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Atrial fibrillation (AF) is the most common cardiac arrhythmia seen in clinical practice and can induce
cardiac dysfunction and strokes. Mechanisms of AF involve a triggering mechanism from thoracic vein and/
or a substrate mechanism in the atria. Studies showed that elimination of ectopic focus from pulmonary
vein (PV) or non-PVs by catheter ablation could cure AF. As noted, PVs are the most important focus in the
initiation of paroxysmal AF. The mechanisms of AF are quite complex because of the fact that AF results
from a variety of clinical conditions, autonomic tone modulation, and the self-perpetuation phenomenon
“AF begets AF.” Likewise, there is a wide range of changes in the function and expression of ion channels
(electrical remodeling). Ion channels involved in AF triggers include those mediating calcium homeostasis
and nonecalcium ion channels. Abnormal calcium homeostasis and heterogeneous expression of potas-
sium channels, pacemaker channels, and stretch- and swelling-activated chloride channels may promote
the electrical activity of PV and consequently the occurrence of AF. Shortening of action potential duration
in response to decreases in inward currents and/or increases in outward currents can facilitate the genesis
andmaintenance of AF. Additionally, different underlying diseases may yield different patterns of electrical
remodeling. This review summarizes the recent findings in this area of research.

Copyright � 2011, Taipei Medical University. Published by Elsevier Taiwan LLC. All rights reserved.
1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia seen
in clinical practice and can induce cardiac dysfunction and
strokes.1,2 However, the mechanism of AF is not fully elucidated.
Theories of the mechanism of AF involve two main processes:
a triggering mechanism with one or several rapidly firing atrial
focus and a substrate mechanism in the atria with the development
of multiple reentrant circuits.

Studies showed that ectopic impulses originating in the PVs
or non-PV regions could initiate AF, which could be eliminated
by catheter ablation of these ectopic focus.3e8 The approaches to
eliminate PV or non-PV focus for cure of AF become a cornerstone
of clinical practice in the current management of AF, in addition to
pharmacological treatment. PVs are the most important focus
in the initiation of paroxysmal AF. Rapid atrial pacing was found
to induce delayed afterdepolarization (DAD) and early after-
depolarization (EAD) in PVs.9 The influences of autonomic activity
on PVs show that acetylcholine can hyperpolarize the membrane
potential and inhibit the spontaneous activity in PVs. On the other
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hand, isoproterenol accelerates the spontaneous activity and
induces EAD or DAD, which can be suppressed by nifedipine.8

These findings confirm the PV arrhythmogenetic potentials.
The mechanisms of AF are very complex because AF results from

a variety of conditions that cause ion channel remodeling, including
aging, congestive heart failure, acute myocardial infarction, ethanol
abuse, thyrotoxicosis, obesity, and metabolic syndrome.10e15 Addi-
tionally, AF itself causes electrical remodeling, namely, the so-called
“AF begets AF,”which plays a significant role in AF pathophysiology.
All the factors make the electrophysiological studies for arrhyth-
mogenesis of AF more intriguing and sometimes controversial.
1.1. Calcium homeostasis in PVs

Dissociation of PVs yielded single cardiomyocyteswith andwithout
pacemaker activity.16 Isoproterenol was shown to induce EAD in
single PV cardiomyocytes.8,9,16,17 Compared with those without
isoproterenol-induced EAD, PV cardiomyocytes with isoproterenol-
induced EAD have a greater prolongation of action potential
duration and a greater increase of L-type Ca2þ currents after
isoproterenol, which suggests the potential role of Ca2þ in PV
arrhythmogenesis. Moreover, T-type Ca2þ currents were larger in
PV pacemaker cardiomyocytes than in left atrial cardiomyocytes or
by Elsevier Taiwan LLC. All rights reserved.
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Figure 2 FK-506 induced burst firing in a pulmonary vein (PV) pacemaker car-
diomyocyte from an aged animal. Reproduced with permission from Elsevier.
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PV non-pacemaker cardiomyocytes.18 Patterson et al19 further
showed that an increased Ca2þ transient and NaþeCa2þ exchange
current (NCX) may enhance EAD formation in canine PVs. Similarly,
Wongcharoen et al20 also found that PV electrical activity can be
reduced by an NCX inhibitor (KB-R7943, Tocris Cookson Inc., St.
Louis MO, USA20.”) (Figure 1), which reduced the [Ca2þ]i tran-
sient’s amplitude and sarcoplasmic reticulum (SR) Ca2þ stores.
Because of Ca2þ influx from inward NCX, L- and T-type Ca2þ

currents can trigger a large Ca2þ release from the SR; these findings
suggest that calcium homeostasis plays an important role in PV
arrhythmogenesis.

