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Electrotonic Coupling between Human Atrial Myocytes and Fibroblasts
Alters Myocyte Excitability and Repolarization
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ABSTRACT Atrial fibrosis has been implicated in the development and maintenance of atrial arrhythmias, and is characterized
by expansion of the extracellular matrix and an increased number of fibroblasts (Fbs). Electrotonic coupling between atrial
myocytes and Fbs may contribute to the formation of an arrhythmogenic substrate. However, the role of these cell-cell interac-
tions in the function of both normal and diseased atria remains poorly understood. The goal of this study was to gain mechanistic
insight into the role of electrotonic Fb-myocyte coupling on myocyte excitability and repolarization. To represent the system,
a human atrial myocyte (hAM) coupled to a variable number of Fbs, we employed a new ionic model of the hAM, and a variety
of membrane representations for atrial Fbs. Simulations elucidated the effects of altering the intercellular coupling conductance,
electrophysiological Fb properties, and stimulation rate on the myocyte action potential. The results demonstrate that the myo-
cyte resting potential and action potential waveform are modulated strongly by the properties and number of coupled Fbs, the
degree of coupling, and the pacing frequency. Our model provides mechanistic insight into the consequences of heterologous
cell coupling on hAM electrophysiology, and can be extended to evaluate these implications at both tissue and organ levels.
INTRODUCTION

Atrial fibrosis increases with age and develops in conjunc-

tion with cardiomyopathy and heart failure, and has been

linked to an increased incidence of rhythm disturbances,

including atrial fibrillation (AF) (1). An increased and

heterogeneous fibrillar architecture has been implicated as

having both structural and functional roles in the develop-

ment and maintenance of AF (2).

Fibrosis is characterized by both an expansion of the extra-

cellular matrix (ECM) surrounding cardiomyocytes (3) and

an increase in the number of cardiac fibroblasts (Fbs) (4,5).

A number of studies have suggested that increased ECM

deposition may alter or inhibit conduction (6–8), contrib-

uting to the generation and maintenance of reentrant waves

(9,10). However, the mechanisms by which fibrosis contrib-

utes to atrial arrhythmias remain to be completely character-

ized. Recent in vitro studies have revealed that cardiac Fbs

form functional gap junctions with myocytes (4,5,11) that

can modify impulse conduction (12,13). These results

suggest a potential role for Fb-myocyte coupling (FMC) in

atrial arrhythmias. However, because in situ studies employ-

ing direct experimental techniques currently present several

methodological difficulties (14), a comprehensive under-

standing of the impact of heterologous cell coupling in atrial

arrhythmogenesis has not yet been achieved.

Cardiac Fbs are nonexcitable cells that are responsible for

the synthesis and maintenance of the ECM, which surrounds

and supports cardiomyocytes. However, it is now known that

Fbs can express voltage-dependent ion channels. For

example, intrinsic Kþ channels contribute to a resting poten-
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tial in isolated Fbs that is less negative than that of cardio-

myocytes (15,16). Fbs have thus been proposed to function

as both a current source and sink when coupled to myocytes

(13,14,17–19).

Recent computational studies have investigated the role of

FMC in the human ventricular action potential (AP) (20), the

possible role of Fbs in generating pacemaker activity (21),

the impact of FMC on impulse propagation in a strand of

murine ventricular myocytes (19), and the loading effects

of FMC on the resting membrane potential (RMP), impulse

propagation, and repolarization in canine myocytes (18).

Among the interesting implications of FMC are depolariza-

tion of the myocyte RMP (13,18), decreased AP amplitude

(APA), reduced excitability (18,22), and decreases in

conduction and maximum upstroke velocities (22).

Several unanswered questions, however, remain with

respect to understanding the effects of FMC in atrial electro-

physiology. In large part, this is because coupling effects on

AP morphology are tissue- and thus myocyte model-depen-

dent (18,19). FMC in the human atrium has not yet been

explored. However, FMC may prove especially influential

in the repolarization of human atrial myocytes (hAMs)

because of their small cell capacitance and diminished repo-

larization reserve. In addition, the contribution of differences

between atrial and ventricular Fbs (15,16,23,24) to changes

in the AP dynamics of coupled myocytes has not been char-

acterized. Finally, how FMC affects the electrophysiology of

the hAM at a variety of physiological rates remains

unknown, hindering characterization of the potential role

of FMC in atrial rhythm disturbances.

The main goal of this study was to explore the effects of

FMC on myocyte excitability and repolarization. To that

end, we conducted numerical simulations of the coupled
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Fb-hAM system, employing a new model of the adult hAM

(25) as well as new membrane models of the atrial Fb.

Specifically, we investigated the effects of changes in 1),

the intercellular coupling conductance; 2), the electrophysio-

logical Fb properties; 3), the number of coupled Fbs; and 4),

the stimulation rate on hAM AP dynamics. The results

provide mechanistic insight into the consequences of FMC

on hAM electrophysiology.

MATERIALS AND METHODS

Cell-cell coupling

Fbs surround cardiomyocytes in normal tissue, such that each myocyte is

associated with at least one Fb (4). The exact Fb/myocyte ratio in atrial tissue

remains unknown, but it may increase with fibrotic remodeling. Homolo-

gous coupling between Fbs may also occur. However, because this study

focused primarily on the effects of FMC on the AP dynamics of the hAM,

only heterologous cell connections were considered (see Discussion).

