
  

  

Abstract—We have shown previously that verapamil reduces 
the slope of the action potential duration (APD) restitution 
relation, suppresses APD alternans and converts ventricular 
fibrillation (VF) into a periodic rhythm.  To determine whether 
these effects result primarily from reduction of the APD 
restitution slope, as opposed to alteration of calcium dynamics 
unrelated to restitution, we tested the effects of hypocalcemia 
([CaCl2] = 31-125 µM) in canine ventricle.  At normal [CaCl2] 
(2.0 mM), the slope of the APD restitution relation was > 1, 
APD alternans occurred during rapid pacing and VF was 
inducible. During hypocalcemia the slope of the restitution 
relation remained > 1 and the magnitude of APD alternans was 
unchanged. VF still was inducible and the mean cycle length 
and the variance of the FFT spectra during VF were not 
altered significantly. These results suggest that reduction of 
APD restitution slope, rather than blockade of ICa per se, is 
responsible for the antifibrillatory effects of verapamil in this 
model of pacing-induced VF, lending further support to the 
idea that APD restitution kinetics is a key determinant of VF. 

I. INTRODUCTION 
t has been proposed that ventricular fibrillation (VF) is 
caused by the break-up of a single spiral wave into many 
self-perpetuating waves [1]-[3].  The mechanism for 

spiral wave break-up has not been established, but may 
involve destabilization of the wave secondary to rate-related 
alternans of action potential duration (APD) [4],[5].  The 
latter requires that the restitution relation for APD have a 
maximum slope of 1 or greater [6],[7].  Several 
experimental studies have provided evidence for a key role 
of APD restitution in the initiation and maintenance of VF 
[8]-[10].  In particular, we have shown that two drugs that 
reduce the slope of the APD restitution relation, verapamil 
and diacetylmonoxime, prevent the induction of VF and 
convert preexisting VF into a periodic rhythm [10]. 

Both verapamil and diacetylmonoxime block calcium 
current (ICa) [11],[12], and thereby alter intracellular 
calcium dynamics.  Given that various aspects of calcium 
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dynamics have been implicated in the development of VF 
[13]-[15], it could be argued that suppression of VF by 
calcium channel blockers is not caused by a reduction in the 
slope of the APD restitution relation, but by alteration of 
some aspect of intracellular calcium dynamics, independent 
of restitution.  To distinguish between these two 
possibilities, we have in the present study taken advantage 
of the fact that hypocalcemia ([CaCl2] < 125 µM) markedly 
reduces ICa [11], but does not reduce the slope of the APD 
restitution relation [16].  Consequently, if suppression of VF 
by calcium channel blockers is caused by alteration of 
calcium dynamics, hypocalcemia should have effects similar 
to those of verapamil (i.e., it should prevent the induction of 
VF and convert preexisting VF into a periodic rhythm).  
Conversely, if the suppressant effects of verapamil are 
caused by a reduction in the slope of the APD restitution 
relation, then hypocalcemia should not suppress VF. 

These possibilities were investigated by measuring the 
effects of hypocalcemia on:  1) the slope of the restitution 
relations for APD and conduction velocity (CV); 2) the 
induction of VF by rapid pacing and; 3) spatiotemporal 
organization during VF. 

II. METHODS 
All experiments were approved by the Institutional Animal 

Care and Use Committee of the Center for Animal Resources 
and Education at Cornell University. 
 
A. 2-dimensional preparations 

Adult mongrel dogs of either sex, weighing 10-30 kg were 
anesthetized with Fatal-Plus (390 mg/ml pentobarbital 
sodium; Vortech Pharmaceuticals; 86 mg/kg i.v.) and their 
hearts were excised rapidly.  Thin, rectangular (typically 5 
mm x 20 mm) sections of right or left ventricular papillary 
muscle tips or trabeculae were superfused with Tyrode 
solution [9].  A bipolar stimulating electrode was placed at 
one end of the preparation and microelectrode recordings 
were obtained from 2 sites approximately 5 mm and 15 mm 
from the stimulating electrode.   

