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Abstract

investigate the effect of the electrical coupling at the border on the pacing and driving of the biological pacemaker in ventricle. First

Biological pacemaker has attracted more and more attention of the researchers. The aim of this manuscript is to

of all, a 1D ventricular strand model containing a pacemaker is developed by using the anisotropic reaction diffusion equation. Based
on the model, the initial pacing time(IPT), action potentials of the cells in special locations, and the propagation process of the
electrical excitation are simulated corresponding to different couplings at the border, and it is found that to an extent, the pacing of
the pacemaker is enhanced by weakening the coupling. However, when the coupling is small enough, the excitation of the pacemaker
could not effuse, making the driving failed. In addition, the relationship between the minimum size of the pacemaker and the
coupling is also probed, which reveals that the smaller the coupling is, the less the pacing cells are required. Nevertheless, the

relationship is not prominent. In conclusion, it plays a certain role in the functioning of the pacemaker to reduce the coupling at the

border alone. Nevertheless, other measures should also be taken to create an effective biological pacemaker.

Key words
DOI: 10.16476/j.pibb.2019.0327

Heart is one of the indispensable organs in the
human body. However, cardiovascular diseases have
been the first killer of the human health in recent
years, resulting in more than 3.5 million deaths every
year in China alonel'l, in which, sinus node
dysfunction and atrioventricular block are the most
common types. The best way to treat these diseases is
to implant electrical devices, which have been
employed for more than 6 decades with refinements.
In the United States, there are more than 200 000
patients who need to implant electrical pacemakers
every year?l. Meanwhile, the disadvantages of the
devices are transparent, such as the infection, short
battery lifespan and so on*®l. As a result, more and
more attention has been paid to the biological
pacemakers!’-1],

In the normal heart, there are no more than 10*
pace-making cells, which produce electrical impulses
automatically and drive the whole heart containing
about 10'0 cells!'"). The ratio of the pace-making cells

biological pacemaker, ventricular myocytes, pacing, driving, electrical coupling

and all the cardiac cells is about 1 : 10°. In a previous
study of the biological pacemaker, a 2D computing
model was developed and it was found that the
pacemaker could not work even though the ratio was
1 : 3, if the coupling in the ventricle tissue and
biological pacemaker was with normal valuel'?l. So,
what contributes most to the robust functioning of an
efficient pacemaker?

In fact, a salient feature of the genuine
pacemaker — the sinoatrial node (SAN) is that the
electrical coupling in SAN is weaker than that in the
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atrial and ventricular tissues. Moreover, the coupling
is much weaker in the core and is a little stronger at
the periphery!!3-14],

SAN is given rise to by the Tbx18-expressing
mesenchymal precursor cells!!>1¢), The overexpression
of Tbx18 significantly down-regulates Cx43 in the
center, while does not make negative impact on Cx40
and Cx45 at the periphery of SAN. On one hand, the
depression of Cx43 leads to the substantial decline of
electrical coupling in the SAN. On the other hand, the
sufficient connexins Cx40 and Cx45 at the periphery
guarantee the electrical connection between SAN and
the cardiac tissuel!7-2%1,

The weak coupling in the core shields the SAN
from the depression of the low potential environment
of the adjacent cardiac tissue, contributing to the
depolarization of the pacemaker. And, the stronger
coupling at the periphery provides the sufficient
electrical connection between the SAN and the
cardiac tissue, making sure that the high potential
from the depolarizing pacemaker stimulates the
neighboring cardiac cells to depolarize, leading to the
electrical excitation spread in the heart?'-?¥], That is,
the weak coupling plays an important role in the
functioning of SAN, and it might also be an efficient
method to weaken the coupling to generate an
effective biological pacemaker in the ventricle.

In view of the development of SAN, Tbx18 was
injected directly into the ventricle in order to create
biological pacemakers?-?%l, The experimental results
indicated that the coupling in the injection area was
weakened and the ventricular myocytes were capable
of pacing.

From the research of SAN and the biological
pacemakers, the weak coupling is the common factor
for the successful pacing and driving.