To incorporate a range of numbers of coupled Fbs, one to three Fbs were

coupled through a linear, fixed resistance (Ggap) to a single hAM (Fig. 1 A).

Experimental studies have reported a range of possible Ggap values between

Fbs and myocytes (26). In this study, Ggap was set at one of two values: 0.5

or 8.0 nS (‘‘Low’’ or ‘‘High’’ Ggap, respectively), corresponding to the low

and high ends of the range of Ggap values between Fb-myocyte pairs

measured experimentally (13,26).

The paradigm of electrotonic coupling between the hAM and several Fbs

is illustrated in Fig. 1 B. The membrane potential of the myocyte is governed

by the following differential equation:

dVmyo=dt ¼ �
�
1=Cm;myo

��
Imyo

�
Vmyo;t

�
þ Istim þ

X
i¼ 1:n

Igap

�

(1)
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where Vmyo is the transmembrane potential of the hAM, Cm, myo is the

membrane capacitance of the myocyte, Imyo is the net membrane current

of the myocyte, Istim is the stimulus current applied to the myocyte

membrane, and Igap is the current that flows through the gap junction

between the myocyte and each Fb. Unlike previous formulations (20), the

formulation presented here accounts for the movement of Naþ and Kþ

ions through the gap junction between each Fb and the hAM (provided

that the Fb membrane incorporates active conductances). As such, the

formulation for the Igap of each gap junction is governed by a pair of equa-

tions that account for the movement of Naþ and Kþ as separate ionic species,

known as the assumption of independence:

Igap;K ¼ Ggap;K

��
Vmyo � VFb

�
� EK;gap

�
(2)

Igap;Na ¼ Ggap;Na

��
Vmyo � VFb

�
ENa;gap

�
(3)

Igap ¼ Igap;K þ Igap;Na (4)

where Igap,K and Igap,Na are the gap junctional currents attributable to Kþ and

Naþ, respectively, and VFb is the transmembrane potential of the Fb. The

variables EK,gap and ENa,gap are the reversal potentials across the gap junc-

tion for Kþ and Naþ, respectively:

EK;gap ¼ RT=F log
��

Kþ
�

i; Fb
=
�
Kþ
�

i;myo

	
(5)

Ena;gap ¼ RT=F log
��

Naþ
�

i; Fb
=
�
Naþ

�
i;myo

	
(6)

where R is the universal gas constant; T is the temperature in Kelvin; F is

Faraday’s constant; [Kþ]i, Fb and [Kþ]i, myo are the intracellular concentra-

tions of Kþ in the Fb and myocyte, respectively; and [Naþ]i,Fb and

[Naþ]i,myo are the intracellular concentrations of Naþ in the Fb and myocyte,

respectively.

Because it is still unclear what role active conductances in the Fb

membrane may play during FMC, additional simulations were conducted
FIGURE 1 A schematic representation of FMC. (A) A

hAM (myo) is coupled to a number n of identical Fbs via

an ohmic gap junctional conductance (Ggap) of 0.5 or

8 nS. The membrane capacitance of the myocyte

(Cm, myo) is 50 pF, and the membrane capacitance of

each Fb (Cm, Fb) is 6.3 pF. (B) Equivalent circuit model

of FMC, where Rm represents the membrane resistance

of a single cell. Fbs are represented by either an RC circuit

(Passive model) or an Active membrane model with

Vrest, Fb either�47.8 mV (Active 1) or�31.4 mV (Active 2).

Er is the reversal potential.
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assuming a passive Fb membrane resistance. In this case, no specific ion

species was assigned as the charge carrier for Igap, which is defined as:

Igap ¼ Ggap

�
Vmyo � VFb

�
(7)

The differential equation governing VFb is:

dVFb=dt ¼ �ð1=Cm;FbÞ
�
IFbðVFb;tÞ � Igap

�
(8)

where Cm,Fb is the membrane capacitance of the Fb, and IFb is the net

membrane current of the Fb.

Model of the hAM

Because in this study we sought to investigate the effects of electrotonic

FMC interactions on the excitability and repolarization of the hAM, we

believed it was essential to use a hAM ionic model that accurately represents

atrial AP dynamics. We therefore employed a new model of the adult hAM,

which is described in detail elsewhere (25). The model is computationally

efficient and incorporates physiologically accurate repolarization processes.

In addition, the model correctly replicates APD restitution of the adult hAM,

a requirement for any investigation that employs a variety of pacing rates.

Electrophysiological models of atrial Fbs

Because the role played by active conductances in the Fb membrane during

FMC is still unclear, we employed two types of electrophysiological models

of the atrial Fb. The first was a ‘‘passive’’ electrical model in which

a membrane capacitance, Cm,Fb, is connected in parallel with a linear resis-

tance, Rm,Fb. The value of Cm,Fb was chosen to be 6.3 pF and Rm,Fb was

set at 10.7 GU (15,20). This formulation is termed the Passive model of

the atrial Fb.

The second type of electrophysiological model used to describe the atrial

Fb was based on the general formulation of MacCannell et al. (20) and modi-

fied to represent atrial Fb properties (a complete description of this model

can be found in the Supporting Material). The value of Cm,Fb was again

chosen to be 6.3 pF (15,20). The RMP of the atrial Fb for this active model

is �47.8 mV, within the range of experimentally recorded values (15,16).

