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Abstract

High intracellular calcium concentration causes a
transient inward current (I;) that can provoke delayed
afterdepolarizations (DAD). 1; comprises of sodium-
calcium exchange current (Iy.c,) and calcium-activated
chloride current (Igcy). We have developed a
mathematical model of Icic, that was included into the
atrium AP model by Linblad , Murphey, Clark and Giles
(LMCG Model). Icic, appears as an important component
(30-40%) of 1. The plots of DAD amplitudes and DAD
higher slope in function of extracellular Ca**
concentration show an interval between 5 mM/l to 6
mM/l in which Icc, blockade could to bring DAD
amplitude to subthresholds level for triggered action
potentials. Our results suggest that, in high intracellular
Cd** concentration, that provokes DAD generating

conditions, Icic, blockade could be potentially
antiarrythmogenic
1. Introduction

Delayed afterdepolarizations (DAD) are oscillations in
the membrane potential occurring after completion of the
action potential. DAD could provoke triggered activity if
DAD amplitude reach the threshold for triggering of
action potentials. DAD are provoked by high heart rates
under conditions in which [Ca®"]; is elevated.

The mechanism behind DAD is described as transient
inward current (I;), activated by spontaneous Ca®* release
from sarcoplasmic reticulum. The ionic nature of I; is
subject of debate. Several authors have proposed, in
rabbit atrial cells, two mechanisms to contribute to I;: an
electrogenic Na-Ca exchange and a Cl current [1,2].

The ClI current is a calcium-activated chloride current
(Icica)- It appears as an important component (30-40%) of
I4[1,2]. Contribution of this current may be of special
importance for treatment and prevention of arrhythmia
due to DAD. Blockade of Na-Ca exchange current is very
effective in reducing DAD amplitude. However, this
would elevate [Ca®"];, resulting in cell death. The effect
of calcium-activated chloride current blockade on reduce
DAD amplitude to prevent triggered activity is unknown.
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Evermore propagation of DAD as ectopic beats
depends on the amplitude and slope of DAD.

In order to investigate the effect of Igc, on
characteristics of DAD, we provoke calcium overload, at
high rates, by increasing of [Ca*"],. We studied the DAD
amplitudes and slope at different [Ca®"], in presence and
blockade of I¢; c,.

2. Materials and methods

The theoretical Linblad, Murphey, Clark and Giles
(LMCG) model of a mammalian atrium action potential
[11] provides the basis for the simulations in this study.
The model is based on rabbit experimental data; it
includes membrane ionic channel currents that are
formulated mathematically using the Hodgkin-Huxley
approach and ionic pumps and exchangers. The model
also accounts for processes that regulate intracellular
concentration changes of Na*, K*, and Ca®". Intracellular
processes represented in the model include Ca** uptake
and Ca®" release by the SR and Ca®* buffering by
calmodulin and troponin (in the myoplasm) and
calsequestrin (in the SR). For the purpose of this study,
the formulation of I, ¢, is incorporated in the model.

It has been suggested that I¢; c, may play a significant
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Fig. 1. [Ca™]; vs [Ca®"], after ten AP at 2.0 Hz. The value
of [Ca®"}; is plot after 500 ms from the last stimulus.
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Fig. 2. Last stimulated action potential and DAD, calcium activated chloride current, sodium-calcium exchanger current
and basal current are plotted for [Ca®*], from 4 to 7 mM/I (steps of 0.05 mM/I) after ten AP at 2.0 Hz.

role in DAD generation during conditions of elevated
[Ca®™];. To investigate this possibility, a formulation of
Icica developed by our group [16], is incorporated into
LMCG model. Igc, is modeled as an outwardly
rectifying, time-independent current with [Ca™);
dependence, that follows GHK law [3-10,12-15].
Formulation of this current is provided in the Appendix.
The current-voltage (I-V) relationship of I¢ ¢, and other
characteristics appear in previous works.

