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KEYWORDS Abstract Defibrillation shocks are commonly used to terminate life-threatening
electroporation; arrhythmias. According to the excitation theory of defibrillation, such shocks are
defibrillation; aimed at depolarizing the membranes of most cardiac cells resulting in

optical mapping resynchronization of electrical activity in the heart. If shock-induced changes in
transmembrane potential are large enough, they can cause transient tissue damage
due to electroporation. In this review evidence is presented that (a) electropora-
tion of the heart tissue can occur during clinically relevant intensities of the
external electrical field, and (b) electroporation can affect the outcome of
defibrillation therapy; being both pro- and anti-arrhythmic.

© 2005 Published by Elsevier Ltd on behalf of The European Society of Cardiology.

Introduction paper, we review the available literature on

High-intensity electric shocks are commonly used
in clinical practice to terminate atrial and ventric-
ular fibrillation. Such shocks may induce pores in
cellular membranes via electroporation, resulting
in transient or permanent electrical and mechan-
ical dysfunction of the heart. While high intensity
shocks are used routinely, the tissue and cellular
responses to large currents are not fully under-
stood. An improved understanding of electropora-
tion may not only reduce the side effects
associated with defibrillation therapy but also
may help in designing more effective ways to
deliver genes and drugs to target cells. In this
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electroporation in the heart and relate the findings
to several recent experimental studies performed
in our laboratory.

Cellular responses to strong electric
fields

Electroporation has been most extensively studied
in bilayer systems [1,2]. These systems allow for
precise control of transmembrane voltage along
with adequate dynamic range and temporal reso-
lution of recordings of the characteristics of
electric conduction through the pore, induced by
electric stimuli. Such experimental studies provide
a detailed description of the process of electro-
poration and resealing of the pores. Electropora-
tion has also been characterized quantitatively in
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isolated cardiac cells [3,4]. Experimental observa-
tions have allowed construction of mathematical
models of the behaviour of a single pore [5—7] and
the participation of pores in the electrical activity
of cardiac myocytes [4,8,9] and of the tissue
[10,11] during strong electric field stimulation.

Rapid-freezing electron microscopy of cells
rendered electropermeable provided direct evi-
dence of the formation of Volcano-shaped pores in
cell membranes [12]. However, direct real-time
recording or visualization of electroporation in in
vivo or in vitro tissue or organ systems remains to
be developed. Presently, information about elec-
troporation can be indirectly inferred from [13]
tissue staining with fluorescent dyes which can
penetrate the cells only through the pores, and
subsequent histological intracellular imaging; and
from electroporation-induced depression of excit-
ability [2] resulting in depolarization of the cellu-
lar membrane during the diastolic interval [3,13—
15], reduction of amplitude of action potentials
and of the rate of rise of their upstroke (dV/dt)
(Fig. 1), and elevation of intracellular calcium
concentration [3].

dV/dt

T anodal shock (500 V, 8 ms)

In whole cell patch-clamp experiments, during
application of increasing voltages, the cellular
membrane experiences an abrupt, step decrease
in resistance [16], which is unaffected by Na, K,
and Ca channel blockers [17]. This result is
consistent with the formation of ion-nonspecific
membrane pores. Application of this technique for
detection of electroporation in the tissue is diffi-
cult because the reduction in cell membrane
resistance is translated only into a small decrease
in the total tissue resistance. Additionally, pre-
vious modelling work has shown that electropora-
tion occurs only in a very small amount of tissue,
perhaps only a one-cell layer adjacent to the
electrode [10,11].

Electroporation assessment via shock
induced transmembrane

Double-barrelled microelectrode recordings and
optical mapping techniques showed that weak
stimuli, as predicted by the cable theory and
generalized activating function theory, produce

3 sec

Figure 1 Evidence of shock-induced electroporation. Optical recording of transmembrane potential, V (upper trace),
shows time-dependent post-shock reduction of resting potential and action potential amplitude. Maximal upstroke rate
of rise (dV/dt) is also reduced and slowly recovers after shock (lower trace). Reproduced with permission [13].
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monotonic transmembrane potential changes
(AVy,) in a single cell [18,19], cell culture strands
[20], and heart tissue [21,22]. However, reports on
strong shocks of defibrillation strength sharply
disagree on the morphology and amplitude of
shock-induced response AV,,. When a stimulus is
applied to a single cell during the early plateau
phase of the action potential, the optical record-
ings show depolarization of the cathodal end and
hyperpolarization of the anodal end of the cell
[23,24].