This model will be referred to as the Active 1 model of the atrial Fb.

It was recently suggested that the RMP of an Fb can have a significant

influence on the electrophysiological behavior of the coupled myocyte

(14,18,19). Because a variety of Fb RMPs have been recorded in experi-

ments (11,15,16,24,27), a second active model of the atrial Fb with a less

negative RMP was developed. This was achieved via a shift of the voltage

dependence of the steady-state activation and inactivation of the time- and

voltage-dependent Kþ current, IKv, by þ20 mV (a complete description of

this model can be found in the Supporting Material). The RMP of the atrial

Fb for this second active model is �31.4 mV, which is also an experimen-

tally recorded value (26,28). This model will be referred to as the Active 2

model of the atrial Fb.

Stimulation protocol and data analysis

In the human atria, a variety of myocyte activation rates may occur as a result

of vagal or adrenergic stimulation, tachyarrhythmias, and/or pathological

remodeling. To investigate the role of pacing rate, we paced the coupled

system at frequencies of 0.5, 1, 1.33, 2, 2.67, or 4 Hz (corresponding to basic

cycle lengths of 2000, 1000, 750, 500, 375, and 250 ms, respectively) for each

selected value of Ggap (0.0 (control), 0.5, or 8.0 nS) and for each number of

coupled Fbs (1–3) represented by the Passive, Active 1, or Active 2 model.

APs were initiated by a�5.6 pA/pF current injection of 6 ms duration, which

was assumed to be carried by Kþ ions (25,29). Stimulation was continued for

a minimum of 1000 cycles to ensure that the coupled system had reached

steady state. The results correspond to the last cycle in each simulation.

The peak value of the fast sodium current (INa,peak) was recorded for each

AP. Analysis of the results also included a calculation of the AP duration
(APD) at 30% repolarization (APD30), representing the duration of the AP

after early, phase 1 ‘‘notch’’ repolarization, and a calculation of the APD

at 60% repolarization (APD60), representing the duration of the AP after

the sloped, triangulated plateau (phase 2) typical of the AP morphology.

The APD at 90% repolarization (APD90), representing the duration of the

AP and indicative of AP refractoriness, was also calculated.

Numerical methods

The system was solved numerically using custom software written in C

language. All state variables were updated by means of the forward Euler

method. Testing was performed to guarantee that the chosen time step

was small enough to ensure convergence of the solutions, and a time step

of 10 ms was used to ensure numerical stability and accuracy.

RESULTS

Effects of passive versus active Fb membrane
kinetics on hAM electrophysiology

This section examines the effects of coupling Active or

Passive Fbs on the AP of the hAM for both Low and High

Ggap. Results of simulations for a representative number of

2 Fbs are presented.

Fig. 2 shows the effects for a Low Ggap (0.5 nS) for 1 Hz

pacing. Fig. 2 A illustrates the AP of the coupled hAM as

compared to the noncoupled control. The hAM is depolar-

ized at rest (þ6.9 and þ3.3 mV as compared to control,

respectively; Fig. 2 A, arrow), and has decreased APA as

compared to the control in Fig. 2 B (decrease of 12.4% or

4.6% for Active 1 or Passive models, respectively).

The less-negative RMP is expected to inactivate the Naþ

current, INa, which is confirmed by an examination of INa

during the first 10 ms of the AP (Fig. 2 C). INa activates

earlier for the coupled myocyte, but with decreased INa,peak.

This is more marked in the myocyte coupled to Active 1 Fbs.

The results reveal a 23.9% vs. 7.6% decrease in INa,peak as

compared to control for a myocyte coupled to Active 1

versus Passive Fb.

Fig. 2 A presents distinct repolarization for coupled hAMs

as compared to the control. When coupled to Active 1 Fbs,

myocyte APD30, APD60, and APD90 decrease 10.9%,

31.2%, and 17.3% with respect to the noncoupled control,

whereas coupling to Passive Fbs produces only a small delay

in phase 3 repolarization (APD90 increases by 3.4% as

compared to control; see Table S1 and Table S2). An exami-

nation of VFb (Fig. 2 D) reveals large differences for Active 1

versus Passive Fbs. Active 1 Fbs exhibit much smaller elec-

trotonic changes, with roughly the same time course of depo-

larization and repolarization as the myocyte. The electrotonic

response is closely linked to Ggap and thus to Igap. Fig. 2 E
illustrates differences in Igap that are observed for a myocyte

coupled to either Active 1 or Passive Fbs. Although both

Active 1 and Passive Fbs act as current sinks during the AP

for the coupled hAM (labeled ‘‘1’’ in Fig. 2 E), the peak

Igap is 45% greater for a myocyte coupled to Active 1 Fbs.

Specifically, Fbs with active Kþ currents act as a stronger

current sink during the first ~100 ms of the AP as compared
Biophysical Journal 97(8) 2179–2190
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FIGURE 2 AP of a hAM coupled to two Passive or

Active 1 Fbs for Low Ggap (0.5 nS) as compared to non-

coupled hAM. (A) hAM AP; arrow indicates differences

in RMP. (B) Detail of hAM AP during the first 20 ms.