Following equilibration in normal Tyrode solution, the 
[CaCl2] of the Tyrode solution was reduced from 2.0 mM to 
125 µM (n = 6), 62.5 µM (n = 13) or 31.2 µM (n = 7).  After 
a 30 minute equilibration period at the new [CaCl2], the 
relationships between APD and diastolic interval and 
between CV and diastolic interval were determined using a 
dynamic restitution protocol [9].  CV restitution also was 
measured in 6 preparations during exposure to normal 
Tyrode solution plus verapamil (2 µM).  CV was measured 
as the distance between the 2 recording sites divided by the 
time between maximum upstroke velocities.  CV restitution 
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was expressed by plotting CV as a function of the diastolic 
interval at the recording site closest to the site of 
stimulation.  APD restitution was expressed by plotting 
APD, measured to 90% of repolarization, as a function of 
diastolic interval at each recording site.  The range of 
diastolic intervals over which the slope of the APD 
restitution relation was >1 and the magnitude of the APD 
alternans also were determined.  Data obtained after 
exposure to different [CaCl2] were compared using an 
ANOVA, followed by Scheffé's F-test, to determine 
statistical significance.  Curve fitting was performed using 
TableCurve® (Jandel Scientific). 
 
B. 3-dimensional preparations 
 Adult dogs were anesthetized as described above and 
their hearts were excised rapidly.  The circumflex or left 
anterior descending coronary artery was cannulated and a 
transmural section of tissue was excised and suspended in a 
Plexiglas chamber, where it was perfused and superfused at 
a constant flow rate of 35 ml/min [10].  Epicardial electrical 
activity was mapped using an array of 64 monophasic action 
potential (MAP)-type recording electrodes and 1-2 
microelectrodes. 

The MAP signals were high-pass and low-pass filtered 
(cutoffs = 0.15 Hz and 250 Hz) and were sampled at 500 Hz 
with 12-bit resolution.  To assess the degree of temporal 
organization during pacing and during VF, MAP data were 
analyzed using frequency spectral analysis, which included 
the generation of a composite FFT spectrum and the 
calculation of the average frequency and variance of the 
composite spectrum, as described previously [10]. 

In 14 preparations, the [CaCl2] of the Tyrode solution was 
reduced from 2.0 mM to 125 µM (n = 5), 62.5 µM (n = 8) or 
31.2 µM (n = 1) within 1-2 minutes after the onset of 
perfusion.  After a 15 minute equilibration period at the new 
[CaCl2], the pacing cycle length was shortened 
progressively until VF was induced. VF was monitored for 
an additional 15-30 minutes.  In the 5 preparations exposed 
to [CaCl2] = 125 µM, verapamil (2 µM) was added to the 
Tyrode solution after 15-30 minutes of VF had elapsed and 
VF was monitored for an additional 30 minutes.  In 4  
preparations exposed to [CaCl2] = 62.5 µM, thapsigargin (1-
2 µM) was added after 15-30 minutes of VF had elapsed 
and VF was monitored for an additional 30 minutes. 

In 10 additional preparations, [CaCl2] was maintained at 
2.0 mM and VF was induced using rapid pacing.  In 6 of the 
preparations, [CaCl2] was changed to 125 µM (n = 3) or 
62.5 µM (n = 3) after 15-30 minutes of VF had elapsed and 
VF was monitored for an additional 30 minutes.  In the 
remaining 4 preparations, verapamil (2 µM) was added to 
the Tyrode solution after 5-15 minutes of VF had elapsed 
and VF was monitored for an additional 30 minutes. 

