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Abstract. Possible drug interactions with electrical de-
fibrillation were examined. We tested the hypothesis that
adrenergic agents (epinephrine, norepinephrine, isopro-
terenol) and a calcium channel blocker (verapamil), when
applied acutely, alter the duration of arrest following a de-
fibrillator shock. A secondary hypothesis (based on ob-
servations) was that the drugs alter the occurrence of
changes to normal rhythms following the shock. Dissoci-
ated heart cells from 10-day chicken embryos were cul-
tured to form spherical aggregates and plated in petri

dishes. In the experiments, the spheres were paced at
0.75 V/cm above contraction threshold, and a biphasic de-
fibrillator shock was applied for 1 ms at 46 V/cm. The ar-
rest time and occurrence of rhythm changes were
recorded. The adrenergic agents shortened the duration of
arrest following a defibrillator shock, while the calcium
channel blocker lengthened the arrest time. Comparisons
with the control proportion of double beats showed no
significant change with the adrenergic agents and a de-
crease with verapamil.
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Both electrical stimulation of the heart and cardiac phar-
macological agents exert physiological effects by acting
either directly or indirectly upon ion channels. Electrical
stimulation is capable of either opening ion channels or
inactivating them. Electrical stimulation can also alter in-
tracellular calcium ion concentrations which would pro-
duce secondary effects [1]. Similarly, pharmacological
agents produce direct or indirect effects upon channels.
For example, the drug verapamil directly blocks conduc-
tance of the L-type calcium channel, and adrenergic
agents modulate adenylate cyclase activity to indirectly
alter calcium conductances in heart cells. Because both
electrical stimulation and pharmacological agents use the
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same substrate for their physiological effect, one would
expect these modalities to interact.

Drugs and electrical stimulation are known to have inter-
active effects on the defibrillation threshold. For exam-
ple, various potassium channel blockers lower the defib-
rillation threshold [2]. In the clinic, a beneficial interac-
tion between electric shock and medication is obtained
when intravenous amiodarone increases the percentage of
successful defibrillations compared to a lidocaine [3],
which raises the defibrillation threshold [4]. Another ex-
ample of pharmacological-like effects of electrical stim-
ulation is the use of pulsed shocks to increase inotropic-
ity during congestive heart failure. The device [5] applies
an initial shock to elevate cytosolic calcium, and this in-
creases contractile force. None of these studies of drug-
defibrillator interactions examined effects related to sec-
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ondary dysfunction caused by strong electric shocks.
Failure to defibrillate and defibrillation to asystole are
problems that can occur when strong electric shocks are
applied. Whether drugs can modify such potentially
harmful effects of defibrillator shocks is the subject of
this study.

Cardiac dysfunction can occur secondary to defibrilla-
tion when certain electric shocks are applied to defibril-
late a heart [6, 7]. The desired outcome is resumption of
a functional rhythm after the fibrillation is arrested. The
arrest time between defibrillation and the resumption of a
normal rhythm should be short so that circulation will re-
sume as quickly as possible, thus a long arrest time is un-
desirable. Ideally, the arrest time lasts less than 1 s, and
this time without activity is known as the isoelectric win-
dow [8]. Other undesirable outcomes following a defib-
rillation shock are asystole (sustained arrest), generation
of a secondary dysrhythmia, or secondary fibrillation. In
in vitro models of defibrillation, measurement of the ar-
rest period is used as an indicator of successful defibril-
lation. A long arrest period is indicative of electropora-
tion and cellular damage [9]. During the arrest period, the
membrane potential is depolarized [10, 11] and cytosolic
free calcium is elevated [1, 12]. In the whole heart, elec-
troporation from internal shocks tends to affect the bun-
dles and papillary muscles [13] and cause increased pac-
ing thresholds [14]. In this study, we used the arrest pe-
riod in cultured cell aggregates to examine the interaction
between certain drugs and defibrillation shocks. The
drugs chosen for this initial study are adrenergic agents
with well-characterized effects and common usage in car-
diology. Our results show an expected shortening of the
arrest period with adrenergic agonists.

