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At the cellular level, depolarization and repolarization
of cardiac myocytes strongly depend on the electrolyte
gradients between intra- and extracellular compartments
and these gradients affect genesis, duration, morphology
and propagation of the cardiac action potential (AP). In
guinea pig ventricular myocytes the rise in extracellular
Ca2+ concentration ([Ca2+]o) has been shown to induce
shortening of phase 2 of AP and consequent AP duration
(APD) decrease [5]. To our knowledge, no experimental
data are available on the effects of hypo- and hypercalcemia on human ventricular myocyte AP.
The mechanisms underlying the inverse relation
between extracellular Ca2+ and AP duration are not fully
clear. The action potential duration is mainly determined
by the equilibrium of the inward calcium current ICa,
active during phase 2, and the outward delayed-rectifier
potassium currents, IKr and IKs, playing a major role in
ventricular repolarization (phase 3), and all these currents
are influenced by [Ca2+]o. A theoretical model of the
ventricular myocyte AP allows the investigation of the
ionic mechanisms involved in ventricular repolarization.
In the recent years a large number of voltage–clamp data
from human myocytes has become available, and their
integration in computer models has led to the formulation
of models of human cardiac cell AP.
The aim of the present study was to explore the
possible role of Ca2+-dependent inactivation of ICaL in the
dependence of APD on [Ca2+]o by using the Ten
Tusscher-Noble-Noble-Panfilov (TNNP) model of the
human ventricular myocyte [6].
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The mechanisms underlying the inverse relation
between extracellular calcium concentration ([Ca2+]o)
and action potential duration (APD) in ventricular
myocytes are not fully clear.
We computationally analysed the effects of [Ca2+]o
variations on APD of human cardiac myocyte by means
of the Ten Tusscher (2004) model. The ICaL current
description was then modified in order to make the
simulated results coherent with experimental findings.
The original model formulation produced opposite
results with respect to the expected trend, i.e. an increase
of APD when increasing [Ca2+]o was observed. By
strengthening the Ca2+-dependent inactivation of ICaL it
was possible to reproduce the reduction of APD when
increasing [Ca2+]o.
The mechanism of Ca2+-dependent ICaL inactivation
seems to be an high sensible pathway for APD adaptation
to variations in [Ca2+]o.

1.

Introduction

It is well known that changes in serum calcium
influence the cardiac electrical activity particularly
affecting the ventricular repolarization [1,2]. The primary
electrocardiographic manifestation of hypocalcemia is the
QTc interval lengthening. Prolongation of the QTc
interval is associated with early after-depolarizations and
triggered dysrhythmias. On the other hand,
hypercalcemia exerts an opposite effect on the
electrocardiogram with the hallmark of abnormal
shortening of the QTc interval. These observations have
been confirmed in humans in the specific setting of
uremic patients undergoing hemodialysis, where
prolongation of QTc was found to inversely correlate
with variations in plasma Ca2+ by several authors,
suggesting that patients with the greatest reduction in
Ca2+ had the greatest increases of QTc at the end of
dialysis session [3,4].
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2.

Methods

The ventricular action potential was simulated using the
TNNP model of human ventricular cell. It describes the
main membrane currents and active transport
mechanisms participating in the AP and the processes
that regulate intracellular Ca2+ concentration. The model
has been validated against a wide set of experimental data
[6] and it is able to reproduce human epicardial,
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endocardial, and M cell action potentials based on
different assignment of the transient outward and slow
delayed rectifier current conductances.
Model differential equations were implemented in
Simulink (Mathworks Inc., Natick, MA, U.S.A.). APD
was measured as the interval between the AP upstroke
and the 90% repolarization level (APD90). The
dependence of simulated APD on different levels of
[Ca2+]o ranging from 1 to 2 mM was analysed.
After ICaL activation, the L-type Ca2+ channel
undergoes a voltage and Ca2+ dependent inactivation [7].
In the TNNP model ICaL is described by a GoldmanHodgkin-Katz formulation with a voltage-dependent
activation gate (d), a voltage-dependent inactivation gate
(f), and an intracellular Ca2+-dependent inactivation gate
(fCa), as follows:
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Figure 1. Steady-state Ca2+-dependent inactivation curve
of the L-type calcium current. Inactivation curves of the
TNNP model and our modification (cur model) are
shown: in the new formulation the Ca2+-dependent
inactivation can reach up to 90 percent of the current and
the dependence on [Ca2+]i is still present (i.e. the curve is
not flat) for [Ca2+]i = 1 µM.
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Results

The original model formulation produced opposite
results with respect to the expected trend, i.e. an increase
of APD when increasing [Ca2+]o was observed (Figure 2).
The relation between APD90 and [Ca2+]o was found to be
almost proportional for all the cell types (Figure 3).
On the basis of this result, suggesting an incomplete
description of [Ca2+]o effects on the ionic currents
responsible for the action potential generation, we
modified the Ca2+-dependent inactivation gate of ICaL (fCa)

We modified the fCa expression in order to increase the
dependence of inactivation on [Ca2+]i according to studies
demonstrating that the Ca2+ channel inactivation process
depends more strongly on local Ca2+ than on membrane
potential [7,8]. In particular, we modified the expression
of fCa∞ as follows, so obtaining the trend shown in Figure
1.
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Figure 2. Example of simulated ventricular action
potentials with different extracellular [Ca2+], produced by
the TNNP model. Higher Ca2+ levels lead to prolonged
AP.
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Figure 4. Example of simulated ventricular action
potentials with different extracellular [Ca2+], produced by
the model after modification of the Ca2+-dependent
inactivation of ICaL. Higher Ca2+ levels lead to shortened
AP.

as described in the Methods section. Thanks to this model
modification it was possible to computationally
reproduce a faster repolarization for higher [Ca2+]o, as
shown in Figure 4.
The trend initially observed was significantly inverted:
data obtained after modification of the ventricular
myocyte model qualitatively reproduced the experimental
results, showing a reduction of APD when increasing
[Ca2+]o for all the cell types (Figure 5).

