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Abstract

In cardiac myocytes, both action potential duration
(APD) and mechanical contraction alternans are
associated with intracellular Ca** alternans. The aim of
this study is to investigate the interaction between Ca**
and APD alternans by using computer simulations. With
a spatially extended (75 elements) model of a single
canine ventricular cell, Ca? and APD alternans were
produced either by rapid pacing (3.57 Hz), or by slow
pacing (2.5 Hz) with an increased steepness of the
relationship between SR Ca®* content and cytoplasime
Ca” concentration. It is shown that spatially discordant
Ca” alternans is generated when the Ca**-dependent L-
type Ca* channel inactivation is strong. It tends to be
concordant for weak Ca**-dependent L-type Ca** channel
inactivation.

1. Introduction

Cardiac failure is one of the most common heart
diseases associated with fatal cardiac arrhythmias. One of
the common symptoms of heart failure is the mechanical
alternans, manifested as alternating magnitude of
contraction force between large and small [4]. In cardiac
tissue, as Ca’* cycling plays the most important role in
regulating mechanical contraction, such mechanical
alternans may be due to alternation of systolic Ca®* [8].
Another common symptom of heart failure is T-wave
alternans on ECG, which makes a possible occurrence of
ventricular arrhythmias. As T-wave alternans is
associated with the repolarization of ventricular action
potentials (APs), it suggests a possible coupling between
the Ca** and the AP alternans.

There are evidences of strong coupling between the
membrane potential and the intracellular Ca** handling
[7]. Depolarisation in cell membrane activates the
voltage-gated Ca”* channels and brings Ca™ influx to
elevate the Ca®* concentration in the cytoplasmic space.
The elevated Ca™ concentration triggers the ryanodine
receptors (RyRs) to release more Ca®* from the
sarcoplasmic reticulum (SR) via a process called calcium-
induced calcium release (CICR) [7]. Elevated
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cytoplasmic Ca®* concentration from both the Ca** influx
and the CICR can affect the L-type Ca”* channels Icar)
and the Na*-Ca™ exchanger channels (Iyac,), in turn
resulting in a feedback effect on AP. Finally, cytoplasmic
Ca®* will be pumped back to the SR or extruded out of the
cell via In,c,. In this process, I, plays an crucial role in
Ca®*-V coupling no matter as the trigger of CICR or the
feedback current of [Ca®'];.

Previous studies have shown that Ca’* and APD
alternans can be induced under both fast and slow pacing
conditions [1, 2]. However, the complete mechanisms
underlying the genesis of systolic Ca** alternans and its
coupling to membrane potential voltage (V) still remain
unclear. The aim of this study is to simulate Ca** and
APD alternans under various conditions, from which to
elucidate the interaction between them. Moreover, in
single cardiac cells, it has been reported that spatially
heterogeneous Ca’* alternans can be induced and APD
alternans is assumed to be the driving force for
determining the pattern of spatial Ca®* alternans [6]. In
this study, we also test this hypothesis.

2. Methods and mathematical model

The mathematical model of canine ventricular action
potential developed by Shiferaw et al. [5] is used in the
study. In the model, a ventricular cell (150 pm) is divided
into 75 sarcomeres, which are coupled together via Ca™*
diffusion. Each sarcomere is treated as an equivalent
functional unit along the longitudinal direction due to T-
tubules distribution in the cell. In each element, ionic
channels are modeled by equations of Fox et al. [3]. All
the parameter values are the same as Ref. [5]. In this
model, Ca2+—dependent inactivation of I¢,; is governed by
the parameter y as shown in the following equation:

pro__ L M
Ca K~ \
1+ (cs /¢, )
where Cf is the Ca®* concentration in submembrane space;
C, is calcium inactivation threshold.

Steepness of the SR Ca®* release slope is controlled by
parameter u in the following equations:
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where C; is junctional SR Ca concentration; 7, is spark
life-time.

In simulations, Ca®* and APD alternans are produced
either by rapid pacing (3.57 Hz) or slow pacing (2.5 Hz)
with an increased parameter u. The mechanism
underlying alternans is explored by evaluating the trigger
of CICR (i.e. voltage-gated L-type Ca®* current), SR Ca**
content and the relationship between the cytoplasmic Ca™
concentration and the SR Ca** content during alternans.

3. Results
3.1. Intracellular Ca** and APD alternans
3.1.1. Alternans induced by fast pacing
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Fig.1. APD and Ca*" alternans induced by fast pacing (3.57 Hz).
(A): Action potential. (B): Cytoplasmic Ca*. (C): SR Ca™
content. (D): L-type Ca”* current. (E): Exchanger current Iy,c,.

Fig.1 illustrates the time courses of simulated Ca* and
APs at a pacing rate of 3.57 Hz. Both Ca®* and APD
display remarkable alternans under this condition. The
peak amplitude of the L-type Ca®* current also alternates
dramatically during the two successive beats, which is
consistent with previous studies [2]. Alternans of I, is
due to a short diastolic interval during the fast pacing, that
does not allow L-type Ca** channels to recover from a
previous activation, leading to a small L-type Ca®* current

830

in the following beat. Similar alternans is also observed
for the SR Ca’* content. Further simulations are
performed to test whether the alternans is induced by the
varied L-type Ca® current. By increasing the Ca®-
dependent inactivation rate of Ic,; which promotes faster
inactivation of I¢, | giving more time for the channel to
recover from a previous activation, both the Ca® and
APD alternans are inhibited (not shown here). It is,
therefore, the alternation of Ic,;, inducing not only the
APD alternans via varying membrane current but also the
cytoplasmic Ca® alternans via influencing CICR, the
major factor contributing to alternans under the fast
pacing condition.
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Fig.2. APD and Ca®* alternans induced by increasing the
steepness of CICR at slow pacing rate (2.5 Hz). (A): Action
potential. (B): Cytoplasmic Ca>*. (C): SR Ca®* content. (D): L-
type Ca®* current. (E): Exchanger current Iy,c,. (F) and G:
Superposition of AP and I¢, in two successive beats. Red trace:
the beat marked by the red dot in (A). Black trace: the beat

marked by the back dot.