When the stimulus intensity increases, the in-
duced hyperpolarization (or more accurately neg-
ative polarization) AV,, first gradually increases in
amplitude but soon starts to decay, causing eleva-
tion of cell average potential, Fig. 2 [19]. Similar
effects were observed in narrow strands of cul-
tured rat myocytes [20]. It was suggested that
electroporation was a likely mechanism of non-
monotonic hyperpolarization transients.

More direct evidence was needed. One such
verification might be dye uptake through pores
induced by electroporation. Uptake depends on
dye concentration differences inside and outside
the cells and of the net electrical charge of the
dye. Because Lucifer Yellow dye uptake was not

Cathodal
stimulation

10ms T J’

Adodal
stimulation

observed at 50 V/cm shock strength, which was
above the 30V/cm threshold of non-monotonic
negative AV,, the conclusion was not definitive
and an activation of an unknown hyperpolarization-
activated channel(s) was proposed as an alterna-
tive explanation [25]. More recently this same
group has detected such uptake using another
indicator: propidium iodide [26]. However, Gillis
et al. [27] did observe an accumulation of Lucifer
Yellow dye in areas close to the anode and
cathode after shocks with a field strength
>22V/cm in a similar experimental design. Cur-
rently, the appearance of the second phase of
hyperpolarizing transients (see labels 1,2 in
Fig. 2A) is considered a signature of membrane
electroporation.

The lack of detectable dye uptake in some of
the previous studies could be related to the small
exposure time and to the lower sensitivity of the
Lucifer Yellow technique. Propidium iodide has
20-30 fold increases in fluorescence after binding
to nucleic acids. In contrast to negative response
AV,,, positive polarization in a single cell and in
cell culture was found to increase gradually with
shock strength, saturating below 100% of action
potential amplitude (APA) [20].
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Figure 2 Optical recording of transmembrane potential transients under the electrode during stimulation with
different current densities. A, small time scale; B, large time scale. Arrows mark stimulus onset and withdrawal.
Current strength is grey-scale coded. Electroporation is evident from saturation of AV,, and elevation of the diastolic

potential. Reproduced with permission [38].
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Whole heart studies revealed different types of
asymmetry for the positive and negative polar-
izations during strong shocks (see Fig. 2). In a re-
cent study [28], we also found that these effects
are accompanied by epicardial post-shock eleva-
tion of diastolic potential (DP) (see Fig. 2, right
panels). In our study, we determined epicardial
AV, responses during high-density electric current
stimuli of both polarities applied at the 6 mm
diameter area of the left ventricle. We detected
saturation and subsequent decay of epicardial
polarizations during strong cathodal and anodal
shocks applied at the area with a size of several
space constants (0.8—1.5mm at the epicardium
[29]). Our optical recordings of negative AV,
responses to high-intensity stimuli were in agree-
ment with the results reported by others in strands
of cultured myocytes [20,30], single cell [4], and
frog heart [15] for hyperpolarizing stimuli. We did
not observe a plateau or an increase in the
depolarization transients during cathodal stimuli
for the same stimulus strengths that caused a de-
cayed hyperpolarization response. Neunlist and
Tung [15] presented measurements of epicardial
cellular responses recorded from 150 um diameter
area of stimulus application, showing hyperpolar-
ization overshoot during anodal stimulation [16],
similar to that found in cell strands [20,25].

Recent data [22] from Fast et al. showed that
the initial positive polarization in virtual cathode
areas in a wedge preparation changes to hyper-
polarizing responses as the stimulus strength in-
creases to 30V/cm and above, similar to the
behaviour of the middle of a single myocyte in
studies by Sharma and Tung [19]. Such observa-
tions were reported previously by Cheng et al. [31]
and Zhou et al. [32], who detected hyperpolariza-
tion transients near the cathodal shock electrode.
We observed the same phenomena in optical
recordings from the epicardial surface [28]. This
can explain why depolarization saturation is ob-
served at lower shock current densities than
hyperpolarization saturation. Neunlist and Tung
[15] stimulated a small area near the electrode
that could affect their measurements due to
a virtual electrode effect [33], leading to de-
velopment of positive and negative polarizations
at nearby locations. In contrast, our experiments
were designed to overcome this limitation by
stimulating a large area relative to the field of
view. Similarly, we did not use transmural sections
of tissue, which will interrupt fibres and thus could
affect the results in a slab preparation [33].
However, a strong cathodal stimulus resulted in
hyperpolarizing responses and this response was
partially reversible. We considered electropora-

tion as the most plausible explanation of these
effects. However, it would require voltage-dependent
resealing of the pores during the shock application to
explain the restoration of the membrane resistance.