4.

Discussion and conclusions

In the present study we explored the possible role of
Ca2+-dependent inactivation of ICaL in the dependence of
APD on [Ca2+]o by using the TNNP model of the human
ventricular myocyte. We pointed out that in its original
formulation the model was not able to reproduce the
experimentally observed inverse relation between
extracellular Ca2+ and AP duration. A minor modification
to the Ca2+-dependent inactivation gate of ICaL was
however sufficient to invert the relation between APD
and [Ca2+]o. The negative correlation between APD90 and
[Ca2+]o that we obtained is in agreement with
experimental in vitro observations on animal ventricular
myocytes [5], whereas, to our knowledge, no
experimental data are available on human ventricular
myocytes.
The modification we made to the fCa expression
originated from studies demonstrating that the Ca2+
channel inactivation process depends more strongly on
Ca2+ than on membrane potential. For example, Linz and
Meyer [7] by means of action potential clamp
experiments showed that the Ca2+-dependent component
of inactivation can lead to almost complete current
inactivation. Accordingly, our formulation allows the fCa
to inactivate up to 90 percent of the current in the
physiological range (see Figure 1). Moreover, the
dependence of fCa on [Ca2+]i is still present (i.e. the curve
is not flat) for [Ca2+]i = 1 µM, this was necessary in order
to achieve a significant dependence of APD on small

Figure 3. Sensitivity analisys of the dependence of
epicardial, endocardial, and M cell APD90 on [Ca2+]o in
the TNNP model. A positive correlation between APD90
and [Ca2+]o was found for all the cell types.

369

References
[1] Braunwald E, Sonnenblick E, Ross J. The ECG and
electrolyte abnormalities. In: Braunwald E, editor.
4th ed. Philadelphia: Saunders; 1992. p. 149-51.
[2] Diercks DB, Shumaik GM, Harrigan RA, Brady
WJ, Chan TC. Electrocardiographic manifestations:
electrolyte abnormalities. Journal of Emergency
Medicine 2004 Aug;27(2):153-60.
[3] Nappi SE, Virtanen VK, Saha HHT, Mustonen JT,
Pasternack AI. QTc dispersion increases during
hemodialysis with low-calcium dialysate. Kidney
International 2000 May 1;57(5):2117-22.
[4] Genovesi S, Rivera R, Fabbrini P, Dossi C,
Bonforte G, Mircoli L, et al. Dynamic QT interval
analysis in uraemic patients receiving chronic
haemodialysis. J Hypertens 2003 Oct;21(10):-1921.
[5] Bai CX, Namekata I, Kurokawa J, Tanaka H,
Shigenobu K, Furukawa T. Role of Nitric Oxide in
Ca2+ Sensitivity of the Slowly Activating Delayed
Rectifier K+ Current in Cardiac Myocytes. Circ Res
2005 Jan 7;96(1):64-72.
[6] Ten Tusscher KH, Noble D, Noble PJ, Panfilov AV.
A model for human ventricular tissue. Am J Physiol
Heart Circ Physiol 2004 Apr 1;286(4):H1573H1589.
[7] Linz KW, Meyer R. Control of L-type calcium
current during the action potential of guinea-pig
ventricular myocytes. J Physiol 1998 Dec
1;513(2):425-42.
[8] Peterson BZ, Lee JS, Mulle JG, Wang Y, de Leon
M, Yue DT. Critical Determinants of Ca2+Dependent Inactivation within an EF-Hand Motif of
L-Type Ca2+ Channels. Biophys J 2000 Apr
1;78(4):1906-20.

Figure 5. Sensitivity analisys of the dependence of
epicardial, endocardial, and M cell APD90 on [Ca2+]o after
modification of the Ca2+-dependent inactivation of ICaL. A
negative correlation between APD90 and [Ca2+]o was
found for all the cell types, in agreement with
experimental observations.
variations of [Ca2+]o. It should be considered that the
TNNP model has been mainly developed on the basis of
data from cells in standard Tyrode solutions and it has not
be validated as far as concern its response to variations in
extracellular fluid composition. In this context our
investigation provide an upgraded formulation of the
model being able to reproduce the experimentally
observed relation between APD and [Ca2+]o.
Action potential duration is determined by the
equilibrium of ICaL and the outward delayed-rectifier
potassium currents, IKr and IKs, playing a major role in
ventricular repolarization (phase 3), since all these
currents (not only Ca2+ transporters) are influenced by
[Ca2+]o a more detailed analysis involving all these
membrane currents is needed.
Our computational analysis pointed out that the
mechanism of Ca2+-dependent ICaL inactivation seems to
be an high sensible pathway for APD adaptation to
variations in [Ca2+]o. This observation can have important
in vivo implications, where APD prolongation might lead
to arrhythmias when patients undergo to calcium
depletion (e.g. during hemodialysis therapy).
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