3.1.2. Alternans induced by increasing the
steepness of CICR

Alternans produced at a slow pacing rate with an
increased steepness of Ca®" release is shown in Fig. 2. In
this case, amplitude of systolic Ca®* transient varies
dramatically in two consecutive pacing cycles. However,
the change in APD or amplitude of I¢,; is very small
during alternans. With an increased rate of Ca®*-
dependent inactivation, both the alternans, especially the



cytoplasmic Ca®* alternans still remains. Meanwhile, Ca-
V coupling becomes negative, with a large-small APD
alternans corresponding to a small-large intracellular Ca**
alternans as shown in Fig.3. It suggests that the alternans
is due to the varied SR Ca®" release, producing alternating
APD via Ca® dependent membrane currents.
Consequentially, the magnitude of Ic,; alternation is not
significant, either the APD alternans. Also, increasing
Ca”*-dependent inactivation tends to shorten APD,
resulting in a shorter APD though the cytoplasmic Ca**
higher. This leads to the negative Ca-V coupling.
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Fig.3. Negative Ca**-V coupling produced by increasing Ca*-
dependent inactivation of Ic,1. (A): Action potential. (B): I, 1.
(C): Cytoplasmic Ca?*. (D), (B) and (F) are corresponding
superposition graph in two successive beats.

(A) (8)
14 e 3
2 2
:
2 S
8 82
4 o
L 0.0 @ 0

Small
release

Big
release

Before the Before the
big transient  small transient

(C

(uM)

Peak systolic [Ca2*];

o

0.2 14

SR Ca2* (mM)
Fig.4. Relationship between [Ca®*); and the SR content during
alternans. (A): SR Ca®* content. (B): Systolic Ca®" amplitude.
(C): relationship of [Ca®*]; and the SR content. Black circles:
control condition. Red circles: alternans condition.
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The relationship between the SR Ca>* content and peak
systolic Ca®* during the alterans is explored. Results are
shown in Fig.4. SR Ca* content before a large Ca™*
transient is slightly higher than that before a small
transient. The relationship between SR Ca®* content and
systolic Ca®" is smooth under control condition, but
becomes much steeper when alternans begins to emerge
(The curves is fitted by the formula [systolic Ca**] = a +
bx[SR Ca2+]"; control condition: n 2.1; alternans
condition: n = 16.3.). This steep relationship gives a rise
of a large change of systolic Ca®* amplitude in response
to a small variation in the SR Ca** content. This suggests
that the varied CICR is the key factor responsible for the
intracellular Ca®* alternans at slow pacing rate.

3.2. Spatially concordant and discordant
alternans
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Fig.5. Concordant Ca®* alternans induced at fast pacing rate.
(A): Initial distribution of SR content. (B): Traces of [Ca’*];
alternans corresponding to the region marked by the arrow in
panel C. (C): Line scan image of cytoplasmic Ca®*. (D): AP
traces. (E): Superposition of APs in two successive beats.

Spatial Ca®" alternans is examined in the 75 elements of
the cell model at fast pacing condition (2.86 Hz). In the
model, a Gaussian distribution with a 20% deviation of
the average value is applied for the initial values of the
SR Ca®* content as shown in Fig. SA. This results in out-
of-phase Ca”" alternans in the 75 elements. But it only
sustains for the first few cycles, and gradually evolves
into in-phase alternans throughout the whole cell. Under



the fast pacing condition, APD alternans is induced by
incompletely recovery of membrane Ic, current as
discussed above. It tends to synchronize the phase of
intracellular Ca®* alternans via L-type Ca** current. Also,
the large Ca* transient during alternans could produce
strong Ca* diffusion, which tends to reduce the
heterogeneity of Ca** distribution. Both of these effects
drive Ca™ alternans to be in phase throughout the cell.
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Fig.6. Spatiotemporal evolution of discordant Ca*" alternans.
(A): Initial distribution of SR content. (B): Traces of [Ca®'];
alternans corresponding to the region marked by the arrow in
panel C. (C): Line scan image of cytoplasmic Ca®*. (D): AP
traces. (E): Superposition of APs in two successive beats.

Fig. 6 shows the spatially heterogeneous Ca* alternans
produced with the same initial condition, but with an
increased Ca2+-dependent inactivation of Ig,1. As
increased Ca’*-dependent inactivation gives more time
for Ic,1 to recover, it thus reduces APD alternans (Fig.
6E). Therefore, local Ca** alternans tends to remain out-
of-phase without a driving force reducing the
heterogeneity from APD alternans. Meanwhile, an
increased Ca’*-dependent inactivation enhances local
coupling of Ca® and Ic,L, which increases heterogeneity
of global distribution of Ca®* transient. Moreover,
spatially heterogeneous Ca™ alternans also can be
induced while APD alternant presents (results are not
shown here). Therefore, the spatial pattern of Ca**
alternans is determined by the interaction between global
AP and local Ca®* dynamics.

4. Conclusion

In this study, we present different mechanisms
underlying the genesis of Ca®* and APD alternans
induced at both fast and slow pacing. It is shown that
APD and Ca®" alternans are correlated with each other via
membrane Ca®*-dependent channels. The interaction
between them is associated with the phase of Ca**-V
coupling (positive or negative) during alternans. Such an
interaction plays an important role in determining the
spatial pattern of cytoplasmic Ca®* alternans, either
concordant or discordant throughout the cell.
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