(C) INa during the first 10 ms of the AP. (D) The transmem-

brane potential of a coupled Fb, VFb. (E) The gap junctional

current, Igap. (F) The sum of outward Kþ currents in the

hAM, IK.
to Passive Fbs. After this point in time, coupled Fbs behave as

a current source with respect to the myocyte (labeled ‘‘2’’ in

Fig. 2 E). Fig. 2 F examines alterations in the net repolarizing

current, IK, of the myocyte as a result of coupling. Note that

peak IK density is decreased slightly for hAMs coupled to

Active 1 and Passive Fbs as compared to control, by 18.1%

and 5.8%, respectively.

Fig. 3 examines the effects of coupling two Active 1 or

Passive Fbs to a hAM via High Ggap (8.0 nS) for 1 Hz

pacing, underscoring alterations in the AP due to increased

Ggap. The hAM coupled to Active 1 or Passive Fbs is further

depolarized at rest for High Ggap (þ9.3 and þ4.3 mV as

compared to control, respectively; Fig. 3 A, arrow). APA

is further decreased (by 23.7% and 13.1% for Active 1 and

Passive models, respectively; Fig. 3 B). An examination of

INa (Fig. 3 C) reveals that coupling to the Active 1 Fb model

with a High Ggap results in activation 1 ms earlier and

a further decrease in INa,peak (a 42.9% decrease as compared

to control). However, activation of INa is delayed (by 2 ms)

when the myocyte is coupled to Passive Fbs, and INa,peak is

decreased 24.5% as compared to control. Activation of INa

is accelerated or delayed at 50% for Active 1 and Passive

Fbs (�2 andþ2 ms), respectively. Partial inactivation occurs
Biophysical Journal 97(8) 2179–2190
for both Fb models (38.0% and 13.9% inactivation for

Active 1 and Passive, respectively, as compared to control).

Phase 2 repolarization of a myocyte coupled to Active 1
Fbs via High Ggap is delayed, whereas phase 3 repolarization

is accelerated as compared to control (APD30 increases by

55.6%, and APD60 and APD90 decrease by 22.6% and

13.4% as compared to control).

Fig. 3 D shows the profiles of VFb for Active 1 and Passive

Fbs. These profiles follow Vmyo more closely for High Ggap

than for Low Ggap (Fig. 2 D). The increase in Ggap allows

the stimulus current to be shunted to coupled Fbs, as indicated

by ‘‘1’’ in Fig. 3 E. When Passive Fbs are coupled to a hAM,

the low amount of stimulus current available for excitation

results in delayed activation of INa. After excitation, the Fbs

act as a current sink (‘‘2’’ in Fig. 3 E), and then, briefly, as

a current source (‘‘3’’ in Fig. 3 E) for both Active 1 and Passive

Fbs. However, the Active 1 Fbs then continue to act as a current

sink (‘‘4’’ in Fig. 3 E), whereas Passive Fbs do not. Finally,

Fbs act as a current source (‘‘5’’ in Fig. 3 E), elevating the

RMP of the coupled hAM. Fig. 3 F examines the alteration

to IK of the hAM that occurs for both Active 1 and Passive

Fbs. The peak IK density is decreased in the coupled myocyte

as compared to control (34.1% and 23.3% decrease for Active
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FIGURE 3 AP of a hAM coupled to two Passive or

Active 1 Fbs for High Ggap (8.0 nS) as compared to non-

coupled hAM. (A) hAM AP; arrow indicates differences

in RMP. (B) Detail of hAM AP during the first 20 ms.

(C) INa during the first 10 ms of the AP. (D) The transmem-

brane potential of a coupled Fb, VFb. (E) The gap junctional

current, Igap. (F) The sum of outward Kþ currents in the

hAM, IK.
1 and Passive, respectively). Changes in repolarization that

occur when a hAM is coupled to Active 1 or Passive Fbs are

further summarized in Table S1 and Table S2.

Effect of the resting potential of the active Fb on
hAM AP

Here, the effects of coupling either Active 1 or Active 2 Fbs

on the AP of the hAM for both Low and High Ggap are

examined. Coupling to 2 Fbs is again used to illustrate these

findings.

A hAM AP (1 Hz pacing) coupled via a Low Ggap to

Active 1 or Active 2 Fbs is presented in Fig. 4. As expected,

RMP elevation is greater for the myocyte coupled to more

depolarized (Active 2) Fbs (þ11.9 mV as compared to

control; Fig. 4 A, arrow), resulting in a further decrease in

APA, as shown in Fig. 4 B (decrease of 24.2% for Active 2
model as compared to control). INa activates earlier than

control (�3 ms), but INa is further decreased (47.7% decrease

in INa,peak; Fig. 4 C).

Fig. 4 A reveals repolarization differences for the hAM

when coupled to Active 1 versus Active 2 Fbs. Both early

and late AP repolarizations of a hAM coupled to Active 1

Fbs are more rapid as compared to control (APD30,
APD60, and APD90 decrease by 10.9%, 31.2%, and 17.3%,

respectively; Table S2). In contrast, coupling to Active 2
Fbs causes only a small alteration in early repolarization

and prolongs late repolarization as compared to control

(APD30, APD60, and APD90 increase by 11.1%, 0.0%, and

16.3%, respectively; Table S3). The increased depolarization

of VFb (Fig. 4 D) for Active 2 as compared to Active 1 Fbs

alters the effect of Igap (Fig. 4 E) on the myocyte: peak Igap is

22.3% lower early in the AP (‘‘1’’ in Fig. 4 E), and 30.4%

greater later during the AP (‘‘2’’ in Fig. 4 E). The decrease

in peak IK density is more pronounced for a myocyte coupled

to more depolarized (Active 2) Fbs (33.3% decrease as

compared to control; Fig. 4 F).