The correlation between anodal (negative) AV,
and diastolic V,, elevation was recently reported
by Fast and Cheek [25] in myocyte cultures.
A similar result was shown earlier by Neunlist and
Tung [15] and Cheng et al. [31]. Interestingly, Fast
and Cheek [25] did not observe non-monotonic
AV, at the cathodal end of the cell strand even at
the highest shock strengths. A possible explanation
for the absence of positive AV,, decay in the Fast
and Cheek [25] study was recently suggested by
these authors [34,35]. They demonstrated that the
absence of positive polarizations in optical re-
cording of transmembrane potential at the edge
of the preparation facing the cathodal electrode
during strong shocks results from the spatial
averaging of polarization in the neighbouring
areas.

In our study, both stimuli polarities had the
same injury threshold, judging by diastolic poten-
tial elevation [28]. Our findings agree with earlier
reports by Knisley and Grant, who showed that cell
injury is independent of the intrinsic transmem-
brane potential [36]; and by Moroz et al., who
reported the same electroporation threshold for
monophasic and biphasic shock waveforms [37].
These reports contradict results obtained in the
single cell and in cell cultures, in which anodal
sides of single cells or cell strands were affected
more significantly then cathodal sides [25,36].

Application of a Ca-channel blocker resulted in
an increase in the saturation level of depolarizing
responses and did not affect hyperpolarizing re-
sponses in cell culture [30]. Despite the differ-
ences in the depolarization transients behaviour
mentioned above, we observed that nifedipine
increased the saturation levels for positive but
not negative AV,, also during epicardial stimula-
tion. Ca-channel blockers did not affect the
electroporation threshold in whole cell patch
studies [17] and only increased positive AV, in
cell culture studies [30]. Yet, there is a clear
effect of nifedipine on the saturation level for
the depolarization signal in our study, which means
that other factors (i.e. space averaging in optical
recordings) could also be responsible for saturation
and reversal of the depolarizing responses with
stimulus strength increase.

In agreement with earlier reports [15,16], we
observed that a rather small optical hyperpolar-
ization response could be sufficient for electro-
poration. Among possible reasons for this were
(@) a ‘dog—bone’ virtual polarization near the
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pacing electrode [15] that could attenuate the
response due to optical averaging over areas of
opposite polarizations, or (b) insufficient temporal
resolution of our optical mapping system [15] that
could underestimate the true instantaneous trans-
membrane voltage produced by a square pulse.
Our results for polarization transients recorded
during 10 ms ramp waveform stimulation (no tem-
poral resolution limitations) over a 6 mm diameter
area of epicardium (opposite polarization is loc-
ated 3 mm away from the central recording point)
reject such explanations.

Electroporation assessment by
membrane impermeable dye diffusion

The most convincing indicator of electroporation is
shock-induced facilitation of transport of macro-
molecules across the cell membrane. Despite the
fact that this method of making the cell permeable
is already a routine technique, the complete un-
derstanding of its mechanisms remains to be
formulated. The most fundamental questions re-
main unknown: what is the size and density of
pores created by the shock, do pores grow after
the shock, and what is the time course of their
resealing? In our experiments with propidium
iodide (PI) we did not detect an immediate PI
fluorescence increase during the shock. This suggests
that the amount of PI molecules that penetrated

40 ms
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through the electroporation holes during the 20 ms
stimulus was undetectable in our protocol. This
also explains why we did not observe a difference
in Pl uptake for shocks of different polarities
despite the positive charge of the Pl molecule.
Slow diffusion of Pl into the cells takes place when
the external electrical field is turned off, thus
fluorescence is continuously rising after the shock
during dye perfusion in our experiments [38] as it
did in cell culture studies [39]. These data suggest
that in our experiments, electroporated cells were
repaired within minutes rather than seconds. In
our study, we observed the Pl dye uptake at a shock
strength of 700 mA/cm? (35V/cm) when we de-
tected non-monotonic AV,,, and no Pl uptake at
300 mA/cm? (15 V/cm) when AV, was monotonic
(see Fig. 3). We suggest that DP elevation might be
a more sensitive indicator of electroporation than
Pl uptake because DP elevation can be detected
within one second after shock application. How-
ever, this method cannot be used at depth in
three-dimensional tissues.

