
ISSN: 1524-4571 
Copyright © 2002 American Heart Association. All rights reserved. Print ISSN: 0009-7330. Online

TX 72514
Circulation Research is published by the American Heart Association. 7272 Greenville Avenue, Dallas,

DOI: 10.1161/01.RES.0000018627.89528.6F 
 2002;90;939-950 Circ. Res.

Gernot Schram, Marc Pourrier, Peter Melnyk and Stanley Nattel 
 Regional Specialization in Electrical Function

Differential Distribution of Cardiac Ion Channel Expression as a Basis for

 http://circres.ahajournals.org/cgi/content/full/90/9/939
located on the World Wide Web at: 

The online version of this article, along with updated information and services, is

 http://www.lww.com/reprints
Reprints: Information about reprints can be found online at 
  

 journalpermissions@lww.com
410-528-8550. E-mail: 
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax: 
Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
  

 http://circres.ahajournals.org/subscriptions/
Subscriptions: Information about subscribing to Circulation Research is online at 

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org/cgi/content/full/90/9/939
http://circres.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://circres.ahajournals.org


Differential Distribution of Cardiac Ion Channel Expression
as a Basis for Regional Specialization in Electrical Function

Gernot Schram, Marc Pourrier, Peter Melnyk, Stanley Nattel

Abstract—The cardiac electrical system is designed to ensure the appropriate rate and timing of contraction in all regions
of the heart, which are essential for effective cardiac function. Well-controlled cardiac electrical activity depends on
specialized properties of various components of the system, including the sinoatrial node, atria, atrioventricular node,
His-Purkinje system, and ventricles. Cardiac electrical specialization was first recognized in the mid 1800s, but over the
past 15 years, an enormous amount has been learned about how specialization is achieved by differential expression of
cardiac ion channels. More recently, many aspects of the molecular basis have been revealed. Although the field is
potentially vast, an appreciation of key elements is essential for any clinician or researcher wishing to understand
modern cardiac electrophysiology. This article reviews the major regionally determined features of cardiac electrical
function, discusses underlying ionic bases, and summarizes present knowledge of ion channel subunit distribution in
relation to functional specialization.(Circ Res. 2002;90:939-950.)
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Cardiac function depends on the appropriate timing of
contraction in various regions, as well as on appropriate

heart rate. To subserve these functions, electrical activity in
each region is adapted to its specialized function. Regionally
specialized cardiac electrical function was recognized in the
mid 1800s, when Stannius1 demonstrated that ligatures in the
superior vena caval sinus region of the frog caused cardiac
asystole, with the sinus continuing to beat. With the wide-
spread application to cardiac ion channel study of patch-
clamp methodologies in the 1980s and molecular biology in
the 1990s, many underlying mechanisms have been unrav-
eled. The present article reviews the major regionally deter-
mined features of cardiac electrical function and the present
knowledge regarding ionic and molecular bases.

Overview of Regional Functional Specificity
Figure 1 illustrates typical regional action potential (AP)
properties in the heart. The normal cardiac impulse originates
in the sinoatrial node (SAN) and propagates through the atria
to reach the atrioventricular node (AVN). From the AVN,
electrical activity passes rapidly through the cable-like His-
Purkinje system to reach the ventricles, triggering cardiac
pumping action. Figure 2 shows the ionic currents involved in
a schematic cardiac AP, provides standard abbreviations for
currents and their corresponding subunits, and summarizes
principal localization data discussed elsewhere in the present
review.

Ionic and Molecular Basis of
Functional Specificity

Sinoatrial Node

Cellular Electrophysiology and Function
The SAN, located in the right atrial (RA) roof between the
venae cavae,2 is specialized for physiological pacemaker
function. Heart rate control is achieved through autonomic
regulation of SAN pacemaking. SAN APs have a relatively
positive maximum diastolic potential (MDP) of��50 mV, a
small phase 0 upstroke velocity (V˙

max, �2 V/s),3 and promi-
nent phase-4 depolarization maintaining SAN pacemaker
dominance. The cell type changes from the typical nodal cell
at the center of the SAN to the atrial cell toward the
periphery.3 The longest AP durations (APDs) are in the
central pacemaking zone, preventing invasion by ectopic
impulses and preserving SAN dominance.4 The SAN contains
both spider and spindle pacemaker cell types.5 Spider cells
have a faster intrinsic rate, a less negative MDP, and a longer
APD, suggesting they are primary pacemaking cells of the
central node. Cholinergic and�-adrenergic stimulation slow
and accelerate spontaneous SAN activity, respectively. Elec-
trical coupling to the atrium is designed to drive the large
atrial muscle mass while insulating the SAN from hyperpo-
larizing atrial muscle influences.6 SAN dysfunction causes
bradyarrhythmias that are associated with syncope but rarely
with death.7
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Ionic Mechanisms
Ionic properties underlying SAN function are indicated in
Figure 3. Many varieties of time-dependent currents contrib-
ute to SAN pacemaking.8 A key time-dependent inward
current, sometimes called the pacemaker current, is the

nonselective cation current (If).9,10 If density is �70% greater
in spider than in spindle cells.5 Several other currents flowing
between the time of MDP and the phase-0 take off, including
L-type Ca2� current (ICaL), T-type Ca2� current (ICaT), and the
delayed rectifier K� current (IK), influence pacemaking activ-
ity: inward Ca2� current activation and outward K� current
deactivation contribute to diastolic depolarization.8–10 ICaT is
particularly large in the SAN. One study found SAN pace-
maker cells to lack the background K� current predominantly
governing MDP (IK1) and the transient outward current (Ito).11

The lack of IK1 explains the positive MDP of SAN cells. A
smaller rapid IK component (IKr) in central SAN cells com-
pared with peripheral cells may contribute to their more
positive MDP and longer APD.12 A smaller sustained Ito

component may also contribute to longer APD in central
SAN.13 ICaL underlies AP upstrokes in primary SAN pace-
making tissue.10,11 The Na� current (INa) may contribute to
subsidiary pacemaker activity in peripheral regions, provid-
ing a backup mechanism.14 A sustained inward component
(Ist) related to ICaL may also contribute to SAN depolariza-
tion,11 but this remains controversial.15

Autonomic regulation of If and ICaL controls heart rate.
�-Adrenergic stimulation positively shifts If activation volt-

Figure 1. Schematic diagram of AP properties in different
regions of the heart.

Figure 2. Principal cardiac ion channel subunits, corresponding currents, and localization. Inset shows schematic diagram of cardiac
AP and currents involved in different phases. Outward currents correspond to upward arrows; inward currents correspond to downward
arrows.
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age dependence, accelerating diastolic depolarization.9,16 Ad-
renergically induced increases in ICaL conductance also en-
hance SAN phase-4 terminal depolarization.9,10

Acetylcholine slows SAN activity by reducing If, activating
the acetylcholine-sensitive K� current (IKACh) and reducing
ICaL.9 The potency of acetylcholine for If inhibition is greater
than that for IKACh activation,17 which in turn is greater than
that for ICaL inhibition.9 Ist is also autonomically regulated.18

Molecular Basis
Hyperpolarization-activated cation channel (HCN)1-HCN4
cDNAs encode If-like currents.19–22 HCN transcripts are 25
times more abundant in the SAN than in Purkinje cells (PCs)
and �140 times more abundant than in ventricular myocar-
dium.20 HCN1 protein and message and HCN4 transcripts are
abundant in rabbit SAN, whereas HCN2 protein expression is
weak, and HCN3 mRNA is absent.19–21 In the mouse, SAN
HCN4 transcripts are abundant, HCN2 levels are moderate,
and HCN1 levels are low.22 HCN1 and HCN2 coassemble to
form functionally distinct channels.23 The minK-related pro-
tein, MiRP1, increases the density and activation rate of If

resulting from HCN expression.24 MiRP1 mRNA is highly
expressed in rabbit SAN, likely contributing to SAN pace-
maker function.24

Expression of Kir2.1, the predominant cardiac IK1 subunit,
is very limited in ferret SAN, which is consistent with the
virtual absence of IK1.25 IKACh is formed by complexes con-
taining Kir3.1 and Kir3.4 subunits.26 Kir3.1 protein is present
in rat, ferret, and guinea pig SAN.27 Kir3.1 and m2-receptor
proteins colocalize.27 Kir3.4 protein is present in rat SAN.27

Four subunits are believed to contribute to IK: the ether-a-
go-go–related (ERG) and MiRP1 subunits (thought to be �
and � subunits of IKr, respectively)28 and KvLQT1 and minK
(� and � subunits of IKs, respectively),29 although the role of
MiRP1 remains controversial.30 MinK transcripts are more
abundant in the SAN than in the atrium or ventricle.25 ERG
protein and transcript are correlated with the presence of IKr in
ferret31 and rabbit32 SAN.

Voltage-activated Ca2� channel (Cav)3.1 and Cav3.2 en-
code ICaT � subunits.33,34 Cav3.1 mRNA expression is 30-fold
greater in mouse SAN than in mouse atrium.35 Cav3.2

expression is lower than Cav3.1 expression, but it is also
greater in the SAN.35 Cav1.2 and Cav1.3 are ICaL � subunits.
Cav1.3 mRNA expression is low in mouse SAN and atrium,35

but Cav1.3 knockout creates marked SAN dysfunction.36

Cav1.2 transcripts are more numerous and are more strongly
expressed in the SAN than in the atrium.35 Subunits � and �2�
modulate the density, kinetics, and activation/inactivation of
ICaL.37 Little is known about their cardiac localization.