Materials and methods

Cell culture

Isolated cells cultured from chicken embryo hearts were
prepared as described previously [1, 7]. Briefly, whole
hearts from the embryo (CBT Farms, Chestertown, Md.)
were removed at incubation day 10, and dissociated in
0.05% trypsin solution (GIBCO/BRL, Grand Island,
N.Y.) in Dulbecco’s phosphate-buffered saline solution
without calcium or magnesium (GIBCO/BRL). After
centrifuging, the cells were moved to a 50-ml conical
flask, incubated in Leibovitz L-15 (GIBCO/BRL) tissue
culture medium with 10 pM cytosine arabinofuranoside
(Sigma, Fountain Valley, Calif.), 10% fetal calf serum, L-
glutamine and penicillin-streptomycin (GIBCO). The
flask was placed in a water shaker (WB-10/SC,
ELMECO, Rockville, Md.) at 37 °C with a rotation speed
of 68—70 rpm/min for 24 h. Shaker bath agitation forced
the cells to form aggregate spheres. Each day for 1 week,
the aggregate spheres were plated in the center of 35-mm
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polystyrene culture dishes (Corning, New York, N. Y.)
and incubated at 37°C with 100% relative humidity for
4 h to allow time for cells to adhere to the dishes. After
initial incubation, 1.5 ml Leibovitz tissue culture medium
was added and the cultures were used for experiments
20 h later.

Drugs and solutions

Single doses for each agent were used in these experi-
ments. All of the agents were used at suprathreshold
doses. Adrenergic agents were diluted in the L-15 tissue
culture medium for acute delivery to the cell aggregates
during the experiments. The epinephrine concentration of
0.9 pM was selected because it is a suprathreshold level
for altering fibrillation [15]. Norepinephrine was applied
at a similar concentration of 1.0 pM because of its simi-
lar dose-response characteristics for changing cardiac
contraction. Isoproterenol was applied at a concentration
of 1.0 pM. The dose-response characteristics of isopro-
terenol for cardiac contraction are an order of magnitude
to the left of norepinephrine and epinephrine, with a max-
imal effect on cardiac contraction. Verapamil was applied
at 2.0 pM because this concentration produced a maxi-
mum reduction in the calcium action potential in the heart
cell cultures (data not shown). The cationic concentra-
tions in the L-15 solution, as supplied by GIBCO/BRL,
were: [Na'] = 140 mM, [K*] = 5.8 mM, [Ca*']=1.3 mM,
[Mg>]=1.8 mM.

Apparatus

A Zeiss (model IM 35; Thronwood, N. Y.) phase contrast
microscope with a X 25 objective was used in these exper-
iments. Optical viewing was done through a Hamamatsu
C2400 and recorded by VHS video cassette recorder.
Electric shocks were applied through a parallel pair of 1-
mm diameter, 4-cm-long, platinum-iridium (10:1) rods
(Goodfellow, Berwyn, Pa.) separated by 1 cm and sub-
merged in the petri dish. The waveforms were produced by
using a defibrillator (Ventritex model HVC-02; St Judes
Medical, St. Paul, Minn.) with a 100-Ohm resistor in par-
allel with the electrodes. Between the shock electrodes
spaced 1 cm apart, a second pair of platinum-iridium
(10:1) wires (100 pM diameter, 1.5 cm long, 1 mm apart)
was submerged in the culture dish for measuring the field
generated by the other electrodes. These wires measured
the field in the petri dish which was amplified with a Tek-
tronix differential amplifier. This output was displayed on
a Hewlett Packard 54501A 100-MHz oscilloscope (Palo
Alto, Calif.). The field strengths of shocks were measured
and recorded during the experiments.

Experimental procedure

Cells plated in petri dishes were placed in a heated micro-
scope stage to keep them at a temperature of 34°C (Bipo-
lar Temperature Controller Medical System Corp., Green-
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vale, N. Y.). The 34°C temperature is considered normoth-
ermic for the heart, and temperature-related functional
changes to adrenergic agents are seen with temperatures at
28°C [16]. The cells had either 2 ml L15 or L15 with drug
solution added to the culture dishes. The pacing threshold
for beating at 1 Hz (with a fixed 3-ms pulse duration) was
found. The amplitude of the pacing pulse was then in-
creased by 0.75 V/cm in the dish. The cells were allowed to
stabilize for 20 min with pacing. The cells were then
shocked with a 46 V/cm, 1.0-ms-duration, asymmetric
biphasic defibrillation shock (with the phase durations di-
vided equally, and the leading-edge voltage of the second
phase being one-half of the residual value of the first
phase. The arrest time was measured along with the be-
havior of the aggregate sphere after the return of paced me-
chanical activity. Whether single mechanical beats oc-
curred or double beating (bigeminy) was recorded.