III. RESULTS 
A. Effects of hypocalcemia on APD restitution 

APD restitution was determined during superfusion with 
normal Tyrode solution and during hypocalcemia.  
Hypocalcemia ([CaCl2] = 62.5 µM) prolonged APD at all 
pacing cycle lengths, as reflected by an upward shift in the 

dynamic APD restitution relation (Fig. 1) and by an increase 
in the mean APD at BCL = 400 msec, the shortest cycle 
length at which APD alternans did not occur in any of the 
cells (Table).  Hypocalcemia had no significant effect on the 
maximum amplitude of APD alternans, but decreased the 
range of diastolic intervals over which APD alternans 
occurred (Table).  Similar results were obtained for [CaCl2] 
= 125 µM, and 31.2 µM (data not shown). 

a)  
TABLE I 

EFFECTS OF HYPOCALCEMIA ON APD ALTERNANS 
[CaCl2] (mM) APD (msec) AM (msec) DI Range (msec) 

2.0 191.7 + 5.2 20.5 + 2.0 64.3 + 7.2 

0.0625 237.3 + 8.6* 26.1 + 4.8 N.S. 40.1 + 5.5* 

 
Abbreviations:  APD = action potential duration, AM = maximum 
magnitude of APD alternans, DI Range = range of diastolic intervals over 
which APD alternans occurred. 
* P < 0.01 vs [CaCl2] = 2.0 mM; N. S. = not significantly different; n = 13 
 

 
 
Fig. 1.  Effects of hypocalcemia on APD restitution and APD alternans.  
Panel A.  Example of the relationship between APD and pacing cycle length 
(BCL) for [CaCl2] = 2 mM and 62.5 µM (see legend, lower right).   Panel B.  
Relationship between the magnitude of APD alternans (AM) and BCL.  
Panel C.  Relationship between APD and diastolic interval (DI). 
 

b) B. Effects of hypocalcemia on CV restitution 
CV restitution was determined during superfusion with 

normal Tyrode solution [CaCl2] = 2.0 mM), alone or after 
the addition of verapamil (2 µM; n = 4), and after switching 
to hypocalcemic Tyrode ([CaCl2] = 62.5 µM; n = 4).  CV 
restitution relations in normal Tyrode before exposure to 
verapamil or to hypocalcemia were not significantly 
different from one another and were pooled for analysis.  
Neither verapamil nor hypocalcemia significantly altered the 
maximum CV at a pacing cycle length of 400 msec; CV (in 
m/sec) = 0.92 ± 0.06 for control, 0.83 ± 0.08 after verapamil 
and 0.99 ± 0.08 after hypocalcemia (mean ± SEM).  In 
addition, the kinetics of CV restitution were not altered 
significantly by verapamil or by hypocalcemia (Fig. 2).   
 
C. Effects of hypocalcemia on VF 

Hypocalcemia did not prevent the induction of VF by 
rapid pacing in all preparations tested (n = 16).  Once 
initiated, VF during hypocalcemia was characterized by 
aperiodic cellular electrical activity, as reflected by spatially 
and temporally disorganized monophasic action potential 
and transmembrane action potential recordings (Fig. 3).  The 
mean frequency and variance of the composite FFT spectra 
during VF were no different for [CaCl2] = 2.0 mM and 
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[CaCl2] = 62.5 µM (mean frequency = 12.9 ± 3.1 vs. 11.3 ± 
2.3 Hz and variance =  0.0572 ± 0.0026 vs. 0.0566 ± 0.0041, 
respectively). 
 

 
Fig. 2.  Effects of hypocalcemia and verapamil on CV restitution.  Panel A.  
CV restitution relations (with CV normalized to CV at BCL = 500 msec) 
for [CaCl2] = 2 mM (n = 8).  The best-fit equation for the CV restitution 
relation is shown below the data.  Panel B.  CV restitution after 2 µM 
verapamil (n = 4).  Panel C.  CV restitution at [CaCl2] = 62.5 µM (n = 4). 
Panel D.  Best-fit CV restitution relations for control (1), verapamil (2) and 
hypocalcemia (3). 
 

 
Fig. 3.  Examples of MAP recordings (upper panels) and microelectrode 
recordings (lower panels) obtained 10 minutes after the onset of VF in 
isolated perfused canine left ventricle for [CaCl2] = 2 mM (left panels) and 
62.5 µM (right panels). 

 
Addition of verapamil converted VF to a periodic rhythm 

for [CaCl2] = 2.0 mM (n = 4), but not for [CaCl2] = 125 µM 
(n = 5) (Fig. 4).  Addition of thapsigargin to hypocalcemic 
([CaCl2] = 62.5 µM) Tyrode solution during VF (n = 4) had 
no apparent effect on VF, nor did reducing [CaCl2] from 2 
mM to 62.5 µM (n = 3) or 125 µM (n = 3) (data not shown). 