DAD conditions were simulated by [Ca®*}; overload.
In order to obtain an [Ca®]; elevated we increase the
initial value of [Ca®"], and stimulate the cell with a train
of ten impulses at 2.0 Hz. After tenth impulse the
stimulation cease and the last AP and DAD are recorded,
with and without ICI,Ca~
3. Results and discussion

An important step in investigating the effect of
elevated [Ca®*]; on DAD generation is to characterize the

550

increasing of [Ca®]; in function of a initial value of
[Ca®], after a train of ten impulses as it was described in
Methods. In Fig. 1, [Ca**1;-[Ca* 1, inital value relationship is
shown after ten impulses at 2.0 Hz rate.

The ionic nature of the transient inward current that
generates DAD is still subject to debate. Several studies
have proposed three mechanisms to contribute to I;: an
electrogenic Na-Ca exchange, a Cl-Ca current and a
background current. In order to determine the nature of I
we simulate the DAD generating conditions at initial
value of [Ca2+]o from 4 mM/I to 7 mM/I recording Inaca,
Icica and Iggsy currents provided by LMCG model, Fig.2.
This figure show that Iyac, and I¢;c, Were activated before
to DAD generation but I, Was activated after the DAD.
It indicates that In,c, and I¢c, will be the main cause of
DAD.

Fig.2. show a decreasing relationship between DAD
amplitude and the initial value of [Ca®"], (that reflex the
[Ca*™). It is a paradoxical result ( higher [Ca®'}; but
lower DAD amplitude). It could be explained by Inaca
current that it decrease at higher initial values of [Ca®'],.
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Fig. 3. Last stimulated action potential and DAD (A) and coupling interval (B) are plotted for [Ca®*], from 4 to 7 mM/I
(steps of A: 1 mM/I and B: 0.05 mM/1) with (solid lines) and without I, c, (dotted lines) after ten AP at 2.0 Hz.

By other hand, it is curious to observe the Igc, current
that to remain constant with slightly variations during all
range. The coupling interval between last AP and DAD is
also lower at higher initial values of [Ca®],,.

In order to characterize the importance of Icc, on
DAD generation we blockaded the current. Fig 3 show
the same protocol in presence (solid lines) and absence
(dotted lines) of I, at several initial values of [Ca®*],.
Traces a, ¢, e and g show control situation (presence of
Icica) at 7, 6, 5 and 4 mM/1 [Ca®*],; traces b, d, fand h
show blockade situation (absence of Igc,). In both
situations, DAD amplitude and DAD slope decrease at
higher concentrations, but when I¢c, is blockaded the
reduction appear before. Fig. 3 B show the coupling
interval between DAD and the last stimulated AP with
(circles) and without (squares) Icic,. When I, is
blockaded the value of coupling interval increases.

Fig. 4 A summarizes the results obtained when I¢c, is
present (circles) or absent (squares) on the DAD
amplitude. In both cases the DAD amplitude decreases at
higher initial values of [Caz“]0 but when I¢c, is blockaded
DAD amplitude decreases before than control.

Fig. 4 B show the results in DAD slope; similar results
are obtained, when Icic, is present (circles) or absent
(squares) the slope decreases at higher initial values of
[Ca®"], but when I¢c, is blockaded DAD slope decreases
before than control.

Figures 3 and 4 show that, in the range of [Ca®'], from
5 to 6 mM/I, amplitude and slope of DAD is significantly
reduce when I¢yc, is blocked.

The thesis that proposes Igc, blockade to bring DAD
amplitude (and slope) to values witch not to reach the
threshold for triggering of action potentials is useful only
in the study interval of [Ca®'], from 5 to 6 mM/I. At

lower or higher values the blockade could not to have
effect.

4. Conclusion

Our results show that under intracellular calcium
overload conditions the I¢; ¢, blockade could to reduce the
amplitude and slope of DAD decreasing the likelihood of
DAD propagation as ectopic beat generation.

Consecuently, Icc, blockade could be potentially
antiarritmogenic.

Appendix

Ca’-activated CI' current, I¢; c,

v-F* [CI"],-e"F'*T —[CI),
Ioica = PCl foica " Re- RT . 2 F/RT _q

1 1

Re=——
1+ (K100 [Ca™ ;) v=44.4)/172

I ClCa =

1+ &

Model Parameters:

Kucica = 150,2:10° mM/1  pel = 1,1712:107 nS
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Fig. 4. DAD amplitude (A) and slope (B) for [Ca®*], from 4 to 7 mM/1 (steps of 0.1 mM/I) with (circles) and without I¢;c,

(squares) after ten AP at 2.0 Hz.

