus rhythm and cardiac output
(Deakin and Nolan 2005). Such modes of therapy have little
or no contraindications bearing in mind the acute patient
condition. There was commonly recognized that electrical
manipulations performed on the heart induce heart attack
risk, and therefore may be dangerous to the patient’s life
(Deakin and Ambler 2006). A novel cancer therapy, applied
in the heart adjacent tissues, which uses high energy elec-
tric field, has a potential of inducing electroporation and
subsequent damage to the heart (Neumann and Rosenheck
1972; de Oliveira et al. 2008, Deodhar et al. 2011). This
deteriorative potential depends on the electrotherapeutical
characteristics (intensity, frequency, shape and duration
of an electrical pulse), distance of electric source from the
heart and trans-thoracic impedance. In excellent designed
study, Deodhar et al. observed that irreversible EP carries
detrimental effect (ventricular arrhythmias) in vivo when
electrical pulses are not applied synchronically with the
R waves or the electrode is closer to the heart than 17
mm (Deodhar et al. 2011). Contrary to this finding Mali
et al. (2008) have proven that to certain extent EP can be
safely administered during electrochemotherapy of the
chest malignancies. The only question that has not been
addressed by any of these studies is the genuine impact
of trans-thoracic impedance on the procedural safety of
electrochemotherapy. As it has been shown in the defibril-
lation studies, trans-thoracic impedance can change in ac-
cordance to respiratory phase, body weight and individual
changes of body constitution (musculature, female breast
anatomy) thus providing the heart muscle with different
electrical energy at a certain moment (Deakin and Nolan
2005). Therefore, electrochemotherapy safety assessment
on strictly in vivo basis must be warranted in order to
provide the complex experimental model embodying all
above mentioned features.

There are two hypotheses concerning the relationship
between electroporation and defibrillation (Nikolski and
Efimov 2005). Incapacitation theory places electroporation
as mechanisms basis for defibrillation. There are theoretical
(Roth and Krassowska 1998) and experimental (Nikolski
and Efimov 2005) studies supporting the hypothesis that
only electropores enable distribution of electric shocks
throughout an extensive area of cardiac tissue and terminate
spiral waves characteristic of a heart arrhythmia. Stimulation
theory ignores the role of electroporation in defibrillation.
On the other hand, typical electrochemotherapy does not
pose a significant danger for heart functioning, as shown
in vivo (Mali et al. 2008), but if electrodes are located close
to the heart, certain effects on myocytes might become
inevitable. Further studies on EP may show mechanisms
of cellular response to high electric fields applied to cardiac

cells, which can contribute to the reduction of side effects
involved in defibrillation therapy and electrochemotherapy
in the chest.

The main objective of our study was the observation
of changes induced by electroporation in neonatal rat
myoblasts (H9C2), also in very high electric fields, and
their development in time. Myoblasts were treated here as
a heart model exposed to EP. We attempted to determine
the pulse intensity threshold discriminating between safe
conditions and massive myocytes destruction. Electropora-
tion parameters (intensity, frequency, shape, and duration),
which are typically used in electrochemotherapy, resem-
bled our protocol. The only difference could have been in
the pulse duration, which is more typically twice longer
in electrochemotherapy, hence, the higher total energy
in that case. The study was accompanied by comet assays
showing phenomena in cell nuclei shortly after application
of electroporation, with parameters resembling those used
in electrochemotherapy. The comet assay is a relatively
uncomplicated technique that allows determining not only
the percentage of apoptotic nuclei, but also the level of
genotoxic damage induced by an apoptotic trigger (Nelms
et al. 1997). The myocytes were simultaneously observed
in a light microscope.

Materials and Methods

Cell culture

The study was carried out on normal myoblast cells HOC2
(from neonatal rat heart). The cells were cultured in Dulbec-
co Modified Eagle Medium (DMEM, Lonza) with 10% fetal
bovine serum (FBS, BioWhittaker) and L-glutamine with
penicillin and streptomycin (Sigma). They were maintained
in a humidified atmosphere at 37°C in 5% CO,. Cells before
experiments were separated from the substrate by using
trypsin solution (0.25% Trypsin - EDTA, Sigma), which was
then neutralized in serum contained in the medium.

Electroporation (EP)

EP was performed with ECM 830 (BTX) square-wave elec-
troporator in electroporation cuvettes with two thin alu-
minum parallel electrodes, 4 mm apart (Cuvettes Plus 640,
800 pl). Cells in suspension were centrifuged for 5 min at
1500 rpm and resuspended in the electroporation buffer with
low electrical conductivity (10 mM phosphate, 1 mM MgCl,,
250 mM sucrose, pH 7.4). Cells were used for experiments
after 20 min post electroporation to establish cell membrane
conditions (so-called “releasing time”) and then resuspended
in DMEM. The EP parameters were: 25-3250 V/cm, 50 ps,
5 impulses in a cycle of frequency 1 Hz.
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Light microscopy

H9C2 cells before and after electroporation at 500 V/cm,
5 pulses of 50 ps each, were placed on a basic slide in 20 pl
of DMEM. Cells were observed using upright microscope
Nikon Eclipse TS100F.

