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Abstract

Functional roles of ionic currents in a membrane
delimited sino-atrial node (SAN) cell model were
investigated.  lonic  currents were blocked and
intracellular calcium ([Ca’'],) buffered to study their
effects on action potential (AP) characteristics.

The simulations revealed that blocking the
hyperpolarization activated current and the T-type
calcium current caused an increase of cycle length (CL)
due to reduced diastolic depolarization rate (DDR).
Blocking of sustained outward (Iy) and sodium currents
(Ina.1.1> Ina.15) had no effect. Blocking the L-type calcium
current’s Ca,l.3 isoform (Ic,;3) and rapidly activating
delayed rectifier arrested pacemaking. Blocking sodium-
calcium exchanger (Iy,c,) caused a CL reduction but did
not affect DDR. Reducing [Ca’'];  increased CL
marginally. A small increase of [Ca’']; arrested
pacemaking. Iy, Iy, and Iy, s are not functional and
Inaca is a background current in the model.

1. Introduction

Modelling of electrical action potentials (APs) in
cardiac cells started with early models by Nobel et al. [1]
which incorporated the gross function of depolarising and
repolarising cell membrane ionic currents. With the
increasing availability of quantitative physiological data
suitable for modelling, several generations of models are
now capable of reproducing electrical heterogeneity in
various cardiac cell types, e.g. see [2-4], and are often
specific to species, e.g. see [2, 5, 6]. Cardiac models are
ideal in silico computational tools for confirming
experimental findings [7], hypotheses testing [8], and are
also used in predictive studies [9].

Contemporary cell models are systems of stiff non-
linear coupled ordinary differential equations (ODEs) and
consist of compartmental models of cell membrane ionic
currents and intracellular ion concentration dynamics.
The complex interaction between the ionic currents and
intracellular dynamics regulates the cell membrane AP
profile and AP duration (APD). Biophysical parameters
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Figure 1 Simulated and experimental AP profiles and AP
characteristics, where solid line and symbols show
experimental data and gray line and columns show model
simulation. A: Representative experimental and simulated
AP profiles. B: Experimental data and simulated values
for MDP, OS and TOP of the spontancous APs. C:
Experimental data and simulated values for APDs,
APDy, and CL of the spontaneous APs. D: dV/dt,,, and
DDR.

in these models should be based on experimental data.
Such physiological experimental data quantifying the
biophysical processes are however often limited or
unavailable. The models therefore borrow data from other
tissue types, species, or are estimated by biophysical and
physiological motivations [10]. Often the limited data
leads to a class of membrane delimited models in which
intracellular ionic concentrations are assumed constant at
diastolic levels [2, 5]. Such an approximation may be
justified due to the small oscillation amplitudes of
intracellular ionic concentrations. It also reduces the
computational complexity. It however, limits model
functionality. Membrane delimited models cannot
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Figure 2 Phase planes of major currents (nA) with respect to membrane potential revealing the maximal functional roles
of the currents during a typical AP excitation. A: AP. B: I. C: Icar. D: Ing: E: Icar (Ican12 and Icar, 13). Fr Ik G: Inaca-

be used in the study of intracellular ionic dynamics based
regulation of membrane APs, as has been demonstrated in
recent experimental studies of intracellular calcium
([Ca*];) based pacemaking mechanisms of the sino-atrial
node (SAN) [11, 12]. In addition, the computational
estimation of ionic currents for which experimental data
is unavailable is based only on AP profiles without
recourse to material balance and sensibility of
intracellular ion concentration oscillations.

In this study, we studied one such model of the mouse
SAN spontaneous APs by Mangoni et al. [13]. The
functional role of individual ionic currents in the
pacemaking mechanisms was studied by physiological
experiment motivates simulation of altered ionic current
conductances in the model and its effects on AP
characteristics.

2. Methods

The Mangoni et al. [13] model simulates spontaneous
SAN pacemaker APs in the mouse SAN. Features of APs
were quantified by measuring maximum diastolic
potential (MDP), take off potential (TOP), overshoot
potential (OS), AP amplitude (APA), APD at 50%
repolarisation (APDsy), APD at 90% repolarisation
(APDyy), cycle length (CL), wupstroke velocity
(dV/dtmax), and diastolic depolarisation rate (DDR) [14].
The model consists of several cell membrane ionic
currents regulating cell membrane potential, ¥, dynamics
as

dv

C a =L g Hear tna 1 TIna s Hear 12 ean i3 o +

m
+Isus +IKS +IKr +IK1 +INaCa +INaK +Ib )
eq. (1)

where the hyperpolarisation activated current (I), the
sustained outward Ca" current (I), T-type Ca®" current
(Icar) regulate the slow diastolic depolarisation rate
(DDR); the fast sodium current isoforms (TTX sensitive
Ina11 and TTX resistant Iy, s), the L-type Ca*" isoforms
(IcaL12 and Ic,p ; 5) regulate the AP upstroke phases; the
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transient outward (I,), the sustained outward (I,), the
slow and rapidly activating (Ixs and Ig,), and the inward
rectifier (Ix;) K™ currents regulate the AP repolarisation;
and the Na'-Ca®" exchanger (In,c,) and the Na-K pump
(Inax) are background currents along with I,. C,, is cell
membrane capacitance of 21 pF. Intracellular
concentrations of [Ca*'];, [K']; and [Na']; are constant at
0.1 uM, 8 mM and 140 mM respectively as given in the
basal model [13]. Values of ion current conductances and
maximal values are given in the model [13]. Basal
spontanecous AP profile and AP characteristics are
compared to experimental data in Figure 1. The action of
the major currents during various regions of the AP in the
basal model was identified by means of phase plane
analysis as shown in Figure 2.

