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article play an active role in triggering cardiac rhythm disturbances. Moreover, the excitation

of mechano-gated channels (MGCs) in Mfbs depolarizes their membrane potential and
contributes to the increased risk of post-infarct arrhythmia. Although these electro-
physiological mechanisms have been largely known, the roles of these currents in
cardiac mechanics are still debated. In this study, we aimed to investigate the mechani-
cal influence of these currents via mathematical modeling. A novel mathematical
model was developed by integrating models of human atrial myocyte (including the
stretch-activated current, Ca?t—force relation, and mechanical behavior of a single
segment) and Mfb (including our formulation of Na™ current and mechano-gated
channels'current). The effects of the changes in basic cycle length, number of coupled
Mfbs and intercellular coupling conductance on myocyte mechanical properties were
compared.

Results: Our results indicated that these three currents significantly regulated myo-
cyte mechanical parameters. In isosarcometric contraction, these currents increased
segment force by 13.8-36.6% and dropped element length by 12.1-31.5%. In isotonic
contraction, there are 2.7-5.9% growth and 0.9-24% reduction. Effects of these cur-
rents on the extremum of myocyte mechanical parameters become more significant
with the increase of basic cycle length, number of coupled Mfbs and intercellular
coupling conductance.

Conclusions: The results demonstrated that stretch-activated current in myocytes
and Na™ current and mechano-gated channels' current in Mfbs significantly influenced
myocyte mechanical behavior and should be considered in future cardiac mechanical
mathematical modeling.
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Background

As an alternative of experimental studies, computational modeling studies provide a
powerful framework for gaining substantial insights of cardiac electrophysiology and
mechanics in many aspects [1, 2]. For cardiac electrophysiological simulation, cardiac
cell action potential (AP) models are built to represent current flow through ion pumps,
channels, and exchangers [3, 4]. For mechanical simulation, the active stress/strain mod-
els and Hill's three-element model have been formulated to lay out active contraction [5,
6].

Cardiac electrical activities have intimate connection with mechanical actions. The
interaction between them is referred as electromechanical coupling (EMC) and mecha-
noelectrical feedback (MEF) [7]. As a major mechanism of the MEF, the stretch-acti-
vated channel (SAC) has been used to explain changes in electrophysiological behavior
by mechanical deformation. Several cellular experimental and modeling studies have
examined the impact of SACs on cardiac electrophysiology [8—11].

Recently, clinical data and simulation studies have provided some important insights
into cardiac structural remodeling, especially fibrosis as a hallmark of permanent atrial
fibrillation. Many of them verified that both fibroblasts and myofibroblasts (Mfbs)
modulated cardiac electrical conduction, coordinated tissue remodeling, and integrated
signals [12—14]. They have been considered as active communicators rather than non-
excitable cells, which involve several currents like cardiac myocytes, e.g., the currents
through potassium channels [15, 16], the non-selective transient receptor potential
cationic channel subfamily M member 7 (TRPM7) [17], voltage-gated sodium channels
(VGSCs) [18, 19], chloride channels [20], single mechano-gated channels (MGCs) [21],
and voltage-dependent proton currents [22].

Computational models of atrial fibrosis have been used to investigate how fibroblasts
modulate cardiac myocyte electrophysiology. At the cellular level, processes of fibrotic
remodeling are represented as fibroblast proliferation and phenotype switching [23,
24]. Simulation results showed that coupling of fibroblasts or Mfbs to atrial myocytes
resulted in shorter duration of the action potential (APD), slower conduction, and spiral
wave breakups [25-28].

As a critical determinant of cardiac mechanics, fibroblast-mediated changes in
extracellular matrix structure are also investigated by computational modeling. Cell
compaction of collagen gels has been studied by explicitly calculating the mechanical
equilibrium between each cell’s contractile forces and nearby collagen fibers’ mechani-
cal properties [29, 30]. Infarct mechanics has been simulated by coupling agent-based
model predictions to a finite element model [31, 32]. These studies have found that fibro-
blast alignment parallel to a strain cue provides a negative feedback to radical changes in
local fiber orientations.

Previous studies mentioned above have examined cardiac myocyte functions in
many aspects; however, no study to the our best knowledge has considered the fol-
lowing two aspects in Mfb—myocyte (Mfb—M) coupling, especially in EMC: (1) the
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stretch-activated ion channel current (Ig,) in myocytes, which influences cardiac
myocytes electrophysiological characteristics under stretching [33, 34]; (2) the cur-
rents through VGSCs (I, ms,) and MGCs (Iy;gc vs,) in Mfbs, which could influence
Mfb properties and contribute to EMC in cardiac pathologies [18, 21].