Alkaline comet assay (ACA)

For detection of DNA fragmentation associated with ap-
optosis, alkaline comet assay method described by Ashby
(1995) was used. H9C2 cells were treated by EP at the se-
lected electric field intensities and 2 hours after EP subjected
to ACA procedure. Cells after EP remained in cell culture
medium. The cells, at the concentration of 1 x 10°/ml, were
mixed with low temperature melting agarose (Sigma) at 1 : 10
(v/v) ratio and spreaded on a slide. Slides were submerged in
precooled lysis solution (1.2 M NaCl, 30 mM NaOH, 2 mM
EDTA, 1% Triton X-100) at 4°C for 60 min. After lysis and
rinsing, slides were equilibrated in TBE solution (40 mM
Tris/boric acid, 2 mM EDTA, pH 8.3), electrophoresed at
1.0 V/cm? for 20 min and then silver staining was performed.
For scoring the comet pattern, 100-200 nuclei from each
slide were evaluated.

Neutral comet assay (NCA)

For detection of DNA fragmentation associated with
apoptosis, NCA method described by Collins (2002) was
used. All steps before the lysis procedure were performed
similarly as those in the ACA. Then, the slides were placed
in a cold lysis solution (146 mM NaCl, 30 mM EDTA, pH
8, 1 mM Tris-HCI, pH 8, 0.1% N-lauroylsarcozine; pH 9)
for 60 min and then washed in TBE solution (40 mM
Tris/boric acid, 2 mM EDTA, pH 8.3). Next, the samples

were electrophoresed at 1.0 V/cm? for 20 min and then
silver staining was performed. To rank apoptotic comets,
we followed the method developed by Collins (2002). For
scoring the comet pattern, 100-200 nuclei from each slide
were evaluated.

Cells viability

The cells viability was determined by MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bodmide,
a yellow tetrazole; Sigma Chemical Co.; 71K8409, In Vitro
Toxicology Assay) as mitochondria metabolic function.
After EP cells were left for 20 min with addition of 1600 ul
DMEM, then washed and centrifuged twice with DMEM.
Then cells were seeded into 96-well microculture plates and
allowed to attach (24 h). Next, they were treated according
to the manufacturer’s protocol. The absorbance was deter-
mined using the multiwell scanning spectrophotometer at
570 nm (Multiscan MS microplate reader). The function of
mitochondria was expressed as a percentage of viable treated
cells relative to untreated control cells.

Statistical analysis

The significance of the difference between mean values of dif-
ferent groups of cells was assessed by Student’s ¢-test with p-
value of p < 0.05, to show the statistical significance. Results
were analyzed by the commercial software Statistica 9.0.

Results

Visual inspection of rat myoblasts presented in the Fig. 1,
which underwent electroporation, show their high sensitivity
to the electric field. Fig. 1 shows cells before (A) and after the

Figure 1. Morphology of HOC2 cells before electroporation (x400; A) and after electroporation on 500 V/cm, 5 imp. and 50 ps (x400; B).
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Figure 2. Neutral comet assay of rat myoblasts after electroporation (5 imp. and 50 ps). Error bars shown are means + SD for n = 3.

electroporation (B) with electric field intensity of 500 V/cm.
As it could have been observed, there were visible changes
on the cell surface right after application of EP. Cells were
swollen and “blebbing” In most cases these changes led to
irreversible rupture of the cell membrane and subsequent
cell death.

In Figures 2 and 3 comet assays results are presented.
The results were obtained 2 hours post electroporation. The
neutral variant (Fig. 2) is more sensitive than the alkaline
method (Fig. 3). As it can be seen in NCA (Fig. 2), typically
only 5% of cells underwent apoptosis and the rest of the cell
nuclei were not damaged. Interestingly, the highest apoptosis
level (13.4%) was observed for the intensities close to the
safety threshold (Fig. 4), which may indicate slightly elevated
response of cells strongly affected by the electric field, not
observed at higher and immensely destructive field levels.

The results from ACA (Fig. 3) showed that single cell nuclei
underwent intermediate damage. Here, “intermediate dam-
age” means that cells started to die but in this step we expect
information if they undergo apoptosis or necrosis. Other cell
nuclei were registered as not damaged.

