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Abstract

Introduction: Cardiovascular diseases represent a major cause of death world-wide and one of their greatest
complications is the development of cardiac arrhythmias, in which ventricular fibrillation (VF) stands out as the most
severe one. The only therapy that reverses VF is defibrillation. However defibrillatory shock is capable of killing
heart cells and it is known that the orientation of the cell major axis with respect to the electrical field (E) direction
is a determining factor for cellular excitation and injury, which is leading to the development of new defibrillation
protocols. The aim of this work is to fill the gap in information about cell lethality for intermediate cell orientation
angles. Methods: Ventricular myocytes were extracted from adult male Wistar rats and the cells were plated in a
chamber for perfusion and stimulation with bipolar voltage pulses to determine the stimulation threshold (E,). Then,
monopolar stimulus was applied and amplitude was increased until cell lethal injury. This protocol was performed
on four experimental groups: cells oriented at 0°, 30°, 60° and 90°, with respect to E direction. Results: 87 cells
were analyzed and an increase in amplitude of E associated with 50% lethality (E50) was verified as the direction
of E application and cell major axis orientation departed. Conclusion: Taken the same probability of lethality, our
data suggest a nonlinear increase of E amplitude from 0° to 90° similar to that of E,. These in-between data had

not yet been shown and are important for service-based future defibrillation protocols.

Keywords Defibrillation, Cell electrical stimulation, Probability of cellular lethality.

Introduction

Despite the significant reduction of 25.3% in the
mortality rate associated with cardiovascular diseases
between 2004 and 2014, it remains as the leading
cause of death worldwide, accounting for the death
of 17.3 million people out of 54 million of all deaths
in 2013 (Benjamin et al., 2017). One of the major
complications resulting from cardiovascular diseases
is the development of cardiac arrhythmias, in which
ventricular fibrillation (VF) stands out as the most
severe and life-threatening arrhythmia, being able
to quickly lead to the development of cardiac arrest
and even death.
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The only available therapy capable of terminating VF
is defibrillation (Weisz, 2009; Zipes et al., 2006), which
consists on the application of high intensity electrical
fields (HEF) in the heart. Although the electrical field
intensity threshold required for heart defibrillation is
6 V/em (Ideker et al., 1995), this field magnitude needs to
be achievable throughout the myocardium, implying that
high-intensity shocks are necessary to obtain successful
defibrillation. Due to the anisotropic nature of the heart
tissue, non-uniform potential gradients are generated, which
may expose some regions of the heart to an electrical field
(E) as large as 100 V/cm (Yabe et al., 1990). This can lead
to depression of electrical and contractile cell functions and
even cell death (Oliveira et al., 2008; Prado et al., 2016).

It is believed that cell injuries associated with
defibrillation process are probably caused by the
electroporation phenomenon: the opening of non-selective
pores in the cell membrane by the application of HEF,
allowing the unrestrained exchange of water and ions
(Miklavcic et al., 2010; Ivorra, 2010; Jones et al., 1987,
Klauke et al., 2010; Kotnik et al., 2003; Krauthamer and
Jones, 1997; Nikolski and Efimov, 2005; Tsong, 1991;
Weaver, 1994). When E is sufficiently high, it can cause
cell irreversible hypercontracture, by the excessive increase
of the intracellular calcium concentration, as well as the
loss of'its physical integrity (Goulart et al., 2012; Knisley
and Grant, 1995; Oliveira et al., 2008). The electroporation
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phenomenon depends on the transmembrane potential
(V) exceeding a certain threshold (Fedorov et al.,
2008; Ivorra, 2010; Kotnik et al., 2003; Prado et al.,
2016) and the maximum V_ variation depends directly
on the magnitude of the applied E, cell geometry
(cell width and length) and also on the E orientation
with respect to the cell major axis, as described by the
electromagnetic model proposed by Klee and Plonsey
(Klee and Plonsey, 1976).