Our previous study has found that Iy, myom and Iygc mm, regenerated APs in myo-
cytes and Mfbs [28]. In this study, we aimed to investigate the role of Isxc, Iy, M
and Iygc mp in the mechanical contraction of cardiac myocyte. Simulation results
of human atrial myocyte segment mechanical dynamics with different gap-junctional

conductance (G,,,), number of coupled Mfbs and basic cycle lengths (BCLs) were

gap
examined.

Results

Effects of Isac, Ina my aNd Iyge sy ON atrial myocyte AP, [Ca?*], and the normalized force
Figure 1 shows the combinational effects in five groups (see “Simulation protocol”
section) of Igxc, Ing mey and Iyge me on the membrane potential, intracellular Ca®*
concentration and the normalized force (F,,,,) of myocytes with a G, of 3 nS and
a BCL of 1 s. For myocytes, coupling Mfbs (Group 2-5) resulted in gradual decrease
) and APD at 90% repolarization

(APDy,;), and increase of the resting myocyte membrane potential (V) depolari-

of myocyte membrane potential amplitude (V,,,
zation (Fig. 1a). Meanwhile, a spontaneous excitement was emerged in Group 5, in
which the peak [Ca”"]; dropped significantly (Fig. 1b), indicating that Ig,c, Ly Mt
(Fig. 1c), it
can be observed that the peak F, ., increased after myocyte coupled to Mfbs. It was
increased by 7.6% (Group 2), 14.5% (Group 3), 38.7% (Group 4), and 19.2% (Group
5) as compared to the control (Group 1). It was remarkable that Group 4 got the big-

and Iy;gc mp could result in discordant alternans. From the traces of F,.,

increment, which meant F, . of myocytes could be significantly enhanced

norm

gest F,

norm

by the combination of Is,c and Iy, v, However, the increment relatively declined in
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Fig. 1 Effects of sy, I i @nd lysc v ON atrial myocyte a AP, b [Ca®*], and ¢ £
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Fig. 2 Effects of lsac, Ina_mr aNd e i ON atrial myocyte segment mechanical parameters in isosarcometric

contraction in five groups. BCL=1's, 2 Mfbs, G, =3 nS
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Fig. 3 Effects of lsuc Ia_wifty @Nd hycc g ON atrial myocyte segment mechanical parameters in isotonic

contraction in five groups. BCL=1's, 2 Mfbs, Gy, =3 nS

Group 5 with the introduction of Iy;gc s, This might suggest that deformation in

myocytes enhanced F, ., while in Mfbs the deformation relatively hindered it. The

effects of Isxc and Iygc mp On the force of atrial myocytes were opposite, with Ig,¢

increasing and the other one decreasing.

Effects of Ispc, Ina mbr @Nd e ms, ON atrial myocyte segment mechanical parameters

Traces of Fgg, Fpg, Foegmeny lcps lpp» @and Igg obtained in five groups for the simulations of
isosarcometric contraction with sarcomere length of 1.78 um are displayed in Fig. 2, and
the ones for simulations of isotonic contraction with applied force of 10 mN per square

millimeter (mN/mm?) are displayed in Fig. 3.
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In isosarcometric contraction (Fig. 2), Fpp and [ in five groups were constant. Peak
Fg; increased when myocyte coupled to Mfbs. It was increased by 7.2% (Group 2), 13.8%
(Group 3), 36.6% (Group 4), and 18.5% (Group 5) as compared to the control (Group 1).
Using Eq. (14) (see “Mechanical behavior of a single segment” section), the increments
In Fegmene Were the same as those in Fge. On the contrary, /g decreased when myocyte
coupled to Mfbs. The minimum of /-y was dropped by 6.4% (Group 2), 12.1% (Group
3), 31.5% (Group 4), and 16.2% (Group 5) as compared to the control (Group 1). Using
Eq. (15), the changes in [-; were equal to those in [g;. Similar to Fig. 1, Group 4 had the
most significant change, indicating that the combination of Is,c and Iy, v, played a sig-
nificant role in determining myocyte segment mechanical behavior.