In a previous study, the effect of weakening the
electrical coupling pacemaker was
investigated in a 2D slice, and it is found that the
number of the pacing cells required decreased with
the coupling weakened?”. A 4-fold decrease of

inside the

coupling led to a 4-fold reduction of the pacing cells.
In the research of Weiss et al.?®], a 6.25-fold decrease
of coupling in the pacemaker reduced the pacing cells
required by about 2.5 fold in 1D tissue, which
validated the effect of the weak coupling on the
pacing.

Many studies have been done on the weak
coupling in the whole pacemaker. How about the

effect of the weak coupling at the border alone? Will
the functioning of the pacemaker be enhanced
substantially with the decline of the coupling at the
border?

In the study, a 1D strand model consisting of the
pacemaker and the ventricular tissue is developed.
And then, the effect of the electrical coupling at the
border is probed from the following 3 aspects: the
initial pacing time (IPT), the action potential (AP) of
cells in special locations, and the minimum size of
pacemaker for successful pacing and driving.

1 Models and methods

The models of the single cell and 1D tissue are
introduced in this section.
1.1 Model of the single cell

The model of the single pacing cell is based on
the well-established TNNP 2006 model of human
ventricular cells™, the detail of which is given in

equations (1) and (2).
dV Iion + I.m'm
T (M)
di C,
I, =1, +1,+1, +1, +1. +1., +I 2)
+INaCa + [pK + IpCa + I])Ca + [bNa

where, V' is the action potential; ¢ is the time; 7, is the
sum of the transmembrane ion channels; there are 12
currents including potassium channels, sodium
channels and so on; [, is the external stimulus
current which is set to 0 in the study; C, is the
membrane capacitance. In our simulation, for the
endocardial cells, the original model is used directly;
and for the pacing cells, Gg,, the maximum
conductance of Iy, is set to 0.05 nS/pF to guarantee
the successful pacing.

1.2 1D tissue model

In the simulation, the 1D strand, 60 mm long and
consisting of 401 cells, is divided into three segments
(Figure 1). In the central region, it is the pacemaker
with variable size, and the light gray parts of the
strand are the ventricular tissue, which are made up of
endocardial myocytes.

50 100 150 200 250 300 350 400 Cells

Fig.1 The strand
The central area: the pacemaker; the other regions: the ventricular

tissue.
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The reaction - diffusion equation is adopted to ventricular myocyte(Figure 2).
describe the conduction of the electrical excitation in
the strand, which is shown in equation (3): 50
F1% I +1. : Pacing cell
oY _ _lim stim DAV (3) - — —: Ventricular myocyte
ot C

m

where, D, the diffusion coefficient, represents the
electrical coupling among the cells. A is the Laplace
operator. The other parameters are the same as those
in equations (1) and (2).

On the 1D equation (3) could be
discretized as the partial differential equation:

av, I,

ion + I.\’lim D V V
- "D, R 7
SE D (V)

+Di(Vi+l - Vi) (4)
where, V; is the potential of the i cell in Figure 1; D,
is the coupling between the i and the (i+1)" cells.

The coupling at the border of the pacemaker and
ventricular tissue is modulated by a variable D; and in
the other region, D is set to the normal value
0.154 cm?/s™1. In the strand, the electrophysiological
characteristics of the same type of cells are supposed
to be the same. The model is solved with the time step
0.02 ms and the space step 0.15 mm. All the
simulation time is not less than 150 000 ms to gain a
stable state.

level,

2 Results and discussion

In this simulation results are
presented and discussed.

Firstly, the basic AP shape of the single pacing
cell is displayed, compared with that of the single
ventricular myocyte. Afterwards, the effect of the

coupling is investigated in four aspects: IPT, APs of

section, the

cells in special locations of the strand, the impulses
spatiotemporal propagation, and the minimum number
of the pacing cells required.
2.1 APs of the single cell

The biological pacemaker is composed of pacing
cells which are reformed from the ventricular
myocytes by depressing /;. What's more, the less the
Iy, the stronger the pacing. However, in practical
experiments, it is arduous to depress Iy, completely.
As a consequence, Gy, is set to 0.05 nS/F, 0.9% of the
normal value. Then, the ventricular myocytes are
transformed into pacing cells and able to pace
automatically and robustly without external stimulus.
When the pacing reaches a stable state, a whole AP is
intercepted, together with a AP of the normal

V/mV

- 100 . . . . . .
0 200 400 600 800 1000 1200

t/ms
Fig.2 The curves of action potential ( AP )
The solid curve describes the AP of pacing cell, and the dash line is
the AP of the ventricular myocyte.

