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COMPUTER MODELLING IN CARDIAC

CELL ELECTROPHYSIOLOGY

Experimentally based models of cardiac cells have been developed since 1960. The
early models were based on extension of the Hodgkin-Huxley nerve impulse equations.
Including only a few membrane currents they were able to successfully reconstruct the
depolarization and repolarization of cellular membrane. Since that time, the models
have underwent extensive modifications and reached a high degree of physiological
detail. This short review is aimed to outline the history of their development and
show the importance of computer modelling for the research in cardiac cell electro-

physiology.
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1. History of models development

The history of modelling of electrophysiological processes in excitable cells started

50 years ago with the Hodgkin-Huxley model of the giant squid axon [1].

Hodgkin and

Huxley’s work (for which they were, jointly with J.C.Eccles, awarded the Nobel Prize
in 1963) provided the core foundation for mechanistic description of nerve cell function. In
1962, Noble followed their basic idea that the currents are carried by ions moving down
the electrochemical gradient and showed that, with certain modifications (for schematic di-
agram see Fig. 1), the Hodgkin-Huxley formulation may be used to describe the long-lasting
action and pacemaker potentials of the Purkinje fibres of the heart [2]. Later, based on the
experiments carried out by Noble and Tsien [3], a refined description of the repolarization
process in cardiac Purkinje fibres was provided [4].
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Fig.1: Schematic diagram of the first cardiac cell model (Purkinje fibre) published
by Noble in 1962; the currents included in the model were: Iy, sodium
inward current; Ik time-independent inward rectifier potassium current;

Io delayed rectifier potassium current; Ian anion current
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The development of cardiac cell models then continued by the work of McAllister et al. [5]
who mathematically reconstructed action potential (AP) of Purkinje fibres using nine ionic
currents. This model featured a role for Ca?* current (at that time called secondary inward
current — I;) in the generation of the AP and introduced a novel C1~ current (I,,) activated
during strong depolarization. In 1977, Beeler and Reuter created a model of ventricular cell
action potential [6] that took into account the function of Ca?* as a link between electrical
events at the membrane and the contractile responses of the cell. The connection between
the membrane potential and changes in internal Ca?* ([Ca?T];) was bi-directional, so that
[Ca?T]; also influenced Ca?" current (later marked as Ic,). This was an important step
for modelling ionic currents not simply as functions of membrane potential but also as
functions of ion concentrations which change during the AP. This concise model consisted
of only four currents: Iki; Ix1; Ina and Ic, plus the stimulus. Despite its simplicity,
experimental phenomena like slow recovery from inactivation, frequency dependence of the
AP duration, all-or-none repolarization and membrane voltage oscillations were adequately
described. The Ca?* ions flowed into a small distribution volume in this model, from which
they were removed by an uptake mechanism which reduced [Ca?*] in that compartment
exponentially with time constant 7 = 14ms, to achieve a resting level of 100nM. This
assumption was made despite the lack of experimental data to ascertain that intracellular
ion accumulation or depletion could occur in cardiac cells. However, this initial attempt at
modelling intracellular Ca?* flux set the stage for inclusion of newly described mechanisms
in addition to ionic currents, e.g., electrogenic pumps and buffers inside the cytoplasm. The
integration of such mechanisms was first achieved by Di Francesco and Noble in 1985. At
that time, they published a model of cardiac electrical activity, incorporating ionic pumps
and concentration changes [7]. This model included formulations for the Nat-K* pump
(Na/K-ATPase) and Nat-Ca?t exchanger (NCX). The sarcoplasmic reticulum (SR) was
represented by two compartments, one for Ca?* uptake and another for its release back
into the cytoplasm. The mechanism of Ca?* release from SR [8] was described assuming
intracellular free Ca?™ to be a trigger of the release. Extracellular and intracellular ionic
concentrations ([Nat]e, [K*]e, [Ca?t]. and [NaT];, [KT];, [Ca?t];) were now variables which
enabled this model to successfully reproduce experimental results including; (a) intracellular
Na™ concentration changes produced by variations in [Nat], or by Na™-K* pump block,
(b) the Na™ dependence of the overshoot potential, (c¢) the shortening of AP duration
and suppression of pacemaker activity at high [K¥]e, (d) the increased automaticity at
low [KT]. and (e) the depolarization to the plateau range with premature depolarizations
and low voltage oscillations at very low [K'].. The modification of this model done to
simulate excitation-contraction coupling and extracellular Ca?t transients in rabbit atrium
was subsequently published by Hilgemann and Noble in 1987 [9].