In isotonic contraction (Fig. 3), F,

segment iN five groups was constant. Like Fig. 2a, the

peak value of Fg also increased when Mfbs were coupled. It was increased by 1.6%
(Group 2), 2.7% (Group 3), 5.9% (Group 4), and 2.5% (Group 5) as compared to the con-
trol (Group 1). The increments were smaller than those in isosarcometric contraction.
According to Eq. (14), the decrements in Fp were equal to the increments in Fgp. The
minimum of /- was dropped by 4.3% (Group 2), 7.4% (Group 3), 15.8% (Group 4), and
6.3% (Group 5) as compared to the control (Group 1), while the peak value of /i was
increased by 0.6%, 1.4%, 3.7%, and 0.9%, and finally, /,; were declined by 6.8%, 11.4%,
24.0%, and 10.0%. Ispc, Iny may @a0d Iyge v nOt only changed the extreme values of /g,
lpg, and [gp, but also altered /- and /g in the resting stage. For example, the value of /g
in resting period was 0.0021 pm (Group 1), 0.0013 pm (Group 2), 0.0021 pm (Group 3),
0.0051 pm (Group 4), and 0.0032 pm (Group 5), respectively. Similarly, Group 4 has the
most impact on the mechanical parameters.

To investigate the effects of Isyc, Iy, My and Iygc v On the extreme values of atrial
myocyte segment mechanical parameters, we simulated five groups with different BCLs,
Mfb—M ratios, and Ggyp in both isosarcometric contraction (Fig. 4) and isotonic contrac-
tion (Fig. 5).

From the traces of the extremum of Fg, Fyegmenp lcp and Igg for BCL=0.1-2 s (Fig. 4a—
d), it could be observed that peak Fgp (Fsppvax)) PeaK Fiegment (Fsegmentimax))> and peak
lsg (Isgpmax) increased, and valley value of Icg(lcppyn) decreased with increasing BCL,
in isosarcometric contraction. When BCL was less than 1's, Fgjyax) Feegmentivmax) and
lspvaxg at each BCL increased and qgpyyy decreased in Groups 2-5 as compared to
Group 1. Meanwhile, at each BCL, Fgpvaxpy Foegmentimaxpy @0d Isppvax) in Group 4
reached their maximums, and [gg5x; obtained its minimum. This suggests that I5,c
together with Iy, i had the key influence on myocyte mechanical parameters. The
influence disappeared in Group 5, suggesting that the role of Iy;gc g, in myocytes was
opposite compared to Ig,. As BCL longer than 1 s, each parameter in Group 1 to 3 has
increased or decreased as a same trend, whereas fluctuated in Group 4 and 5. These phe-
nomena might be attributed to that I5,c and I, g, enhanced atrial myocytes excitabil-
ity and triggered spontaneous excitements at large BCLs. [Ca®'], the vehicle of EMC,
also fluctuated, driving the undulation of mechanical behavior.

Figure 4e—h shows the extremum of four parameters with Mfb—M ratios ranging
from 1 to 8. Parameters in Group 1 were constants as no Mfb was coupled to myo-
cytes. Unlike the similar trends of five groups in Fig. 4a—d, the trends of Group 2 and
Group 3 in Fig. 4e—h were close and mostly distributed over one side of Group 1, and



Zhan et al. BioMed Eng OnLine

(2019) 18:104

2Mifbs, G =3nS
gap
a b
~ 1 &
£ Z
Z £
0.5 %0.
Z z
& 5
0 w*
1 1 1 1
BCL (s) BCL (s) BCL (s) BCL (s)
BCL=1s,G _=3nS
gap
e f g h
1.1 &1 1.775 0.025
< g
E £ _ -
£ Z
Z £ E g/ﬁ
E o7 207 Z1.765 20,015
z = =) =
: H 8 2
2 E -
<3 5y
0.3 w? 0.3 1.755 0.005
0 4 8 0 4 8 0 4 8 0 4
n Mfbs n Mfbs n Mfbs n Mfbs
. BCL =15, 2 Mfbs Kk
i j 1
1.1 1 1.765 0.025
5 : R
g Neeersorssssere Z Neearsrreoreres = . =)
£ z E M Bl
g = =z =
v;0.9 32 0.9 g 1.76 = 0.02
2. ] O 7
& 2
0.7 & 0.7 1.755 0015 X
OG4SS 0G4SS 0G4S8 0G4SS
aap (1S wap (1S) wap 1S) aap 1S
——Group 1 ——Qroup 2 —=—QGroup 3 ——Group 4 ——Group 5
Fig. 4 Effects of lsuc, s win @3N lycc i ON the extremum of Feg, Feagmeny e and lee as functions of BCL,
Mfb-M ratio, and Gy, in isosarcometric contraction in five groups, a-d BCL=0.1-2 s, MflbM =2, Gg,,=3 nS,
e-hBCL=1s, MfooM=1-8, Ggap =3nS,andi-1BCL=1 s, Mfo-M =2, Ggap =0.5-8nS