IV. DISCUSSION 
A. New findings 

In these experiments hypocalcemia, alone or in 
combination with drugs that decrease ICa (verapamil) or Ca2+ 
release from sarcoplasmic reticulum (thapsigargin), did not 
prevent the induction of VF or significantly alter 
spatiotemporal organization during VF.  Hypocalcemia also 

did not reduce the slope of the APD or CV restitution 
relations or suppress APD alternans.  The lack of an effect 
of hypocalcemia on APD restitution and VF contrasts with 
the effects of verapamil to reduce the slope of the APD 
restitution relation, suppress APD alternans, prevent the 
induction of VF and convert existing VF into a periodic 
rhythm.  Thus, the antifibrillatory effects of verapamil 
appear to be mediated primarily by an effect on the APD 
restitution relation, independent of alterations in calcium 
dynamics.  These results lend further support to the idea that 
the slope of the APD restitution relation is an important 
determinant of vulnerability to VF. 
 

 
Fig. 4.  Effects of verapamil (2 µM) on composite FFT spectra (upper panels), 
mean activation frequency (middle panels) and variance of the FFT spectra 
(lower panels) during VF for [CaCl2] = 2 mM (left panels) and [CaCl2] = 125 
µM (right panels).  Verapamil added at the arrows.  Data shown beginning 15 
(left) and 30 (right) minutes after VF onset.  In [CaCl2] = 2 mM verapamil 
converted VF to a periodic rhythm (indicated by a single frequency band and 
a reduced variance at t = 30), whereas in [CaCl2] = 125 µM VF persisted. 
 
B. Role of calcium dynamics in VF 

Our observation that VF persisted during hypocalcemia, 
alone or in combination with verapamil or thapsigargin, 
suggests that transsarcolemmal calcium influx and release of 
calcium from the sarcoplasmic reticulum are not necessarily 
required for the initiation or maintenance of VF, provided 
APD alternans is maintained.  Merillat et al [14] also found 
that hypocalcemia did not prevent the electrical induction of 
VF and that VF was not suppressed by ryanodine.  In contrast 
to our results, however, they found that hypocalcemia 
suppressed existing VF.  Moreover, hypocalcemia inhibited 
the induction of VF by sodium pump inhibition.  Thus, the 
contribution of calcium dynamics to the development of VF 
may vary according to the experimental conditions [13]-
[15],[17], as discussed in more detail elsewhere [18],[19]. 

The mechanism by which blockade of ICa suppresses VF 
also may differ according to the experimental 
circumstances.  Samie et al attributed verapamil-induced 
conversion of VF to ventricular tachycardia in isolated 
rabbit hearts to a reduction of the dominant frequency 
during VF [20].  They postulated that the generator for VF 
is a single rotor.  At high rotor frequencies, wavefronts 
emanating from the rotor are likely to encounter refractory 
tissue and fragment, producing fibrillatory conduction.  
Conversely, at lower frequencies rotor-generated wavefronts 
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are less likely to impinge on refractory tissue.  
Consequently, activation of the heart may be uniform, 
manifest as a monomorphic ventricular tachycardia. 

 In canine ventricle, however, verapamil initially 
increased the dominant frequency during VF, in association 
with an increase in spatiotemporal organization [10]. More 
prolonged exposure to verapamil resulted in the conversion 
of VF to ventricular tachycardia, at which time the dominant 
frequency was no different than before exposure to 
verapamil.  Chorro et al also found that verapamil increased 
both the dominant frequency and the degree of electrical 
organization during VF in rabbit hearts [21].  These 
observations are consistent with the hypothesis that a 
reduction in the slope of the action potential duration 
restitution relation underlies the antifibrillatory effects of 
calcium channel blockers. 
 
