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Fibrotic remodeling, characterized by fibroblast phenotype switching, is often associated with atrial fibrillation and heart failure.
This study aimed to investigate the effects on electrotonic myofibroblast-myocyte (Mfb-M) coupling on cardiac myocytes
excitability and repolarization of the voltage-gated sodium channels (VGSCs) and single mechanogated channels (MGCs) in human
atrial Mfbs. Mathematical modeling was developed from a combination of (1) models of the human atrial myocyte (including the
stretch activated ion channel current, Ig,.) and Mfb and (2) our formulation of currents through VGSCs (Iy, yi,) and MGCs
(Iyigems) based upon experimental findings. The effects of changes in the intercellular coupling conductance, the number of
coupled Mfbs, and the basic cycle length on the myocyte action potential were simulated. The results demonstrated that the
integration of I, ¢, Iy, mep» a0d Iyge ms reduced the amplitude of the myocyte membrane potential (V) and the action potential
duration (APD), increased the depolarization of the resting myocyte membrane potential (V,.), and made it easy to trigger
spontaneous excitement in myocytes. For Mfbs, significant electrotonic depolarizations were exhibited with the addition of I, s,
and Iyge e Our results indicated that Igac, Iy, mm» @0d Iyge me significantly influenced myocytes and Mfbs properties and

should be considered in future cardiac pathological mathematical modeling.

1. Introduction

Recent studies have demonstrated a correlation between
atrial fibrillation (AF) and fibrotic remodeling, specifically
fibrosis [1-3]. However, their relationship has not been fully
understood. Changes have taken place during the process
of fibrotic remodeling in terms of gap junction remodeling
[4], the deposition of excess collagen [5], and fibroblast
phenotype switching [2, 6], which determines the degree of
AF initiation and maintenance in atrial fibrosis in AF subjects
[7].

Different currents have been identified in cardiac fibrob-
lasts by recent electrophysiological studies, including the
currents through potassium channels [8, 9], the nonselective
transient receptor potential cationic channel subfamily M
member 7 (TRPM7) [10], voltage-gated sodium channels
(VGSCs) [11], chloride channels [12], single mechanogated
channels (MGCs) [13], and voltage-dependent proton cur-
rents [14]. Therefore, fibroblasts are no longer considered

as nonexcitable cells. As one of the main characteristics
of fibrotic remodeling, fibroblasts proliferation and differ-
entiation into myofibroblasts (Mfbs) at the cellular level
have been shown to play an important role in cardiac
pathological status [15, 16]. During fibroblasts differentiation,
significantly increased potassium channels and TRPM7 have
been reported [10, 17]. Specifically, with the measurement
of the neoexpression of rapid Na* currents through VGSCs
during the process, 75% of the Mfbs derived from the culture
of human atrial fibroblasts expressed Na* current between 8
and 12 days. After 12 days, 100% of the Mfbs expressed Na*
current [11]. In addition, there is strong evidence that this Na*
current is generated by Na, 1.5 a-subunit, a typical VGSC to
produce Na™ current in cardiomyocytes [11].

Recent studies have also suggested that MGCs were mod-
ulated by mechanical deformations of fibroblasts, which may
contribute to the cardiac mechanoelectrical feedback under
both physiological and pathophysiological conditions [18,
19]. As myocytes start contracting, the interposed fibroblasts
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are mechanically compressed. The membrane potential of
fibroblasts is depolarized by ionic currents through MGCs
[13,18].