the trends of Group 4 and Group 5 were similar and distributed over the other side. Our
results demonstrated that introducing currents through SACs in myocytes and currents
through MGCs in Mfbs in cardiac modeling could lead to different simulation results. In
fact, the stretch ability and contractility of myocytes in fibrotic heart were quite differ-
ent from those in normal heart. Integrated /5, and Iy;gc yg, in cardiac simulation could
help obtain more accurate and closer to experimental results.

Figure 4i-1 shows the extremum of four parameters with G,,, ranging from 0.5 to 8
nS. Parameters in Group 1 were also constants. The variance of five groups was less than
those in other settings (Fig. 4a-h), suggesting the relative small effects of G,, on myo-
cyte mechanical parameters. The traces of Group 2 to 5 were mostly distributed over
one side of Group 1. Parameters at each Gy, in Group 4 got the highest or lowest value
among five groups, and parameters in Group 5 took the second place, indicating that

Ispcr Ina My @0d Lyge i, Played a strong role in atrial myocyte mechanical behavior.

Page 6 of 15
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The extremum of Fgp, Fpp, lcp, Isp, and Ipp as functions of BCL, Mfb—M ratio, and

Gg,p In isotonic contraction are showed in Fig. 5.

In Fig. 5a—e, the parameters among five groups were close to each other. As BCL
increased, the values in Group 1, 4 and 5 first increased and then decreased. In these
groups, pure myocyte or integrating Is,c and Iyygc g in fibrotic myocyte were more
likely to cause discordant alternans and mechanical parameters fluctuation at big
BClLs.

In Fig. 5f-j, the parameters in Group 2 always stayed over one side of Group 1 as
the coupled ratio increased, while the parameters in other groups finally converged
over the other side. It suggested that integrating I5c, Iy, may and Iygc mpp in fibrotic
myocyte significantly influenced the myocyte segment mechanical behavior at large

coupled ratios.

Page 7 of 15
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In Fig. 5k—o, the parameters in Group 1 were constant, and Group 2, 3, and 5 had the
similar traces, while Group 4 got the highest or lowest values. Therefore, Isxc, Iy, may»
and Iygc_mp, had relative influences on mechanical parameters at large G,

Discussion
This study investigated the roles of Iszc, Iy, may and Iygc v in myocyte segment
mechanical behavior. To address these issues, computational simulations of the coupled
Mfb-M system were performed by employing a combination of models of the human
atrial myocyte (including /5, c) and Mfb (including I, yig, and Iygc ), @s well as mod-
els of Ca?*—force relation and myocyte mechanical segment. Specifically, effects of these
currents with changes in (1) BCL, (2) the number of coupled Mfbs, and (3) Gg,p 0N atrial
myocyte segment mechanical parameters were investigated. The integration of Issc, Iy,
and APD,, increased V,

zation, and spontaneous excitements even discordant alternans at large BCLs, and (2)

depolari-

max est

My and Iyige v could result in (1) decreased V,

increased peak value of Fg, Fyegmenp and gy and decreased valley value of /¢ in isosarco-
metric contraction, and increased peak value of F¢r and /g and decreased valley value of
Fpg, lcp, and [y in isotonic contraction. Moreover, Iy and Jygc wg, have relative effects
on myocyte segment mechanical parameters.

Effects of Ispc, Ina_msr @Nd Inge s, ON atrial myocyte segment mechanical properties
Effects of Iszc, Iy My @a0d Iygc mpp ©N the excitability of human atrial myocytes have
been discussed in our previous study [28]. Here, we discussed the roles of these currents
in myocyte segment mechanical behavior.

EMC and MEF were two known effects [7], but the physical role of MEF in EMC was
still poorly understood. In general, /5, ¢, handling as the major mechanisms of the MEF,
was reported to enhance the early phase of AP repolarization and prolong or delay the
final phase of repolarization [9, 35, 36]. But the impact of I;, on cardiac mechanics,
to our best knowledge, has been rarely studied so far. In our present study, the stretch-
activated currents had the most significant influence on myocyte segment mechanical
parameters in both isosarcometric contraction and isotonic contraction.