Gap-junctional hemichannel connexin (Cx) proteins are the
basis of intercellular electrical coupling.38 The SAN is
shielded against hyperpolarizing atrial influences by compart-
mentalization of Cx expression.6 Many studies report that
Cx43, the major cardiac Cx, is absent in the central
SAN.6,27,39,40 Cx43 has been detected in the SAN of rabbits,41

hamsters,42 and dogs.43 Cx45 and Cx40 are expressed in the
SAN of rabbit and human hearts.6,44 Cx46 is present in rabbit
SAN.40 In canine SAN, 55% of the cells express Cx40 alone;
35% express Cx43, Cx45, and Cx40; and 10% show no Cxs.43

Cells expressing all 3 connexins are located in bundles
abutting atrial tissue, whereas Cx40-expressing cells are
located in the central SAN.43 Myocytes coexpressing Cx40,
Cx43, and Cx45 extend from the SAN into the atrium,
transmitting pacemaker impulses that drive the atrium.43,45

Atrium

Cellular Electrophysiology and Function
The MDP in multicellular atrial preparations is ��80
mV.46,47 Isolated atrial-myocyte MDP averages ��70
mV.48,49 Atrial APs have MDPs �5 to 10 mV less negative
than ventricular myocytes, exhibit slower phase-3 repolariza-
tion, and have little or no spontaneous phase-4 depolarization.

Spatial atrial AP/APD heterogeneity occurs within and
between atrial regions50–53 and plays a role in atrial reentrant
arrhythmias.53 RA APD decreases progressively from the
crista terminalis to the pectinate muscles,51 helping to
“stream” the impulses from the SAN toward the AVN.54

Rapid conduction follows fiber orientation in thicker bun-
dles.55 The APD and effective refractory period (ERP) are
shorter in the left atrial (LA) free wall than in the RA.49 In
guinea pigs, cells from LA sleeves around proximal pulmo-

Figure 3. Characteristic AP properties of
SAN cells. For each ionic property, the
molecular basis believed to underlie ionic
mechanisms is in italics and parentheses.
APs are reproduced from Wu J,
Schuessler RB, Rodefeld MD, Saffitz JE,
Boineau JP. Morphological and mem-
brane characteristics of spider and spin-
dle cells isolated from rabbit sinus node.
Am J Physiol. 2001;280:H1232–H1240,
by permission of The American Physio-
logical Society ©2001.
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nary veins have APs similar to those in atrial myocytes,
whereas more distally located cells have less negative MDP,
shorter APD, and slow pacemaker activity.56

Animal models57–59 and clinical studies60 suggest an im-
portant role of the LA in atrial fibrillation. This may partly be
due to accelerated LA repolarization,49 which shortens ERPs,
favoring reentry.61 LA pulmonary vein activity also triggers
atrial fibrillation.62 In guinea pigs, pulmonary vein cells
generate atrial tachycardias that are due to digitalis-induced
triggered activity.63 Parasympathetic stimulation shortens
atrial APD in a spatially heterogeneous fashion,64 producing
important profibrillatory effects.65

Ionic Mechanisms
The ionic mechanisms of atrial cell APs are summarized in
Figure 4. If is present in atrial myocytes.66,67 A role for If in
atrial ectopy has been suggested,66 but atrial If function has
been questioned because of limited activation at atrial MDP.67

Atrial cells have large inward INa,68 providing energy for rapid
conduction.

Atrial IK1 is 6- to 10-fold smaller than ventricular IK1,69,70

explaining the less negative atrial MDP and slower phase-3
repolarization. Ultrarapid delayed rectifier current (IKur), ac-
tivating two orders of magnitude faster than IKr, has been
described in rat,71 mouse,72 human,73 and canine74 atria. In
humans and dogs, IKur is present in atria but not in ventri-
cles.75,76 Atrial IK includes both IKr and the slow component,
IKs.77–79 Unlike normal ventricular myocytes, in which ICaT is
lacking in the absence of cardiac hypertrophy,80 ICaT is readily
detectable in atrial myocytes48 and may be important in atrial
tachycardia–induced ionic remodeling.81 Atrial tachyarrhythmias
and heart failure produce discrete atrial ionic remodel-
ing,48,82,83 which is important in arrhythmogenesis.61 A recent
study suggests that atrial tachycardia causes ionic remodeling
and afterdepolarizations in pulmonary vein myocytes.84 A
number of discrepancies make that study difficult to interpret;
these discrepancies include an IK1 reversal potential of �40
mV in cells with a resting potential of �65 mV, the
simultaneous measurement of inward and outward currents
with similar kinetics at the same test potentials with no

attempt to isolate components, and the generation of 25-mV
delayed afterdepolarizations by transient inward currents
�10 pA.

Myocytes from different RA regions show discrete ionic
current distributions that explain their AP properties.52 LA
free-wall myocytes have larger IKr compared with RA, ac-
counting for their shorter APDs and ERPs.49 IKACh density is
�6 times greater in the atrium than in the ventricle.85

Molecular Basis
HCN2 and HCN4 are expressed in the atrium.86 HCN4
message levels are much lower in the atrium than in the
SAN.21

Kir2.1 is the most abundant Kir2-family (IK1) subunit
mRNA in the atrium and ventricle and is equally expressed in
each.70 Kir2.3 transcripts are more concentrated in human
atrium than ventricle, and Kir2.2 transcripts are equal and
sparse in both.70 Kir2-subunit mRNA expression does not
account for atrioventricular IK1 differences. Kir2.1 protein
expression is �80% greater in the ventricle than in the
atrium, whereas Kir2.3 protein expression is 228% greater in
the atrium.87 Kir2.3 protein localizes to transverse tubules of
most atrial but few ventricular cells, whereas the converse is
true of Kir2.1.87 The role of these atrioventricular differences
in Kir2 protein expression in the much weaker atrial IK1 is
uncertain.

Kir3.1 mRNAs are expressed strongly in rat atria but not
ventricles,88,89 and Kir3.1 and Kir3.4 proteins are abundant in
the atrium and sparse in the ventricle,27 consistent with
predominantly atrial IKACh expression.85 Recent work suggests
that homomeric Kir3.4 channels may also contribute to atrial
IKACh.90,91

The principal subunits thought to encode Ito include Kv1.4,
Kv4.2, and Kv4.3.92 Kv4.2 contributes to rat atrial Ito,93

localizing to the sarcolemma and T tubules.94 Kv1.4 tran-
script expression is stronger in rat atrium than ventricle,95 but
Kv1.4 protein is almost undetectable in both.96 In rabbit
atrium, Kv1.4 is a major contributor to Ito, whereas in human
atrium, Ito is encoded entirely by Kv4.3.97

Figure 4. Basis of atrial cell AP properties. APs
are reproduced from Spach MS, Dolber PC,
Anderson PA. Multiple regional differences in
cellular properties that regulate repolarization
and contraction in the right atrium of adult and
newborn dogs. Circ Res. 1989;65:1594–1611,
by permission of the American Heart Associa-
tion ©1989.
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The molecular basis of atrial IKur varies widely among
species.98 Kv1.2 and Kv1.5 contribute to rat atrial IKur.93

Human atrial IKur is encoded by Kv1.5, with no corresponding
component in the ventricle.99 Kv3.1 is the molecular basis of
canine atrial IKur, and like the corresponding current, it is
absent in the ventricle.76

KvLQT1 transcripts are abundant in ferret RA.100 MinK is
less abundant in the atrium than in the SAN.100 ERG mRNA
is abundantly expressed in the atrium, as is the longer (ERG1a)
variant, with larger expression in the ventricle versus atrium
in humans and larger expression in the atrium versus ventricle
in rats.101

ERG protein levels in dogs are larger in the LA than in the
RA, consistent with a larger LA IKr.49 No information is
available about the molecular basis of intra-atrial regional
differences in Ito and ICaL.52 Cardiomyocytes in pulmonary
veins contain Kir2.1 subunits and show IK1-like currents,102

but otherwise, little is known about their molecular
electrophysiology.

Cav3.1 and Cav3.2 transcripts are found in mouse atrium,35

consistent with the atrial presence of ICaT.48 Cav1.2 transcripts
are abundant in the atria, and their downregulation is believed
to be central to atrial electrical remodeling.103,104 The Na�

channel � subunit, Nav1.5, is abundantly expressed in atrial
myocytes, on the atrial surface, and in T-tubular membranes
and intercalated disks, consistent with large INa.105

Cx43 protein is present on bovine, guinea pig, and human
atrial myocytes,106–108 with a distinct transitional zone con-
taining interdigitating Cx43-expressing atrial and Cx43-
lacking nodal cells at the periphery of the SAN.45,106,108

Canine and rabbit RA gap junctions contain mainly Cx40 and
Cx43 and less Cx45.39,109 Cx40 expression in the atrium is
much stronger than in the ventricle (where it is virtually
undetectable) in humans, rabbits, guinea pigs, and mice.107,109–111

Cx40 is more abundant in human RA than LA.107

Atrioventricular Node

Cellular Electrophysiology and Function
The primary function of the AVN is to govern the ventricular
response to supraventricular activation. AVN cells have low
excitability and postrepolarization refractoriness,112 which
limit the maximum number of impulses that can traverse to
the ventricles113 and prevent dangerously rapid ventricular
rates in response to supraventricular tachyarrhythmias.