Fig. 5 examines the effects of increased Ggap when two

Active 1 or Active 2 Fbs are coupled to a hAM (1 Hz pacing).

High Ggap causes further depolarization of the myocyte at

rest (þ9.3 and þ16.8 mV as compared to control for Active 1

and Active 2, respectively; Fig. 5 A), as well as more

pronounced decreases in myocyte APA (23.7% and 34.0%

lower than control for Active 1 and Active 2 models, respec-

tively; Fig. 5 B). INa activation timing is altered and INa,peak is

further decreased (1 and 2 ms earlier than control, and a 42.9%

and 63.4% decrease as compared to control for Active 1 and

Active 2 models, respectively).
Biophysical Journal 97(8) 2179–2190
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FIGURE 4 AP of a hAM coupled to 2 Active 1 or

Active 2 Fbs for Low Ggap (0.5 nS) as compared to non-

coupled hAM. (A) hAM AP; arrow indicates differences

in RMP. (B) Detail of hAM AP during the first 20 ms.

(C) INa during the first 10 ms of the AP. (D) The transmem-

brane potential of a coupled Fb, VFb. (E) The gap junctional

current, Igap. (F) The sum of outward Kþ currents in the

myocyte, IK.
Coupling via High Ggap to Active 2 Fbs (Table S3) prolongs

repolarization (APD30, APD60, and APD90 increase 61.3%,

13.3%, and 49.5%, respectively, as compared to control).

VFb (Fig. 5 D) is less negative for an Active 2 Fb, contributing

to distinct Igap for hAMs coupled to Active 2 versus Active 1

Fbs (Fig. 5 E). Fig. 5 F examines the net repolarization

current, IK, in a coupled hAM; IK decreased by 48.1% for

coupling to Active 2 Fbs as compared to control.

Electrophysiological effect of increased
stimulation frequency on the hAM
coupled to active Fbs

The effects of coupling either 2 Active 1 or 2 Active 2 Fbs to

a hAM paced at either 1 or 4 Hz are examined in panel I of

Fig. 6 (High Ggap). Fig. 6 A shows the changes in the steady-

state AP waveform of the control when the stimulation

frequency is increased from 1 to 4 Hz. The RMP is elevated

by 9.1 mV, resulting in an APA decrease of 19.0% as

compared to the 1 Hz case. Due to increased RMP, INa is

partially (36.7%) inactivated for the 4 Hz case as compared

to the 1 Hz case. Fig. 6 B compares INa for the two rates:

pacing at 4 Hz results in earlier (3 ms) activation and

a 41.8% decrease in INa,peak as compared 1 Hz.

For Active 1 Fbs, increasing the pacing rate from 1 to 4 Hz

further depolarizes the coupled hAM at rest (by 1.7 mV) and
Biophysical Journal 97(8) 2179–2190
results in a ~20% decrease in APA and a 31.9% decrease in

INa,peak as compared to the noncoupled control at the same

rate (4 Hz; Fig. 6 C (compare with Fig. 5 C)). In addition

to the effects on Naþ inactivation, stimulus current now

flows to coupled Fbs via Igap (Fig. 6 E), reducing the amount

of current available for excitation. The AP morphology of

the coupled myocyte paced at 4 Hz is triangulated compared

to both the noncoupled control and the coupled myocyte

paced at 1 Hz (Fig. 6 C). The magnitude of current shunted

to Fbs is similar for coupled myocytes paced at either 1 or 4

Hz (Igap; Fig. 6 E), and Igap further contributes to AP short-

ening and triangulation in the case of the coupled hAM

paced at 4 Hz as compared to the 4 Hz control.

For Active 2 Fbs, 4 Hz pacing results in a maximum dia-

stolic potential of �40.9 mV and a resting depolarization of

~23 mV as compared to the noncoupled control hAM stim-

ulated at the same rate (4 Hz; Fig. 6 F). This significant

elevation of myocyte RMP leads to almost complete inacti-

vation of INa (99%). Fig. 6 G reveals that INa,peak has

decreased by 98% as compared to the noncoupled control

paced at 4 Hz (Fig. 6 B), leading to a failed excitation. An

examination of Igap (Fig. 6 H) confirms that only stimulus

current is shunted to the Fbs; after termination of the stim-

ulus, Igap approaches zero, as no AP has been elicited.

A complete picture of the effects of FMC between a hAM

and one to three Fbs on hAM excitability is further examined
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FIGURE 5 AP of a hAM coupled to two Active 1 or

Active 2 Fbs for High Ggap (8.0 nS) as compared to non-

coupled hAM. (A) hAM AP; arrow indicates differences

in RMP. (B) Detail of hAM AP during the first 20 ms.

(C) INa during the first 10 ms of the AP. (D) The transmem-

brane potential of a coupled Fb, VFb. (E) The gap junctional

current, Igap. (F) The sum of outward Kþ currents in the

myocyte, IK.
in panel II of Fig. 6. INa,peak is examined for coupling to both

Active 1 (top row) and Active 2 (bottom row) Fbs, and for

stimulation frequencies of 1, 2, and 4 Hz (at left, middle,

and right, respectively).