Computational models of atrial fibrosis have been used to
investigate the relationship between fibrotic remodeling and
AF. For gap junction remodeling, simulation results showed
that increased anisotropy led to sustained reentrant activity
[20]. For collagen deposition, it has been demonstrated
that patchy distributions of collagen were responsible for
atrial conduction disturbances in failing hearts [21, 22].
For fibroblast proliferation and phenotype switching, studies
indicated that coupling of fibroblasts to atrial myocytes
resulted in shorter duration of the action potential (APD),
slower conduction, and the development of AF [23, 24].
Taking Mftbs into account, other studies combined all the
above-mentioned elements in the left atrial model to examine
the underlying mechanisms of AF initiation and indicated
that Mfbs exerted electrotonic influences on myocytes in the
lesions [1, 25]. However, all these published simulation studies
have not considered the following: first, the stretch activated
ion channel current (Igyc) in myocytes, which significantly
influences the electrophysiological characteristics of cardiac
myocytes under stretching [26, 27]; second, the currents
through VGSCs (I, msp) and MGCs (Iygemr) in Mibs,
which could influence Mfb properties and contribute to
mechanoelectrical coupling in cardiac pathologies [11, 13].

The present study aimed to investigate the combinational
role of Igzc, Ing men> and Iyge me, D the excitability and
repolarization of cardiac myocytes by Mfb-myocyte (Mfb-
M) coupling. Specifically, a new formulation of Iy, y, and
Lve me, based on experimental data will be combined with
models of human atrial myocyte (including Ig,.) and Mfb.
Simulation results of human atrial myocyte action potential
(AP) dynamics from different gap-junctional conductances
(Ggqp)> number of coupled Mfbs, and basic cycle lengths
(BCLs) will be compared.

2. Materials and Methods

The framework of the coupled Mfb-M model was developed
from Maleckar et al’s model of the human atrial myocyte [28]
(including I, equations described by Kuijpers et al. [26]),
MacCannell et al’s model of the human cardiac Mfb [24],
and our new formulation of I, vy, and Iyge me, based on
experimental findings from Chatelier et al. [11] and Kamkin et
al. [13]. Figure 1 is a schematic of the Mfb-M coupling model.
An overview of the simulations is described as follows.

2.1. Mfb-M Coupling. According to [24], the differential
equations for the membrane potential of cardiac Mfb and
myocyte are given by

AV,
dt
1
= C (Ibe,i Vit ) + Gap (Vi = VM)) s (1)
m,Mfb

n
=——=—\Iu (VM’ t) + ZGgap (VM - Vbe,i) >
dt Coum pact
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where Vyq,; and V), represent the transmembrane potential
of the ith coupled Mfb and the human atrial myocyte, respec-
tively; C,, \ip, and C,,, , represent the membrane capacitance
of the Mfb and the myocyte, respectively; Iy, ; and I,
represent the transmembrane current of the ith coupled Mfb
and the human atrial myocyte, respectively; and G, repre-
sents the gap-junctional conductance, which varies between
0.5 and 8nS in individual simulations based on previous
measurements [19, 29]. A negative Lo (ie., Geap (Vmtoi—Var))
indicates that the current is flowing from the myocyte into the
ith Mfb, and 7 is the total number of coupled Mfbs.

2.2. Mathematical Model of the Human Atrial Myocyte. The
mathematical model from Maleckar et al. was implemented
in this study [28], which was based on experimental data
and has correctly replicated APD restitution of the adult
human atrial myocyte. To describe the influence of stretch
on myocyte AP, the original model from Maleckar et al. was
modified with the total ionic current of myocyte (I,) given by

Iy (Vaps t) = Ing + Iear + I + Iy + Iy + I, + I
+ IgNa + Ipca + Inak + Lcap + Inaca (2)

+ Isac = Lstimo

where Iy, is fast inward Na® current; I,; is L-type Ca*"
current; I, is transient outward K™ current; I, is sustained
outward K' current; Iy, is inward rectifying K* current;
Iy, is rapid delayed rectifier K™ current; Iy  is slow delayed
rectifier K™ current; I, is background Na* current; I ¢,
is background Ca®" current; I,y is Na*-K* pump current;
I,p is sarcolemmal Ca®* pump current; Iy,c, is Na*-Ca®*
exchange current; Ig,c is stretch activated current; and Ig,,
is stimulated current.

On the basis of experimental observations [30], it has
been reported by Kuijpers et al. that Iy, in atrial myocytes
is permeable to Na*, K*, and Ca** [26], which is defined as

Isac = Isacna + Isack + Isac,cas 3)

where Ixc g Isac ke and Isac c, represent the contributions
of Na*, K*, and Ca®" to I,¢, respectively. These currents
were defined by the constant-field Goldman-Hodgkin-Katz
current equation [26].