In Figure 2, the solid line represents a whole AP
of the pacing cell, while the dashed one describes the
AP of the endocardial myocyte. For the pacing cell,
the AP emerges automatically. However, for the
ventricular myocyte, the whole AP is inspired by an
external =52 pA/pF stimulus for 1 ms at 470 ms.

For the single cell, it is not difficult to discover
that the lowest potential (-=75.1 mV) of the pacing cell
is palpably higher than that (-85.3 mV) of the
ventricular myocyte. It is in that for pacing cell the
dropping of the AP in the end of the 3™ phase is
weakened by the depression of /i, leading to a higher
AP in the 4" phase, which is favorable to the next
depolarization. That is, it is more beneficial to
generate an automatic depolarization.

On the 1D level, the AP of pacemaker is
influenced by the surrounding ventricular myocytes as
well. The bridge is the electrical coupling at the
border, whose effect on the pacing and driving of the
pacemaker is discussed in the following.

2.2 The initial pacing time

In this section, the 131 cells at the center of the
strand in Figure 1 are set as the pacemaker, and the
others are the endocardial myocytes.

The initial pacing time (IPT) is defined as the
time when the potential of the ventricular cell adjacent
to the pacemaker reaches the peak value for the first
time in its successful depolarization by the driving of
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the excitation from the biological pacemaker.

The capacity of the pacemaker could be
described by IPT to an extent. A longer IPT might
infer a weaker pacemaker.
the border is
modulated by a fractional term x, where 0<x<I1

The electrical coupling at

represents the degree of the down-regulation of the
coupling. And the coupling in the other area is with
the normal value. Then, the work process of the
pacemaker is simulated corresponding to different x.
The relationship of IPT and x is described in Figure 3.

4801
460
4401
4201

400}

Initial pacing time/ms

3807,

360 . . . . . . . . .
01 02 03 04 05 06 07 08 09 1.0

X

Fig.3 The relationship between IPT and x

From Figure 3, it is revealed that there is a
positive correlation between IPT and x, which means
that IPT becomes longer with the increase of x. That
is, the capacity of pacemaker is weakened by the
increasing coupling. What's more, the change rate of
IPA increases with the decline of x, which indicates
that the pacemaker is more sensitive to the change of
x when x becomes smaller.

In addition, we find that the pacemaker paces
soundly but it is not able to drive the ventricular tissue
when x<0.04. The coupling is too weak that the
connection between the pacemaker and the ventricle
is blocked, leading to the failure of the propagation of
the excitation from the pacemaker.

On one hand, the AP of pacemaker is depressed
by the surrounding ventricular tissue, and on the other
hand, the AP of the tissue is raised by the pacemaker.
The electrical connection is controlled by the coupling
at the border. If the coupling is too large, the
inhibition from the surrounding ventricle becomes

stronger, making the pacemaker a slow pacing or even
a failure. On the contrary, if the coupling is too small,
the depression to the pacemaker fades, resulting in a
wholesome pacing. However, the weak connection
leads to a failed propagation of excitation to the
ventricular tissue.

After all, the electrical coupling at the border has
two sides. The weaker coupling enhances the pacing
of the pacemaker and meanwhile restricts the
propagation of the excitation to the ventricle.

2.3 The APs of cells in special locations

In the section, the effect of the coupling on the
APs of the pacing cells and ventricular myocytes is
investigated. All the simulation settings are the same
as those in Section 2.2. x is utilized to modulate the
coupling at the border. Then the APs of the cells
located in special regions are recorded corresponding
to different x. Figure 4 illustrates the APs of the 201%
cell (the pacing cell at the center of the strand).