The response of cardiac cells to E application has
been receiving much attention from the literature, from
the point of view of both physiological aspects involved
and for possible clinical applications. Every cell in the
heart is independently excitable and capable of triggering
its contractile mechanism and understanding how they
individually respond to E may aid understanding the
heart response as a whole (Bardou et al., 1990; Penna
and Bassani, 2010; Tung et al., 1991).

It has already been reported that stimulus orientation
influences the E excitation threshold (E,) and that there is
anon-linear increase in E_ for angles between 0° and 90°,
as the angle between E direction and cell orientation
increases (Bassani et al., 2006). Thus, E for a cell
oriented at 90° is about two times greater than that for
another oriented at 0°. Studies were also performed to
investigate whether E magnitude for a same probability of
lethality (lethal E) would also increase if cell orientation
was changed from 0° to 90° and, indeed, it was found
that, E needed to cause lethal injury to 50% of the cells
oriented at 90° was twice as large for cells oriented at
0° (Oliveira et al., 2008). Although the authors have
obtained information regarding the angles displaying the
highest E variation (Oliveira et al., 2008), only these two
values are still a weak evidence to describe cell lethality
behavior, especially because the phenomenon by which
cell death is believed to occur (electroporation) is still
not fully understood. Therefore, direct interpolation
might be an oversimplification and novel data in this
gray region would be a more reliable approach. The aim
of this work is to supply data in between these angles
that display the highest E variation in order to clarify
how the increase steps in.

Influence of myocyte orientation on lethal injury

Considering that heart cells receiving a defibrillation
shock are oriented in different directions with respect
to that electric field, it is important to be aware of the
values of fields that are lethal to the myocardial cells in
different orientations, in order to optimize the defibrillatory
protocols so they may cause the least possible lesions
to the patients.

Methods

Isolated rat myocytes

Left ventricular myocytes were isolated from hearts
of adult (4-6 months-old) male Wistar rats. The cardiac
myocytes were isolated from 32 rats by coronary perfusion
with collagenase I at 37°C, as described by Penna and
Bassani (Penna and Bassani, 2010). The experimental
protocol was approved by the Institutional Committee
for Ethics in Animal Research (CEUA/IB/UNICAMP,
protocol 4093-1(K)).

Experimental protocol

The schematic representation of the experimental
setup is shown in Figure 1. After treatment with collagen
to support cell adhesion, 20 minutes were waited and
then approximately 150 pl of cells in solution were
inserted in the perfusion chamber (Figure 1, developed
by CEB/UNICAMP; Campinas, SP, Brazil) for perfusion
and stimulation, whose walls were made of acrylic and
the bottom was a glass coverslip. For cell stimulation, a
pair of platinum electrodes were placed along the lateral
inner walls, 0.75 cm apart, parallel to the solution flow
direction, allowing a laminar flow of solution in a constant
volume and an approximately constant E (Oliveira et al.,
2008). Another 20 minutes were waited for cell adhesion
onto the coverslip and the chamber was placed on an
inverted microscope (developed by CEB/UNICAMP;
Campinas, SP, Brazil - Figure 1) and cells were perfused
(~3 mL/min) with Tyrode’s solution (composition in
mM): 140 NaCl, 6 KCl, 1.5 MgCl,.6H,0, 5 HEPES,
1 CaCl,.2H,0, 11 glucose, pH 7.4) at 23°C.

Asuitable cell was searched in the perfusion chamber,
i.e., a rod-shaped cell, distant at least 2 mm from the
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Figure 1. Schematic representation of the experimental setup. A Computer is connected to a webcam to allow visualization of the myocytes plated
on the perfusion chamber. Cells could be stimulated by the LIS or by the HIS, depending on the position of the switch. Oscilloscope was used for

voltage measurements during the experiment.
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electrodes (Oliveira et al., 2008), that had clear cross
striations and responded to electrical stimulation by
performing contractions. The experimental groups were
defined as group 0°, group 30°, group 60° and group 90°,
in which the cell major axis was oriented at 0°, 30°,
60° or 90°, respectively, with respect to E direction.
This way, in each experiment, it was obligatory that
the angle between the cell and E direction belonged
to one of the experimental groups. Measurements of
cell length and width were taken with an image editing
software (Adobe Photoshop). Only one cell per chamber
was studied.