While PI is used widely in electroporation re-
search, these studies are usually conducted on cell
suspensions. There were concerns that this mole-
cule may not be well suited to studies in tissues
with interconnected cells due to its relatively
small molecular weight (668 Da) with a radius
about 0.6 nm, which is smaller than the pore of
a gap junction channel (about 0.8 nm). Thus, itwas
suggested that Pl might diffuse into neighbouring

+15V/em shock
35V/em shock  propidium lodide at the histological slice

{

T T

0 20 40
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Figure 3 Manifestation of electroporation changes in optical potential recordings is associated with an increase of
propidium iodide fluorescence under the stimulation electrode. No increase was observed at sites not under the
electrode. Histological images showed typical pattern of nuclear stain in the thin layer of epicardium at the areas
where optical potentials had signs of electroporation. Reproduced with permission [38].
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Figure 4 Uptake of membrane impermeable dye
propidium iodide after a strong shock. Upper panel
shows the initial increase in propidium iodide fluores-
cence, after the beginning of perfusion, recorded inside
the stimulated area and 3 mm outside the stimulated
area. After shock application (1600 mA/cm?2, 20 ms),
there was an accelerated accumulation of fluorescence
in the stimulated tissue. Lower panel shows the
fluorescent images made with 4X and 40X lenses for
20 um slices sectioned throughout the stimulated area.
The electroporated region is clearly demarcated by the
propidium iodide-stained cell nuclei. Reproduced with
permission [38].

cells, creating an appearance of electroporation in
intact cells.

Our data show significant differences in the
depth of staining with PI, including staining of
some interior regions of myocardium, which are
isolated from other stained regions. The area of
electroporation, identified by PI staining, which
occurred in the middle of the papillary muscle
confirms that in our experiments diffusion extends
less than 0.1 mm. Diffusion of Pl molecules is
theoretically possible through gap junctions. But
perhaps it does not occur over large distances due
to rapid binding of PI to the nuclei, which prevents
its diffusion in the intracellular space (Fig. 4).

A single cell study showed that during 2 kV/cm,
20 ps shocks, the cells with irreversible membrane
electroporation accumulate a 5-times larger
amount of Pl than cells that restored their
membrane within 10 min after field exposure
[39]. It was also shown that 1.8 A/cm? stimuli
cause irreversible cell damage [40]. This indicates
that Pl accumulation during the strong shock

could be related to other factors (barotrauma,
hyperthermia) leading to cell death. If such
factors are less dependent on proximity to the
tissue boundaries than electroporation [10,11],
they can explain the much larger depth of
affected tissue after 1.6 A/cm? shock in compar-
ison with the 0.7 A/cm? shock.

Tissue responses to strong electric field

The main interest in studying the effects of
electrical shocks on the heart was driven by the
ability of strong shocks to terminate arrhythmias.
Two major, competing theories — the incapacitation
theory [41] and the stimulation theory [42] — have
been used to explain defibrillation success.

We believe that the two theories of defibrilla-
tion are extreme in their assessment of the role of
electroporation. Incapacitation theory places
electroporation as the foundation of the mecha-
nisms of defibrillation, while stimulation theory
ignores the role of electroporation in defibrilla-
tion. The truth is likely to be between these two
extremes. Despite significant improvement in de-
fibrillation efficacy, which resulted in a radical
reduction of defibrillation thresholds and myocar-
dial damage, there is still extensive clinical and
basic electrophysiology data indicating that de-
fibrillation shocks are accompanied by adverse
effects. These effects are likely to be associated
with electroporation and may include: (1)
transient ectopy, tachycardia or induction of
ventricular fibrillation [25,43,44]; (2) depression
of electrical and mechanical functions [13—
15,45,46]; (3) bradycardia, complete heart block
and increased pacing thresholds [44,47,48]; (4)
atrial and ventricular mechanical dysfunction
(stunning), which is directly related to the strength
of shocks [49—52]; (5) significant elevation of
Troponin | serum level in patients after spontane-
ous cardioverter defibrillator shocks [53]; (6) de-
crease in the myocardial lactate extraction rate by
mitochondria [54].