-y
R4

mm——— e

V/mV

~a—

- 100 . . . . ,
1500 2000 2500 3000 3500

t/ms

500 1000

Fig.4 The APs of the 201" cell ( the cell at the center )
corresponding to different x
The solid curve describes the APs for x=0.03; the dashed one is the
APs for x=0.3; the dotted one is the APs for x=0.6 and the dash-dotted

one is the APs for x=1.0, respectively.

According to Figure 4, for different x, the
maximum values of the APs are similar, so are the
minimum values. The prominent difference is the
periods which enlarge with the promotion of x. That
is,the pacing frequency decreases with the rise of the
coupling at the border, which indicates that the
capacity of the pacemaker might be weakened by the
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larger coupling. The result is consistent with that in
Section 2.2.

Figure 5 displays the APs of the 135" cell which
is the ventricular myocyte located next to the
pacemaker corresponding to different x.

801
60+

40t

&

201

|
[
(=}

-80;..Dl§\l ,\ o

- 100

500 1000 1500 2000 2500 3000 3500
t/ms

Fig.5 The APs of the 135" cell ( the ventricular myocyte
close to the pacemaker ) corresponding to different x
The solid curve describes the APs for x=0.03; the dashed one is the
APs for x=0.3; the dotted one is the APs for x=0.6 and the dash-dotted

one is the APs for x=1.0, respectively.

The most prominent feature of Figure 5 is that
when x=0.03 the maximum potential value of the
myocyte is less than —60 mV, which implies the failure
of the depolarization and the block of the propagation.
Together with Figure 4, when x=0.03, the pacemaker
paces robustly with a high frequency. However, it is
unable to stimulate the adjacent ventricular myocytes
to depolarize, leading to the block of the propagation.
That is, the weaker coupling results in a strong pacing
and meanwhile a fragile driving.

The myocyte depolarizes completely when x=
0.3, 0.6 and 1.0. This demonstrates that the excitation
from the pacemaker drives the myocyte successfully
and propagates through the myocyte to others. From
Figure 5, it also suggests that the AP periods of the
myocyte change with x, because the generation of the
AP is stimulated by the electrical excitation from the
pacemaker, of which the rhythm varies with x. In
addition, the main phases of APs are almost the same
for different x.

2.4 The spatiotemporal propagation

In order to visually observe the propagation of

the electrical excitation in the 1D tissue, both the
successful and failed spatiotemporal conductions of
the excitation are presented.

From the Section 2.2, it is known that the
pacemaker could pace and drive the ventricle soundly
when x=0.04. As a consequence, x=0.6 is chosen for
simulation, and the simulation results are shown in
Figure 6.

In Figure 6a, the horizontal axis is the timeline
and the vertical axis represents the locations of the
cells. The column corresponding to any ¢, in
horizontal axis depicts the potential distribution of the
I3t to 401% cells at that time,
corresponding to any n, in vertical axis exhibits the

while the row

potential distribution of the ny" cell from 1 ms to
3 700 ms. The potential is described by the color, which is
high in red and low in blue. The details are listed in
the color bar. From the figure, it is revealed that the
excitation emerges from the center (the pacemaker) of
the strand and propagates to the two ends.

The APs could be observed clearly in Figure 6b.
The red curves are the APs of the pacing cells, while
the blue ones are the APs of the ventricular myocytes.
It is evidently seen that the pacemaker paces first and
drives the myocytes to generate complete APs
successively.

When 0.03=x<0.04, from the analysis in Section
2.2, it is concluded that the pacemaker paces healthily.
However, the excitation could not spread. The
simulation results are shown in Figure 7.

In order to display the details of the propagation
more obviously, all the regions with potential above
-60 mV are set in red color. As a consequence, the
potential changes between —80 mV to —60 mV are
more pronounced.

It is in evidence that the pacemaker paces
soundly (Figure 7a). However, the peak value of the
potentials of the adjacent myocytes is less than
-60 mV, leading to a defeated depolarization. The
peak potential of the myoctes is too low to drive the
neighbors to depolarize, resulting in the block of
electrical excitation propagation ultimately.

