Computing in Cardiology 2018; Vol 45

Effects of Microgravity on Action Potential Wave Propagation in Rat Transmural
Ventricle Tissue

1234

Xiangyun Bai*, Kuanquan Wang?, Qince Li*, Cunjin Luo?, Yacong Li*, Henggui Zhang*#3#,

! School of Computer Science and Technology, Harbin Institute of Technology, Harbin, Heilongjiang,
China
’Key Laboratory of Medical Electrophysiology, Ministry of Education, Collaborative Innovation
Center for Prevention and Treatment of Cardiovascular Disease/Institute of Cardiovascular Research,
Southwest Medical University, Luzhou, China
*Biological Physics Group, School of Physics and Astronomy, The University of Manchester,
Manchester, UK
*Space Institute of Southern China, Shenzhen, China

Abstract

Experiments mimicking microgravity condition have
multiple effects on cardiac electrophysiology. Therefore,
based on experimental data of rats with 2-weeks (short
term) and 4-weeks (long term) tail suspension, effect of
microgravity on action potentials (APs) were simulated
by decreasing lc, and increasing Iy, based on rat
endocardial and epicardial models. Additionally, a 1D
model was constructed by considering the increasing of
connexin 43 under microgravity condition. Simulation
results show that I, and Iy changes have similar effect
in reducing APDg, under short term condition, while the
inhibition of Ic, is the main factor in reducing APDg
under long term condition. The simulated pseudo-ECG in
both conditions showed a shortened QT interval and
depressed of ST phase and T wave as experimental
observations. Increased expression of connexin 43 in
microgravity condition resulted in a mild increase in
conduction velocity. Meanwhile, the vulnerable window
in 1D ventricle strand reduced in microgravity condition.
Compared with short term microgravity condition, all
these changes were more prominentin the long term
microgravity condition. In conclusion, this study provides
new insight into understanding of impaired cardiac
functions in short and long term microgravity conditions
during spaceflight.

1. Introduction

In condition of removing force of gravity in actual
spaceflight or simulated microgravity (eg., rat tail
suspension) causes back flow of blood from the lower
part of the body into the upper part, affecting body organs
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such as brain and heart. Previous experiments have
reported changes of membrane currents and the
expression of connexion 43 in ventricular myocytes in the
condition of rat tail suspension, including currents of L-
type Ca®" current (lca) [1,2] and Na'-K* pump current
(Inak) [3]. These changes which affect the heterogeneity
of action potential duration (APD) of endocardial and
epicardial myocytes could be pro-arrhythmic. It has been
reported that the occurrence of cardiac arrhythmia of an
astronaut during spaceflight resulted in an earlier
termination of the space trip [4]. Therefore, it is important
to identify the mechanism of arrhythmogenesis in
microgravity condition and for further development of
proper treatment.

In order to explore the above issues, biophysically
detailed rat endocardial and epicardial models were
developed based on experimental data of rat tail
suspension [3] to examine the effect of microgravity on
the activity of the heart. Using developed heterogeneous
ventricular cell models, the main factor(s) affecting action
potential (AP) wave generation in the short term and long
term microgravity conditions were revealed. In addition,
the propagation of AP waves in the 1-dimentional (1-D)
ventricle strand was also investigated using the
constructed 1-D ventricle strand model. This simulation
results may provide a theoretical therapy target for further
anti-arrhythmia researches under microgravity condition.

2. Methods

2.1.  Ventricular cell models and modeling
methods

The Pandit et al. models [5] of action potentials of rat
endocaridal and epicardial cells were modified to mimick
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the effects of microgravity. Its impact on Iy was
simulated by blocking of I, based on experimental data
[3]. Meanwhile, the increasing of ly. also incorporated
because of the up-regulated expression of Na'-K'-
ATPase a2 sub-unit in ventricular myocytes in
microgravity experiment of rat tail suspension [3]. Two
conditions including short term (2 weeks) and long term
(4 weeks) microgravity were defined to represent the
effect of different length of microgravity on ventricular
myocytes according to experimental data [3] summarized
as follows (Table 1):

Table 1. Membrane currents changes in rat endocardial
and epicardial ventricular myocytes in microgravity
conditions.

weightlessness Ulca(%0) Myaca(%0)
(rat tail suspension)
Short term (2 weeks) 9.1 58.5
Long term (4 weeks) 50.9 106.9

The AP for ventricular myocytes represented as in
previous study [5] which was solved by explicit Euler
method in a time step of 0.0001ms. For inducing the AP
waves, a series of supra-threshold stimuli with strength of
0.6nA were applied to the endocardial and epicardial
myocytes for 5ms at a frequency of 5Hz.

