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Abstract
Previous studies have shown that human atrial
myofibroblasts can express a Na+ current (INa_myofb). This
preliminary study aimed to identify the role of INa_myofb
integrated in electrotonic myofibroblast-myocyte (myofbm) coupling on the excitability and repolarization of
myocyte and myofibroblast. Mathematical modeling was
done using a combination of (1) the Maleckar et al. model
of the human atrial myocyte, (2) the MacCannell et al.
“active” model of the human cardiac myofibroblast, and
(3) our formulation of INa_myofb based upon experimental
findings from Chatelier et al. The results showed that (1)
for myocytes, the addition of INa_myofb decreased the
reductions of the peak of action potential (Vmax) and
action potential duration (APD), and increased the
degree of resting membrane potential (Vrest)
depolarization as compared to no INa_myofb integrated in
myofb-m coupling. (2) for myofibroblasts, more
significant electrotonic depolarizations were exhibited
with addition of INa_myofb. INa_myofb should be considered in
future pathological cardiac mathematical modeling, such
as atrial fibrillation and cardiac fibrosis.

1.

repolarization of myocyte and myofibroblast. Their
simulation results revealed that myofb-m coupling
reduced Vmax, shortened APD and depolarized Vrest in
myocytes [4, 5].
Since fibroblasts and myofibroblasts are involved in
cardiac pathological processes, it is necessary to confirm
ionic channel expression in these cells. Several K+
channels and non-selective cationic channels have been
identified and been integrated in simulations of
myofibroblast [3, 6]. Moreover, it has been reported that
myofibroblasts isolated from human atrial tissue
expressed Na+ current and this current was generated by
Nav 1.5 α subunit [7].
In this study, the mathematical formulation of INa_myofb
was developed on the base of previous experimental
findings [7], and then INa_myofb was integrated with the
MacCannell et al. “active” model of the human cardiac
myofibroblast and the Maleckar et al. model of the human
atrial myocyte [6, 8]. The number of coupled
myofibroblasts and values of intercellular resistance were
selected to investigate the effects of INa_myofb on the
excitability and repolarization of myocyte and
myofibroblast in this cell-cell interaction.

2.

Materials and methods

2.1.

Myofb-m coupling

Introduction

Fibroblasts, which represent the most abundant cell
type in cardiac tissue, are now accepted as key
contributors to development, adaptation, and diseaserelated remodeling of the heart. In pathological conditions,
such as atrial fibrillation and heart failure, fibroblasts
proliferate, migrate and differentiate into myofibroblasts
and lead to cardiac fibrosis [1]. Since gap junction
proteins and voltage gated ion channels have been
identified in fibroblasts and myofibroblasts, these cells
have not been considered as non-excitable cells. They
were proposed to function as a current source and sink
when coupled to myocytes [2, 3].
Recent computational studies have investigated effects
of electrotonic myofb-m coupling on the excitability and
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According to [6], the differential equation for the
membrane potential of the cell was given by
n
dV
(1)
C
=
− I ion + ∑ Ggap (V k − V ),
dt
k=1
where C is the membrane capacitance of the myocyte or
myofibroblast, Iion and V represent the transmembrane
current and potential of the myocyte or myofibroblast,
respectively, n is the number of coupled myofibroblasts,
and Ggap is the intercellular myofb-m conductance. In
these simulations, one and eight myofibroblasts were
coupled to a single myocyte by assigning a Ggap which
varied between 0.5 and 8 nS in individual simulations.
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2.2.

  −14.5exp ( 0.17Vmyofb ) + 1.8exp (1.56Vmyofb )  ×



Vmyofb +35.73
(9)
αj = 


1 + exp 3.31(Vmyofb +3.86 ) 

0, if Vmyofb ≥ −40

Model of the human atrial myocyte

The Maleckar et al. model of the human atrial myocyte
was used for its computationally efficient and internally
consistent [8].