The AVN has a complex 3D structure. APs from intact
AVN have slow upstrokes and small amplitudes.114 Within
the compact AVN, MDPs are ��64 mV, phase-4 depolar-
ization results in takeoff potentials of ��60 mV, and V̇max is
�20 V/s.115 Cell types include N cells in the compact node
and NH cells at the junction with the His bundle.115 A modern
classification divides the AVN into a transitional cell area,
compact node, posterior nodal extension, and lower nodal cell
bundle.116

Ovoid and rod-shaped cells have been isolated from the
compact AVN.117 Ovoid cells have N- or NH-like APs
showing postrepolarization refractoriness and no AP abbre-
viation with increased frequency, less negative MDPs, faster
diastolic-depolarization, and smaller V̇max than those in rod-
shaped cells. Rod-shaped cells display APs intermediate

between typical AVN and atrial cells (AN type).117 AVN cells
have pacemaking activity,117,118 particularly in the midnodal
and lower nodal regions.119 Spontaneous activity in AN cells
is suppressed by atrial electrotonic influences.120

AV node reentrant arrhythmias were classically related to
the presence of dissociable AVN pathways,121 which are
typically manifested clinically as a faster conducting pathway
with a longer refractory period and a slower conducting
pathway with more brief refractoriness.122 Although the
detailed physiology is not completely clear, there is evidence
that the posterior nodal extension may form the slow pathway
substrate.116

Ionic Mechanisms
The ionic basis of AVN properties is illustrated in Figure 5.
If is present in 95% of ovoid cells versus �10% of rod-shaped
cells, and If density is �25-fold larger in ovoid cells, which is
consistent with the much greater ovoid cell pacemaker
activity.117 INa and Ito are present in few ovoid cells but in
almost all rod-shaped cells.117 ICaL underlies the compact
AVN AP upstroke.123 4-Aminopyridine inhibits spontaneous
AVN APs, which is consistent with a role for Ito in AVN
pacemaking.124 Ito elimination in transgenic mice causes
atrioventricular block.125

IK deactivates faster in AVN than in ventricular myo-
cytes.126 Contrary to the SAN, where both IKr and IKs are
important, IKr predominates in the AVN.127 IKr activation
contributes to AVN repolarization and deactivation to dia-
stolic depolarization.123 There is little IK1 in the AVN,123

consistent with its positive MDP.

Molecular Basis
Data regarding ion channel subunit distribution in the AVN
are limited. As opposed to transitional or lower nodal cells,
midnodal cells of the rabbit AVN display little or no Na�

channel � subunit or Cx43 protein.128 Cx43 expression is
sparse or absent in the AVN.129–132 Low-level Cx43 expres-
sion colocalizes with Cx40 in the rat.132 Targeted disruption

Figure 5. Basis of AVN cell AP properties. AP is reproduced
from Munk AA, Adjemian RA, Zhao J, Ogbaghebriel A, Shrier A.
Electrophysiological properties of morphologically distinct cells
isolated from the rabbit atrioventricular node. J Physiol.
1996;493:801–818, by permission of The Physiological Society
©1996.
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of Cx40-subunit expression impairs atrioventricular conduc-
tion in the mouse,133–135 although much of the delay is
attributable to slowing in the ventricular conduction sys-
tem.136 Cx45 is strongly expressed in the rodent AVN and
conducting system.137

His-Purkinje System

Cellular Electrophysiology and Function
PCs forming the bundles of His and the Purkinje system are
specialized for rapid conduction. PC MDP is 5 to 10 mV
more negative (averaging ��90 mV) than is working ven-
tricular MDP.138,139 V̇max is also greater in PCs (�400 to 800
V/s) than in the ventricle (150 to 300 V/s), and the PC plateau
voltage is lower.138,139 APD is more prolonged in PCs than in
ventricular muscle at slow rates.140,141 PCs show prominent
phase-4 depolarization, providing ventricular escape pace-
makers.142 PCs preferentially generate drug-induced early
afterdepolarizations that excite adjacent ventricular mus-
cle,141 likely explaining endocardial early afterdepolariza-
tions that trigger torsade de pointes arrhythmias.143,144

Ionic Mechanisms
Multicellular Purkinje fiber preparations were used for classic
voltage-clamp studies because of favorable geometry; how-
ever, because of the difficulty of isolating PCs, much less
work has been done recently. Ionic bases for PC AP proper-
ties are illustrated in Figure 6. Both ICaL and ICaT are present in
PCs, with ICaT being quite substantial.145,146 PCs have a
smaller ICaL than ventricular myocytes, consistent with their
less positive plateau.147 ICaT inhibition does not affect Purkinje
fiber automaticity, suggesting that ICaT may not be important
for PC pacemaking.148

Two studies showed smaller IK1 in PCs than in ventricular
muscle,147,149 whereas one study showed no significant dif-
ferences.150 Ito in human150 and canine151 PCs displays strik-
ing differences compared with ventricular myocytes, includ-
ing sensitivity to 10 mmol/L tetraethylammonium, �9-fold
greater sensitivity to 4-aminopyridine, and slower reactiva-
tion. PC IK resembles ventricular and atrial IK.152 If is observed
in human PCs, consistent with their pacemaker activity.150

Slowly inactivating INa may contribute to maintaining PC

APD, especially at slow rates.153 Downregulation of Ito and IK1

in PCs of dogs with congestive heart failure enhances their
sensitivity to IKr blocker–induced APD prolongation, possibly
explaining the increased risk of drug-induced long-QT syn-
drome in patients with congestive heart failure.154

Molecular Basis
HCN1 and HCN4 transcripts are expressed in rat and rabbit
Purkinje fibers.20 HCN expression in PCs is lower than that in
the SAN but higher than that in ventricles.20

Canine Purkinje fibers do not significantly express Kv4.2
or Kv1.4 mRNA, and Kv4.3 mRNA levels in PCs are similar
to those in the midmyocardium.155 K� channel interacting
protein (KChIP)2 mRNA is denser in myocardium than in
PCs, whereas Kv3.4 is more concentrated in PCs,155 compat-
ible with their tetraethylammonium-sensitive Ito.152 ERG and
KvLQT1 mRNA levels are lower in PCs,155 suggesting that
smaller IK may contribute to their longer APD. Cav1.2 mRNA
levels are lower in PCs,155 consistent with their smaller ICaL.147

Cav3.1, Cav3.2, and Cav3.3 expression is much greater in PCs
than in the ventricle,155 compatible with their large ICaT.145,146

Cx40 mRNA is 3 to 5 times more abundant in PCs than in
the ventricle.39,44,156 Cx40 colocalizes with Cx43 in the rat
cardiac conducting system.132 Cx45 in mouse and rat hearts is
found only in the His-Purkinje system.157 The extensive
expression of Cx in Purkinje tissue may be crucial for very
rapid conduction.

Ventricular Muscle

Cellular Electrophysiology and Function
MDPs of ventricular myocytes are ��85 mV.138,139,158 The
plateau is relatively positive, at �10 to 20 mV, and phase-3
repolarization is rapid. As in working atrial muscle, there is
no significant phase-4 depolarization or automaticity.

Regional ventricular AP heterogeneity is well established.
Compared with endocardium, epicardial APs show a smaller
overshoot, a more prominent phase 1 followed by a notch
(spike and dome), and a briefer APD, but MDP and V̇max are
not significantly different.159 Epicardial-endocardial AP dif-
ferences are crucial for the ECG T wave.159 Midmyocardial
cells (M cells) are a cell population in the deep subepicar-
dium.160,161 Like PC APDs, M-cell APDs increase substan-
tially at slow rates and have a larger V̇max (�300 V/s) than do
endocardial and epicardial cells (�200 V/s).160 M-cell APs in
the right ventricle (RV) compared with the left ventricle (LV)
have a smaller upstroke, a deeper notch, and a shorter
duration.162 In the rat, APD is shortest at the apex and longest
in the septum, with intermediate values in the free wall.163

Transmural ERP heterogeneity caused by differential M-cell
APD prolongation may contribute to torsade de pointes by
promoting transmural reentry,164 particularly in the presence
of hypokalemia, slow heart rates, and APD-prolonging
drugs.165

Ionic Mechanisms
The information available about the ionic bases of transmural
AP heterogeneity in the ventricles is summarized in Figure 7.
Ito differences between epicardium and endocardium were
originally inferred from phase-1 repolarization properties.159

Ito is larger in epicardium than endocardium for dogs, cats,

Figure 6. Basis of PC AP properties. AP is adapted from
Callewaert G, Carmeliet E, Vereecke J. Single cardiac Purkinje
cells: general electrophysiology and voltage-clamp analysis of
the pace-maker current. J Physiol. 1984;349:643–661, by per-
mission of The Physiological Society ©1984.
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rabbits, and humans.166–169 In guinea pigs, IKr and IKs are
smaller in endocardial cells than in epicardial or M cells.170 In
cats and guinea pigs, IK is larger in the epicardium,171,172 with
IKr responsible for the difference in guinea pigs.172 The
outward component of IK1 is smaller in cat epicardium171 but
not guinea pig172 or dog173 epicardium.

M-cell properties are not attributable to differences in IK1 or
Ito.174 Smaller IKs in M cells contributes to their longer
APD.173,175 M cells also have a larger late INa than do
epicardial or endocardial cells in dogs176 but not in guinea
pigs.172 RV M-cell APDs are shorter than LV M-cell APDs,
possibly because of larger Ito and/or IKs in the RV.162 A
smaller IKs in LV apical versus basal myocytes may underlie
longer apical APD, although IKr appears larger at the apex.177

Regional differences in outward IK1
178 and in IKr

179 may be a
significant determinant of VF.

Molecular Basis
HCN2 is the only isoform in rabbit ventricle, and its mRNA
expression is minimal.20 HCN4 mRNA has been detected in
rat ventricle.20 HCN2 and HCN4 have been detected in
human ventricle but have not been quantified.180 HCN1 and
HCN3 were not detected in the ventricle.19,21 Low-level HCN
expression in the ventricle is consistent with its lack of
automaticity.