To introduce the effect of I, on intracellular Na¥, K,
and Ca®* concentrations ([Na*], [K*], and [Ca®'])), we
replaced equations of [Na*],, [K*],, and [Ca®"]; in Maleckar
et al’s model [28] by

d [Na+],- _ INa + Igna + 3Inak + 3Inaca + Isacva
dt Vol,F ’
+
a[K’],
dt

_ _It + Iy + I + s + Ixr = 2Inak + Lsack
VoL,F

>
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FIGURE 1: Schematic representation of the mathematical model of Mfb-M coupling.

2+
d [Ca ]i
dt
_ —lgi + Ipco + Icap = 2Inaca + Lup = Trel + Isacca
2.0Vol,F
_do
dt’

(4)

where F is Faraday’s constant; Vol; is cytosolic volume; I
is Ca®" diffusion current from the diffusion-restricted sub-
sarcolemmal space to the cytosol; I, is sarcoplasmic reticu-
lum Ca®" uptake current; I, is sarcoplasmic reticulum Ca**
release current; and O is buffer occupancy.

2.3. Electrophysiological Model of the Human Atrial Mfb. The
electrophysiological model of the human atrial Mfb from
MacCannell et al. [24] was used in the present study. It
included time- and voltage-dependent K* current (I, pis )
inward rectifying K" current (Iy; ), Na*-K* pump current
(Inax mgp)> and Na* background current (I n, aisp)-

In addition, Iy, mp @and Iyge v, Were added in the Mfb
model. According to the published experimental data [9], the
Mfb transmembrane potential Vy;q, and C,, yiq, of =47.75 mV
and 6.3 pF were used.

For Iy, ms,> the steady-state value of activation gating
variable for Na* current (71,4,) was obtained by fitting the

experimental data from Chatelier et al. [11] with a Boltzmann
function using Origin software:

+A,, (5)

where Vi, is the Mfb potential ranging from —120 mV to
40 mV in 10 mV increments and y is the corresponding value
of myq, at each V. A, and A, are fitting coefficients and
V,5 and k represent the half-maximum voltage of activation
and the Boltzmann steepness coeflicient, respectively.

After the data were fitted with a Boltzmann function, A,
and A, were —0.0102 and 1.0063, respectively. V, ; and k were
—42.1mV and 10.53, respectively. The equation of 71y, was
then expressed as

— _ —0.0102 — 1.0063
it = 1.0 + eV +42.1/10.53

+ 1.0063. (6)

The steady-state value of inactivation gating variable for
Inam (i) Was also fitted with the Boltzmann function,
with A, and A, 0f1.04 and 0.004 and V, 5 and k of —84.82 mV
and 9.4, respectively. The equation of j,q was given as

= _ 1.04 - 0.004
Juto = 1.0 + e(Vun+84.82)/9.4

+0.004. (7)

As suggested by Chatelier et al. that I, \, Was generated by
the same Na, 1.5 which produced Na" currents in the atria
and ventricle of the adult human heart [11], the equations of
activation time constants in the model of Courtemanche et



al. [31] were used to describe the activation time constant for
Ina ity (T, )- The equations are given by

Vup +V,
Ky, = 1 M/ib(v XV ’ (8)
b 1 — eA2Vup+Vi)
ﬁmeb _ A3E_VMﬂ7/A4, 9)
1
Ty — ~ L a2 (10)

bl
“mMﬂ) + ﬁ Mgy

where Vy are original values, ranging from —-40mV to
30mV in 10mV increments and 7,, =~ is the correspond-
ing value at each Vyq,. «,, and B,  are extrapolated rate
coeflicients. After the data were fitted with these equations,
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A, to A, were 0.0077, —0.18, 0.004, and 11.98, and V, was
68.19 mV.