Dysfunction of ryanodine receptors (RyRs) induces diastolic
Ca2þ leak and activates the transient inward current, leading to
membrane depolarization and generating DADs. Honjo et al21 re-
ported that a low dose of ryanodine can induce PV firings, sug-
gesting that enhancement of the Ca2þ leak also contributes to PV
arrhythmogenesis. Similarly, Wongcharoen et al22 showed that
FK-506 (Sigma-Aldrich Co., St. Louis, MO, USA) (Figure 2), which
dissociates the RyReFKBP12.6 complex and inhibits calcineurin
activity, can induce PV burst firings, which also suggests that RyR
dysfunction has an arrhythmogenic potential in the PVs. Moreover,
aging was shown to express more RyR in PVs, which takes the
potential to enhance Ca2þ leak (Figure 3). In contrast, K201 (Aetas
Figure 1 KB-R7943 decreased the firing rate of a pulmonary vein pacemaker car-
diomyocyte in a concentration-dependent manner. Reproduced with permission from
Oxford University Press.
Pharm Co., Tokyo, Japan) may reduce the PV firing rates, DADs, and
transient inward currents through the stabilization of the RyRs,
allowing the reduction in the diastolic calcium leak.23

Comparisons of intracellular Ca2þ ([Ca2þ]i) among left atrial
cardiomyocytes and PV cardiomyocytes showed larger [Ca2þ]i
transients, Ca2þ sparks, and SR Ca2þ stores in PV cardiomyocytes
with pacemaker activity, which suggest that distinctive [Ca2þ]i
regulation may contribute to the spontaneous activity of PV car-
diomyocytes.24 Although Bay K 8644 (Sigma-Aldrich Co., St. Louis,
MO, USA), a calcium channel activator, increased [Ca2þ]i, it alone
did not induce automaticity in PV non-pacemaker cardiomyocytes.
In contrast, the coadministration of Bay K 8644 and BaCl2 (an
inhibitor of inward rectifier potassium currents) could induce
automaticity in PV non-pacemaker cardiomyocytes. Therefore,
restingmembrane potential and inward rectifier potassium currents
also play a role in the PV spontaneous activity. PV cardiomyocytes
with pacemaker activity have been shown to have smaller inward
rectifier Kþ current and less negative membrane potential. Jones
et al25 reported that cells from the PV myocardial sleeve showed
large elevations in diastolic calcium during activation at physio-
logical rates in rabbit model. Cells from the PV share some features
with cells from the sinoatrial node but also have distinctly unique
features that predispose them to the development of spontaneous
activity with a higher stimulated steady-state diastolic calcium.

The SR Ca2þ-ATPase (SERCA2a) is critical in uptaking [Ca2þ]i in
cardiomyocytes to maintain SR Ca2þ content. Lee et al26 found that
the tumor necrosis factor-alphaetreated PV cardiomyocytes had
a significant decreased SERCA2a with a compensatory increased
NCX, which may induce larger DAD, large transient inward
currents, and an enhanced PV arrhythmogenesis. These findings
Figure 3 Quantification of the expression level of ryanodine receptor (RyR) in
pulmonary veins from young and aged animals. (A) Summary of densitometry quan-
tification. (B) Representative Western blot images (a-actin as an internal control to
confirm even loading). Reproduced with permission from Elsevier.



Table 1 Effects of AF-related interventions on action potential and ionic currents in
a pulmonary vein arrhythmogenesis model

AF-related intervention APD EAD DAD ICa-L Iti Ito IK1 If Beating
rates

Rapid atrial pacing Y [ [ Y [ Y e [ [

Thyroxine Y [ [ [ [ [ [ [ [

High temperature Y [ [ [ [ ? [ [ [

Isoproterenol Y[ [ [ [ [ e e ? [

Angiotensin II [ e [ [ [ Y Y [ [

Tumor necrosis factor-alpha Y e [ Y [ [ e ? e

AF¼ atrial fibrillation; APD¼ action potential duration; EAD¼ early after-
depolarization; DAD¼ delayed afterdepolarization; ICa-L¼ L-type Ca2þ current;
Iti¼ transient inward currents; Ito¼ transient outward currents; IK1¼ inward
rectifier potassium currents; If¼ pacemaker currents; [¼ increase; Y¼ decrease;
e¼ unchange; ?¼ unknown.
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may contribute to inflammation or heart failureerelated AF. Simi-
larly, aging also reduces SERCA2a, which may underlie the higher
AF during aging.22