Both clinical and basic experimental evidence
suggests that electroporation is induced [55] by
defibrillation shocks, and plays a role in defibrilla-
tion [56] and post-shock metabolism and electro-
mechanical function of the heart. However, the
anti-fibrillatory role of electroporation is not clear,
since conflicting data suggest both pro- and anti-
arrhythmic effects of electroporation [13,14].

Understanding the effects of electroporation in
cardiac tissue or the whole heart levels during
application of an external electric field is much
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less developed than for single cell experiments.
One of the problems of such experiments is related
to the strong spatial heterogeneity of electro-
poration effects, which complicate their interpre-
tation [13—16].

Several of our own studies were aimed at
exploring spatio-temporal patterns and voltage
dependence of electroporation in several types
of preparations, such as the whole, intact Langen-
dorff-perfused heart [13,31], the isolated endo-
cardium and septum preparations [13], and 6 mm
diameter areas of epicardium under the stimulat-
ing electrode [57]. In these studies, we found that
electroporation is dependent upon shock intensity,
tissue structure and electrode configuration. For
example, we found that the endocardium is sig-
nificantly more susceptible to electroporation than
the epicardium [13].

Electroporation can selectively affect small
trabeculated structures and bundles of the con-
duction system of the heart. This could result in
transient suppression of excitability and conduc-
tion block [46]. We found that conduction in a small
papillary muscle in the rabbit heart can be tran-
siently inhibited by a strong electric shock. We
found that such transient block can last from one
beat to many seconds, depending on the shock
strength [13]. Potentially, such transient inhibition
of conduction in conduction bundles of the heart
can lead to initiation of a re-entrant or focal
arrhythmia, or on the other hand, can have an
anti-arrhythmic effect by isolation of ectopic foci
and the reduction of tissue mass available for
arrhythmia maintenance.

Profibrillatory effects of electroporation and tis-
sue damage are supported by clinical observations of
post-shock ectopy and arrhythmia as reviewed
above, as well as by basic studies including the
classical studies of Gurvich [58], as well as several
recent studies [14,25,59]. Anti-fibrillatory effects
of electroporation have been known since the
seminal work of Prevost and Battelli [41]. We also
obtained data that support anti-fibrillatory effects
of electroporation [13]. Our results [13] show that
a strong electroporating shock reduces vulnerabil-
ity to shock-induced arrhythmia applied during
a period of electroporation.

A test shock applied during the T wave induces
arrhythmias in 94.8% of cases without a precondi-
tioning shock (Fig. 5, left bar). Most of these
arrhythmias are sustained (grey bar). Application
of the preconditioning shock with an intensity
equal to DFT reduces inducibility to 70%. Applica-
tion of the electroporating preconditioning shock
with an intensity equal to 3XDFT completely
eliminates vulnerability.

100 94.8%

[ Sustained VF

&0 I Nonsustained arrhythmia

70.0%

Arrhythmia inducibility (%)

Shock intensity (x DFT)

Figure 5 Inducibility of ventricular fibrillation by T-
wave shock versus preconditioning shock applied 1200 or
1500 ms before. Preconditioning shock intensity is ex-
pressed as 0X, 1X, 2X, 3X defibrillation thresholds.
Reproduced with permission [13].

Conclusion

Application of electrical shocks is a routine tech-
nique to treat cardiac arrhythmias. High-intensity
fields generated inside cardiac tissue cause tran-
sient tissue damage due to electroporation. Elec-
troporation can be monitored by changes in the
morphology of the transmembrane polarization
transients during anodal and cathodal shocks from
monotonic to non-monotonic responses, elevation
of the resting potential, and post-shock AP ampli-
tude reduction. Electroporation changes in trans-
membrane potential traces are present for
hyperpolarized as well as depolarized stimuli of
a similar strength. Membrane impermeable dye
(i.e. propidium iodide) uptake signifies that re-
covery of membrane integrity in cardiac cells
can take minutes after shock termination. Such
long-lasting effects can have both anti- and pro-
arrhythmic effects in the heart. Further improve-
ment in defibrillation therapy may be able to
direct electroporation power precisely to the re-
entry substrate in order to minimize the adverse
effects on cardiac contractile properties or for
delivering gene therapy to the arrhythmogenic
zones.
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