Equation (8) requires evaluation of a limit to determine
the value at membrane potential for which its denominator is
zero. Equations (8) and (9) are therefore expressed as follows:

[2
Mgy

Vi, + 68.19
0 — ¢ 018(Vyyq, +68.19) (H)
if Vyyg, = —68.19

0.0077 !
0.0433,

/))'”be = 0.004¢ Vvin/1198

Similarly, the equations of inactivation time constant (z; )
were as follows:

Vg, + 35.73
(_14.560.17VMﬂ) + 1.8e1'56VMﬂ>) ) %
Fir, = 1.0 + &331Vup+3-
" if Vi > —40.0,
~0.0995Viyg,
5.05% 107°
B, = 1.0 + ¢~ 0-01(Viyp, —84.02) )
- e_4'13X10_4VMﬂ)
o4 1.0 4 e 0-09(Vyp, +42.44) if Vyyp, = —40.0,
o= 1
T S
Mfb ochﬂ) + /),jMﬂ)

The model of Iy, yp, Was modified from the equation
described by Luo and Rudy [32], as follows:

— .0.12
INaMfb = Ina MMt It (Vbe - ENa,be) >

RT [Na+]C,Mﬂ) (13)

Bt = — 1
Na,Mfb F og [Na*]

>

i,Mfb

where gy, v, the maximum conductance of Iy, v, Was
0.756nS; Ey, g is the Nernst potential for Na® ions;
[Na®] g, the Mfb extracellular Na® concentration, was
130.011 mmol/L; [Na*]; \sq,, the Mfb intracellular Na* concen-
tration, initial value was 8.5547 mmol/L; myq and jyq, were
the activation and inactivation parameters, respectively. In
order to conform to the experiment data [11], j was modified
to be /2. Equations of time dependence were given by

dmyg, _ My, — Mgy
dt T ’

My,

(14)

defb _ jbe B jbe
dt '

Ty

For Iyigc mp» the equation based on experimental results
from Kamkin et al. [13] was given by

Ivcemm = Gvcems - Vb — Evcomn) » (15)

where gyc vp,» the maximum conductance of Iyge wp» Was
0.043 nS and Eyigc sy the reversal potential of MGCs, was
close to 0 mV [13].

2.4. Simulation Protocol. Simulations were carried out with
(1) two Mfbs coupled to a single atrial myocyte in which G,
varied between 0.5 and 8 nS and (2) one and four identical
Mibs coupled to a single atrial myocyte at constant G, of
3 nS. Next, in order to investigate the role of BCL in myocyte
AP, the coupled system was paced with BCLs from 100 to
2000 ms for each Gga (0.5 or 8nS) and for each number
of coupled Mfbs (1 or 4). The resting myocyte membrane
potential (V,.,), the amplitude of the myocyte membrane
potential (V,_,.), and APD at 90% repolarization (APD,,) at
different BCLs were obtained.

To ensure that the coupled system reached steady state,
stimulation was repeated for 20 cycles. The results from the
last cycle in each simulation were used. All state variables of
the coupled model were updated by means of the forward
Euler method. The time step was set to be 10 us to ensure
numerical accuracy and stability.
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FIGURE 2: Model representation of parameters describing I, . (@) Steady-state activation (solid line) and inactivation (dashed line) curves,
(b) gating variable fast (solid line) and slow (dashed line) time constants, and (c) I-V relationship (solid line). Experimental data (filled and

hollow circles) from Chatelier et al. is included for comparison.

3. Results

3.1 Ingmp and Lyge g, in Mfbs. Figure 2 shows the steady-
state activation and inactivation curves, time constants, and
the current-voltage (I-V) relationship of Iy, s, All the
curves were consistent with the experimental data [11].
Figure 3 shows the linear I-V relationship of Iyigc wmep-
The curve was consistent with the experimental data [13].