2.3.


exp ( −0.0995Vmyofb )
5.05 ×10−5
1 + exp  −0.01(Vmyofb − 84.02 ) 

βj = 
exp ( −4.13 ×10−4 Vmyofb )

0.11
, if Vmyofb ≥ −40

1 + exp  −0.09 (Vmyofb + 42.44 ) 


Model of human atrial myofibroblasts

The “active” electrophysiological model of the human
atrial myofibroblast was based on the general formulation
of MacCannell et al. [6]. According to the experimentally
recorded values of myofibroblasts, Vrest and the membrane
capacitance were chosen to be -47.8 mV and 6.3 pF,
respectively [9].
In order to identify the role of INa_myofb on myocyte
and myofibroblast excitability, a mathematical
formulation was based upon experimental results from
Chatelier et al. [7]. They provided evidence that INa_myofb
was generated by the same Nav 1.5 which produced Na+
currents in the atria and ventricles of the adult human
heart [7]. Therefore, the equation of Luo and Rudy for
the fast Na+ current was applied and modified here to
simulate INa_myofb [10]. The formulation was as follows,
0.12
(2)
I Na_myofb = g Na × mNa × jNa
× (Vmyofb − ENa ) ,
where gNa, the maximum conductance of INa_myofb, was
0.04 nS/pF. ENa was the Nernst potential for Na+ ions. mNa
and jNa were the activation and inactivation parameters,
respectively. In order to conform to the experiment data
[7], j was made to be j0.12.The time dependence was given
by
dmNa mNa − m
=
τm
dt

(3)

and
djNa jNa − j
.
=
dt
τj

(4)

The steady-state activation and inactivation parameters
were given by
-0.0102-1.0063
(5)
m
+ 1.0063

(

1.0 + exp (Vmyofb + 42.10 ) /10.53

τφ =
m, j
(αφ + βφ ) , for φ =
−1

(10)

(11)

where αφ and βφ were the extrapolated rate coefficients.

2.4.
Simulation protocol and numerical
methods
Simulations were carried out with one active
myofibroblast coupled to a single atrial myocyte in which
Ggap was varied between 0.5 and 8 nS, or with one and
eight identical active myofibroblasts coupled to a single
atrial myocyte at a constant Ggap of 0.5 nS. To ensure that
the coupled system reached steady state, 100 stimuli were
applied before recording the values of the coupled cells.
All state variables were updated by means of the forward
Euler method. The time step was set to be 10 µs to ensure
numerical accuracy and stability.

3.

Results

3.1.

Na+ current in myofibroblasts

Figure 1 shows the steady state activation and
inactivation curves, time constants, as well as the peak
current-voltage (I-V) relationship of INa_myofb. All curves
are consistent with the experimental data from Chatelier
et al. [7].

)

and
j

(

1.04-0.004

1.0 + exp (Vmyofb + 84.82 ) / 9.40

)

+ 0.004.

(6)

The functions describing τm and τj were given by
Vmyofb + 68.19

0.0077
1 − exp −0.18 (Vmyofb + 68.19 )
αm = 

0.0433, if Vmyofb = −68.19

(

 V

β m 0.004 exp  − myofb 
=
 11.98 

)

(7)

(8)

Figure 1. Model representation of parameters describing
INa_myofb. (a) Steady state activation (solid line) and inactivation
(dash line) curves, (b) gating variable fast (solid line) and slow
(dash line) time constants, (c) I-V relationship (solid line).
Experimental data (filled and open circles) from Chatelier et al.

are included for comparison.

3.2.
Effects of INa_myofb on myocyte and
myofibroblast

Figure 2. Illustration of changes in the waveform of (a,b) the
myocyte action potential, (c,d) myofibroblast membrane
potential, (e,f) myofibroblast net transmembrane current, and
(g,h) gap junction current, during an atrial action potential with
only myocyte (dash line), myofb-m coupling without INa_myofb
(chain line) or myofb-m coupling with INa_myofb (solid line), by
coupling one active myofibroblast to an atrial myocyte with a
Ggap of 0.5 and 8 nS.