Kir2.1 is by far the most abundant Kir transcript in the
human heart.70 Antisense experiments and studies in Kir2.1
and Kir2.2 knockout mice indicate that Kir2.1 subunits are
the major, but not only, component of IK1.181,182

Ito in rat ventricle is thought to be encoded predominantly
by Kv4.2 and Kv4.3.96,183–185 Kv4.2 mRNA expression in the
rat LV wall is correlated with the gradient in Ito density.95 In
ferret ventricle, the transmural Ito gradient is due to stronger

endocardial expression of Kv1.4 versus epicardial predomi-
nance of Kv4.2 and Kv4.3.186 Kv4.3 underlies Ito in dog and
human hearts.187,188 Kv4.2 mRNA is not detectable in ca-
nine187 or human189 ventricle. Kv4.2 is thought to encode the
fast component and Kv1.4 is thought to encode the slow
component of Ito in rodents.190 Kv4.1 mRNA expression is
very low, suggesting little importance for native cardiac Ito.95

KChIP2 substantially increases functional expression and
modifies inactivation of Kv4 subunits.191 KChIP2 expression
is greater in the epicardium than in the endocardium, consis-
tent with the transmural Ito gradient, whereas Kv4.3 is
uniformly expressed across the wall.192 KChIP2 knockout
virtually eliminates Ito.193 KChAP may be a chaperone for Kv
channels that form Ito.194

Kv1.5 has been observed at the intercalated disk of human
ventricular and atrial myocytes, but longitudinal membrane
staining is seen only in the atrium,195 perhaps accounting for
atrium-specific expression of the corresponding current.75,99

Rat Kv2.1 is more abundant in the ventricle than in the
atrium.95 Kv2.1 may encode rat ventricular IKur, but there is
poor correlation between Kv2.1 expression and IKur density in
rat ventricle.196

Human minK mRNA levels are not significantly different
among epicardial, midmyocardial, and endocardial tissues.197

However, a dominant negative KvLQT1 splice variant (iso-
form 2) is more strongly expressed in the midmyocardium,
potentially accounting for lower IKs in M cells.197 In the ferret,
ERG protein expression is stronger in the epicardium.31 ERG
mRNA is 1.5-fold more abundant than Kv4.3 in canine RV
and is the most prevalent K� channel species in the heart,32

consistent with its prominent role in repolarization. MiRP1 is
expressed sparsely in rabbit ventricle.24 Along with recent
studies showing limited effects of MiRP1 coexpression on
ERG currents,30 this observation raises questions about the
role of MiRP1 in ventricular IKr.

Cav1.2 and ICaL � and �2/� subunits are present in the
human septum and LV.198 Nav1.1 and �1 and �2 subunits are
expressed along the Z lines in adult rat cardiac myocytes.199

�1 subunits modulate INa, but �2-subunit function may be
limited to cell adhesion.199 As in the atrium, in the ventricles,
Nav1.5 is the principal Na� channel � subunit found on
membranes and the T-tubular system and at the intercalated
disk region.105

Cx43 is the predominant Cx in the ventricles.107,111,156

Heterozygous knockout of Cx43 slowed ventricular conduc-
tion in adult mice, with minimal effects on the atrium, as
reported in one study,111 but did not affect conduction in
mouse embryos in another.200 Homozygote Cx43 knockouts
had severe impairment of ventricular conduction, consistent
with a critical role in ventricular conduction that can be
compensated in the heterozygote.200

Conclusions
A tremendous amount has been learned over the last 10 to 15
years regarding the ionic and molecular basis of cardiac
regional electrical specialization. Nevertheless, many aspects
remain unexplained. The molecular biology of ion channel
expression in the AVN and Purkinje fibers remains largely
unexplored. The basis of intra-atrial and intraventricular

Figure 7. AP properties of ventricular epicardium, midmyocardi-
um, and endocardium. APs are reproduced from Sicouri S,
Antzelevitch C. A subpopulation of cells with unique electro-
physiological properties in the deep subepicardium of the
canine ventricle: the M cell. Circ Res. 1991;68:1729–1741, by
permission of the American Heart Association ©1991.
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regional variations in ion channel function remains poorly
understood, and the distribution of ion channel subunits in
specific cellular subtypes in complex regions such as the
SAN and AVN remains largely unknown. Species differences
in ion channel distribution are incompletely understood and
complicate extrapolations of experimental findings to hu-
mans. The effects of disease states on regional ion channel
function are virtually unknown. Targeted modulation of
regional ion channel function by genetic engineering ap-
proaches may open up entirely new therapeutic vistas, and its
feasibility has been demonstrated.201

Acknowledgments
This work was supported by the Canadian Institutes of Health
Research and Quebec Heart and Stroke Foundation. The authors
thank Nadine Vespoli for excellent secretarial help.

References
1. Stannius HF. Zwei reihen physiologischer Versuche. Arch Anat Physiol

Wiss Med. 1852;2:85–100.
2. Anumonwo JMB, Jalife J. Cellular and subcellular mechanisms of

pacemaker activity initiation and synchronization in the heart. In: Zipes
DP, Jalife J, eds. Cardiac Electrophysiology: From Cell to Bedside.
Philadelphia, PA: Saunders; 1995:151–163.

3. Bleeker WK, Mackaay AJ, Masson-Pevet M, Bouman LN, Becker AE.
Functional and morphological organization of the rabbit sinus node. Circ
Res. 1980;46:11–22.

4. Boyett MR, Honjo H, Yamamoto M, Nikmaram MR, Niwa R, Kodama
I. Downward gradient in action potential duration along conduction path
in and around the sinoatrial node. Am J Physiol. 1999;276:H686–H698.

5. Wu J, Schuessler RB, Rodefeld MD, Saffitz JE, Boineau JP. Morpho-
logical and membrane characteristics of spider and spindle cells isolated
from rabbit sinus node. Am J Physiol. 2001;280:H1232–H1240.

6. Coppen SR, Kodama I, Boyett MR, Dobrzynski H, Takagishi Y, Honjo
H, Yeh HI, Severs NJ. Connexin45, a major connexin of the rabbit
sinoatrial node, is co-expressed with connexin43 in a restricted zone at
the nodal-crista terminalis border. J Histochem Cytochem. 1999;47:
907–918.

7. Rubenstein JJ, Schulman CL, Yurchak PM, DeSanctis RW. Clinical
spectrum of the sick sinus syndrome. Circulation. 1972;46:5–13.

8. Zhang H, Holden AV, Kocama I, Honjo H, Lei M, Varghese T, Boyett
MR. Mathematical models of action potentials in the periphery and
center of the rabbit sinoatrial node. Am J Physiol. 2000;279:
H397–H421.

9. DiFrancesco D. Pacemaker mechanisms in cardiac tissue. Annu Rev
Physiol. 1993;55:455–472.

10. Irisawa H, Brown HF, Giles W. Cardiac pacemaking in the sinoatrial
node. Physiol Rev. 1993;73:197–227.

11. Guo J, Mitsuiye T, Noma A. The sustained inward current in sino-atrial
node cells of guinea-pig heart. Pflugers Arch. 1997;433:390–396.

12. Lei M, Honjo H, Kodama I, Boyett MR. Heterogeneous expression of
the delayed-rectifier K� currents iK,r and iK,s in rabbit sinoatrial node
cells. J Physiol. 2001;535:703–714.

13. Honjo H, Lei M, Boyett MR, Kodama I. Heterogeneity of 4-aminopyr-
idine-sensitive current in rabbit sinoatrial node cells. Am J Physiol.
1999;276:H1295–H1304.

14. Kodama I, Nikmaram MR, Boyett MR, Suzuki R, Honjo H, Owen JM.
Regional differences in the role of the Ca2� and Na� currents in
pacemaker activity in the sinoatrial node. Am J Physiol. 1997;272:
H2793–H2806.

15. Verheijck EE, van Ginneken AC, Wilders R, Bouman LN. Contribution
of L-type Ca2� current to electrical activity in sinoatrial nodal myocytes
of rabbits. Am J Physiol. 1999;276:H1064–H1077.

16. DiFrancesco D, Tortora P. Direct activation of cardiac pacemaker
channels by intracellular cyclic AMP. Nature. 1991;351:145–147.

17. DiFrancesco D, Ducouret P, Robinson RB. Muscarinic modulation of
cardiac rate at low acetylcholine concentrations. Science. 1989;243:
669–671.

18. Mitsuiye T, Shinagawa Y, Noma A. Sustained inward current during
pacemaker depolarization in mammalian sinoatrial node cells. Circ Res.
2000;87:88–91.

19. Moroni A, Gorza L, Beltrame M, Gravante B, Vaccari T, Bianchi ME,
Altomare C, Longhi R, Heurteaux C, Vitadello M, Malgaroli A,
DiFrancesco D. Hyperpolarization-activated cyclic nucleotide-gated
channel 1 is a molecular determinant of the cardiac pacemaker current If.
J Biol Chem. 2001;276:29233–29241.

20. Shi W, Wymore R, Yu H, Wu J, Wymore RT, Pan Z, Robinson RB,
Dixon JE, McKinnon D, Cohen IS. Distribution and prevalence of
hyperpolarization-activated cation channel (HCN) mRNA expression in
cardiac tissues. Circ Res. 1999;85:E1–E6.

21. Ishii TM, Takano M, Xie LH, Noma A, Ohmori H. Molecular charac-
terization of the hyperpolarization-activated cation channel in rabbit
heart sinoatrial node. J Biol Chem. 1999;274:12835–12839.