In the 1990s, Yoram Rudy produced a series of papers describing an expanded model
of the guinea-pig ventricular myocyte [10,11, 12]. Based on Beeler and Reuter’s description
of the mammalian ventricular myocyte, the first version of Luo and Rudy model [10] in-
troduced the dependence of K+ currents on [K*],, the negative-slope characteristic of the
time-independent KT current, a novel KT channel that activates at plateau potentials and
a reformulation of the fast Na™ current taking into account its fast and slow inactivation.
This model enabled to simulate various phenomena that involve changes in [K]e, including
membrane responses to premature stimuli at different [K], and to periodic stimulation at
low [K]e. The second version of the Luo and Rudy model [11] represented much more so-
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phisticated description of cardiac cell electrophysiology. It included a new description of
ionic currents particularly based on experiments from guinea-pig and equations calculating
dynamic changes of intracellular ionic concentrations during APs. The intracellular Ca*
handling was improved by a new formulation of network and junction compartment of sar-
coplasmic reticulum as well as by an incorporation of intracellular Ca?* buffers (troponin,
calmodulin and calsequestrin). Later, the delayed rectifier K* current in this model was
split into a rapid (Ik,) and a slow component (Iks) [12], which enabled better analysis of
AP repolarization and of its restitution properties.

2. Compartmentalisation of models

While the second version of Luo and Rudy’s model has became a classical study used as
starting point for development of variety of newer ventricular cell models (e.g. [12,13,14,
15,16]) some of its drawbacks could not be further overlooked. The cytosolic space in this
model was described as a single compartment with spatially uniform concentrations of ions.
However, there was an increasing evidence that there exists a small restricted subsarcolem-
mal domain between the L-type Ca?* channels and the junctional SR where Ca?* concen-
tration may transiently reach much higher levels than in the cytosol as a whole [17,18,19].
The first attempt to take this phenomenon into account was done in 1993 by Nordin [20] in
his model of guinea-pig ventricular myocyte. The cytosolic space in this model was divided
into three regions: superficial, medium and deep. Ion flux between these compartments fol-
lowed a simple gradient diffusion law and the volume of each compartment was empirically
adjusted. In spite of being rather a phenomenological description, this division matched
experimental data related to rates of change in myoplasmic [Ca?*] [21]. A similar approach
was adopted by Nygren et al. in their model of human atrial cell published in 1998 [22]. To
simulate transient accumulation of submembrane Ca?*, a small cleft subspace was used in
this model. At the same time, Jafri et al. [23] published a ventricular cell model with a more
specific subspace: a restricted volume located between the junctional SR and the T-tubules.
It possessed a buffer (calmodulin) and was the place where the L-type Ca?* channels and
the ryanodine receptors (part of SR Ca?* release channels) interacted. This representation
allowed to explore the mutual interplay between the function of ryanodine receptors and SR
load and to investigate their effect on cardiac action potential. Later, an analogous scheme
was used in the models of canine, rat and mouse ventricular myocytes [24, 25,26]. In 2004,
Shannon et al. [52] modified this model conception by adding a second subsarcolemmal space
to comply with new experimental observations showing that some membrane proteins sense
ionic concentrations that differ from those in bulk cytosol and cleft subspace [27,28,29].
The architecture of this model appeared to be more suited to account for the essential
macroscopic features of excitation-contraction (E-C) coupling.

3. Models incorporating local control of Ca?t-induced Ca?t release

A critical characteristic of the models described in the previous section is the presence of
common subsarcolemmal cleft space into which the Ca?*-flux through sarcolemmal L-type
Ca?t-channels as well as through SR Ca?* release channels is directed. The result of this
physical arrangement is that once the SR Ca2* release is initiated by Ca?t from L-type Ca™
channels, the increase of its concentration in the ‘common-pool’ stimulates regenerative,
all-or none Ca2" release. However, this was in contradiction with experimental results
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showing that the rate and amount of SR Ca?* release is tightly controlled by the magnitude
and duration of the L-type Ca?* current (Ica1) so that increasing Ic, 1, produces graded
Ca?T release [30,31,32]. A way to overcome this problems associated with common-pool
models was suggested already in 1992 by Stern at al. [33] who proposed that this paradox
of control might be explained if the stimulus for Ca?* release were actually the local na-
nodomains of [Ca?"] generated by nearby L-type channels, rather than the global cytosolic
[Ca?*]. According to this local control hypothesis, the graded control of macroscopic Ca?*
release from SR would actually be achieved by graded statistical recruitment of individual,
autonomous, stochastic release events. The junctional space with its functional L-type
and SR Ca?*t channels and the adjacent element of junctional SR was called Ca’T release
unit (CRU). The first CRU model consisting of one L-type channel and one SR release
channel was able to reproduce graded release and high gain (ratio Isr peak/Ica,peak) With
the duration of macroscopic Icar [33]. The more recent model of Rice et al. [34] used
more complex gating schemes of both channels but ignored spatial Ca?* gradients in the
junctional space. Furthermore, their CRUs which contained one L-type channel and eight
SR release channels were uncoupled when myoplasmic and network SR Ca2T concentrations
were low. The first integrative model that conformed to local control theory was published
by Greenstein and Winslow in 2002 [35]. This model also ignored spatial gradients within
the CRU, but coupled CRUs via average cytosolic [Ca?T] and membrane currents. Despite
the ability of these models to reliably reproduce key properties of cardiac E-C coupling, only
a small number of truly integrative models of local control that relate the cellular behaviour
to the ensemble properties of E-C coupling have been developed to day. The main reason
remains their high complexity even if simplified [36, 37].