INa,peak decreases with increases in the number of coupled

Fbs and Ggap. Coupling any number of Fbs to a hAM via

low Ggap (0.5 nS) results in a dramatic decrease in excitability

as compared to control (Ggap¼ 0.0 nS). Increasing Ggap from

0.5 to 8.0 nS reveals additional decreases in INa,peak. To inves-

tigate the potential effects of further increases in Ggap, addi-

tional simulations were conducted in which Ggap was

increased to 16.0 nS. The effects of increasing Ggap on excit-

ability become saturated for sufficiently large Ggap. Very little

additional decrease in INa,peak occurred with the increase of

Ggap from 8.0 to 16.0 nS for a given number of coupled Fbs.

Increasing the stimulation frequency of a hAM coupled to

Fbs (1–4 Hz) results in at least a 40% reduction of INa,peak in

all cases as compared to the 1 Hz control. The membrane

kinetics of coupled Fbs strongly influence INa,peak in the my-

ocyte when the stimulation rate is increased: Active 2 Fbs

coupled to the myocyte paced at 4 Hz result in a majority

of cases for which INa,peak values decrease to <10% of the

noncoupled 1 Hz control value. Clearly, both the pacing

rate and the RMP of coupled Fbs contribute to determination

of hAM excitability. More depolarized Fb RMP and rapid
pacing lead to myocyte RMP elevation, possibly compro-

mising excitability and leading to failed excitation.

Influences on hAM AP waveform

Fig. 7 shows changes in myocyte RMP, APA, APD30,

APD60, and APD90 as a function of the pacing rate for

a hAM coupled to one or three Active 1 or Active 2 Fbs.

These are compared with a noncoupled control for both

Low (left) and High (right) Ggap.

In general, the RMP of a hAM coupled to Fbs increases

and APA decreases as BCL is decreased for both Active
models and for both Ggap values (Fig. 7, A and B, and C
and D, respectively). Increasing the number of Active 2
Fbs from one to three depolarizes the myocyte RMP signif-

icantly for all rates. For three Fbs coupled via High Ggap,

RMP depolarization of the hAM is such that it leads to failed

excitation at all rates (Fig. 7 B). Excitation also fails when

one Active 2 Fb is coupled to the myocyte paced at BCL

of 250 or 375 ms (Fig. 7 B). When an AP is elicited, the

decrease in APA as BCL is decreased is more pronounced

for coupling to Active 2 Fbs, and for three as compared to

one Fb for either Fb model.

In many cases, coupling to Fbs causes only small changes

in early repolarization (APD30) of the hAM, which are
Biophysical Journal 97(8) 2179–2190
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FIGURE 6 Effect of pacing rate on hAM AP and excit-

ability. Panel I: AP of a hAM paced at 1 or 4 Hz and

coupled to two Active 1 (middle) or Active 2 (right) Fbs

via High Ggap (8.0 nS), as compared to noncoupled

controls (left). (A) AP of the noncoupled control, Vmyo.

(B) INa of control. (C) AP of coupled hAM,Vmyo (Active 1).

(D) INa of coupled hAM (Active 1). (E) Gap junctional

current, Igap (Active 1). (F) AP of coupled hAM,Vmyo

(Active 2). (G) INa of coupled hAM (Active 2). (H) Gap

junctional current, Igap (Active 2). Panel II: Effect of

hAM coupling to one to three Active 1 (top) or Active 2
(bottom) Fbs at a Ggap of 0.0–16.0 nS on INa,peak for pacing

rates of 1, 2, and 4 Hz (left, middle, and right, respectively).
independent of Ggap, the pacing rate, and the number of

coupled Fbs (Fig. 7, E and F). Only two cases yield large

changes: 1), coupling three Active 2 Fbs to the myocyte

doubles APD30 as compared to control (Fig. 7 E); and 2),

when three Active 1 Fbs are coupled to the myocyte, early

repolarization is more than twice as slow, on average, for

all rates (Fig. 7 F).

The duration of the AP after the plateau (APD60) is

decreased when the myocyte is coupled to Active 1 Fbs at

all rates, independently of Ggap, and is slightly less rate-

dependent than the noncoupled control (Fig. 7, G–J).

However, when three Active 2 Fbs are coupled to a hAM

via Low Ggap, APD60 is almost twice as long as compared

to control (Fig. 7 G).

AP duration (APD90), which is indicative of refractori-

ness, is usually decreased when the myocyte is coupled to

Active 1 Fbs at all rates, with overall AP shortening

decreasing as the rate is increased (Fig. 7, I and J). Coupling

three Active 1 Fbs to the myocyte via High Ggap, however,

results in AP prolongation for rapid pacing as compared to
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the noncoupled control. Coupling the myocyte to Active 2

Fbs always results in AP prolongation (Fig. 7, I and J).

In summary, coupling between Fbs and a hAM results in

RMP elevation of the latter, leading to decreased excitability

and APA. Moreover, coupling to Fbs results in diverse

effects on myocyte repolarization, including alteration in

AP shape and both increased and decreased refractoriness.

The degree to which excitability and repolarization are

affected varies with the number of coupled Fbs, Ggap, the

model representing coupled Fbs, and the stimulation rate.

DISCUSSION

The main goal of this study was to obtain insights into the

effects of FMC on hAM excitability and AP morphology

as a function of 1), Ggap; 2), the membrane properties of

Fbs; 3), the number of Fbs; and 4), the pacing rate.