Figure 2 shows the effects of INa_myofb on the membrane
potential and current of both cells by coupling one active
myofibroblast to an atrial myocyte with a Ggap of 0.5 and
8 nS. Whether or not INa_myofb was integrated in the
myofibroblast, myofb-m coupling with either Ggap
resulted in the reduction of Vmax and APD and the
depolarization of Vrest in the myocyte, as well as the
depolarization in the myofibroblast. However, after
addition of INa_myofb, the reduction of Vmax and APD in the
myocyte has decreased, and the degree of Vrest
depolarization has increased (Figure 2a and 2b). For
example, with Ggap of 8 nS, Vmax was decreased by 8.7%
(myofb-m coupling without INa_myofb) and 8.4% (myofb-m
coupling with INa_myofb) in comparison with the control
(only myocyte). APD (90% repolarization) was decreased
by 21.4% and 2.7%, respectively. Vrest was increased by
3.8% and 5.6%, respectively. For myofibroblasts, more
significant electrotonic depolarizations were exhibited
with addition of INa_myofb (Figure 2c and 2d). For example,
with Ggap of 0.5 nS, Vmax of the myofibroblast was -14.3
mV (without INa_myofb) and -0.1 mV (with INa_myofb),
respectively (a 14.1% increase). Vrest of the myofibroblast
was -61.6 mV (without INa_myofb) and -52.3 mV (with
INa_myofb), respectively (a 15.2% increase). Figure 2e and

2f demonstrated that integrating INa_myofb in the
myofibroblast resulted in the reduction of the net
transmembrane current in the collective myofibroblast
population (Inet,fb). Figure 2g and 2f illustrated that the
current flowing through the intercellular gap junctions
(Igap) has fallen slightly with addition of INa_myofb.

Figure 3. Illustration of changes in the waveform of (a,b) the
myocyte action potential, (c,d) myofibroblast membrane
potential, (e,f) myofibroblast net transmembrane current, and
(g,h) gap junction current, during a atrial action potential with
only myocyte (dash line), coupling without INa_myofb (chain line)
or coupling with INa_myofb (solid line), by coupling one and eight
active myofibroblasts to an atrial myocyte with a Ggap of 8 nS.

Figure 3 shows similar effects of INa_myofb on the
membrane potential and current of both cells when Ggap is
fixed at 8 nS and the number of coupled myofibroblasts is
1 and 8. Integrating INa_myofb into the myofibroblast
resulted in smaller reduction in Vmax and APD for the
myocyte, and greater depolarization in Vrest for both cells.
Inet,fb and Igap have fallen down in comparison with the
situation of myofb-m coupling without INa_myofb. When the
number of coupled myofibroblasts became greater, the
above effects were more significant.

4.

Discussion

In this study, we developed a mathematical
formulation of INa_myofb and integrated it into the active
myofibroblast model. The simulations provide novel
insights into the roles of INa_myofb on the excitability and
repolarization of myocyte and myofibroblast.
Chatelier et al. used a double exponential function to
fit the time courses of current decay elicited at
depolarized voltages [7]. Here, we used a multiple
parameter exponential function modeled after the
equation of time courses by Luo and Rudy [10] because

of the evidence that electrophysiological properties of
INa_myofb were similar to those of sodium channels found
in cardiac myocytes [7, 11].
Comparing to the results from Koivumaki et al. [12],
our simulations have shown significant effects of INa_myofb
on the excitability and repolarization of myocyte and
myofibroblast. Unlike the reasoning that INa_myofb might
be inactive when Vrest of myofibroblasts was -35 or -65
mV [12], INa_myofb in our simulation was activated during
an atrial action potential. Moreover, the effects that
INa_myofb decreased the reductions of Vmax and APD and
increased the degree of Vrest depolarization in myocytes
would be expected to change diastolic Ca2+ levels and
conduction velocity.
A major limitation of the mathematical modeling is
that, the influence of homologous coupling between
adjacent myofibroblasts is not considered. Because
myofibroblasts can form conduction bridges between
myocyte bundles and introduce nonlinearity into the
coupled model to alter the electrophysiological properties
of the coupled myocyte, coupling between myofibroblasts
may be important in tissue modeling [8, 13]. Besides, the
influence of stretch activated ionic channels in myocytes
and myofibroblasts is not considered, which can alter
cardiac electrical activity by the mechanoelectric
feedback [14].

[4]

5.

[10]

Summary

In conclusion, the formulation of INa_myofb has been
developed and integrated in myofb-m coupling. The
simulation results suggest that the addition of INa_myofb
decrease the reductions of Vmax and APD and increase the
degree of Vrest depolarization in myocyte, and exhibit
more significant electrotonic depolarizations in
myofibroblasts. The effect proves that INa_myofb should be
considered in future pathological cardiac mathematical
modeling, such as atrial fibrillation and cardiac fibrosis.
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