For cardiac Mfbs, many studies have verified that mechanical cues activated car-
diac Mfbs and led to increased production of extracellular matrix [37, 38]. Mfbs were
regarded as a critical determinant of cardiac mechanics. Previous studies have used
computational modeling to demonstrate the acute mechanical effects on cardiac fibro-
blast structure and organization [39, 40]. They found that an axial strain environment
could guide fibroblast proliferation, orientation, and migration [31, 41, 42]. Several
groups have simulated cell compaction of collagen gels by calculating mechanical equi-
librium between each cell’'s contractile forces and nearby collagen fibers’ mechanical
properties. They reported that cellular organization is tightly linked to the mechani-
cal feedback loop between cells and matrix [29, 30]. These studies were all about the
stretch-induced responses of quiescent cardiac Mfbs. However, the inverse process, i.e.,
the Mfbs-induced responses of cardiac mechanics, has not been widely explored. Our
results showed that coupling Mfbs changed myocytes mechanical properties. In addi-
tion, we compared the results of before and after adding Iy, pp, and Iygc v, in the Mfb
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model, and found that the effects of Iy;5c yp, On the force of atrial myocytes were con-
trary to Igac.
For Iy, mp,y many studies have been conducted to investigate how this current could

influence Mfb proliferation [18, 43]. Our results showed that Iy, i, decreased V,,,, and

ax
APDy, and increased V. depolarization in myocytes. This depolarization changed dias-
tolic Ca*" levels and then altered myocytes mechanical behavior.

For Iyigc mmy experimental data have indicated that cardiac fibroblasts expressed
functional MCGs, contributing to the cardiac MEF both under physiological and patho-
physiological conditions [44, 45]. We assumed that it could affect myocytes mechani-
cal characteristics like Igyc. Our results supported this hypothesis. In our simulations,
Lygc mm altered myocytes mechanical behavior. Interestingly, the effects of Iygc mpp
and /g, on myocyte segment mechanical parameters seemed to be opposite. Myocytes
stretch activated /g, - and enhanced the influence on mechanical parameters, while Mfbs
compression activated Iygc v, and weakened the influence. Moreover, MGCs were
activated by fibroblast compression and inactivated by fibroblast stretch [21], implying
that /y;gc mp should be integrated in cell modeling only during cell compression, such
as fibroblasts/Mfbs compression caused by stretching and dilatation of surrounding car-
diac myocytes.

Mfb was a critical determinant of cardiac mechanics. Previous studies have demon-
strated that abnormal quantity or organization of Mfb could lead to both systolic and
diastolic dysfunction [12, 30, 46]. Besides, previous modeling work suggested that
Mfb—M coupling contributed to arrhythmia formation [25, 47]. The key factors included
BCL, the number of coupled Mtbs, and G,
M into Mfb—M coupling and compared their effects on myocyte mechanical properties
in different settings of BCL, Mfb—M ratio, and G,

gap’
has not been examined before. With BCL, Mfb—M ratio, and G,,, increasing, impacts of

Here, we integrated Iy, ypy Isacy and Tygc
To the best of our knowledge, this

these currents on the extremum of myocyte mechanical parameters became greater, as
summarized in Figs. 4 and 5.

Limitations

Two limitations in the present study should be mentioned. First, functional roles of
SACs in Mfbs were not considered. Direct proof of mechanoactivation of mechano-
sensitive channels in cardiac Mfbs was limited. A handful of experimental studies have
found that mechanical cues could lead to the opening of so-called SACs, and transient
receptor potential canonical channels were candidates for the stretch-activated currents
measured in cardiac fibroblasts [48, 49]. However, the current—voltage relation of Ig,
in Mfbs needs further study. Second, the breadth of this computational study needs to
be extended. Our work focused on the scale of local cell-cell interactions. Other scales,
such as scales of subcellular signaling, cell-matrix interactions, tissue remodeling, and
organ level conduction properties, were not included in this preliminary study. In fact,
processes across these scales did not occur in isolation but operated as an intercon-
nected system with every level passing information to other levels. Therefore, multi-scale
modeling frameworks still need to be developed, although they brought computational
challenges, and such models involving cardiac Mfbs and fibrosis were still rare.
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Conclusions

This study demonstrated the combinational effects of Is,c in myocytes and I, yq, and
Ivige mm in Mfbs on myocyte mechanical properties. Our results showed that the addition
of Isnc, Ina My @0d Lyge mp, regulated the peak and valley values of myocyte mechanical
parameters in both isosarcometric contraction and isotonic contraction. Effects of these
currents on the extremum of myocyte mechanical parameters become more evident as
BCL, Mfb—M ratio, and G,
rent in atrial myocyte and Na* current and mechano-gated channels in Mfbs should be

increased. The effects proved that the stretch-activated cur-

considered in future pathological cardiac mechanical mathematical modeling, such as atrial
fibrillation and cardiac fibrosis.