The role of ionic currents on the pacemaking AP was
evaluated by altering ionic current conductances of each
ionic current from a 100% reduction to a 400% increase.
Such changes in conductances simulated the partial and
total experimental blocking of the ionic currents by
various concentrations of pharmacological agents.
Further, the influence of intracellular concentrations
quantified by systematically varying the constant [Ca*'];
between 0.0001 pM to 0.3 puM. The effects of the
conductance and [Ca”"]; alterations on the pacemaking
APs were quantified by computing changes in AP
characteristics as discussed above. Model behaviour was
compared to available experimental data.

The model was integrated using a Quality Step Runge-
Kutta method with a maximal time step of 0.25 ms in
XPPAUT/AUTO software [15]. A total of 20 s of
electrical activity were simulated for each value of
conductance or intracellular concentration to eliminate
the transient effects of the initial conditions, and AP
characteristics computed for the final 1 s. The integration
was systematically repeated from the lowest to the largest
values of each parameter in steps of 2.5% change in value
of parameter, to give continuous changes in AP
characteristics. A Linux shell script wrapper was
implemented to automate the silent mode XPPAUT
simulations.
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Figure 3 Effects of perturbing I, 12 and I, 1 3 amplitude
by manipulating gca.12 and gear13 on pacemaking CL.
The ‘X’ show basal values of gc,11, and ge,r 13-

3. Results

As seen in Figure 1, several basal model AP
characteristics agree well with experimental data. The
model has an MDP of -66.8 mV, an OS of 24.6 mV, and a
TOP of -47.3 mV. Model APDs, and APDy,, 104 ms and
121 ms respectively, are significantly longer than
experimentally observed range of values. Model CL is
212.3 ms. The model produces a dV/dt,,x of 5.3 mV/ms,
which is lower than experimental values. Model
simulated DDR of 0.37 V/s is much larger than
experimental observations, and is due to the long APD.
The phase space diagrams in Figure 2 show the region of
the AP profiles in which major currents are active.

The functional currents in the DDR region of the AP
are Iy, I and Ic,r. A total block of Ir increased the CL by
10.3% (234.9 ms). Blocking I had an insignificant effect
on the AP. Blocking Ic,r caused a 6.1% increase of CL,
as compared to the tissue level recording of 34% in
Ca,3.1 gene knockout mice [13]. The functional currents
in the upstroke and APD region are Inai1, Inais, Icari2
and Icar 1 3. Blocking of Iy, 1 and In, ;s in the model had
no effect on the pacemaking AP. This is in contrast to our
experimental measurements where a large increase of CL
of more than 30% was observed on isolated mouse SAN
cells with SCN5A gene knockout [16]. As seen in Figure
3, progressive reduction of I, 12 and ¢, 1 5 increased the
pacemaking rate, by reducing the CL. A total block of
IcaL12 gave a CL reduction of 6%, while a block of Ic,p ;3
arrested the pacemaking. Upon progressively increasing
Ica,12 and Icar 3, the CL was seen to increase. In case of
IcaLi3, CL eventually reduced and oscillation became
chaotic. It should be noted that the increased pacemaking
due to I, block was accompanied by reduced oscillation
strength (i.e. a reduced APA) indicating the regulatory
contribution of Ic,. to the pacemaking. I, is the main
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repolarising current in the SAN, and as seen in Figure 4, a
block of Iy, abolished pacemaking. It did not affect the
pacemaking as it was progressively augmented.
Eventually, for very large values of Ig,, the AP became
chaotic. Iy,c, has been experimentally shown to be critical
in SAN pacemaking and regulates the DDR phase [8]. In
the present model however, Iy,c, has low amplitude. A
total block of Iy,c. increased the CL modestly by 18%,
while a large increase of Iy,c, amplitude by 400% reduced
the CL by 9%. Both these effects are modest. Further,
contrary to experimental findings [17], a large reduction
of [Ca®*]; (from 0.1 uM to 0.0001 uM) increased APA
and reduced the CL by less than 7%. A modest increase
of [Ca®"]; (from 0.1 uM to 0.2 uM) abolished pacemaking
activity.

Figure 5 shows a summary of the effects of
individually blocking each current on the pacemaking.

4. Conclusions and discussion

Although several membrane currents have been
incorporated into the model, the roles of each current is
limited. Major currents like Iy, In,i1 and In,;s do not
play any role in the pacemaking APs of the model. Due to
the model being inherently membrane delimited,
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Figure 4 Effects of reducing and increasing Iy, on
pacemaking CL. The ‘X’ show basal values of gy,. For
large values of gi,, the oscillations became chaotic.

mechanism by which critical currents like Iy,c, contribute
to the DDR cannot be incorporated into the model. This
has led the Iya,ca in the present model act as a simple
background current with modest effects on the
pacemaking. Experimentally, a reduced intracellular
[Ca®]; reduced pacemaking strength, and a low
concentrations abolishes automaticity. In contrast, the
model shows no change in pacemaking with a reduced
[Ca®'];, but contrarily shows an increase of APA. This is
due to the [Ca2+]inot contributing to Ic, inactivation and



other mechanisms dynamically.

The model is an excellent simulation tool for
preliminary evaluation of experimental data. It is however
limited in ability to reproduce experimental findings and
in its predictive power.
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Figure 5 Summary of the effects of channel blocking on
CL in the model. Top panel shows the depolarising
currents, while the bottom panel shows repolarising and
background currents.
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