References

[1] Andrew C. Zygmunt, Robert J. Goodrow and Charlene M.
Weigel. Inaca and Igycq) contribute to isoproterenol-induced
delayed afterdepolarizations in midmyocardial cells. Am. J.
Physiol. 1998; 275: H1979-H1992.

Arie O. Verker, Maricke W. Veldkamp, Lennart N.
Bouman and Antoni C.G.van Ginneken. Calcium-activated
CI' current contributes to delayed afterdepolarizations in
single purkinje and ventricular myocytes. Circulation 2000;
101: 2639-2644.

Mei Lin Collier, Paul C. Levesque, James L. Kenyon,
Joseph R. Hume.Unitary CI' Channels Activated by
Cytoplasmic Ca®* in Canine Ventricular Myocytes. Circ.
Res. 1996;78: 936-944.

Zhiguo Wang, Bernard Fermini, Jianlin Feng and Stanley
Nattel. Role of chloride currents in repolarizing rabbit atrial
myocytes. Heart Circ. Phys. 1995; 37: 1992-2002.

Andrew C. Zygmunt and W. R. Gibbons.Properties of the
Calcium-activated Chloride Current in Heart. J. Gen. Phys.
1992; 99: 391-414.

Dayue Duan, Stanley Nattel.Properties of Single
Outwardly Rectifying CI" Channels in Heart. Circ. Res.
1994; 75: 789-795.

Seiko Kawano, Yoshiyuki Hirayama and Masayasu
Hiraoka.Activation mechanism of Ca-sensitive transient
outward current in rabbit ventricular myocytes. J. Phys.
1995;486.3: 593-604.

Andrew C. Zygmunt and W.R. Gibbons.Calcium-Activated
Chloride Current in Rabbit Ventricujar Myocytes. Circ.
Res. 1991;68: 424-437.

Seiko Kawano and Masayasu Hiraoka.Transient Outward
Currents and Action Potential Alterations in Rabbit
Ventricular Myocytes. J. Mol Cell Cardiol 1991;23:681-
693

(2]

K]

(4]

(5]

[6]

7

(8

1

552

[10] Akinori Kuruma, Masayasu Hiraoka, Seiko Kawano.
Activation of Ca®*-sensitive CI current by reverse mode
Na'/Ca®* exchange in rabbit ventricular myocytes. Eur J
Phys. 1998;436: 976-983

[11] Lindblad DS, Murphey CR, Clark JW, Giles WR. A model
of the action potential and underlying membrane currents in
a rabbit atrial cell. Am J Physiol. 1996;271:H1666-H1691.

[12] Milan Stengi, Edward Carmeliet, Kanigula Mubagwa,
Willem Flanieng.Modulation of transient outward Current
by extracellular protons and Cd®* in rat and human
ventricular myocytes. J. Phys. 1998;511.3: 827-836

[13] Andrew C. Zygmunt. Intracellular calcium activates a
chloride current in canine ventricular myocytes. Heart Circ.
Phys. 1994;36: 1984-1995

[14] Andrew C. Zygmunt, Robert J. Goodrow and Charlen M.
Weigel. Inaca and Igyc,) contribute to isoproterenol-induced
delayed afterdepolarizations in midmyocardial cells. Heart
Circ. Phys. 1998; 44: 1979-1992

[15] Masayasu Hiraoka, Seiko Kawano, Yuji Hirano, Tetsushi
Furukawa.Role of cardiac chloride currents in changes in
action potential characteristics and arrhythmias. Card. Res.
1998; 40: 23-33.

[16] Gomis-Tena J, Saiz J.Role of Ca-activated CI currents in
the heart: a computer model. Computers in Cardiology
1999; 26: 109-112.

Julio Gomis-Tena Dolz
U.P.V. Departamento de Ingenieria Electrénica. E.T.S.LL
Camino de Vera 14
46071 Valencia.
Spain
E-mail: jgomiste@eln.upv.es