Methods

Mathematical model was developed by integrating (1) the model of the human atrial myo-
cyte [50], (2) the model of I, [33], (3) the model of Ca**—force relation [51, 52], (4) the
active model of the human cardiac Mfb [26], (5) our proposed formulation of I, g, and
Lyigc mm based on experimental findings from Chatelier et al. [18] and Kamkin et al. [21],
and (6) the Hill three-element rheological scheme of a single segment of myocyte [53, 54].
In following sections, the details of each component of the model will be described.

The model of Mfb-M coupling
The Mfb—M coupling will be modeled based on [26], with the differential equations for the
membrane potential of cardiac Mfb and myocyte are given by

dVmm,i 1
3/; == ConMtb (Bt (Vo t) + Ggap (Vi — V) (1)
dVm 1 }n:
e _% <IM(VM’ 0 i=1 Ggap(VM - VMﬂ)yi)) @

where Vy,; and V), represent the transmembrane potential of the ith coupled Mfb

and the human atrial myocyte, C

v and C, y; represent the membrane capacitance

of the Mfb and the myocyte, I, ; and I, represent the transmembrane current of the
ith coupled Mfb and the human atrial myocyte, and G,,, represents the gap-junctional
conductance. It is also noted that a negative I, [i-e., Ggp(Viig,,—Viw)] indicates that the
current is flowing from the myocyte into the ith Mfb, and # is the total number of cou-

pled Mfbs.

Mathematical model of the human atrial myocyte

The mathematical model of the human atrial myocyte developed by Maleckar et al. [50],
which is based on experimental data and has correctly replicated APD restitution of the
adult human atrial myocyte, was adopted in this study. To examine the influence of the
stretch on myocyte AP, the original model from Maleckar et al. is modified with the total
ionic current of myocyte (1) given as

(VM t) = INa + Icar + It + Ixur + Ix1 + Ixr + Ixs + IBNa
+ Ip,ca + INak + Icap + INaca + Isac — Istims

(3)
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where I, is fast inward Na™ current, I,; L-type Ca’>" current, I, transient outward K™
current, Iy, sustained outward K* current, Iy, inward-rectifying K* current, Iy , rapid
delayed rectifier K* current, I ; slow delayed rectifier K current, I, background Na*
current, I -, background Ca®" current, Iy,x Na*-K* pump current, I, sarcolemmal
Ca*" pump current, Iy,c, Nat—Ca?" exchange current, g, stretch-activated current,
and Iy, stimulated current.

The model of /g
Kuijpers et al. [55] have conducted experimental studies and reported that Ig, in atrial
myocytes is permeable to Na™, KT, and Ca®* [33], and defined as

Isac = IsacNa + Isack + Isac,car (4)
where Igycna Isacio and gz c, represent the contributions of Nat, K*, and Ca*" to
I, respectively. These currents are defined by the constant-field Goldman—Hodgkin—
Katz current equation [56].

To introduce the effect of I, on intracellular Na*, K*, and Ca*" concentrations ([Na™],,
[K*]; and [Ca®'];), we replace equations of [Na'], [K™], and [Ca*'], in Maleckar et als

model [50] as
d [Naﬂi _ INa+IBNa + 3INaK + 3INaCa + IsacNa 5)
dt Vol;F
d[K*], D Ixee + I+ Iks + Ik — 2INak + Isack ©)
dt Vol,F
d[caz+]i _ _Idi + IB,Ca + Icap — 2INaca + Iup - Irel + ISAC,Ca _ d£ (7)
e 2.0Vol;F de’