3.2. Effects of Isye> Inapr and Iyep on Atrial Myocyte
and Mfbs. Figure 4 shows the combinational effects of Ig,c,
Ia mfby and Iyige me, 00 the membrane potential of myocytes
and Mifbs by coupling two Mfbs to a human atrial myocyte
with Gg,, of 0.5 and 8nS. For myocytes, including Iy, m»
Isac and Iyge v to the model of Mfb-M coupling resulted
in gradually decreased V. ,, and APD,, and increased V,
depolarization (Figures 4(a) and 4(b)). With Gaap of 0.5nS,
Vinax Was decreased by 0.8% (with Iy, yp)> 16.7% (with
I miep and Iy o), and 18.6% (with I, s> Isacr and Iyige meb)
in comparison with the control (without I, vy, Isac, and
Lyce msb)- Correspondingly, for the three conditions, APDg,
was decreased by 20.0%, 19.1%, and 20.2%, respectively, and
Viest increased by 8.3%, 20.3%, and 22.4%, respectively. With
Ggqp Of 818,V was decreased by 0.2%, 23.5%, and 18.6%,
respectively. APDy, was decreased by 1.6%, 4.1%, and 11.1%,
respectively. V. was increased by 0.8%, 12.5%, and 15.9%,
respectively. In addition, I, v,» Isac> and Iyge v, decel-
erated the repolarization of the atrial myocyte AP, especially
with a large Gy, For Mfbs, with G, of 0.5nS, significant

Current density (pA)

-20 20 60
VMﬂ) (mV)

-60

FIGURE 3: The I-V relationship (solid line) of MGCs. Experimental
data (filled circles) from Kamkin et al. is included for comparison.

electrotonic depolarizations were observed with the integra-
tion of the three currents (Figure 4(c)). V., of the Mfb was
—12.4 mV (control), 71 mV (with Iy, yip)> 1.5 mV (with I, v
and Igyc), and —1.0mV (with Iy, mey> Isacr and Iyge meb )
respectively. With Gg,, of 8ns, the effects of these currents
on Mtbs were similar with that on myocytes (Figure 4(d)).
Figure 5 illustrates similar effects of Igyc, Ing mry> and
Lvige me, On the membrane potential of myocytes and Mfbs
when G,,,, was fixed at 3 nS and the number of coupled Mfbs
was one or four. For myocytes, integrating these currents into
the coupled model resulted in decreased V, ,, and APDg,
and greater depolarization in V., (Figures 5(a) and 5(b)).
Coupling one Mfb to a human atrial myocyte resulted in
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FIGURE 4: Effects of Igsc, Iy, msb> @0d Iygo ms ON transmembrane potential of myocyte and Mfb. (a, b) V,, and (¢, d) Viyg,, in Mfb-M coupling
with I, v (blue line), with I, and I, yy, (green line), and with Ig, e, Iy, wep» @and Iyge (red line) as compared to control (black line), by

coupling two Mfbs to an atrial myocyte with G,,,, of 0.5 and 8 nS.

0.1% (with Iy, ysp)» 381% (with Iy, e, and Igsc), and 37.4%
(with Iy, mep> Isac> and Iyge me,) decreases in V. when
compared with the control. Correspondingly, APDy, was
decreased by 1.1%, 7.7%, and 7.8%, and V,., increased by
0.4%, 25.0%, and 28.6%, respectively. Similarly, coupling four
Mtbs to a human atrial myocyte resulted in 7.9%, 30.3%, and
25.9% decreases in V., when compared with the control.
APDy, was decreased by 1.6%, 8.9%, and 18.9%, and V.
was increased by 2.3%, 17.4%, and 23.6%, respectively. For
Mtbs, the effects of these currents were similar with that on
myocytes (Figures 5(c) and 5(d)).