Alow-intensity voltage stimulator (LIS, 0—45 'V, developed
by CEB/UNICAMP; Campinas, SP, Brazil - Figure 1) and a
high-intensity voltage stimulator (HIS, 0— 135V, developed
by CEB/UNICAMP; Campinas, SP, Brazil - Figure 1))
were connected to a switch box (Figure 1) and its output
was connected to the perfusion chamber, i.e., cells
could be stimulated by LIS or HIS, depending on the
switch position. An oscilloscope was used to measure
the voltage output from each stimulator.

The following step consisted in determining E, for
the chosen cell. LIS was used to apply 0.5 Hz biphasic
square pulses above threshold and 10 ms total duration
(5 ms per phase). E, was determined by decreasing
the pulse intensity until the cell stopped contracting.
Then the stimulation was resumed with an amplitude
20% higher than E_, in order to assure that the cell
would keep performing contractions in response to low
intensity stimulation.

Next, the HIS, synchronized with LIS, was adjusted
to produce monophasic pulses with 5 ms total duration.
A high-intensity stimulus, with initial amplitude of 8xE
(i.e. 8 times the stimulation threshold), was applied to
the cell two seconds after the last low-intensity pulse.
We let the cell rest for shock recovery, usually a time of
few minutes. This protocol was repeated, as can be seen
in the flowchart shown in Figure 2, with an increased
stimulus amplitude (12xE , 16xE., 20xE , 25xE_, 30xE,)
until lethal injury was induced. Cell death was identified
as the development of sustained hypercontracture
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accompanied by irreversible loss of responsiveness to
electrical stimulation (Oliveira et al., 2008).

Electrical field and maximum variation of the
membrane potential estimation

The intensity of the electrical field was calculated
as in the case of a parallel plate capacitor (Gomes et al.,
2001; Goulart et al., 2012) given by Equation 1:

E= (1)

U<

where v is the stimulus voltage and d is the distance
between the electrodes (0.75cm). In order to guarantee
the accuracy of the calculated electrical field, an
electrical potential mapping was performed inside
the perfusion chamber and showed an error < 2% for
measurements made distant at least 2 mm from the
electrodes (Oliveira et al., 2008).

The model proposed by Klee and Plonsey (Klee and
Plonsey, 1976) was used to estimate the maximum variation
in transmembrane electrical potential at threshold (AV),
assuming the myocyte as a prolate spheroid and that the
cellular membrane has a dielectric behavior. Hence, the
AV induced by an E applied at an angle 0 with respect
to the cell major axis is given by Equation 2:

1
AV (8) = E(azAzsinZG + czCzcosze)E @

Where a and c are half of the cell length and width,
respectively, and 4 and C are constants that depends
only on the cell’s geometry, as shown below:
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Figure 2. Flowchart representing experimental protocol adopted during experiments with cells.
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Statistical analysis

Data were analyzed with Prism 5.03 (GraphPad
Software, San Diego, USA). Eighty-seven cells were
used in this study, arranged in the 4 experimental groups.

The obtained data from cell length, cell width,
E, and AV, are shown as means accompanied by the
standard errors of the mean. The values for each group were
analyzed by three normality tests (Kolmogorov-Smirnov,
D’ Agostino & Pearson e Shapiro-Wilk) and means were
compared using one-way analysis of variance followed
by Bonferroni’s multiple comparisons test. Values of
p < 0.05 were considered as indicative of statistically
significant difference.

For each group, the lethal and the maximum non-lethal
E were used as inputs for survival analysis fitted by a
non-linear regression in order to determine the lethality
curves. The data was modeled by the following function:

1

P(E)=

where P(E) is the probability of cell death when
subjected to E, E50 is the amplitude of E related to
a probability of lethality of 50% and /4 is the Hill
coefficient. The parameters calculated by fitting are
shown accompanied by their 99% confidence interval
(CI99), and non-overlapping intervals were considered
as indicative of statistically significant difference.