22. Moosmang S, Stieber J, Zong X, Biel M, Hofmann F, Ludwig A.
Cellular expression and functional characterization of four hyperpolar-
ization-activated pacemaker channels in cardiac and neuronal tissues.
Eur J Biochem. 2001;268:1646–1652.

23. Ulens C, Tytgat J. Functional heteromerization of HCN1 and HCN2
pacemaker channels. J Biol Chem. 2001;276:6069–6072.

24. Yu H, Wu J, Potapova I, Wymore RT, Holmes B, Zuckerman J, Pan Z,
Wang H, Shi W, Robinson RB, El Maghrabi MR, Benjamin W, Dixon
J, McKinnon D, Cohen IS, Wymore R. MinK-related peptide 1: a �
subunit for the HCN ion channel subunit family enhances expression
and speeds activation. Circ Res. 2001;88:E84–E87.

25. Brahmajothi MV, Morales MJ, Liu S, Rasmusson RL, Campbell DL,
Strauss HC. In situ hybridization reveals extensive diversity of K�

channel mRNA in isolated ferret cardiac myocytes. Circ Res. 1996;78:
1083–1089.

26. Krapivinsky G, Gordon EA, Wickman K, Velimirovic B, Krapivinsky L,
Clapham DE. The G-protein-gated atrial K� channel IKACh is a het-
eromultimer of two inwardly rectifying K�-channel proteins. Nature.
1995;374:135–141.

27. Dobrzynski H, Marples DD, Musa H, Yamanushi TT, Henderson Z,
Takagishi Y, Honjo H, Kodama I, Boyett MR. Distribution of the
muscarinic K� channel proteins Kir3.1 and Kir3.4 in the ventricle,
atrium, and sinoatrial node of heart. J Histochem Cytochem. 2001;49:
1221–1234.

28. Abbott GW, Sesti F, Splawski I, Buck ME, Lehmann MH, Timothy
KW, Keating MT, Goldstein SA. MiRP1 forms IKr potassium channels
with HERG and is associated with cardiac arrhythmia. Cell. 1999;97:
175–187.

29. Keating MT, Sanguinetti MC. Molecular and cellular mechanisms of
cardiac arrhythmias. Cell. 2001;104:569–580.

30. Weerapura M, Nattel S, Chartier D, Caballero R, Hébert TE. A com-
parison of currents carried by HERG, with and without coexpression of
MiRP1, and the native rapid delayed rectifier current: is MiRP1 the
missing link? J Physiol. 2002;540:15–27.

31. Brahmajothi MV, Morales MJ, Reimer KA, Strauss HC. Regional local-
ization of ERG, the channel protein responsible for the rapid component
of the delayed rectifier, K� current in the ferret heart. Circ Res. 1997;
81:128–135.

32. Wymore RS, Gintant GA, Wymore RT, Dixon JE, McKinnon D, Cohen
IS. Tissue and species distribution of mRNA for the IKr-like K�

channel, ERG. Circ Res. 1997;80:261–268.
33. Perez-Reyes E, Cribbs LL, Daud A, Lacerda AE, Barclay J, Williamson

MP, Fox M, Rees M, Lee JH. Molecular characterization of a neuronal
low-voltage-activated T-type calcium channel. Nature. 1998;391:
896–900.

34. Perez-Reyes E. Molecular characterization of a novel family of low
voltage-activated, T-type, calcium channels. J Bioenerg Biomembr.
1998;30:313–318.

35. Bohn G, Moosmang S, Conrad H, Ludwig A, Hofmann F, Klugbauer N.
Expression of T-and L-type calcium channel mRNA in murine sinoatrial
node. FEBS Lett. 2000;481:73–76.

36. Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova S, Chen H, Zheng
H, Striessnig J. Congenital deafness and sinoatrial node dysfunction in
mice lacking class D L-type Ca2� channels. Cell. 2000;102:89–97.

37. Catterall WA. Structure and regulation of voltage-gated Ca2� channels.
Annu Rev Cell Dev Biol. 2000;16:521–555.

38. Beyer EC, Paul DL, Goodenough DA. Connexin family of gap junction
proteins. J Membr Biol. 1990;116:187–194.

39. Davis LM, Kanter HL, Beyer EC, Saffitz JE. Distinct gap junction
protein phenotypes in cardiac tissues with disparate conduction prop-
erties. J Am Coll Cardiol. 1994;24:1124–1132.

946 Circulation Research May 17, 2002

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


40. Verheule S, van Kempen MJ, Postma S, Rook MB, Jongsma HJ. Gap
junctions in the rabbit sinoatrial node. Am J Physiol. 2001;280:
H2103–H2115.

41. Anumonwo JM, Wang HZ, Trabka-Janik E, Dunham B, Veenstra RD,
Delmar M, Jalife J. Gap junctional channels in adult mammalian sinus
nodal cells: immunolocalization and electrophysiology. Circ Res. 1992;
71:229–239.

42. Trabka-Janik E, Coombs W, Lemanski LF, Delmar M, Jalife J. Immu-
nohistochemical localization of gap junction protein channels in hamster
sinoatrial node in correlation with electrophysiologic mapping of the
pacemaker region. J Cardiovasc Electrophysiol. 1994;5:125–137.

43. Kwong KF, Schuessler RB, Green KG, Laing JG, Beyer EC, Boineau
JP, Saffitz JE. Differential expression of gap junction proteins in the
canine sinus node. Circ Res. 1998;82:604–612.

44. Davis LM, Rodefeld ME, Green K, Beyer EC, Saffitz JE. Gap junction
protein phenotypes of the human heart and conduction system. J Car-
diovasc Electrophysiol. 1995;6:813–822.

45. Verheijck EE, van Kempen MJ, Veereschild M, Lurvink J, Jongsma HJ,
Bouman LN. Electrophysiological features of the mouse sinoatrial node
in relation to connexin distribution. Cardiovasc Res. 2001;52:40–50.

46. Yamashita T, Nakajima T, Hazama H, Hamada E, Murakawa Y, Sawada
K, Omata M. Regional differences in transient outward current density
and inhomogeneities of repolarization in rabbit right atrium. Circulation.
1995;92:3061–3069.

47. Wang ZG, Pelletier LC, Talajic M, Nattel S. Effects of flecainide and
quinidine on human atrial action potentials: role of rate-dependence and
comparison with guinea pig, rabbit, and dog tissues. Circulation. 1990;
82:274–283.

48. Yue L, Feng J, Gaspo R, Li GR, Wang Z, Nattel S. Ionic remodeling
underlying action potential changes in a canine model of atrial fibril-
lation. Circ Res. 1997;81:512–525.

49. Li D, Zhang L, Kneller J, Nattel S. Potential ionic mechanism for
repolarization differences between canine right and left atrium. Circ Res.
2001;88:1168–1175.

50. Hogan PM, Davis LD. Evidence for specialized fibers in the canine right
atrium. Circ Res. 1968;23:387–396.

51. Spach MS, Dolber PC, Anderson PA. Multiple regional differences in
cellular properties that regulate repolarization and contraction in the
right atrium of adult and newborn dogs. Circ Res. 1989;65:1594–1611.

52. Feng J, Yue L, Wang Z, Nattel S. Ionic mechanisms of regional action
potential heterogeneity in the canine right atrium. Circ Res. 1998;83:
541–551.

53. Fareh S, Villemaire C, Nattel S. Importance of refractoriness heteroge-
neity in the enhanced vulnerability to atrial fibrillation induction caused
by tachycardia-induced atrial electrical remodeling. Circulation. 1998;
98:2202–2209.

54. Spach MS, Dolber PC, Heidlage JF. Interaction of inhomogeneities of
repolarization with anisotropic propagation in dog atria: a mechanism
for both preventing and initiating reentry. Circ Res. 1989;65:1612–1631.

55. Spach MS. Microscopic basis of anisotropic propagation in the heart: the
nature of current flow at a cellular level. In: Zipes DP, Jalife J, eds.
Cardiac Electrophysiology: From Cell to Bedside. Philadelphia, Pa: WB
Saunders Co; 1995:204–215.

56. Cheung DW. Electrical activity of the pulmonary vein and its interaction
with the right atrium in the guinea-pig. J Physiol. 1981;314:445–456.

57. Morillo CA, Klein GJ, Jones DL, Guiraudon CM. Chronic rapid atrial
pacing: structural, functional, and electrophysiological characteristics of
a new model of sustained atrial fibrillation. Circulation. 1995;91:
1588–1595.

58. Roithinger FX, Steiner PR, Goseki Y, Sparks PB, Lesh MD. Electro-
physiologic effects of selective right versus left atrial linear lesions in a
canine model of chronic atrial fibrillation. J Cardiovasc Electrophysiol.
1999;10:1564–1574.

59. Mandapati R, Skanes A, Chen J, Berenfeld O, Jalife J. Stable micro-
reentrant sources as a mechanism of atrial fibrillation in the isolated
sheep heart. Circulation. 2000;101:194–199.

60. Harada A, Sasaki K, Fukushima T, Ikeshita M, Asano T, Yamauchi S,
Tanaka S, Shoji T. Atrial activation during chronic atrial fibrillation in
patients with isolated mitral valve disease. Ann Thorac Surg. 1996;61:
104–111.

61. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. 2002;
415:219–226.

62. Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, Quiniou G,
Garrigue S, Le Mouroux A, Le Metayer P, Clementy J. Spontaneous

initiation of atrial fibrillation by ectopic beats originating in the pulmo-
nary veins. N Engl J Med. 1998;339:659–666.