4. Models incorporating transverse-axial tubular system

The importance of changes of ion concentrations in the clefts between cardiac cells is well
recognised [38,39]. However, despite the experimental evidence suggesting that restricted
ion diffusion coupled with ion fluxes in cardiac transverse-axial tubular system (TATS) may
also produce significant changes of ion concentrations in its lumen [40,41,42] the possible
consequences of tubular ion accumulation or depletion has only rarely been considered.
The first attempt to integrate a quantitative description of the TATS with a simple model
of cardiac ventricular cell was done by our group in 2001 [43]. Shortly afterwards, we
incorporated TATS into a modified ventricular cell model of Jafri et al. [23] and published
a pioneering study [44] pointing out that the changes of tubular ion concentrations may be
sufficient enough to modulate membrane currents. This raised another question: can ion
concentration changes in TATS modulate cellular function and how potent is this modulation
in different species? To answer these questions we incorporated TATS into our models of rat
(Fig. 2) and guinea-pig ventricular myocytes [45, 46] respecting the experimentally observed
differences in these two species. The comparison of the outputs of simulations in these two
models gave interesting results: in both models, the variations of tubular ion concentrations
reduced the intracellular Ca?* load and consequently the systolic Ca2t transient. However,
the magnitude of this effect and its frequency-dependence were much more prominent in the
rat model. The main reason of these differences lied in the different frequency-dependence
of Ica, (positive in rat, negative in guinea-pig) and in different fraction of tubular Ic, 1, in
both models (87 % in rat [47], 64 % in guinea-pig [41]). Thus, at physiological stimulation
frequencies, the ion concentration changes in TATS appear to play more important role in
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Fig.2: Schematic diagram of the rat ventricular cell model with TATS published
by Pdsek et al. in 2006. The description of electrical activity of surface (s)
and tubular (t) membrane comprises formulation of ion transporters that are
labelled in the scheme. The intracellular space contains the subspace, the
Ca2+—uptake and Ca?* -release compartments of sarcoplasmic reticulum (NSR,
JSR) and the Ca?T buffers: calmodulin (Bem ), troponin (Bitrpns Bhtrpn) and
calsequestrin (Bes). The small filled rectangles in JSR membrane represent
SR Ca®T-release channels. The small bi-directional arrows denote Ca’t dif-
fusion. The dashed arrow represents ionic diffusion between the tubular and
the bulk space. The currents included in the model were: In,, sodium inward
current; Ic,, calcium inward current; Ikio, time-dependent transient outward
potassium current; Ik, steady-state outward potassium current; Ik, time-in-
dependent inward rectifier potassium current; I, hyperpolarization-activated
current; Inap, background sodium current; Ic,y,, background calcium current;
Ik, background potassium current; INaCa, Na+-Ca2+-exchanger current;
INak, electrogenic Nat-KT pump current; Iyca, Ca-pump current

rat than in guinea-pig myocytes. Despite these differences and the limitation in description
of excitation-contraction coupling, both models provide strong theoretical evidence that ion
concentration changes in the TATS lumen modulate the activity of ventricular myocytes
(for review see [48]).

5. Conclusion

In his seminal book, Introduction a I’étude de la médicine expérimentale [49], Claude
Bernard wrote ‘Cette application des mathématiques aux phénomeénes naturels est le but
de toute science’ (This application of mathematics to natural phenomena is the aim of all
science). Nowadays, the wide use of mathematical models in medical sciences shows that
we are approaching this dream. Although there is much that remains unknown, computer
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models can help us to explore the role and importance of various events in such a complex
system as the human body. Regarding cardiac cell electrophysiology, the way to such models
and their use to explore cellular processes are given above. Current challenges are to model
the consequences of the reduction of TATS in pathological conditions [50, 51], the cellular ac-
tivity under genetically induced dysfunctions of membrane transporters, the effect of various
drugs on cardiac cell function and the interconnection between cellular electrophysiology and
bioenergetics. Moreover, this all should be particularly done using the human models. As
always, new questions will appear, but the combination of experimental and computational
approaches promises to be powerful way to answer them.
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