Each set of drug-treated cells was compared to a set of
controls from the same culture. Thus each experimental
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effect was observed relative to a co-cultured control. The
experiments were performed with the sequential use of
different drugs over a period of months. Depending upon
the individual culture over that period of time, differences
in arrest time occurred (see Results).

Results

Aggregate spheres

Following 24 h of incubation in a shaker bath, aggregate
spheres (30—200 pm) formed from the dissociated heart
cells. These spheres contracted spontaneously. Figure 1 A
is a photomicrograph of a section through the central
plane of one of the spheres, 100 pm in diameter. The sec-
tion contains approximately 300 cells (determined by
counting nuclei). These aggregate spheres contracted
spontaneously and with extracellular pacing. Action po-
tentials were recorded from the cells. The upper trace in
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Figure 1. Characteristics of cultured heart cells. (4) Section through an aggregate sphere of heart cells. The sphere was cultured in a shaker
bath for 24 h; formalin fixation and methyl-green pyronin-G stain. (B) Spontaneous action potentials, recorded intracellularly, from two
different cells. Standard glass microelectrodes were used to obtain the recordings.
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Figure 2. Electrical stimulation pulses and magnitude. Pacing pulse waveform (4) and defibrillation waveform (B); note the time scale
difference. The lower graph (C) shows the electric field magnitude measured in the culture dish for the applied voltage from the HVS-02

device.

figure 1B is characteristic of a pacemaker cell because it
has a short-duration action potential, without a plateau,
and a sloping resting potential; the lower trace displays
action potentials characteristic of an atrial cell [17]. Over-
all, the cells in the spheres produced cardiac action po-
tentials that were 87.3 £ 13.5 mV in amplitude, 242 + 69
ms in duration at 10% amplitude, with a 49.5 £ 11.3 mV
(n=15 cells, £ SD).

Electric field measurements

During every experiment, both the pacing and defibrilla-
tion waveforms were recorded by a pair of differential
electrodes in the dish (fig. 2 A, B), and calibrated accord-
ing to field magnitude at the location of the aggregate
spheres (fig. 2C). Figure 2 A represents a pacing pulse
recorded in the tissue bath, and figure 2 B represents the

biphasic defibrillation pulse, also recorded in proximity
to the tissue. Thus for every experiment, the waveform
and electric field magnitude were known. In these exper-
iments, cells were paced at 0.75 V/cm above capture
threshold, which had a mean of 3.6 + 0.6 V/cm. When a
100-V, 1-ms duration biphasic shock was set on the de-
fibrillator, a 46 V/cm field was delivered to the heart cell
aggregates.

Mechanical responses to shocks

For each test, after pacing had been established for
20 min, the aggregates were given the defibrillation
shock. Following the shock, one of three results occurred:
(i) a return to regular beating with the pacing pulse after
a period of time; (ii) complete arrest for at least 2 min
(even with continued pacing); (iii) a return with double
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Table 1. Summary of data of arrest time from drug-exposed cultures and co-cultured controls.

Agent n Arrest time Percent of t test Percent with Bigeminy
(£SE) control arrest result bigeminy change

(£90% CI)