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

The model of the Ca?*—force relation

The model 4 of isometric force generation in cardiac myofilaments proposed by Rice et al.
was adopted to model the Ca>"—force relation [51, 52]. The concentration of Ca>" bound to
high-affinity or low-affinity troponin sites is [HTRPNCa] and [LTRPNCa], respectively. The
dynamics are governed as

d[HTRPNCa] -
— = Kitepn [Caﬂ i([HTRPN]mt — [HTRPNCa]) — k., [HTRPNCa
(8)
d[LTRPNC
% = Kifron [Ca“] (ILTRPN]yo — [LTRPNCa]) — kj.  [LTRPNCal,
12
©)

where [HTRPN],, represents the total troponin high-affinity site concentration, and

k;trpn and k.., are the Ca*" on- and off-rates for troponin high-affinity sites. [LTRPN],,,
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represents the total troponin low-affinity site concentration, and kftrrpn and kl;rpn are the

Ca”" on- and off-rates for troponin low-affinity sites.

The model of human atrial Mfb
The electrophysiological model of human atrial Mfb proposed by MacCannell et al. [26]
was used in the present study. It includes time- and voltage-dependent K* current (I, y,),
inward-rectifying K* current (Iy; yq,), Na*—K* pump current (Iy,x yg)> and Na™ back-
ground current (I, )

In addition, Iy, g and Iygc s are added in the Mfb model. According to our previous
work [28], equations of Iy, g, and Jygc mp, are formulated as

INa M = Zna b Mt (Vaits — ExaMtb) (10)

RT  [Na®] g
ENaMfb = —-log “ (11)
) F [Na+]i,be
Ivge_ms = Emaemm - (Vb — EMGC M) (12)

where g\, v is the maximum conductance of Iy, v (0.756 nS), Ey, g, the
Nernst potential for Na* jons, [Na*] yq the Mfb extracellular Na* concentration
(130.011 mM), [N aJr]inﬂJ the Mfb intracellular Na® concentration (the initial value is set
as 8.5547 mM), and mq, and jyg, the activation and inactivation parameters, respec-
tively. To follow the experiment data [18], j has been modified as j*'>. gy is the
maximum conductance of Iygc yg, (0.043 nS), and Ey;gc vp, iS the reversal potential of
MGC:s (selected a value close to 0 mV) [21].

Mechanical behavior of a single segment
The mechanical behavior of a single segment in our model is based on the classical three-
element rheological scheme [53, 54].

As shown in Fig. 6, active force (F¢p) is generated by the contractile element (CE), and
passive forces (Fg, Fpp) are generated in a serial elastic element (SE) and a parallel elastic
element (PE). F.

segment 1S the total force generated by the segment. The element lengths are

lcps lsp, and pp. During mechanical equilibrium, Fp, F,

segment aNd [pg are defined as

Fcg = Fsg (13)

Fsegment = Fsg + FpE (14)

F;cgmcm
]s - ICE lSE
Fyg
]PE

Fig. 6 Three-element scheme to model mechanical behavior of a single segment
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Ipg = Icg + IsE. (15)

Simulation protocol

We performed single-cell simulations with constant sarcomere length (isosarcometric
contraction) and constant applied force (isotonic contraction) to investigate the effects
of Ispc, Ing My and Iyigc mg, ON myocyte mechanical properties.

Five groups were simulated sequentially: one atrial myocyte without Mfb coupling
(Group 1), one atrial myocyte coupled to two Mfbs without I5,c, Iy, may and Iyge mm
(Group 2), one atrial myocyte coupled to two Mfbs with Iy, yg, (Group 3), one atrial
myocyte coupled to two Mfbs with I, and Iy, i, (Group 4), and one atrial myocyte
coupled to two Mfbs with Ig,c, I, mpy and Iyge mp, (Group 5).

First, simulations were carried out at a constant Ggap of 3 nS and a BCL of 1 s. There-
after, the coupled system was paced with (1) BCLs from 0.1 to 2 s, (2) Ggap from 0.5 to 8
nS, and (3) number of coupled Mfbs from 1 to 8, to investigate the role of BCL, Ggap, and
Mibs in myocyte mechanical parameters. The maximum or minimum of Fgg, Fpp, Fye,.
ment lces lspy and Ipg at different BCL, G,,,, and Mfbs number were examined.

To ensure the coupled system reached steady-state, stimulation was repeated for 20
cycles. Results from the last cycle in each simulation were used for subsequent analyses.
All state variables of the coupled model were updated by means of the forward Euler
method. The time step was set to be 10 ps to ensure numerical accuracy and stabil-

ity. More information on “Methods” is available in the Additional file 1.
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