Prediction of Potentially Unstable Electrical Activity during Embryonic
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mechanisms behind such activities to elucidate the entire
course of development of the heart.
Jonsson et al. (2012) combined molecular biology and
computer simulation to demonstrate that human
embryonic stem cell-derived cardiomyocytes (hESC-CM)
have an immature electrophysiological phenotype [6].
Thus, computer simulation is a powerful approach for
confirming experimental data and providing insight into
possible functional mechanisms of heart development.

Abstract
In order to evaluate developmental changes in
embryonic ventricular cells at early embryonic (EE) and
late embryonic (LE) stage, we aimed to predict
potentially unstable action potentials (APs) that could be
lethal to developing ventricular cells. Two models of the
Kyoto and the Luo-Rudy model were used for simulation
of 512 representative combinations by switching the
relative activities of 9 ionic components whose activities
vary between the EE and LE stages. Out of these 512
combinations in Kyoto model, 144 combinations were
predicted
potentially
unstable
resulting
from
combinations of funny current (If), inward rectifier
current (IK1), sustained inward current (Ist), L-type Ca2+
current (ICaL), and Na+ current (INa). Other 208 and 160
combinations were predicted quiescent membrane
potentials and regular spontaneous APs. Based on these
results, we suggest that sequential switches of the relative
activities of INa, If, and IK1 enable cells to avoid unstable
patterns.

1.

2.

We utilized the two mathematical models, the Kyoto
and Luo-Rudy model, in which the relative activities of
ionic components were switched independently between
EE and LE stages to represent different combinations of
the components in embryonic guinea pig ventricular cells.

2.1.

Embryonic ventricular cell models

Previously, we simulated the APs of rodent ventricular
cells at the EE, LE stages using the Kyoto model, an
electrophysiological model of guinea pig ventricular cells
[7]. Briefly, quantitative changes in various ionic
components were represented as the activities of the
components in developmental stages relative to that in the
adult stage. These relative activities were multiplied by
corresponding conductance (pA/mV) or conversion
factors (pA/pF·mM) in common sets of mathematical
equations. We adopted the same procedure in the present
study and the updated Kyoto model [8].

Introduction

In rodent, the electrophysiological properties of
individual ion channels have been investigated in isolated
ventricular myocytes at the representative 4 stages, early
embryonic (EE), late embryonic (LE), neonatal, and adult,
via patch clamp methods [1-3]. In EE stage, spontaneous
action potentials (APs) have been reported, eventually
disappearing in passive contracting cell in the LE stage
[4]. In addition to regular spontaneous APs, irregular and
unstable APs have been reported in single mouse
embryonic myocytes [5]. Although the existence of such
irregular activities in single cells has been reported at the
representative stages, potentially unstable activities must
also be identified between the stages along with the
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Methods

2.2.

Switching stages of ionic components

We selected the 9 components to be switched between
the EE and LE stages: funny current (If), sustained inward
current (Ist), inward rectifier current (IK1), Na+ current
(INa), L-type Ca2+ current (ICaL), Na+/Ca2+ exchange
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current (INaCa), transient outward current (Ito), ATPsensitive K+ current (IKATP), and a set of 4 electrical
components of the SR. All 4 components located in the
SR, the Ca2+ release through the RyR channel in the SR
(IRyR), Ca2+ leak from the SR (ISR,leak), the SR Ca2+ pump
(ISRCA), and Ca2+ transfer from the SR uptake site to the
release site (ISR,transfer), develop along with development of
the SR and were treated as a set of components in the SR.
The other ionic components in the model were assumed
to have constant current densities during embryonic
development. Table 1 show the relative activity values of
the 9 components relative to adult model. We assumed
that the 9 components switched relative activities directly
from EE to LE values without intermediate levels,
independently from the other components.

In the 512 combinations of simulation using the Kyoto
model, 208 combinations were predicted to have positive
resting membrane potential (RMP) >-80 mV. We
observed 160 regular spontaneous APs and 144
potentially unstable APs. Because the values of IKATP, Ito,
INaCa, and SR-related components did not significantly
influence the results, we focused on the remaining 5
pivotal currents, INa, If, IK1, Ist, and ICaL (Fig. 1).