Table 1. Cell parameters.

Influence of myocyte orientation on lethal injury

Results

Comparison between cell experimental groups

Means accompanied by the standard errors of the
mean of E;, AV, cell length and cell width can be seen
in Table 1. Values of AV, cell length and cell width were
not statistically different among the experimental groups.

The only parameter that showed dependence on
the angle between cell orientation and E direction was
E, (Table 1), being statistically different in all groups,
except between 0° and 30°.

Lethality

Lethality curves for each experimental group are
shown in Figure 3. E50 and /4 means and CI99 are
shown in Table 2.
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Figure 3. Curves describing the probability of lethality as a function
of the applied electrical field (E) generated from non-linear fit for each
studied group. Symbols represent means and vertical bars represent
standard errors of the means from survival analysis.

Group N ET [V/em] AVy [mV] Cell lenght [gm] Cell Width [gm]
0° 26 2.87+0.11 20.19+0.87 134.7+£3.73 32.8+1.62
30° 29 3.33+0.11 23.00+0.75 145,5+3.75 37.2+1.67
60° 21 4.30+0.21% 21.20+1.03 143.3+3.16 38.7+£2.05
90° 11 6.34+0.24" 20.77+1.11 132.4+5.11 35.842.58

Mean = standard error of E__(electrical field threshold), AV} (maximum variation in transmembrane electrical potential at threshold), cell length and cell
width for the experimental groups. Significant statistical difference verified with one-way analysis of variance test (p <0.0001) and # indicates a significant
difference from one group to all other groups (Bonferroni’s test, p < 0.05). N is the number of cells in each group.

Table 2. Lethality curves fitting parameters.

E50 h
Group
Mean CI99 Mean CI99
0° (N =26) 80.47 78.86-82.08" 6.56 5.62-7.50
30° (N =29) 97.48 95.89-99.06* 8.76 7.32-10.19
60° (N =21) 111.10 109.00-113.3* 8.98 7.43-10.52
90° (N =11) 140.20 136.00-144.4% 10.56 6.95-14.18

Mean and 99% confidence intervals (CI99) for electrical field intensity correspondent to probability of death equal to 50% (E50) and the respective Hill
coefficient (). # indicates that there was a statistically significant difference from one group to all other groups (through non-overlapping CI99 intervals).

R2>0.98 in all cases. N is the number of cells in each group.
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Significant differences were noted among all groups
in terms of E50, as can be seen by CI99 non-overlapping,
indicating that there is dependence of the probability
of lethality on the orientation of the cell in relation to
the E direction. In terms of 4, there was no significant
difference among the experimental groups.

We normalized E by E. (Figure 4), which allowed
us to verify that the normalized E50 shows statistical
difference only for the 90° group compared to the
0°and 30° groups (non-overlapping CI99s), as can be seen
in Table 3. With respect to £, there was no statistically
significant difference among any of the groups.
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Figure 4. Curves describing the probability of lethality as a function
of the applied electrical field (E). In these curves E was expressed as
a multiple of the threshold electrical field (XE,). Symbols represent
means and vertical bars represent standard errors of the means from
survival analysis.
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Figure 5. Plot of threshold E and lethal E mean values versus angle for
four different cell orientations: 0°, 30° 60° and 90°, fitted by the Klee
and Plonsey model (Klee and Plonsey, 1976).
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Threshold E versus lethal E

In order to compare the way E_ and lethal E was
increasing, we plot their mean values versus angle
for four different cell orientations: 0°, 30°, 60° and
90°. That allowed us to verify a non-linear increase in
E,, which is similar to that of lethal E

Discussion

Values found for AV, cell length and cell width
were similar to those previously found in the literature
(Bassani et al., 2006; Goulart et al., 2012; Oliveira et al.,
2008). It was not verified statistical difference among
the experimental groups, which is important to ensure
homogeneity of the cell samples used since it has already
been shown that different cell sizes may influence E
and lethal E (Goulart et al., 2012).