The details of the APs could be detected more
distinctly in Figure 7b. There are 4 well-defined
phases in the APs of the pacing cells, while for the
myocytes, the curves of the APs are almost like
straight lines, with no depolarization or repolarization.
The excitation from the pacemaker is demolished
vastly by the weaker coupling at the border, which is
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Fig. 6 Spatial and temporal distribution of the electrical excitation in 1D strand when x=0.6

(a) The 2D space and time distribution of conductance of the impulses. (b) The 3D space and time distribution of the impulses. The red lines are

the APs for pacemaker cells and the blue ones are for working myocytes.
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Fig. 7 Spatial and temporal distribution of the electrical excitation in the 1D strand when x=0.03

(a) The 2D space and time distribution of conductance of the impulses. (b) The 3D space and time distribution of the impulses. The red lines are

the APs for pacemaker cells and the blue ones are for working myocytes.

not able to
effectively.

stimulate the ventricular myocytes

In summary, the pacing and driving of the
pacemaker could be enhanced by weakening the
coupling at the border. Nevertheless, a too weak
coupling would result in a failure of the propagation.
2.5 The minimum number of the pacing cells
required

In this section, the minimum number of the
pacing cells needed to generate a successful pacing
and driving is probed corresponding to different x.

As stated above, x is employed to modulate the
coupling at the border. For a fixed x, taking 1 as the
step, the number of the pacing cells is increased from
1 until the pacemaker is able to pace and drive the
ventricular tissue. And then the corresponding number
is recorded, which is the minimum number of the
pacing cells required for the x. The relationship
between the number and x is depicted in Figure 8.

Figure 8 demonstrates that more pacing cells are
required to make a successful pacing and driving with
the increase of the x. Nevertheless, the changes are
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not significant when x>0.3. Taking x=1.0 and x=0.25
for example, the minimum number is 64 for x=1.0,
while it is 61 for x=0.25. The ratio of the latter to the
former is about 95.3%. The pacing cells required are
reduced by 4.7%. As a comparison, if the coupling in
the whole pacemaker is modulated, the minimum
number is 42 981 for x=1.0, while it is 11 289 for x=
0.25. The ratio is 26.2%?. The pacing cells required
are diminished by 73.8%. This
weakening the coupling alone at the border plays a

indicates that

certain role in the functioning of the biological
pacemaker. However, the effect is not prominent.

70
68

50 L L L L L L L L L
01 02 03 04 05 06 07 08 09 1.0

X

Fig. 8 The minimum number of pacing cells required
( MNPR ) to make a successful pacing and driving

corresponding to different x

4 Conclusions

Biological pacemaker has been a hotspot in
recent years. However, there are still many key
technologies to probe how to create a feasible and
effective biological pacemaker.

In the manuscript, the effect of the electrical
coupling at the border on the functioning of the
biological pacemaker is investigated. Firstly, a 1D
computing model containing a biological pacemaker
and the ventricular tissue is developed. Based on the
model, the IPT, APs in special locations, and the
propagation of the excitation are simulated, and it is
discovered that the functioning of the pacemaker is
promoted with the decline of the coupling at the
border. Nevertheless, if the coupling is too weak, the
propagation is blocked at the border, though the

pacemaker paces soundly. That is in that the excitation
accessing to the ventricular tissue is attenuated
extremely by the weaker coupling at the border, not
able to stimulate the myocytes to generate complete
depolarization.

In addition, from the relationship between the
minimum number of the pacing cells required and the
electrical coupling at the border, it is found that the
former is not influenced manifestly by the latter.

In conclusion, on one hand, the weak electrical
coupling at the border plays a positive role in the
biological pacemaker, guaranteeing the pacing. On the
other hand, the propagation might be blocked by a too
weak coupling, leading to an unsuccessful driving. As
a consequence, to create an effective and efficient
biological pacemaker, it is unfavorable to weaken the
coupling at the border alone, and other affecting
factors should also be taken into consideration.
Moreover, the further investigation on the 2D level
will be performed in the following study.
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