The degree to which coupling affects myocyte electrophys-

iology is highly dependent on the membrane properties of the

Fbs and hence the Fb model used. As evidenced by our results,
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modeling the Fb membrane as a Passive RC circuit does not

accurately reproduce the effects of FMC seen in experiments

(4,13,18), such as depolarization of the myocyte at rest and

excitation disturbances. Our results underscore the need to

account for the active membrane properties of Fbs to accu-

rately represent the electrotonic effects of FMC in the atria.

In this study, we employed two novel membrane models

of the atrial Fb (see Supporting Material). The resulting

FIGURE 7 Effects of coupling between a hAM and one or three Active 1
or Active 2 Fbs on AP characteristics for several rates of stimulation (basic

cycle lengths of 250, 375 500, 750, 1000, and 2000 ms). Results for both

Low (left panel: A, C, E, G, and I) and High (right panel: B, D, F, H,

and J) Ggap are shown. Asterisks (*) represent cases of failed excitation in

A and B; these cases are omitted from C–J. (A and B) RMP. (C and D)

APA. (E and F) APD30. (G and H) APD60. (I and J) APD90.
RMP of Active 1 and Active 2 Fbs (�47.8 and �31.4 mV,

respectively) accurately reproduced measured values

(15,16,28). Because a range of RMPs have been measured

in isolated Fbs, the use of these two distinct Fb models is

essential when exploring the contribution of Fb membrane

kinetics to alterations in myocyte AP.

Role of FMC on hAM RMP and excitability

Both the RMP of Fbs and the hAM size relative to that of Fbs

(and thus Cm,myo) are important in determining the depolar-

ization of the coupled hAM at rest. Experimental data from

a previous study (13) showed depolarization of neonatal

rat ventricular cardiomyocyte strands at rest from ~�78 to

~�50 mV, with maximum depolarization of myocytes

occurring when myofibroblasts (myoFbs) interacted with

myocytes at a ratio of 2.3:1.

In a recent study investigating coupling between murine

ventricular myocytes and Fbs, Jacquemet and Henriquez

(19) employed an Fb model with a more negative RMP

than either of the Active models used here. In addition, in

their study, Cm,myo was 153.4 pF, which is ~3 times larger

than the 50 pF Cm,myo (25) employed in our study. For this

reason, the effects on myocyte RMP were much less marked

in their model. In fact, their results displayed a maximum

depolarization of þ8.3 mV for an Fb density of ~30 Fbs

(Cm,Fb ¼ 6.3pF) per myocyte (19) wherein the coupling

conductance used corresponds to a Ggap of ~138 nS. In our

study, a Ggap of 8.0 nS and two Active 1 Fbs resulted in

nearly the same hAM RMP elevation. In another study,

Sachse et al. (22) modeled the coupling of rat ventricular my-

ocytes (Cm, myo ¼ 100 pF) to Fbs with an RMP of �58 mV,

and found only a small RMP elevation (~ þ2 mV) for up to

10 Fbs per myocyte, in contrast to the dramatic effects on

hAM RMP in our study. Thus, adequate representation of

Fb membrane properties, and incorporation of realistic

Cm,myo values are essential to assess the effects of FMC on

myocyte depolarization at rest.

The electrotonic current flow between Fbs and a myocyte

causes depolarization of the hAM at rest, and results in

decreased excitability. Our simulations show that coupling

to Active 1 Fbs even via Low Ggap (0.5 nS) revealed

a dramatic decrease in excitability, and the effect was even

greater with more depolarized Fb RMPs (Active 2; Fig. 7).

A near saturation of this effect, seen at High Ggap (8.0 nS;

Fig. 7), corresponds to the saturation of effects seen at

high intermediate values, as defined by the recent computa-

tional study of Jacquemet and Henriquez (18). Sufficient

depolarization of the myocyte RMP via coupling to Active

2 Fbs led to complete loss of myocyte excitability. Excit-

ability is also modulated by Cm,Fb (see Supporting Material)

and stimulation frequency: larger Fbs may increase hAM

depolarization and decrease excitability, whereas increased

pacing rates lead to decreased excitability via rate-related

increases in myocyte RMP.
Biophysical Journal 97(8) 2179–2190
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In addition to the steady-state responses noted above,

experiments (30) have revealed dynamic effects on excit-

ability as a result of FMC. Our model of Fb-hAM interaction

is able to reproduce spontaneous phenomena, such as de-

layed afterdepolarizations (DADs) sustained for up to 45 s

after rapid pacing protocols (data not shown). However, in

this study we focused on a fundamental characterization of

the influence of FMC on steady-state hAM behavior. Thus,

an exploration of dynamic phenomena was not included

here, and will instead be addressed in future work.

Coupling effects on AP waveform
and repolarization

Decreased APA with FMC has been predicted by other

computational models (19,22). Jacquemet and Henriquez

(18), employing a canine atrial AP model (31), found

a maximum decrease in APA during FMC of ~33% (~30

coupled Fbs/myocyte, Ggap of ~138 nS). The canine model

is significantly different from the hAM model used here

(25), particularly with respect to representation of repolariza-

tion current densities and kinetics. Our results reveal an APA

decrease of the same magnitude occurring for a Fb-hAM

ratio of 2:1 for a Ggap of 8.0 nS, which may more closely

represent the range of parameters that are relevant for the

human atria. These disparities can also be attributed to differ-

ences in Cm,myo, since the relatively small capacitance of the

hAM (50 pF) enhances the influence of coupled Fbs.