Table 1. The relative activities for the early embryonic
(EE) and late embryonic (LE) stages.
Ionic currents
EE
LE
INa
0.07
1.0
ICaL
0.46
0.78
If
1.0
0.0
Ist
1.0
0.0
IK1
0.11
1.0
IKATP
0.32
0.88
Ito
0.11
0.27
INaCa
4.95
1.74
SR-related components
0.04
0.3

2.3.

Computer simulation procedure

We simulated 512 (29) combinations of intact EE
models for 600 s, switching the relative activities of the 9
components between EE and LE values. For those
combinations that showed no spontaneous activity for 600
s, we applied external stimulation at 2.5 and 1.0 Hz to
determine whether the intact cells functioned as
contracting cells. We further verified our predictions by
simulations with the 32 (25) combinations of the LuoRudy model [9]. The relative activities of INa, If, IK1, ICaL,
and SR-related components were switched between EE
and LE values. Although the original Luo-Rudy model
does not contain If, we implemented a mathematical
model for If [10]. The other components, Ito, IKATP, Ist, and
INaCa, were not considered.

3.

Figure 1. Simulated membrane potentials of 32
representative combinations switching activity values for
5 components. Potentially unstable combinations are
highlighted with solid and dashed boxes.

3.2.

128 combinations out of 512 were predicted to have 2
RMPs, at -35 mV and under -60 mV, when the relative
activity of IK1 was set to the LE value and that of If was
set to the EE value, regardless of the other three
components (Fig. 1, dashed box and Fig. 2a). The
membrane potential was depolarized when the Ca2+activated background cation current (ILLCa), which is
activated when the intracellular Ca2+ concentration
([Ca2+]i) is high (Fig. 2a).
In 16 combinations, burst-like APs were observed
when the relative activities of ICaL and Ist were set to the
LE values while those of INa, If, and IK1 were set to the EE
values (Fig. 1, solid box). Figure 2b show the interval

Results

We predicted unstable membrane excitation patterns
from computer simulation of 512 combinations and
identified INa, If, IK1, ICaL, and Ist, as components
potentially responsible to avoid the predicted unstable
patterns.

3.1.

Potentially unstable patterns

Classification of the 512 combinations
302

between the bursts was approximately 70 s at -50 mV. As
the repetitive bursts were terminated, the Na+/K+ pump
current (INaK) became dominant, and INaK gradually
decreased during the quiescent state between the bursts.
These combinations failed to produce normal APs in
response to application of external stimulus.

3.4.

Figure 5 shows changes in the APs and accompanying
ionic currents as we sequentially switched INa, If, and IK1
from the EE model; spontaneous APs disappeared when
INa, If, and IK1 were all switched to LE values, although
AP was inducible by external stimulus. The maximum
diastolic potential (MDP) gradually shifted in the
negative direction and the overshoot potential became
larger as INa increased, followed by disappearance of If
(Table 2). The basic cycle length (BCL) of the model
with INa switched to the LE value was shortest (0.34 ms)
among the three spontaneous APs; the BCL was
originally 0.51 ms in the EE model with disappearance of
If. The peak amplitude of ICaL decreased from -100 pA to
-10 pA and that of INa increased from 0 pA to -5000 pA,
and INa became responsible for rapid depolarization rather
than ICaL.

Figure 2. (a) Observed two resting membrane potentials
and (b) burst-like action potentials (APs).

3.3.

Simulation with external stimulus

We applied an external stimulus to produce APs in
resting cell models with no spontaneous electrical activity,
and paced them for 600 s. The amplitude of hSL at high
frequency (2.5 Hz) was slightly smaller than that at low
frequency (1.0 Hz) when the relative activities of If and
IK1 were set to the LE values and those of the other
components fixed to the EE values (Fig. 3a). On the other
hand, when the relative activity of INa was switched to the
LE value in addition to those of If and IK1, the amplitude
of hSL was twice as large with stimulus at 2.5 Hz than at
1.0 Hz.

Sequential changes in INa, If, and IK1

Table 2. MDP and BCL of spontaneous action potentials
EE model INa set to LE INa and If set to LE
MDP (mV) -81.40
-82.48
-84.73
BCL (sec)
0.51
0.34
0.78

4.