63. Cheung DW. Pulmonary vein as an ectopic focus in digitalis-induced
arrhythmia. Nature. 1981;294:582–584.

64. Ninomiya I. Direct evidence of nonuniform distribution of vagal effects
on dog atria. Circ Res. 1966;19:576–583.

65. Liu L, Nattel S. Differing sympathetic and vagal effects on atrial fibril-
lation in dogs: role of refractoriness heterogeneity. Am J Physiol. 1997;
273:H805–H816.

66. Thuringer D, Lauribe P, Escande D. A hyperpolarization-activated
inward current in human myocardial cells. J Mol Cell Cardiol. 1992;
24:451–455.

67. Porciatti F, Pelzmann B, Cerbai E, Schaffer P, Pino R, Bernhart E, Koidl
B, Mugelli A. The pacemaker current If in single human atrial myocytes
and the effect of �-adrenoceptor and A1-adenosine receptor stimulation.
Br J Pharmacol. 1997;122:963–969.

68. Sakakibara Y, Wasserstrom JA, Furukawa T, Jia H, Arentzen CE, Hartz
RS, Singer DH. Characterization of the sodium current in single human
atrial myocytes. Circ Res. 1992;71:535–546.

69. Giles WR, Imaizumi Y. Comparison of potassium currents in rabbit
atrial and ventricular cells. J Physiol. 1988;405:123–145.

70. Wang Z, Yue L, White M, Pelletier G, Nattel S. Differential distribution
of inward rectifier potassium channel transcripts in human atrium versus
ventricle. Circulation. 1998;98:2422–2428.

71. Boyle WA, Nerbonne JM. A novel type of depolarization-activated K�

current in isolated adult rat atrial myocytes. Am J Physiol. 1991;260:
H1236–H1247.

72. Bou-Abboud E, Li H, Nerbonne JM. Molecular diversity of the repo-
larizing voltage-gated K� currents in mouse atrial cells. J Physiol.
2000;529:345–358.

73. Wang Z, Fermini B, Nattel S. Sustained depolarization-induced outward
current in human atrial myocytes: evidence for a novel delayed rectifier
K� current similar to Kv1.5 cloned channel currents. Circ Res. 1993;
73:1061–1076.

74. Yue L, Feng J, Li GR, Nattel S. Characterization of an ultrarapid
delayed rectifier potassium channel involved in canine atrial repolar-
ization. J Physiol. 1996;496:647–662.

75. Li GR, Feng J, Yue L, Carrier M, Nattel S. Evidence for two com-
ponents of delayed rectifier K� current in human ventricular myocytes.
Circ Res. 1996;78:689–696.

76. Yue L, Wang Z, Rindt H, Nattel S. Molecular evidence for a role of
Shaw (Kv3) potassium channel subunits in potassium currents of dog
atrium. J Physiol. 2000;527:467–478.

77. Sanguinetti MC, Jurkiewicz NK. Delayed rectifier outward K� current is
composed of two currents in guinea pig atrial cells. Am J Physiol.
1991;260:H393–H399.

78. Yue L, Feng J, Li GR, Nattel S. Transient outward and delayed rectifier
currents in canine atrium: properties and role of isolation methods. Am J
Physiol. 1996;270:H2157–H2168.

79. Wang Z, Fermini B, Nattel S. Rapid and slow components of delayed
rectifier current in human atrial myocytes. Cardiovasc Res. 1994;28:
1540–1546.

80. Nuss HB, Houser SR. T-type Ca2� current is expressed in hypertrophied
adult feline left ventricular myocytes. Circ Res. 1993;73:777–782.

81. Fareh S, Benardeau A, Thibault B, Nattel S. The T-type Ca2� channel
blocker mibefradil prevents the development of a substrate for atrial
fibrillation by tachycardia-induced atrial remodeling in dogs. Circu-
lation. 1999;100:2191–2197.

82. Dobrev D, Graf E, Wettwer E, Himmel HM, Hala O, Doerfel C, Christ
T, Schuler S, Ravens U. Molecular basis of downregulation of
G-protein-coupled inward rectifying K� current (IK,ACh) in chronic
human atrial fibrillation: decrease in GIRK4 mRNA correlates with
reduced IK,ACh and muscarinic receptor-mediated shortening of action
potentials. Circulation. 2001;104:2551–2557.

83. Li D, Melnyk P, Feng J, Wang Z, Petrecca K, Shrier A, Nattel S. The
effects of experimental heart failure on atrial cellular and ionic electro-
physiology. Circulation. 2000;101:2631–2638.

84. Chen YJ, Chen SA, Chen YC, Yeh HI, Chan P, Chang MS, Lin CI.
Effects of rapid atrial pacing on the arrhythmogenic activity of single
cardiomyocytes from pulmonary veins: implication in initiation of atrial
fibrillation. Circulation. 2001;104:2849–2854.

85. McMorn SO, Harrison SM, Zang WJ, Yu XJ, Boyett MR. A direct
negative inotropic effect of acetylcholine on rat ventricular myocytes.
Am J Physiol. 1993;265:H1393–H1400.

Schram et al Molecular Basis for Ionic and AP Specialization 947

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


86. Ludwig A, Zong X, Hofmann F, Biel M. Structure and function of
cardiac pacemaker channels. Cell Physiol Biochem. 1999;9:179–186.

87. Melnyk P, Zhang L, Shrier A, Nattel S. Differential distribution of
inward rectifier channel subunits: a possible mechanism of atrial-ven-
tricular differences in IK1.. Circulation. 2001;104(suppl II):II-79.
Abstract.

88. DePaoli AM, Bell GI, Stoffel M. G protein-activated inwardly rectifying
potassium channel (GIRK1/KGA) mRNA in adult rat heart and brain by
in situ hybridization histochemistry. Mol Cell Neurosci. 1994;5:
515–522.

89. Karschin C, Schreibmayer W, Dascal N, Lester H, Davidson N,
Karschin A. Distribution and localization of a G protein-coupled
inwardly rectifying K� channel in the rat. FEBS Lett. 1994;348:
139–144.

90. Corey S, Clapham DE. Identification of native atrial G-protein-regulated
inwardly rectifying K� (GIRK4) channel homomultimers. J Biol Chem.
1998;273:27499–27504.

91. Bender K, Wellner-Kienitz MC, Inanobe A, Meyer T, Kurachi Y, Pott
L. Overexpression of monomeric and multimeric GIRK4 subunits in rat
atrial myocytes removes fast desensitization and reduces inward recti-
fication of muscarinic K� current (IK(Ach)): evidence for functional
homomeric GIRK4 channels. J Biol Chem. 2001;276:28873–28880.

92. Nerbonne JM. Molecular basis of functional voltage-gated K� channel
diversity in the mammalian myocardium. J Physiol. 2000;525:285–298.

93. Bou-Abboud E, Nerbonne JM. Molecular correlates of the calcium-
independent, depolarization-activated K� currents in rat atrial myocytes.
J Physiol (Lond). 1999;517:407–420.

94. Takeuchi S, Takagishi Y, Yasui K, Murata Y, Toyama J, Kodama I.
Voltage-gated K� channel, Kv4.2, localizes predominantly to the
transverse-axial tubular system of the rat myocyte. J Mol Cell Cardiol.
2000;32:1361–1369.

95. Dixon JE, McKinnon D. Quantitative analysis of potassium channel
mRNA expression in atrial and ventricular muscle of rats. Circ Res.
1994;75:252–260.

96. Barry DM, Trimmer JS, Merlie JP, Nerbonne JM. Differential
expression of voltage-gated K� channel subunits in adult rat heart:
relation to functional K� channels? Circ Res. 1995;77:361–369.

97. Wang Z, Feng J, Shi H, Pond A, Nerbonne JM, Nattel S. Potential
molecular basis of different physiological properties of the transient
outward K� current in rabbit and human atrial myocytes. Circ Res.
1999;84:551–561.

98. Nattel S, Yue L, Wang Z. Cardiac ultrarapid delayed rectifiers: a novel
potassium current family of functional similarity and molecular
diversity. Cell Physiol Biochem. 1999;9:217–226.

99. Feng J, Wible B, Li GR, Wang Z, Nattel S. Antisense oligodeoxynu-
cleotides directed against Kv1.5 mRNA specifically inhibit ultrarapid
delayed rectifier K� current in cultured adult human atrial myocytes.
Circ Res. 1997;80:572–579.

100. Brahmajothi MV, Morales MJ, Rasmusson RL, Campbell DL, Strauss
HC. Heterogeneity in K� channel transcript expression detected in
isolated ferret cardiac myocytes. Pacing Clin Electrophysiol. 1997;20:
388–396.

101. Pond AL, Scheve BK, Benedict AT, Petrecca K, Van Wagoner DR,
Shrier A, Nerbonne JM. Expression of distinct ERG proteins in rat,
mouse, and human heart: relation to functional IKr channels. J Biol
Chem. 2000;275:5997–6006.

102. Michelakis ED, Weir EK, Wu X, Nsair A, Waite R, Hashimoto K,
Puttagunta L, Knaus HG, Archer SL. Potassium channels regulate tone
in rat pulmonary veins. Am J Physiol. 2001;280:L1138–L1147.

103. Yue L, Melnyk P, Gaspo R, Wang Z, Nattel S. Molecular mechanisms
underlying ionic remodeling in a dog model of atrial fibrillation. Circ
Res. 1999;84:776–784.

104. van der Velden HMW, van der Zee L, Wijffels MC, van Leuven C,
Dorland R, Vos MA, Jongsma HJ, Allessie MA. Atrial fibrillation in the
goat induces changes in monophasic action potential and mRNA
expression of ion channels involved in repolarization. J Cardiovasc
Electrophysiol. 2000;11:1262–1269.