2.2. 1-D ventricle transmural strand

model and numerical approach

A model of 1D ventricle transmural strand was
constructed, with the AP for ventricular cells in this
strand was described as follows:

%/:—Iion +V-(DVV) . W

Where D is diffusion coefficient and equals to 0.0113
mm?/s. It has been shown that the expression of connexin
43 mildly up-regulated in the short and long term
microgravity conditions based on rat tail suspension data
[3], increasing by 12% and 11% respectively. Therefore,
we set the value of D in the 1D strand increased by the
same proportions as described above.

The length of the 1D ventricle strand is 3 mm,
including 2 mm of endocardial strand and 1 mm of
epicardial strand. It was assumed to be equivalent to
include 20 endocardial cells and 10 endocardial cells
based on our simulation used a spatial resolution of
0.1mm which is equal to the length of ventricular cells.
Standard S1-S2 stimuli protocol was applied to activate
the tissue and calculated vulnerable window of the 1D
strand: S1 stimuli were applied for 5 ms to the first 3
endocardial cells to induce the excitation propagation in
the tissue, and then S2 stimuli simultaneously applied to
the 11" cell and the following 5 connected cells.

3. Results

3.1. Computer modeling short and long
term microgravity effects on action potentials
in ventricular cells
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Figl. Simulated action potentials in endocardial and
epicardial ventricular cells in short and long term
microgravity conditions. °

Figure 1 represents the effects of the short and long
term microgravity on the APs in endocardial and
epicardial myocytes. Simulation results show that the
APD reduced in both endocardial and epicardial cells in
microgravity conditions (figure 1A and 1B). Short term
microgravity decreased similar proportion of APDg, in
endocardial and pericardial myocytes, decreasing by
approximately 10% (figure 1C and 1D). While the
reduction of APDg, is more prominent in the long term
microgravity condition, reducing by 34.9% in endocardial
myocyte and 36.5% in epicardial myocyte (figure 1 C and
1D). This heterogeneous APD reduction resulted in a
reduced transmural dispersion of APDg, by 7.1 ms in the
long term microgravity condition (figure 1E).

3.2. Effect of microgravity induced
changes in ion channel alone on action
potential duration in ventricular myocytes

A reduction of Ic, and an augment of Iy, have been
observed experimentally in microgravity condition.
However, the relative contributions of these two changed
currents in microgravity condition are unclear. Therefore,
the functional effect of microgravity induced changes in
ionic currents on APDgy was computed separately (figure
2). Simulation results show that reduction of I, played a
dominant role in reducing APDg, in both epicardial and
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endocardial cells in the long term microgravity condition,
as well as in epicardial cell in the short term microgravity
condition. While the two altered currents have similar
effect on APDgy, in endocardial cell in the short term
microgravity condition.
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Fig2. The effect of microgravity induced changes in ion
channel alone on APDg, in endocardial and epicardial
myocytes.

3.3.  Simulated excitation wave
propagation across the 1D ventricle tissue in
short and long term microgravity conditions
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Fig 3. Excitation propagation across the 1D ventricular
tissue without and with diffusion coefficient changes in
control, short and long term microgravity conditions.