C. Role of calcium dynamics in APD alternans 

The lack of effect of hypocalcemia on the magnitude of 
APD alternans was somewhat surprising, given the reported 
link between APD alternans and intracellular calcium 
dynamics following an abrupt change in pacing cycle length 
or the introduction of a premature stimulus [22],[23].  There 
also is evidence from modeling studies that alternation of ICa 
is a key determinant of electrical alternans during pacing at a 
fixed cycle length [15],[24].  However, APD was prolonged 
by hypocalcemia, despite a reduction of ICa, indicating that 
currents other than ICa must have been altered as well.  This 
observation suggests that the ionic mechanism for APD 
alternans during hypocalcemia differs from that under 
normal conditions. The identity of that mechanism is 
unclear, however, as is the mechanism for prolongation of 
APD, although the latter may involve reduction of IK, 
secondary to a shift in the voltage-dependence of activation 
to less negative membrane potentials [25]. 
 
D. Limitations 

Because intracellular Ca2+ transients were not measured 
our preparations, we cannot be certain that hypocalcemia  
abolished transsarcolemmal calcium influx or calcium 
release from the sarcoplasmic reticulum.  Consequently, the 
possibility that VF was sustained by a small residual 
calcium influx via ICa, calcium influx via reverse Na/Ca 
exchange or calcium release from intracellular stores cannot 
be excluded.  Nevertheless, it seems reasonable to assume 
that transsarcolemmal calcium influx and release from the 
sarcoplasmic reticulum were inhibited by hypocalcemia to a 
similar or greater extent than by verapamil, yet verapamil in 
the presence of normal [CaCl2] prevented the induction of 
VF and converted preexisting VF into a periodic rhythm, 
whereas hypocalcemia did not.  These results strongly 
suggest that the antifibrillatory effects of verapamil cannot 
be attributed to suppression of calcium dynamics, 
independent of an effect on restitution. 

V. REFERENCES 
[1]  P-S. Chen, P. Wolf, E. G. Dixon, N. D. Danieley, D. W. Frazier, 
W.M. Smith, and R. E. Ideker RE, “Mechanism of ventricular vulnerability 