Discussion

We suggest that ICaL and Ist should not be switched
before increase in INa, and showed that the sequential
switch in INa, If, and IK1 could avoid unstable patterns.

4.1.

Required order of If and IK1

To avoid unstable patterns with 2 RMPs (Fig. 2a), we
determined that IK1 should increase before disappearance
of If. Abnormally high [Ca2+]i was observed when IK1
increased approximately 10-fold (from 0.11 to 1.0) before
disappearance of If (from 1.0 to 0.0). Because of the
abnormally high [Ca2+]i, we designated these
combinations as unstable patterns, and suggest that If
should disappear before IK1 increases to avoid unstable
patterns with 2 RMPs. If is known to be a pacemaker
current and plays an important role in spontaneous firing
of APs in 9.5-days post coitum (dpc) mice, but decreases
by 80% by 18 dpc [5]. In contrast, the current density of
IK1 is very small in 12-dpc rats, and increases nearly 10fold by the end of embryonic development, contributing
to a negative shift in RMP [11].
Moreover, 8 of the 32 combinations in the Luo-Rudy
model failed to produce APs despite application of
external stimulus when the relative activity of If was set to
the LE values and those of all the other components were
set at the EE values (data not shown). These 8
combinations in Luo-Rudy model were among the
combinations that defined unstable patterns in the Kyoto
model with 2 RMPs. However, the 2 RMPs were not

Figure 3. The half sarcomere lengths of the combinations
that INa switched to the EE and LE values.
The peak [Ca2+]i was larger in models with the relative
activity of INa switched to the LE value (0.29 µM) than in
models with INa fixed to the EE value (0.10 µM) when the
models were externally stimulated at 2.5 Hz. The
difference resulted from larger Ca2+ influx via INaCa and
Ca2+ release from the SR. In addition, we observed a
subtle decrease in resting intercellular Na+ concentrations
([Na+]i) from the LE (2.30 mM) to the adult (2.22 mM)
models, and [Na+]i was even higher when the relative
activities of INa, If, and IK1 were switched to the LE from
the EE model (2.33 mM). [Na+]i was relatively low,
however, when only the relative activities of If and IK1
were switched to the LE from the EE model (1.46 mM).
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observed in the Luo-Rudy model.

4.2.

An early increase in INa

We observed burst-like membrane potentials (Fig. 2b)
when ICaL increased and Ist disappeared simultaneously
before INa increased. We suggest that combinations that
showed burst-like activities should be avoided during
embryonic development, because such activities in the
pulmonary vein are known to cause atrial fibrillation [12].
Therefore, INa should increase to the LE level at the
beginning of embryonic development, because an
increase in INa was also related to stronger shortening
force at 2.5 Hz than at 1.0 Hz (Fig. 3). In addition, [Na+]i
was higher in combinations in which the relative
activities of INa, If, and IK1 were set to the LE values (2.33
mM) and in the LE model (2.30 mM) vs. the adult model
(2.22 mM) in their resting states. These results are
consistent with a report that [Na+]i in EE ventricles was
higher than in more developed embryos, while [K+]i
remained constant throughout embryonic development in
the chick [13].

4.3.

Sequential switches of INa, If, and IK1

Figure 4 demonstrated that sequential switching of INa,
If, and IK1 could avoid unstable patterns. This change in
the dependence of depolarization from the Ca2+ current to
the Na+ current is consistent with experimental
observations in rodent ventricular myocytes [14] in which
MDP shifted in a negative direction, also consistent with
our simulation (Table 2). On the other hand, the BCL
shortened when INa increased and lengthened when If
disappeared (Fig. 4), although EE hearts have a large
range of heart rates, 61–219 min-1 in 11.5-dpc rats [15],
and the beating rhythm of EE ventricular cells is
generally slow and irregular [16].

5.

Conclusion

In the Kyoto and Luo-Rudy models, our simulation
results suggested that If dshould disappear before the 10fold increase in IK1 to avoid potentially unstable patterns.
Of the 9 components switched between EE and LE levels
in the Kyoto model, combinations of switches in INa, ICaL,
If, Ist, and IK1 densities were responsible for potentially
unstable patterns.
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