On the other hand, there is a non-linear increase in
E, as the angle between cell orientation and E direction
increases (Figure 5). This is in accordance with Klee
and Plonsey model (Klee and Plonsey, 1976) and with
values already reported in the literature (Bassani et al.,
2006; DeBruin and Krassowska, 1999; Goulart et al.,
2012; Oliveira et al., 2008; Prado et al., 2016).

Regarding the lethal E, for the 0° group, E50 of
80.82V/cm was obtained, being close to the values
already reported in the literature (E50 = 68V/cm (Tung,
1996); ES0 = 90.73V/cm (Neunlist and Tung, 1997)).
Similarly, the value of E50 for the 90° group
(140.7V/cm) is also close to what have been reported so
far (E50=136.6V/cm (Tung, 1996)). The approximately
2-fold ratio between ES0 of 90° oriented cells was again
observed when compared to cells that were oriented at 0°.

The present study shows that there is a non-linear
increase in E associated with cell lethal injury as the angle
between cell orientation and E direction is increased,
for angles between 0° and 90°, similar to that observed
for E.. Thus, as can be seen in Figure 3, given the same
probability of lethality, cells oriented at 0° with respect
to E have greater sensitivity to E than those oriented
at 30°. Likewise, cells at 30° are more sensitive to E
when compared to those oriented at 60°. Finally, we

Table 3. Lethality curves fitting parameters for E expressed as a multiple of E;.

ESO0[xE,] h
Group
Mean CI99 Mean CI99
0° (N =26) 28.15 26.83-29.46 5.62 4.30-6.39
30°(N=29) 27.41 25.70-29.12 9.58 4.41-14.48
60° (N =21) 25.81 24.36-27.25 11.42 4.53-18.32
90° (N =11) 22.65 20.50-24.80"* 8.52 2.73-14.31

Mean and 99% confidence intervals (C199) for electrical field intensity correspondent to probability of lethality equal to 50% expressed as a multiple
of E; (E50 [ XE; ]) and the respective Hill coefficient (/). N is the number of cells in each group; #indicates that there was a statistically significant
difference from this group to the 0° group and * indicates that there was a statistically significant difference from this group to the 30° group (through

non-overlapping CI99 intervals).
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verified that cells oriented at 90° were the least sensitive
to E (the E necessary to cause a lethal effect is greater)
(Oliveira et al., 2008). This is to our knowledge the first
time that lethality probability curves and lethal E values
for cells oriented at 30° and 60° have been reported.

The results previously shown can be justified by
assuming that the most likely phenomenon responsible
for cell death is electroporation (Weaver, 1994).
Electroporation manifestation depends on V,_exceeding
a certain threshold value and the maximum variation
of this potential, AV _, depends on the intensity of the
applied E, the cell geometry (width and length) and the
angle between the cell orientation and E direction. Thus,
assuming that the membrane is a perfect dielectric, a
possible explanation for the non-linear increase observed
for E50 values for cell orientations between 0° and 90° can
be obtained by calculating the AV induced by fixed E in
a cell with average dimensions (length equal to 130 pm
and width equal to 30 um) in different orientations.
The effect in a cell oriented at 30° is a AV equivalent
to 89% of that caused to a cell oriented at 0° (Klee and
Plonsey, 1976). For the 60° oriented cell, the AV caused
is equivalent to 63% of that at 0°. AV is even smaller
if the cell is oriented at 90° with respect to the E, being
approximately 45%. Therefore, it can be seen that as we
increase the angle between the cell major axis and the
direction of the applied E, AV _ for a same E magnitude
decreases, which would reduce the probability of pore
and, consequently, the likelihood of lethality. However,
because the membrane is not a perfect dielectric, these
percentage values found above are not totally accurate,
being overestimated, since the model proposed by Klee
& Plonsey (Klee and Plonsey, 1976) does not take into
account pores opening in the membrane. Nonetheless,
the model is useful to qualitatively verify the need for
an increase in the external E as cell orientation with
respect to the E is increased to reach a given variation in
transmembrane potential capable of causing electroporation
(and consequently cell lethal injury).