Control for epinephrine 55 182426 273+ 99

epinephrine (0.9 uM) 54 11.8£1.6s 65+9 p=10.02 29.6 £ 10.2 +2.3%

Control for norepinephrine 107 13.1 +1.1s 654+ 6.5

norepinephrine (1.0 uM) 133 62+05s 47+ 4 p <0.001 714+ 6.5 +6.0%

Control for isoproterenol 56 11.5+1.5s 76.8+ 9.2

isoproterenol (1.0 uM) 90 30+04s 26+ 4 p <0.001 755+ 7.5 -1.3%

Control for verapamil 37 13.84+2.5s 32.1 £13.3

verapamil (2.0 uM) 28 19.8 £2.8 s 143 £ 20 p=0.065 59.4 £14.5 +27.5%

contractions for a short period followed by a return to reg-
ular beating with the pacing pulse. All sessions were
videotaped through the microscope, and synchronous si-
multaneous recordings of voltage from the bath were
made. A summary of the control responses and drug ef-
fects can be seen in table 1. All tests between control ag-
gregates and the drug experimental ones were performed
in paired cultures; i.e., culture dishes from the same time
and prepared identically were paired into experimental
and control groups. This was done to avoid the differ-
ences in shock effects seen between aggregates cultured
at different times and from different embryos.

The main results of the study are illustrated in figure 3.
The adrenergic agents epinephrine, norepinephrine and
isoproterenol all significantly decreased the arrest time
following a defibrillator shock, whereas the calcium
channel blocker verapamil tended to increase the arrest
time. The details of the drug effects are as follows.
Epinephrine (0.9 pM) was dissolved in the tissue culture
medium and allowed to incubate with the cell aggregates
for the 20-min pacing period. For epinephrine, the mean
arrest period following the shock decreased from a con-
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Figure 3. Graphical representation of the arrest time (relative to
control) for the various drugs. *p < 0.05, **p < 0.01. See text for
details.

trol mean of 18.2 £2.6 s (n=55)to 11.8 £ 1.6 s (n =54)
(p = 0.02, t test). The epinephrine-treated spheres there-
fore had a 35% reduction in arrest time (table 1, fig. 3)
and resumed paced contractions sooner than the control.
The return rhythm, following the defibrillation shock,
was noted. With epinephrine present, the proportion with
double contractions (bigeminy) was 29.6 £ 10.2% (90%
confidence interval) compared to 27.3 £ 9.9% (90 % con-
fidence interval) for the control.

When the same experiment was performed on cells with
a norepinephrine (1.0 pM) solution, the mean arrest time
decreased from 13.1 £ 1.1 s (n = 107) to 6.2 £ 0.5 s
(n=133) (p=3.5 % 103, t test). With norepinephrine pre-
sent, the proportion of bigeminy was 71.4 £ 6.5% (90%
confidence interval) compared to 65.4 = 6.5% (90 % con-
fidence interval) for concurrent control cultures.

With 1 pM isoproterenol, the mean arrest time decreased
from 11.5 £ 1.5 s (n = 56) to 3.0 £ 0.4 s (n = 90)
(p =3.6 x 107, t test). The proportion of cellular aggre-
gates with bigeminy was 75.5 = 7.5% (90% confidence
interval) for the cells in the isoproterenol solution and
76.8 £ 9.2% (90% confidence interval) for the cells in
the control solution.

Finally, the same protocol was followed for comparing ar-
rest time of heart cell aggregates in a 2.0 pM verapamil so-
lution to those in a control solution. With verapamil present,
the mean arrest time increased from 13.8 £2.5 s (n=37) to
19.8 £ 2.8 s (n =28) (p = 0.065, t test). The proportion of
cellular aggregates with bigeminy was 32.1 £ 13.3% (90%
confidence interval) for the cells in the verapamil solution
and 59.4 = 14.5% (90% confidence interval) for the cells
in the control solution. The decrease in the proportion of
spheres exhibiting post-shock bigeminy was reduced by ve-
rapamil, but not with a 95% confidence interval.

Discussion

Heart cells cultured from chicken embryo were used as a
cellular model for examining possible acute interactions
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between certain drugs and electrical defibrillation. The
arrest time following a defibrillator shock was employed
as a biomarker for defibrillator secondary effects. In the
clinic, a short arrest time following a defibrillator shock
would be more desirable than a prolonged arrest period,
and would be associated with a better outcome. Our over-
all findings are that adrenergic agonists (both alpha and
beta) decrease the arrest time following a uniform defib-
rillation shock to cultured heart cell aggregates, and that
the L-type calcium channel blocker verapamil tends to
prolong the arrest time. In addition, for bigeminy (a pos-
sible biomarker for secondary arrhythmia), only vera-
pamil showed a tendency toward a significant effect, with
a 90% confidence interval.