A comparatively depolarized Fb RMP augments the role of

the Fb as a current source and results in further depolariza-

tion of the hAM RMP, which reduces INa availability and

decreases APA.

Coupling of the hAM to Fbs in this study also resulted in

diverse effects on AP morphology during repolarization. It

has been suggested that these effects are also dependent

upon specific properties of the myocyte AP (18,19). We

found that Fbs functioned as strong current sources at rest,

and as both sources and sinks during the AP for coupling

via High Ggap when we employed a new hAM model (25).

Prolongation of repolarization is seen sometimes early in

the AP, and plateau is prolonged or shortened depending

on both the Fb RMP and number of coupled Fbs.

Alterations in AP shape that occurred with coupling were

strongly dependent on Fb RMP in this study. Fbs acted as

both current sources and sinks with respect to the coupled

myocyte, depending on the AP phase. However, Fbs that

are more depolarized at rest (Active 2) were a more powerful

current source during early repolarization as compared to Fbs

with a more negative RMP (Active 1), which acted as both

a current source and sink during the AP plateau. Active 1

Fbs also functioned as a more powerful current sink late in

the AP, often increasing the rate of hAM repolarization, as

compared to Active 2 Fbs. The FMC study employing

a canine atrial model revealed that Fbs acted predominantly

as current sinks rather than as sources for similar coupling

conductances (18).
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Our results also imply distinct alterations in late repolari-

zation and thus the APD and refractoriness of the myocyte

with FMC. Briefly, coupling to Active 1 Fbs generally

resulted in APD shortening, whereas coupling to Active 2

Fbs resulted in APD prolongation. The effects of Fb

coupling on myocyte refractoriness are thus strongly depen-

dent on the Fb RMP. In the study by Jacquemet and Henri-

quez (18), APD prolongation was witnessed in all cases.

The complex effects of FMC on myocyte repolarization

shown by our results, which demonstrate both APD short-

ening and prolongation, depend on the specific properties

of the hAM and the Fb. The prediction of alterations in my-

ocyte repolarization during coupling to Fbs is thus nontrivial

and requires consideration of a number of parameters, as well

as accurate representation of the AP of the tissue of interest,

before one can obtain reasonable insights into such effects.

Study implications

In this study, effects on hAM excitability and repolarization

were seen even during FMC via Low Ggap, suggesting an

influence of Fbs in the human atria even with comparatively

high resistances between cells. To elucidate the potential role

of Fbs in organ-level arrhythmogenesis, it is important to

understand how hAMs are affected by coupling to Fbs. Vari-

ation in cell coupling patterns may give rise to a large range

of potential electrotonic loads on coupled myocytes; some

myocytes may be depolarized as a result of coupling to

Fbs, and others in the local area may remain relatively unaf-

fected with respect to the RMP and electrical behavior.

Decreased tissue excitability occurring with FMC (as seen

here), when combined with local heterogeneity in electro-

tonic loads, could lead to conduction abnormalities and

block, facilitating the development of reentrant arrhythmias

in the human atria. The alterations to myocyte repolarization

that occur with FMC are also dependent on a number of

parameters, including the membrane properties of the Fbs,

Ggap, and the number of Fbs, which may vary throughout

the atria. Additionally, the resulting dispersion of repolariza-

tion properties could contribute to the development of an

arrhythmogenic substrate in the fibrotic atria.

Recent experimental work has drawn attention to strate-

gies for modulating cardiac excitability based on transfected

Fbs (32), and investigations into cell-based therapies for

cardiac repair are ongoing (33). Thus, outlining the mecha-

nisms that may be important in FMC is essential to future

studies of the behavior of transfected cells and the develop-

ment of cellular therapies.

Limitations

In this study, we focused on coupling between a hAM and

Fbs. However, homologous coupling between Fbs may

also occur during structural remodeling of the myocardium.

Coupling between adjacent Fbs may be important in tissue

models, wherein Fbs can form conduction bridges between



Coupling Alters Myocyte Excitability 2189
myocyte bundles (12,13). In addition, coupling among Fbs

would introduce additional nonlinearity into the coupled

system in the case of heterogeneous Fb properties, further

altering the global electrophysiological response of the

coupled myocyte.

Myofibroblasts may also be involved in FMC in human at-

ria. MyoFbs differ phenotypically from Fbs and feature 5- to

10-fold larger Cm,Fb. This increase in capacitance suggests

that the electrotonic effects on the hAM seen with coupling

to Fbs would be enhanced by coupling to MyoFbs.

We did not include local control of Ca2þ in our hAM

model, which limits our ability to assess the effects of alter-

ations in early repolarization, caused by FMC, on the

calcium transient. A decrease in early repolarization currents,

such as Ito, has been linked to altered density of ICa,L and

subsequent changes in the Ca2þ transient, [Ca2þ]i (31,34).

Thus, altered early repolarization could result in abnormal

excitation-contraction coupling via ICa,L. However, Ca2þ

cycling in the hAM AP model must be improved to include

local control of Ca2þ release to facilitate further investigation

of the impact of coupling-induced aberrant repolarization on

excitation-contraction coupling.

SUPPORTING MATERIAL

Text, three tables, and one figure are available at http://www.biophysj.org/
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