Experimental observation shows that the expression of
connexin 43 up-regulated in microgravity condition [3].
Therefore, we simulated AP wave propagation in the 1D
strand with an increased diffusion coefficient (D). The AP
induced from the beginning of endocardial myocytes and
propagated to the direction of epicardial myocytes in the
strand (figure 3A). It is shown that repolarization of the
AP accelerated from the short term to the long term
microgravity condition (figure 3A). Microgravity
increased D resulted in conduction velocity from
negligible reduction turned to mild increase, increasing
by 6% and 5% respectively in the short and long term
microgravity conditions (figure 3B). Microgravity
induced ionic currents changes decreased APD, this APD
reduction is strongly correlated with the QRS and T wave

in electrocardiogram (ECG). Therefore, a pseudo-ECG
was computed in control and microgravity conditions
(figure 3C). Simulation results show that the long term
microgravity resulted in a reduction of QT interval as
well as a depression of ST phase and the peak of T wave,
which are consistent with experimental observation [3].
Meanwhile, it is shown that the peak of T wave and ST
phase depressed obviously from the short to long term
microgravity conditions.

3.4.  Simulated temporal vulnerability of
the 1D ventricle strand to unidirectional
block in the short and long term
microgravity conditions
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Figure 4. Simulated temporal vulnerabilities of the tissue
to unidirectional conduction block in response to a
premature stimulus in control and microgravity
conditions.

Further studies were carried out to identify how the
short and long term microgravity changed the
susceptibility of the 1D tissue to arrhythmogenesis. Using
the developed 1D tissue, a test stimulus applied to the
refractory tail of previous excitation wave to
quantitatively compute the temporal vulnerability of the
1D strand to unidirectional block under control, the short
and long term microgravity conditions. With the time
interval between S1 and S2 stimuli (at) equal to 81.5 ms,
74.7 ms and 56.2 ms in control, short and long term
microgravity conditions, bi-directional excitation wave
propagation failed to occur as the premature stimulus (S2)
did not give the 1D tissue enough time to recover from
inactivation (figure 4A). But when the stimulus applied
within the vulnerable window, a unidirectional excitation
block occurred as shown in figure 4B. It is worth noting
that this unidirectional conduction block is in the
direction of endocardial section, which is mainly due to
the comparatively longer APD in endocardial cell than in
epicardial cell. With the increasing of At, there is enough
time for endocardial and epicardial cells in the tissue to
recover, resulting in bi-directional excitation conduction
in the tissue (figure 4B). The width of the vulnerable time
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window is computed equal to 1.8 ms and 1.3 ms in the
short and long term microgravity conditions, which are
smaller than that of 1.9 ms in the control condition (figure
4C). As unidirectional block is an essential factor to
induce re-entry in 2D tissue, the decreased vulnerable
time window indicated a reduced risk of the occurrence of
re-entry  in  microgravity  condition.  However,
microgravity induced APD reduction, meaning the
shortened wavelength of excitation, further facilitated the
maintenance of re-entry as observed in previous studies

[6].
4. Discussion and conclusion

In this study, we performed a series of simulations
based on biophysical detailed mathematical models of
endocardial and epicardial ventricular myocytes as well
as 1D ventricular tissue, evaluating the short and long
term microgravity effects on APDg, transmural gradient
of APDy, in endocardial and epicardial cells, excitation
conduction across the 1D ventricular strand and the
vulnerability of the 1D tissue to unidirectional conduction
block. The main findings are that: (I) the reduced I, and
increased Iy, in microgravity conditions resulted in
reductions of APDg, and transmural time gradient of
APDy,, especially in the long time microgravity condition;
(11) decreased Ic, played a main role in decreasing APDgg
in microgravity conditions as a whole; (III) the up-
regulated expression of connexin 43 mildly increased
excitation wave conduction velocity in the 1D tissue; (IV)
microgravity induced a reduced dispersion of ventricular
effective repolarization, that further reduced vulnerability
of the 1D ventricle tissue to generate unidirectional block,
especially in the long time microgravity condition.

This study also has some limitations, including: (I) the
limitations of the ventricular models that have been
described in previous study [5] ; (II) besides ion channel
changes, rat tail suspension mimicked microgravity may
also induce other changes in heart rate [7] as observed in
head down bed rest experiments and the mass alteration
of left ventricle [8] in space flight astronauts. Therefore,
further studies need to consider these effects on excitation
generation and conduction in ventricle tissue. (III) In this
simulation study, excitation wave propagation in 1D
ventricle strand was simulated, but the substrate property
of re-entry in 2D and 3D ventricle tissue is still unclear,
further studies need to focus on these issues.
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