Previous authors have hypothesized that post-shock ar-
rest is due to electroporation [7, 18]. The findings in this
work demonstrate that pharmacological agents affect
post-shock arrest time. Our previous work [1] demon-
strated two phases to the calcium change following the
shock: a rapid calcium rise followed by a prolonged cal-
cium plateau. Cheek and Fast [19], by blocking potassium
channels in cultured myocytes after a shock applied dur-
ing the action potential plateau, concluded that a rapid hy-
perpolarization was caused directly by electroporation. In
the present study, we examined the effects of such shocks
on longer-term events. The effects that Cheek and Fast
[19] examined occurred within a millisecond; we exam-
ined effects that occurred over several seconds. The phar-
macological effects we observed may be secondary to im-
mediate electroporation effects. The prolonged calcium
plateau we reported in a previous work [1] may also be a
manifestation of secondary effects of such electropora-
tion effects.

Our findings of pharmacological interactions with shock
arrest time imply that the effect of the electric shock is not
solely attributable to electroporation of the membrane
even though electroporation appears to be involved in pro-
ducing post-shock arrest. Pharmacological agents could
modulate the electroporation effects by (i) direct alteration
of the electroporation event itself, (ii) by altering the sec-
ondary effects that produce the arrest, or (iii) by direct al-
teration of the ionic channel. For example, drugs that alter
membrane fluidity or the voltage gradient profile of the
membrane could alter the size and duration of the pore.
Alternatively, drugs that alter channel permeability, chan-
nel kinetics, intracellular ion dynamics or cell metabolism
would secondarily affect the duration of the arrest.

The recently described phenomenon of the ‘isoelectric
window’ may be related to the ‘post-shock arrest’ de-
scribed in the results. The isoelectric window is the period
between electric shock application and the defibrillated
cardiac action potential. This period typically lasts less
than a second [20, 21]. The nature of this arrest period is
controversial [8, 20, 21], and whether the isoelectric win-
dow is due to cellular events or is a phenomenon related to
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shock interactions with networks of action potential wave-
fronts remains unclear. However, the isoelectric period and
the post-shock arrest from stronger shocks are likely to be
related. The isoelectric window may be an abbreviated
post-shock arrest that occurs with lower-strength shocks.
In the present study, the pharmacological shortening of
post-defibrillation arrest time was mediated by both al-
pha and beta adrenergic receptors because both norepi-
nephrine (a predominant alpha agonist) and isoproterenol
(a purely beta agonist) decreased the arrest time. In con-
trast, verapamil increased the duration of the arrest fol-
lowing the shock. The opposite effects of isoproterenol
and verapamil correlate with the opposite effects of these
two drugs on intracellular free calcium concentration.
Isoproterenol, through adenylate cyclase activation, in-
creases the release of sarcoplasmic reticulum (SR) cal-
cium, whereas verapamil blocks calcium entry, and de-
creases release of SR calcium. This plausible effect of
these drugs on the arrest time is in contrast to previous
findings that certain defibrillation shocks cause arrest
and an elevation of intracellular calcium (possibly by
electroporation) [1, 12]. A possible explanation of this
paradox is that the arrest period following the shock is not
caused by the increased calcium, and the increase in cal-
cium activates the cellular machinery that resolves the
shock effect. An important next step in this work will be
to ascertain the dose-response characteristics for the
drugs. This would permit comparisons between drugs and
a more detailed dissection of the mechanism by which
electric shocks arrest heart cells.

Acknowledgements. The authors thank Drs F. Aguel and P. L. Goer-
ing of the FDA for their helpful comments on the manuscript. The
mention of commercial products, their sources, or their use in con-
nection with material reported here is not to be construed as either
an actual or an implied endorsement of such products by the De-
partment of Health and Human Services.