Figure 6 illustrates the changes of V.., V, x> and APDy,
in myocyte with the integration of I, Ina msb> a0d Iyvige mes
as a function of BCL when coupling two Mfbs to a human
atrial myocyte. For both low (0.5 nS, Figures 6(a), 6(c), and
6(e)) and high (8 nS, Figures 6(b), 6(d), and 6(f)) Gaaps Viest
declined and V,, rose in the control and with Iy, y, as BCL
increased (Figures 6(a) to 6(d)). V,. decreased initially and
then increased slightly with I, and I, e, and with Ig,e,
Iga mswy and Iyge v Contrarily, V., increased with BCL
initially and then decreased slightly. Gaps of V. and V.
between the four cases widened as the BCL increased with

more pronounced variations for the high G,,,. APDy, was

prolonged as BCL increased in all the four situations for both
Geap values (Figures 6(e) and 6(f)). With Geap of 0.5 nS, simi-
lar to V.., APDy, gradually dropped with Iy, s> Isacr and
LyGe msb in order at each BCL. However, there was no obvi-
ous difference between the four situations with G, of 8 nS.
Figure 7 shows the APs of the human atrial myocyte
at the 20st cycle with BCL of 100 (Figures 7(a) and 7(b)),
500 (Figures 7(c) and 7(d)), 1000 (Figures 7(e) and 7(f)),
and 2000 ms (Figures 7(g) and 7(h)) when Ggap Was fixed
at 3nS and the number of coupled Mfbs was one or four.
Integrating Isac, Inamrb> and Iygeme into the model of
Mfb-M coupling resulted in reductions in V,,,, and APDg,
and greater depolarization in V.. However, it is noted that
spontaneous excitements in the myocyte appeared when the
value of BCL was higher than a certain value (1000 ms in this
study). The increased V. and the longer stimulus interval
were the two major factors for the spontaneous excitement.
Meanwhile, integrating Isac, Inamen> and Iyge wg, Simul-
taneously into the coupled model triggered the most and
earliest spontaneous excitement at BCL of 1000 and 2000 ms,
suggesting that the three currents could result in discor-
dant alternans, especially with large BCL (2000 ms in this

study).
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FIGURE 5: Effects of I, ¢, Iy, mp» and Iyige wmep ON transmembrane potential of myocyte and Mfb. (a, b) V,, and (¢, d) Viyg,, in Mfb-M coupling
with I, vy, (blue line), with I, and I, g (green line), and with Ig, ¢, Iy, mep and Iyge (red line) as compared to control (black line), by

coupling one and four Mfbs to an atrial myocyte with G,,,, of 3nS.

4. Discussion

This study investigated the roles of Iy ¢, I, mrp»> a0d Iyige v
in the excitability and AP. To address these issues, numerical
simulations of the coupled Mfb-M system were performed
by employing a combination of models of the human atrial
myocyte (including Igzc) and Mfb, as well as modified
formulation of Iy, v and Iyge me, Dased on experimental
data. Specifically, the effects of these currents with changes in
(1) Ggap> (2) the number of Mfbs, and (3) BCL on the human
atrial myocyte AP dynamics were investigated. The main
results with the integration of Ig ¢, I, men»> a0d Iyige v, Were
as follows: (1) for myocytes, the addition of I, In, msp» @a0d
LyGe msb resulted in decreased V., and APDy, and increased
V..t depolarization; deceleration of AP repolarization; and
trigger of spontaneous excitements even discordant alternans
at large BCLs and (2) for Mfbs, significant electrotonic
depolarizations were obtained with small Gg,,. As the value
of G, and the number of coupled Mfbs increased, the effects
for Mfbs were similar to those in myocytes.

4.1. Resting Potential of Human Atrial Mfbs. V.., of fibrob-
lasts/Mfbs in human atria was close to —15 mV [33, 34]. At this

potential, the persistent entry of Na* in Mfb would be negli-
gible [11]. Indeed, it has been reported that V., of these cells
was sensitive to mechanical stress under both contraction and
relaxation [13, 35, 36]. A stretch of 3 ym led to a negative shift
of Vs> about =35 + 5mV [13]. Reoxygenation after hypoxia
also produced a hyperpolarization to V. [37]. Based on these
findings, we set up the mathematical formulation of Iy;gc e
and included it in the Mfb-M coupling model. In addition,
it has also been shown that K" current in cardiac fibroblasts
and V. was between —40.0 and —60.0 mV [8, 9, 38]. These
potentials corresponded to the peak of the Na" window
current described by Chatelier et al. [11]. A persistent Na*
entry may be induced based on such a cell polarity. Therefore,
we also introduced the mathematical formulation of I, vy,
and included it in Mfb modeling. V., was set to be —47.8 mV,

within the range of experimental findings [8, 9].