105. Cohen SA. Immunocytochemical localization of rH1 sodium channel in
adult rat heart atria and ventricle: presence in terminal intercalated disks.
Circulation. 1996;94:3083–3086.

106. Oosthoek PW, Viragh S, Mayen AE, van Kempen MJ, Lamers WH,
Moorman AF. Immunohistochemical delineation of the conduction
system, I: the sinoatrial node. Circ Res. 1993;73:473–481.

107. Vozzi C, Dupont E, Coppen SR, Yeh HI, Severs NJ. Chamber-related
differences in connexin expression in the human heart. J Mol Cell
Cardiol. 1999;31:991–1003.

108. ten Velde I, de Jonge B, Verheijck EE, van Kempen MJ, Analbers L,
Gros D, Jongsma HJ. Spatial distribution of connexin43, the major
cardiac gap junction protein, visualizes the cellular network for impulse
propagation from sinoatrial node to atrium. Circ Res. 1995;76:802–811.

109. Verheule S, van Kempen MJ, te Welscher PH, Kwak BR, Jongsma
HJ. Characterization of gap junction channels in adult rabbit atrial and
ventricular myocardium. Circ Res. 1997;80:673–681.

110. Gros D, Jarry-Guichard T, ten Velde I, de Maziere A, van Kempen MJ,
Davoust J, Briand JP, Moorman AF, Jongsma HJ. Restricted distribution
of connexin40, a gap junctional protein, in mammalian heart. Circ Res.
1994;74:839–851.

111. Thomas SA, Schuessler RB, Berul CI, Beardslee MA, Beyer EC,
Mendelsohn ME, Saffitz JE. Disparate effects of deficient expression of
connexin43 on atrial and ventricular conduction: evidence for chamber-
specific molecular determinants of conduction. Circulation. 1998;97:
686–691.

112. Merideth J, Mendez C, Mueller WJ, Moe GK. Electrical excitability of
atrioventricular nodal cells. Circ Res. 1968;23:69–85.

113. Lewis T, Master AM. Observations upon conduction in the mammalian
heart. Heart. 1925;12:209–269.

114. Hoffman BF, Paes de Carvalho A, De Mello WC. Electrical activity of
single fibers of the atrioventricular node. Circ Res. 1959;7:11–18.

115. Billette J. Atrioventricular nodal activation during periodic premature
stimulation of the atrium. Am J Physiol. 1987;252:H163–H177.

116. Medkour D, Becker AE, Khalife K, Billette J. Anatomic and functional
characteristics of a slow posterior AV nodal pathway: role in dual-
pathway physiology and reentry. Circulation. 1998;98:164–174.

117. Munk AA, Adjemian RA, Zhao J, Ogbaghebriel A, Shrier A. Electro-
physiological properties of morphologically distinct cells isolated from
the rabbit atrioventricular node. J Physiol. 1996;493:801–818.

118. Watanabe Y, Dreifus LS. Sites of impulse formation within the atrio-
ventricular junction of the rabbit. Circ Res. 1968;333:717–727.

119. Tse WW. Evidence of presence of automatic fibers in the canine atrio-
ventricular node. Am J Physiol. 1973;225:716–723.

120. Kirchhof CJ, Bonke FI, Allessie MA. Evidence for the presence of
electrotonic depression of pacemakers in the rabbit atrioventricular
node: the effects of uncoupling from the surrounding myocardium. Basic
Res Cardiol. 1988;83:190–201.

121. Mendez C, Moe GK. Demonstration of a dual A-V nodal conduction
system in the isolated rabbit heart. Circ Res. 1966;19:378–393.

122. Denes P, Wu D, Dhingra RC, Chuquimia R, Rosen KM. Demonstration
of dual A-V nodal pathways in patients with paroxysmal supraventric-
ular tachycardia. Circulation. 1973;48:549–555.

123. Hancox JC, Mitcheson JS. Ion channel and exchange currents in single
myocytes isolated from the rabbit atrioventricular node. Can J Cardiol.
1997;13:1175–1182.

124. Mitcheson JS, Hancox JC. Characteristics of a transient outward current
(sensitive to 4-aminopyridine) in Ca2�-tolerant myocytes isolated from
the rabbit atrioventricular node. Pflugers Arch. 1999;438:68–78.

125. Guo W, Li H, London B, Nerbonne JM. Functional consequences of
elimination of ito,f and ito,s: early afterdepolarizations, atrioventricular
block, and ventricular arrhythmias in mice lacking Kv1.4 and expressing
a dominant-negative Kv4 � subunit. Circ Res. 2000;87:73–79.

126. Howarth FC, Levi AJ, Hancox JC. Characteristics of the delayed rec-
tifier K current compared in myocytes isolated from the atrioventricular
node and ventricle of the rabbit heart. Pflugers Arch. 1996;431:713–722.

127. Sato N, Tanaka H, Habuchi Y, Giles WR. Electrophysiological effects
of ibutilide on the delayed rectifier K� current in rabbit sinoatrial and
atrioventricular node cells. Eur J Pharmacol. 2000;404:281–288.

128. Petrecca K, Amellal F, Laird DW, Cohen SA, Shrier A. Sodium channel
distribution within the rabbit atrioventricular node as analysed by
confocal microscopy. J Physiol. 1997;501:263–274.

129. van Kempen MJ, Fromaget C, Gros D, Moorman AF, Lamers WH.
Spatial distribution of connexin43, the major cardiac gap junction
protein, in the developing and adult rat heart. Circ Res. 1991;68:
1638–1651.

130. Franco D, Icardo JM. Molecular characterization of the ventricular
conduction system in the developing mouse heart: topographical corre-
lation in normal and congenitally malformed hearts. Cardiovasc Res.
2001;49:417–429.

948 Circulation Research May 17, 2002

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


131. Oosthoek PW, Viragh S, Lamers WH, Moorman AF. Immunohisto-
chemical delineation of the conduction system, II: the atrioventricular
node and Purkinje fibers. Circ Res. 1993;73:482–491.

132. Gourdie RG, Severs NJ, Green CR, Rothery S, Germroth P, Thompson
RP. The spatial distribution and relative abundance of gap-junctional
connexin40 and connexin43 correlate to functional properties of com-
ponents of the cardiac atrioventricular conduction system. J Cell Sci.
1993;105:985–991.

133. Bevilacqua LM, Simon AM, Maguire CT, Gehrmann J, Wakimoto H,
Paul DL, Berul CI. A targeted disruption in connexin40 leads to distinct
atrioventricular conduction defects. J Interv Card Electrophysiol. 2000;
4:459–467.

134. VanderBrink BA, Sellitto C, Saba S, Link MS, Zhu W, Homoud MK,
Estes NA III, Paul DL, Wang PJ. Connexin40-deficient mice exhibit
atrioventricular nodal and infra-Hisian conduction abnormalities. J Car-
diovasc Electrophysiol. 2000;11:1270–1276.

135. Simon AM, Goodenough DA, Paul DL. Mice lacking connexin40 have
cardiac conduction abnormalities characteristic of atrioventricular block
and bundle branch block. Curr Biol. 1998;8:295–298.

136. Tamaddon HS, Vaidya D, Simon AM, Paul DL, Jalife J, Morley GE.
High-resolution optical mapping of the right bundle branch in con-
nexin40 knockout mice reveals slow conduction in the specialized con-
duction system. Circ Res. 2000;87:929–936.

137. Coppen SR, Severs NJ, Gourdie RG. Connexin45 (�6) expression
delineates an extended conduction system in the embryonic and mature
rodent heart. Dev Genet. 1999;24:82–90.

138. Davis LD, Temte JV. Electrophysiological actions of lidocaine on
canine ventricular muscle and Purkinje fibers. Circ Res. 1969;24:
639–655.

139. Kus T, Sasyniuk BI. Electrophysiological actions of disopyramide
phosphate on canine ventricular muscle and Purkinje fibers. Circ Res.
1975;37:844–854.

140. Carmeliet E. Repolarisation and frequency in cardiac cells. J Physiol
(Paris). 1977;73:903–923.

141. Nattel S, Quantz MA. Pharmacological response of quinidine induced
early afterdepolarizations in canine cardiac Purkinje fibres: insights into
underlying ionic mechanisms. Cardiovasc Res. 1988;22:808–817.

142. Callewaert G, Carmeliet E, Vereecke J. Single cardiac Purkinje cells:
general electrophysiology and voltage-clamp analysis of the pace-maker
current. J Physiol. 1984;349:643–661.

143. El Sherif N, Caref EB, Yin H, Restivo M. The electrophysiological
mechanism of ventricular arrhythmias in the long QT syndrome: tridi-
mensional mapping of activation and recovery patterns. Circ Res. 1996;
79:474–492.

144. Asano Y, Davidenko JM, Baxter WT, Gray RA, Jalife J. Optical
mapping of drug-induced polymorphic arrhythmias and torsade de
pointes in the isolated rabbit heart. J Am Coll Cardiol. 1997;29:
831–842.

145. HiranoY, Fozzard HA, January CT. Characteristics of L- and T-type
Ca2� currents in canine cardiac Purkinje cells. Am J Physiol. 1989;256:
H1478–H1492.

146. Tseng GN, Boyden PA. Multiple types of Ca2� currents in single canine
Purkinje cells. Circ Res. 1989;65:1735–1750.

147. Verkerk AO, Veldkamp MW, Abbate F, Antoons G, Bouman LN,
Ravesloot JH, van Ginneken AC. Two types of action potential config-
uration in single cardiac Purkinje cells of sheep. Am J Physiol. 1999;
277:H1299–H1310.