1 Krauthamer V. and Jones J. L. (1997) Calcium dynamics in cul-
tured heart cells exposed to high-voltage electric shocks. Life
Sci. 60: 1977—1985

2 Pryamvada V., Qi X., Newman D. and Dorian P. (2002) Combi-
nation [-K1 and I-Kr channel blockade: no additive lowering of
the defibrillation threshold. Can. J. Physiol. Pharm. 80: 22—30

3 Dorian P, Cass D., Schwartz B., Cooper R. Gelaznikas R. and
Barr A. (2002) Amiodarone as compared with lidocaine for
shock-resistant ventricular fibrillation. New Engl. J. Med. 346:
884-890

4 Li L., Nikolski V. and Efimov I. R. (2003) Effects of lidocaine
on shock-induced vulnerability. J. Cardiovasc. Electrophysiol.
14: S237-S248

5 Mohri S., He K.-I., Dickstein M., Mika Y., Shimizu J., Shemer
1. et al. (2002) Cardiac contractility modulation by electric cur-
rents applied during the refractory period. Am. J. Physiol. 282:
H1642-H1647

6 Peleska B. (1963) Cardiac arrhythmias following condenser
discharges and their dependence upon strength of current and
phase of cardiac cycle. Circ. Res. 13: 21-32

7 Jones J. L. and Jones R. E. (1980) Postshock arrhythmias-a pos-
sible cause of unsuccessful defibrillation. Crit. Care Med. 8:
167-171



CMLS, Cell. Mol. Life Sci.

12

13

Vol. 61, 2004

Kwaku K. F. and Dillon S. M. (1996) Shock-induced depolar-
ization of refractory myocardium prevents wave-front propaga-
tion in defibrillation. Circ. Res. 79: 957-973

Jones J. L., Jones R. E. and Balasky G. (1987) Microlesion for-
mation in myocardial cells by high-intensity electric field stim-
ulation. Am. J. Physiol. 253: H480— H486

Stampfli R. (1958) Reversible electrical breakdown of ex-
citable membrane of the Ranvier node. An. Acad. Bras. Cienc.
30: 57-63

Kodama I., Shibat N., Sakuma I., Mitsui K., lida M., Suzuki R.
et al. (1994) Aftereffects of high-intensity DC stimulation on
the electromechanical performance of ventricular muscle. Am.
J. Heart Circ. Physiol. 267: H248—-H258

Krauthamer V. and Jones J. L. (1998) Effects of biphasic elec-
tric shocks on cytosolic calcium changes in cardiac myocytes.
In Vitro Toxicol. 11: 221-228

Al-Khadra A., Nikolski V. and Efimov 1. R. (2000) The role of
electroporation in defibrillation. Circ. Res. 87: 797-804
Sambelashvili A. T., Nikolshi V. and Efimov I. R. (2004) Virtual
electrode theory explains pacing threshold increase caused by
cardiac tissue damage. Am. J. Heart Circ. Physiol. 286:
H2183-H2194

15

16

17

18

19

20

21

Research Article 3099

Tovar O. and Jones J. L. (1997) Epinephrine facilitates cardiac
fibrillation by shortening action potential refractoriness. J. Cell.
Mol. Cardiol. 29: 14471455

Melnikov A. L., Lojebo J. E., Lathrop D. A. and Helgesen K. G.
(1996) Alteration of the cardiac effects of isoproterenol by hy-
pothermia in isolated rat atrium. Gen. Pharmacol. 27: 665—668
Berne R. M. and Levy M. N. (1992) Cardiovascular Physiology,
6th edn., pp. 26—29, Mosby — Year Book, St. Louis, Mo

Fast V. G. and Cheek E. R. (2002) Optical mapping of arrhyth-
mias induced by strong electrical shocks in myocyte cultures.
Circ. Res. 90: 664—670

Cheek E. R. and Fast V. G. (2004) Nonlinear changes of trans-
membrane potential during electrical shocks: role of membrane
electroporation. Circ. Res. 94: 208—-214

Chattipakorn N., Knight B. H., Rogers J. M., Walker R. G., Wal-
cott G. P, Rollins D. L. et al. (1998) Locally propagated activa-
tion immediately after internal defibrillation. Circulation 97:
1401-1410

Cheng Y., Mowrey K. A., Nikolski V., Tchou P. J. and Efimov I.
R. (2002) Mechanisms of shock-induced arrhythmogenesis
during acute global ischemia. Am. J. Physiol. Heart and Circ.
Physiol. 282: H2141-H2151

To access this journal online:
http://www.birkhauser.ch