From Figure 5, we can draw a similarity, although
in different magnitudes, in the behavior of E50 and E.,
as 0 increases. And although the processes of cellular
excitability and electroporation of the cell membrane are
considered different phenomena — since the former is a
self-stimulatory process, where the opening of a certain
amount of ion selective voltage-dependent channels
increases membrane depolarization and, consequently,
increases the probability for more channels opening,
leading to the firing of action potentials, and the latter
is a self-limiting phenomenon, as the ion fluxes that
flow through the pores curtail membrane polarization
due to the electrical field (Cheek and Fast, 2004;
Neunlist and Tung, 1997) — when we expressed values
of lethal E as multiples of E_ (Table 3), we verified that

Influence of myocyte orientation on lethal injury

the direction-dependent difference of ES0 was greatly
diminished (showing that E_ might be a reasonable
predictor of lethal E-values). Furthermore, Figure 4
displays an inverted relation: the E/E, ratio for 50%
lethality was 20% lower for cells oriented at 90° than for
cells at 0°. A possible explanation for this is due to the fact
that, for cells oriented at 90°, the arca of the membrane
exposed to the maximum AV is 2.5-fold larger when
compared to cells oriented at 0°, which implies that a
larger membrane area reaches supracritical V_ values
and undergoes permeabilization (Oliveira et al., 2008).
This type of analysis allowed us to infer that an E of
about 26 times the threshold corresponds to a probability
of lethality of at least 50% of the cells, regardless of
their orientation.

A significant limitation to be considered in this study
was the progressive increase of the HEF intensity applied
during the experimental protocol, since it was a function
of E. This is done with a cell carrying several shocks
before dying, which activates cell repair mechanisms,
reducing cell vulnerability to subsequent shocks
(Spaeth et al., 2010; Steinhardt et al., 1994; Togo et al.,
1999). It was observed during the experiments that
damage was caused to cells, promoting reductions in cell
length and reversible hypercontracture. It has already
been shown that a reduction in cell length increases
ES0 (Goulart et al., 2012). Thus, the cumulative effect
of shocks should not be overlooked and values found
for lethal E (and cell probability of lethality) may be
overestimated.

Also, we should emphasize that experiments
were performed with isolated cells that were oriented
at 0°,30°, 60° or 90° with respect to the E direction. It is
very difficult to directly extrapolate the results found
in this work for clinical applications, since the heart
has several cells of different sizes, oriented in the most
diverse directions and connected through gap-junctions,
in a way that each cell responds quite differently to the
applied external E. It has already been shown that in
heart tissue this difference in E response depends not
only on the orientation of the cell with respect to E and
cellular geometry, but also on the fact that the cardiac
tissue is heterogeneous, resulting in the formation of
virtual electrodes that modify E amplitudes and directions
(Coster and Zimmermann, 1975; Knisley et al., 1994;
Roth, 1995), while the results shown in this work were
obtained in a controlled and homogenous environment.

From the present results, it is possible to conclude
that cell orientation with respect to E direction directly
influences the probability of lethality of isolated
myocytes in response to the application of HEF and that
this probability of lethality, given a same E, is greater
when E is applied at 0° with the cell orientation and
decreases non-linearly as E is applied closer to the 90°.
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These results are in line with what was theoretically
predicted by the Klee and Plonsey model (Klee and
Plonsey, 1976).

Our work was able to provide information about the
behavior of cell lethality as a function of E direction
and cell orientation, not only by showing that there is
an increase in the probability of cell lethality, but also
how this increase is happening. Results showing how
cell lethality is affected by HEF for directions other
than 0° and 90° were absent in the literature and could
contribute for the design of new defibrillation protocols
(Viana et al., 2016), by providing data on an E upper
limit for cell survival, and also support further works in
areas related to electropermeabilization and cell/tissue
stimulation. Furthermore, these data could be used as
adjusting or comparing parameters for computational
models and simulations.
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