1.2. Non-Ca2þ ionic currents in PVs

Potassium currents have been suggested to contribute to the
determination of pacemaker activity in cardiomyocytes. PV car-
diomyocytes differ from atrial cardiomyocytes in manifesting more
depolarized resting membrane potentials because of a lower level
of inward rectifier potassium currents (IK1). Therefore, PV car-
diomyocytes are prone to trigger arrhythmia because of a reduced
threshold for excitation.27 Moreover, the hyperpolarization-
activated time-dependent current (IKH) has been observed in
a subset of PV cardiomyocytes and has been suggested to play a role
in PV electrical activity. Chen et al27 demonstrated that the fast-
firing (�2.5 Hz) PV pacemaker cardiomyocytes had less negative
maximum diastolic potential and steeper slope of diastolic depo-
larization than those of slow-firing (<2.5 Hz) PV pacemaker car-
diomyocytes. Moreover, the PV beating rates are linearly correlated
with the slope of diastolic depolarization and maximum diastolic
potential. The fast-firing PV pacemaker cardiomyocytes had smaller
transient outward current (Ito) and IK1 but similar sustained delayed
rectifier Kþ current (IKsus), and rapid delayed rectifier currents (IKr),
as compared with slow-firing PV pacemaker cardiomyocytes
(Figure 4). After suppression of IKH and IK1 with barium, fast-firing
PV pacemaker cardiomyocytes manifest a higher incidence and
current density of pacemaker currents (If) than slow-firing PV
cardiomyocytes. However, the percentage of If-positive PV car-
diomyocytes was significantly less than that of sinoatrial and
atrioventricular nodal cardiomyocytes.

Cell swelling secondary to myocardial ischemia might be the
underlying mechanism of ischemia-related AF genesis. Lee et al28
Figure 4 IeV relationship of Ito, IKsus, IKr-tail, and IK1 in fast and slow pacemaking cardiomyoc
Reproduced with permission from John Wiley and Sons. PV¼ pulmonary vein.
found that hypotonic solution induced larger swelling-activated
chloride current (ICl,swell) in PV pacemaker cardiomyocytes than in
PV non-pacemaker cardiomyocytes or atrial cardiomyocytes.
Comparedwith atrial cardiomyocytes, hypotonic solution shortened
theactionpotential durationand increased thecellwidth to agreater
extent in the PV cardiomyocytes. Moreover, hypotonic solution
decreased the PV firing with a decrease in the transient inward
currents and DADs. These findings suggest that the ICl,swell plays an
important role in the electrical activity of the PV cardiomyocytes. On
the other hand, hypertonicity can increase the spontaneous beating
rates.29 In addition, hypertonicity increased the transient inward
currents (Iti) and NCX to a greater extent in PV cardiomyocytes than
in atrial cardiomyocytes. These findings suggest that cell
morphology was associated with PV electrical activity. In support of
this, external stretch of PV tissue preparations could increase PV
spontaneous activity and triggered activity, which was suppressed
by stretch channel inhibitors of gadolinium or streptomycin.30
ytes from PV. *p< 0.05 and **p< 0.01 versus the slow PV pacemaking cardiomyocytes.



Table 2 Effects of pharmacological agents on action potential and ionic currents in
pulmonary vein cardiomyocytes

Pharmacological agents APD DAD ICa-L Iti Ito IK1 If Beating
rates

KB-R7943 [ Y Y Y Y Y ? Y

K201 [ Y Y Y ? ? ? Y

Losartan [ Y e Y Y Y e Y

Endothelin-1 Y Y Y Y Y [ [ Y

APD¼ action potential duration; DAD¼ delayed afterdepolarization; ICa-L¼ L-type
Ca2þ current; Iti¼ transient inward currents; Ito¼ transient outward currents;
IK1¼ inward rectifier potassium currents; If¼ pacemaker currents; KB-R7943¼ a
Naþ/Ca2þ exchanger inhibitor; K201¼ a ryanodine receptor stabilizer; Los-
artan¼ an angiotesin II receptor blocker; [¼ increase; Y¼ decrease;e¼ unchange;
?¼ unknown.
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1.3. Electrophysiological characteristics of PV in AF models

AF is well known to be enhanced in the presence of precipitating
factors.9,10,16,26,31,32 Table 1 summarizes the electrophysiological
characteristics of PVs in AF models. The most consistent finding in
these AF-related situations was an increase in DAD and transient
inward currents in PV myocytes. Genesis of EAD and increase in PV
beating rates were also observed frequently. However, changes in
the AP duration, L-type Ca2þ currents, Ito, and IK1 were more vari-
able under these conditions. Therefore, enhanced triggered activity
seems most likely an important contributor to PV arrhythmo-
genesis. In support of this hypothesis, NCX inhibitor (KB-R7943),
RyR stabilizer (K201), angiotensin II receptor blocker (losartan), and
endothelin 1 (Table 2) consistently decrease transient inward
current and DAD in PV cardiomyocytes. Therefore, these interven-
tions may potentially decrease the occurrence of AF.20,23,32,33

2. Conclusions

Alterations in electrical activity, ionic currents, and calcium
handling play an important role in the arrhythmogenesis of PV
cardiomyocytes. Using agents selectively regulating the ionic
currents underlying the electrical activity of AF triggers is the
potential target therapy for atrial tachyarrhythmias.
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