4.2. Role of Issc, Ing iy and Lye g 0N Ve and Excitability
of Human Atrial Myocytes. Both experimental data and
computational work have shown that the value of G,,, and
the number of coupled fibroblasts/Mfbs were important
in determining the depolarization of the coupled human
myocyte at rest [24, 28, 29, 39]. Based on the preceding
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FIGURE 6: Effects of Ig,c, I, msb> a0d Iyge v 00 AP characteristics as a function of BCL in Mfb-M coupling with I, \y, (blue line with
hollow triangle), with Iy, and I, y, (green line with hollow rectangle), and with Ig,c, Iy, meb> a0d Iyge (red line with asterisk) as compared
to control (black line with hollow circle), by coupling two Mfbs to an atrial myocyte with Ggap of 0.5and 8nS. (a, b) V.., (¢, d) V.., and (e,

f) APD,.

conclusions, our simulations also considered the effects of
Isacs Ina iy @0d Iygge mep 01 Viege and excitability of human
atrial myocytes.

For I5sc, previous studies explored the electrophysio-
logical effect of sustained stretch and indicated that I,
influenced cardiac myocytes repolarization and activation
[26, 40]. With pathophysiological conditions, such as hyper-
tension and AF, it has been observed that atrial stretch and
dilatation influenced atrial flutter cycle length and facilitated
the induction and maintenance of AF [41, 42]. However, the
SAC blocker Gd** reduced the stretch-induced vulnerability
to AF [43]. These observational studies confirmed that Iy«
plays a significant role in heart pathology. In our simulations,
integrating Is,. into the mathematical model of the human
atrial myocyte resulted in a significant depolarization of
V,est and prolongation of repolarization (Figures 4 to 7).

T
These phenomena led to alternating spontaneous excitement

propagation at a BCL of 2000 ms (Figure 7). Our simulation
agreed with Kuijpers et al., where slow conduction, a longer
effective refractory period, and unidirectional conduction
block with increasing stretch were observed [26], which were
related to the inducibility of AE

For Iy, msh» many studies have been conducted to investi-
gate how this current could influence Mfb proliferation, since
fibrotic remodeling was closely related to AF. It has been
reported that Na, 1.5 a-subunit was responsible of Iy, y, in
human atrial Mfbs, which represented electrophysiological
characteristics similar to Na® channels found in cardiac
excitable cells [11, 44]. Based on this, a multiple parameter
exponential function was used in this study, which was mod-
eled after the equation of time courses by Courtemanche et al.
to fit the time courses of current decay elicited at depolarized
voltages [31]. Unlike the assumption from Koivumiki et al.

that V., of Mfbs resulted in significant inactivation of Iy, yp
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FIGURE 7: Effects of Igsc, I mp> @0d Iyge v 00 Vo for several BCLs. (a, b) BCL =100 ms, (¢, d) BCL = 500 ms, (e, f) BCL = 1000 ms, and
(g, h) BCL = 2000 ms, in Mfb-M coupling with I, ;s (blue line), with I, and I, v (green line), and with Ig,c, Iy, me> and Iyge (red
line) as compared to control (black line), by coupling one and four Mfbs to an atrial myocyte with G,,, of 3 nS. Results corresponded to the

last cycle in each simulation.

[45], the current was activated during an atrial Mfb AP in our
simulations. Our results showed that I, \, decreased V.
and APD,, and increased V., depolarization in myocytes
(Figures 4 to 7). Like I5¢, this depolarization would be
expected to change diastolic Ca®* levels and conduction
velocity.