to single premature stimuli in open chest dogs,”  Circ. Res. 1988;62:1191-
1209. 
[2]  D. W. Frazier, P. D. Wolf, J. M. Wharton, A. S. L. Tang, W. M. Smith, 
and R. E. Ideker, “Stimulus-induced critical point.  A mechanism for electrical 
initiation of re-entry in normal canine myocardium,” J. Clin. Invest.  
1989;83:1039-1052. 
[3]  F. X. Witkowski, L. J. Leon, P. A. Penkoske, W. R. Giles, M. L. Spano, 
W. L. Ditto, and A. T. Winfree, “Spatiotemporal evolution of ventricular 
fibrillation,”  Nature 1998;392:78-82. 
[4]  D. R. Chialvo, R. F. Gilmour Jr., and J. Jalife, “Low dimensional chaos 
in cardiac tissue,”  Nature 1990;343:653-657. 
[5]  A. Karma, “Electrical alternans and spiral wave breakup in cardiac 
tissue,” Chaos 1994;4:461-472. 
[6]  M. R. Guevara, G. Ward, A. Shrier, and L. Glass, “Electrical alternans 
and period doubling bifurcations,”  IEEE Comp. Cardiol. 1984;167-170. 
[7] J. B. Nolasco, and R. W. Dahlen, “A graphic method for the study of 
alternation in cardiac action potentials,”  J. Appl. Physiol. 1968;25:191-196. 
[8]  A. Garfinkel, Y-H. Kim, O. Voroshilovsky, Z. Qu, J. R. Kil, M-H. Lee, 
H. S. Karagueuzian, J. N. Weiss, and P-S. Chen, “Preventing ventricular 
fibrillation by flattening cardiac restitution,”  Proc. Natl. Acad. Sci. USA 2000; 
97: 6061-6066. 
[9]  M. L. Koller, M. L. Riccio, and R. F. Gilmour Jr.,  “Dynamic restitution 
of action potential duration during electrical alternans and ventricular 
fibrillation,”  Am. J. Physiol. 275:H1635-H1642, 1998. 
[10] M. L. Riccio, M. L. Koller, and R. F. Gilmour Jr., “Electrical restitution 
and spatiotemporal organization during ventricular fibrillation,” Circ. Res. 
1999;84:955-963. 
[11] H. Reuter, and G. W. Beeler, “Calcium current and activation of 
contraction in ventricular muscle fibers,”  Science 1967;163:399-401. 
[12] P. H. Backx, W. D. Gao, M. D. Azan-Backx, and E. Marban, 
“Mechanism of force inhibition by 2,3,-butanedione monoxime in rat cardiac 
muscle: roles of [Ca2+]i and cross-bridge kinetics,” J. Physiol. (Lond.) 
1994;476:487-500. 
[13] Y. Koretsune, and E. Marban, “Cell calcium in the pathophysiology of 
ventricular fibrillation and in the pathogenesis of postarrhythmic contractile 
dysfunction,”  Circulation 1989;80:369-379. 
[14] J. C. Merillat, E. G. Lakatta, O. Hano, and T. Guarnieri, “Role of 
calcium and the calcium channel in the initiation and maintenance of 
ventricular fibrillation,”  Circ. Res. 1990;67:1115-1123. 
[15] E. Chudin, J. Goldhaber, A. Garfinkel, J. Weiss, and B. Kogan, 
“Intracellular Ca2+ dynamics and the stability of ventricular tachycardia,”  
Biophys. J. 1999;77:2930-2941. 
[16] M. R. Boyett, and B. R. Jewell, “A study of the factors responsible for 
rate-dependent shortening of the action potential in mammalian ventricular 
muscle,”  J. Physiol. (Lond.) 1978;285:359-380. 
[17]  M. Warren, J.F. Huizar, A. G. Shvedko, and A. V. Zaitsev, 
“Spatiotemporal relationship between intracellular Ca2+ dynamics and wave 
fragmentation during ventricular fibrillation in isolated blood-perfused pig 
hearts,” Circ. Res. 2007;101(9):e90-101. 
[18] M. Ogawa, S. F. Lin, J. N. Weiss, and P-S. Chen, “Calcium dynamics 
and ventricular fibrillation,” Circ. Res.  2008;102(5):e52. 
[19] M. Warren, A. V. Zaitsev, “Evidence against the role of intracellular 
calcium dynamics in ventricular fibrillation.” Circ. Res. 2008;102(9):e103. 
[20] F. H. Samie, R. Mandapati, R. A. Gray, Y. Watanabe, C. Zuur, J. 
Beaumont, and J. Jalife,” A mechanism of transition from ventricular 
fibrillation to tachycardia.  Effect of calcium channel blockade on the 
dynamics of rotating waves,”  Circ. Res. 2000;86:684-691. 
[21] F. J. Chorro, J. Canoves, J. Guerrero, L. Mainar, J. Sanchis, L. Such, 
and V. Lopez-Merino, “Alteration of ventricular fibrillation by flecainide, 
verapamil and sotalol: an experimental study,” Circulation 2000;101:1606-
1615. 
[22] H. Saitoh, J. C. Bailey, and B. Surawicz,  “Alternans of action potential 
duration after abrupt shortening of cycle length: differences between dog 
Purkinje and ventricular muscle fibers,”  Circ. Res. 1988;62:1027-1040. 
[23] Y. Kobayashi, W. Peters, S. S. Khan, W. J. Mandel, and H. S. 
Karagueuzian, “Cellular mechanisms for differential action potential 
duration restitution in canine ventricular muscle cells during single versus 
double premature stimuli,”  Circulation 1992;86:955-967. 
[24] J. J. Fox, J. Mcharg, and R. F. Gilmour Jr., “Ionic mechanism for 
electrical alternans,”  Am. J. Physiol. 282:H516-H530, 2002.  
[25] M. C. Sanguinetti, and N. K. Jurkiewicz, “Lanthanum blocks a 
specific component of IK and screens membrane surface charge in cardiac 
cells,”  Am. J. Physiol. 1990;259:H1881-H1889. 

4185


	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order
	Themes and Tracks