The intensity threshold, in which cardiac myocytes are
safe in terms of their viability, has also been tested. The
viability was expressed as a mitochondrial activity of cells
24 hours post EP. The results of MT'T, relative to the control
cells that underwent the same procedures but excluding
EP, are presented in Fig. 4. In the figure results statistically
significant are taken in the buckle and marked by asterisks.
The results show that after pulses below 300 V/cm, cells can
be considered as relatively safe in terms of their viability and
proliferation since mitochondrial activity was higher than
50% of control cells. Only after application of electrical field
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Figure 3. Alkaline comet assay rat myoblasts after electroporation (5 imp. and 50 ps). Error bars shown are means + SD for n = 3.
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Figure 4. The viability test in rat myoblasts after electroporation (5 imp. and 50 ps). Error bars shown are means + SD for n = 4. * results

statistically significant for p < 0.05.

of 375 V/cm and above, cells proliferation decreased below
40%, and for 3250 V/cm fell to 2%. The results from MTT
showed a general condition of electroporated cells in the
culture after 24 hours. It complements the comet assay that
showed what was an immediate effect of electroporation on
the cell nucleus, 2 hours post EP.

Discussion

The study assessed sensitivity of rat cardiomyocytes to
the electroporation. It enables for the analysis of cellular
mechanisms involved during the application of low and
high-intensity shocks and lethal effects following electropo-
ration. Hescheler et al. (1991) have demonstrated that H9C2
cells possess certain membrane surface and electrochemical
characteristics of cardiomyocytes. These cells have dediffer-
entiated to a high degree. The authors identified that H9C2
cells show morphological characteristics similar to those of
immature embryonic cardiocytes but preserved several ele-
ments of the electrical and hormonal signal pathway, which
can be found in the adult cardiac cells. Hescheler et al. (1991)
suggested that this cell line may be useful as a model for car-
diocytes in aspects of transmembrane signal transduction.
As expected, immature cardiomyocytes show significantly
lower viability threshold value of the pulse intensities than
cells of other tissues treated by the same protocol (e.g. Saczko
et al. 2010; Skolucka et al. 2011). The effect of EP above this
pulse intensity can also be observed on phase contrast im-
ages of cells, obtained directly after EP. Cells are swollen and
plasma membranes disintegrated in some cells. The event,
observed as membrane blebbing, can be detected during

the execution phase of apoptosis. In their study, Coleman
et al. (2001) presented electron micrographs of blebbing of
NIH 3T3 cells. Also inside the cells, morphological changes
take place. This was observed in our previous study under
electron microscopy for normal and malignant cells after EP
of intensities moderately safe for their viability (Skolucka et
al. 2011). Although myocytes are very easily affected by the
electric field, their nuclei do not show a very strong and im-
mediate response, as indicated by comet assays. After 2 hours
of EP, a few percent of cells undergo apoptosis, while the rest
of the cell nuclei do not show any response. Interestingly,
the highest apoptosis level was observed for EP intensities
near cellular viability threshold. We hypothesize, that this
slightly elevated response of cells is strongly affected by the
electric field and indicates their attempt to control their dis-
integration process. In very strong fields above cell viability
threshold, the apoptotic response is impeded.

Other authors, studying the effects of defibrillating
electric fields, presented detrimental influence of electro-
poration at lower pulse intensities than in our study. De
Oliviera et al. (2008) applied electroporation on ventricular
adult rat myocytes, using pulses at the frequency of 0.5
Hz, significantly longer (10 ms) than in our study. Their
results show that E ~ 80 V/cm is lethal to over 75% of the
cell population when applied longitudinally to the cell
major axis, but to less than 3% of the cells when stimulus
orientation is transversal. The viability of 50% was achieved
at 50 V/cm for longitudinal and 125 V/cm at transversal
orientations of single myocytes. Their results show that E >
50 V/cm, which may be achieved in certain regions of the
myocardium during clinical defibrillation, causes irrevers-
ible damage to cardiomyocytes (de Oliviera et al. 2008). In
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elegantly designed study, Deodhar et al. (2001) observed
that irreversible EP carries detrimental effect (ventricular
arrhythmias) in vivo when electrical pulses are not applied
synchronically with the R waves or the electrode is closer
to the heart than 1.7 cm. However, results of de Oliveira
and Deodhar are not compatible with the electrochemo-
therapy conditions. It was only the in vivo study by Mali et
al. (2008), who examined the effects of short (100 ps) EP
pulses on functioning of the heart. The authors measured
ECG signals during electrochemotherapy and analyzed
their characteristics. They found no arrhythmias or other
pathological morphological changes due to application of
EP pulses. The only demonstrated effect of EP pulses on
ECG was a transient RR interval decrease.

The presented results allow for a better insight into the
cellular phenomena in cardiac tissue during defibrillation
and during electrochemotherapy in the chest. This may
contribute to select appropriate EP parameters and minimize
the adverse effects on cardiac muscle.
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