For e ms> experimental data has indicated that car-
diac fibroblasts expressed functional MCGs, contributing to
the cardiac mechanoelectrical feedback under both phys-
iological and pathophysiological conditions [18, 19]. Since

Lvgemep has been found in Mfbs, we assumed that it could
affect Mfb electrophysiological characteristics like I, on
myocyte. In our simulations, the I-V relation for single
MGCs was linear, which agreed with the experimental results
[13]. The results showed that integrating Iyqc vg, in the
Mifb model changed the membrane potential of Mfb and
further influenced the membrane potential of myocyte by
Mfb-myocyte coupling (Figures 4 to 7). Interestingly, MGCs
were activated by Mfb compression and inactivated by Mfb
stretch [13], implying that I;gc v, Should be integrated in
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TABLE 1: Percentage changes in myocyte V., V.. and APDgy; as compared to control.
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Goap (nS) Coupled Mfbs
0.5 8 1 4

Tnanih 0.8 0.2 0.1 7.9

Vinax 4 (%) Inamitss Lsac 16.7 23.5 38.1 30.3
Tnaniy Tsacs Incenn 18.6 18.6 374 25.9

Ina it 20.0 1.6 11 1.6

APD| (%) I witor Lsac 19.1 41 7.7 8.9
T i Tsacr Inice 20.2 111 7.8 18.9

Tt 8.3 0.8 0.4 23

Vet T(%) T vty Lsac 203 12.5 25.0 174
T Tsacr Incenn 22.4 15.9 28.6 23.6

cell modeling only during cell compression, such as fibrob-
lasts/Mtbs compression caused by stretching and dilatation
of surrounding cardiac myocytes.

Table 1 shows changes in myocyte V., Vx> and APDy,
in three situations as compared to control. The situations
were Mfb-M coupling with (1) I, mev> (2) Ing meo a0d Igacs
and (3) Ing mrb> Lsacr and Iyge mrs> respectively. Values were
recorded with two Mfbs coupled to a single atrial myocyte
in which G, was varied between 0.5 and 8 n§, or with one
and four identical Mfbs coupled to a single atrial myocyte at
a constant Gy, of 3nS. In general, it can be seen that Iy,
Ipc> and Lyge v, played a greater role in reducing V. and
APDy, and increasing the depolarization of V.. when Gg,,
was relatively small. Increasing the number of coupled Mfsbs
contributed to a further decline in APDy, in all cases, while
having different influences on V,,, and V. The reduction
of V. and the rise of depolarization of V,, were increased

rest
in case (1) and both declined in case (2) and (3).

Previous modeling work suggested that Mfb-M coupling
contributed to arrhythmia formation [23, 46]. The key fac-
tors included G,,,, the number of coupled Mfbs, and Mfb
density. Here, we investigated the functional effect of fibrotic
remodeling on AF by integrating I\, msb> Isac> a0d Iyge mep
into Mfb-M coupling. To the best of our knowledge, this
has not been examined before. As summarized in Figure 7,
these currents made the Mfb act as a current source for
the cardiac myocyte, leading to depolarization of V., and
shortening of APD, thereby preserving myocyte excitability
to trigger spontaneous excitement and facilitating reentry
(such as those of AF).

4.3. Limitations. Two limitations of this mathematical mod-
eling should be mentioned. First, the influence of homolo-
gous coupling between adjacent Mfbs was not considered.
Since Mfbs can form conduction bridges between myocyte
bundles and introduce nonlinearity into Mfb-M coupling to
alter electrophysiological properties of the coupled myocyte,
coupling between Mfbs may be important in tissue modeling
[28, 29]. Second, our modeling of Iy;gc vs, Was done using
a simplified model based on a linear equation. We did not
include the mechanosensitivity of MGCs in our simulation;
for example, the conductance depends of the mechanical
forces to which the cells are submitted.

5. Conclusions

This study demonstrated the combinational effects of I, e
and Iy;ge v, in Mfbs on myocyte excitability and repolar-
ization. Our results showed that the addition of Iy, s, and
Luceme reduced V..., shortened APD, depolarized V.,
and was easy to trigger spontaneous excitement in myocytes.
The effects proved that Na* current and mechanogated
channels in Mtbs should be considered in future pathological
cardiac mathematical modeling, such as atrial fibrillation and
cardiac fibrosis.
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