148. Pinto JM, Sosunov EA, Gainullin RZ, Rosen MR, Boyden PA. Effects
of mibefradil, a T-type calcium current antagonist, on electrophysiology
of Purkinje fibers that survived in the infarcted canine heart. J Car-
diovasc Electrophysiol. 1999;10:1224–1235.

149. Cordeiro JM, Spitzer KW, Giles WR. Repolarizing K� currents in rabbit
heart Purkinje cells. J Physiol. 1998;508:811–823.

150. Han W, Zhang L, Nattel S. Properties of potassium currents in human
cardiac Purkinje fibers. Circulation. 2001;104(suppl II):II-26. Abstract.

151. Han W, Wang Z, Nattel S. A comparison of transient outward currents
in canine cardiac Purkinje cells and ventricular myocytes. Am J Physiol.
2000;279:H466–H474.

152. Han W, Wang Z, Nattel S. Slow delayed rectifier current and repolar-
ization in canine cardiac Purkinje cells. Am J Physiol. 2001;280:
H1075–H1080.

153. Carmeliet E. Slow inactivation of the sodium current in rabbit cardiac
Purkinje fibres. Pflugers Arch. 1987;408:18–26.

154. Han W, Chartier D, Li D, Nattel S. Ionic remodeling of cardiac Purkinje
cells by congestive heart failure. Circulation. 2001;104:2095–2100.

155. Han W, Wang Z, Nattel S. Expression profile of ion channel mRNA in
canine cardiac Purkinje fibers: a basis for electrophysiological speci-
ficity? Circulation. 2001;104(suppl II):II-133. Abstract.

156. Kanter HL, Laing JG, Beau SL, Beyer EC, Saffitz JE. Distinct patterns
of connexin expression in canine Purkinje fibers and ventricular muscle.
Circ Res. 1993;72:1124–1131.

157. Coppen SR, Dupont E, Rothery S, Severs NJ. Connexin45 expression is
preferentially associated with the ventricular conduction system in
mouse and rat heart. Circ Res. 1998;82:232–243.

158. Litovsky SH, Antzelevitch C. Rate dependence of action potential
duration and refractoriness in canine ventricular endocardium differs
from that of epicardium: role of the transient outward current. J Am Coll
Cardiol. 1989;14:1053–1066.

159. Litovsky SH, Antzelevitch C. Transient outward current prominent in
canine ventricular epicardium but not endocardium. Circ Res. 1988;62:
116–126.

160. Sicouri S, Antzelevitch C. A subpopulation of cells with unique elec-
trophysiological properties in the deep subepicardium of the canine
ventricle: the M cell. Circ Res. 1991;68:1729–1741.

161. Drouin E, Charpentier F, Gauthier C, Laurent K, Le Marec H. Electro-
physiologic characteristics of cells spanning the left ventricular wall of
human heart: evidence for presence of M cells. J Am Coll Cardiol.
1995;26:185–192.

162. Volders PG, Sipido KR, Carmeliet E, Spatjens RL, Wellens HJ, Vos
MA. Repolarizing K� currents Ito1, and IKs are larger in right than left
canine ventricular midmyocardium. Circulation. 1999;99:206–210.

163. Gomez AM, Benitah JP, Henzel D, Vinet A, Lorente P, Delgado C.
Modulation of electrical heterogeneity by compensated hypertrophy in
rat left ventricle. Am J Physiol. 1997;272:H1078–H1086.

164. Antzelevitch C, Sicouri S. Clinical relevance of cardiac arrhythmias
generated by afterdepolarizations: role of M cells in the generation of U
waves, triggered activity and torsade de pointes. J Am Coll Cardiol.
1994;23:259–277.

165. Sicouri S, Antzelevitch C. Drug-induced afterdepolarizations and
triggered activity occur in a discrete subpopulation of ventricular muscle
cells (M cells) in the canine heart: quinidine and digitalis. J Cardiovasc
Electrophysiol. 1993;4:48–58.

166. Liu DW, Gintant GA, Antzelevitch C. Ionic bases for electrophysiolog-
ical distinctions among epicardial, midmyocardial, and endocardial
myocytes from the free wall of the canine left ventricle. Circ Res.
1993;72:671–687.

167. Furukawa T, Myerburg RJ, Furukawa N, Bassett AL, Kimura S. Dif-
ferences in transient outward currents of feline endocardial and epi-
cardial myocytes. Circ Res. 1990;67:1287–1291.

168. Fedida D, Giles WR. Regional variations in action potentials and
transient outward current in myocytes isolated from rabbit left ventricle.
J Physiol. 1991;442:191–209.

169. Wettwer E, Amos GJ, Posival H, Ravens U. Transient outward current
in human ventricular myocytes of subepicardial and subendocardial
origin. Circ Res. 1994;75:473–482.

170. Bryant SM, Wan X, Shipsey SJ, Hart G. Regional differences in the
delayed rectifier current (IKr and IKs) contribute to the differences in
action potential duration in basal left ventricular myocytes in guinea-pig.
Cardiovasc Res. 1998;40:322–331.

171. Furukawa T, Kimura S, Furukawa N, Bassett AL, Myerburg RJ.
Potassium rectifier currents differ in myocytes of endocardial and epi-
cardial origin. Circ Res. 1992;70:91–103.

172. Main MC, Bryant SM, Hart G. Regional differences in action potential
characteristics and membrane currents of guinea-pig left ventricular
myocytes. Exp Physiol. 1998;83:747–761.

173. Liu DW, Antzelevitch C. Characteristics of the delayed rectifier current
(IKr and IKs) in canine ventricular epicardial, midmyocardial, and
endocardial myocytes: a weaker IKs contributes to the longer action
potential of the M cell. Circ Res. 1995;76:351–365.

174. Liu DW, Gintant GA, Antzelevitch C. Ionic bases for electrophysiolog-
ical distinctions among epicardial, midmyocardial, and endocardial
myocytes from the free wall of the canine left ventricle. Circ Res.
1993;72:671–687.

175. Gintant GA. Regional differences in IK density in canine left ventricle:
role of IKs in electrical heterogeneity. Am J Physiol. 1995;268:
H604–H613.

176. Zygmunt AC, Eddlestone GT, Thomas GP, Nesterenko VV,
Antzelevitch C. Larger late sodium conductance in M cells contributes
to electrical heterogeneity in canine ventricle. Am J Physiol. 2001;281:
H689–H697.

Schram et al Molecular Basis for Ionic and AP Specialization 949

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


177. Cheng J, Kamiya K, Liu W, Tsuji Y, Toyama J, Kodama I. Heteroge-
neous distribution of the two components of delayed rectifier K�

current: a potential mechanism of the proarrhythmic effects of methane-
sulfonanilide class III agents. Cardiovasc Res. 1999;43:135–147.

178. Samie FH, Berenfeld O, Anumonwo J, Mironov SF, Udassi S,
Beaumont J, Taffet S, Pertsov AM, Jalife J. Rectification of the back-
ground potassium current: a determinant of rotor dynamics in ventricular
fibrillation. Circ Res. 2001;89:1216–1223.

179. Choi BR, Liu T, Salama G. The distribution of refractory periods
influences the dynamics of ventricular fibrillation. Circ Res. 2001;88:
E49–E58.

180. Ludwig A, Zong X, Stieber J, Hullin R, Hofmann F, Biel M. Two
pacemaker channels from human heart with profoundly different acti-
vation kinetics. EMBO J. 1999;18:2323–2329.

181. Nakamura TY, Artman M, Rudy B, Coetzee WA. Inhibition of rat
ventricular IK1 with antisense oligonucleotides targeted to Kir2.1
mRNA. Am J Physiol. 1998;274:H892–H900.

182. Zaritsky JJ, Redell JB, Tempel BL, Schwarz TL. The consequences of
disrupting cardiac inwardly rectifying K� current (IK1) as revealed by the
targeted deletion of the murine Kir2.1 and Kir2.2 genes. J Physiol.
2001;533:697–710.

183. Wickenden AD, Jegla TJ, Kaprielian R, Backx PH. Regional contri-
butions of Kv1.4, Kv4.2, and Kv4.3 to transient outward K� current in
rat ventricle. Am J Physiol. 1999;276:H1599–H1607.

184. Fiset C, Clark RB, Shimoni Y, Giles WR. Shal-type channels contribute
to the Ca2�-independent transient outward K� current in rat ventricle.
J Physiol. 1997;500:51–64.

185. Yeola SW, Snyders DJ. Electrophysiological and pharmacological cor-
respondence between Kv4.2 current and rat cardiac transient outward
current. Cardiovasc Res. 1997;33:540–547.

186. Brahmajothi MV, Campbell DL, Rasmusson RL, Morales MJ, Trimmer
JS, Nerbonne JM, Strauss HC. Distinct transient outward potassium
current (Ito) phenotypes and distribution of fast-inactivating potassium
channel � subunits in ferret left ventricular myocytes. J Gen Physiol.
1999;113:581–600.

187. Dixon JE, Shi W, Wang HS, McDonald C, Yu H, Wymore RS, Cohen
IS, McKinnon D. Role of the Kv4.3 K� channel in ventricular muscle:
a molecular correlate for the transient outward current. Circ Res. 1996;
79:659–668.

188. Kaab S, Dixon J, Duc J, Ashen D, Nabauer M, Beuckelmann DJ,
Steinbeck G, McKinnon D, Tomaselli GF. Molecular basis of transient
outward potassium current downregulation in human heart failure: a
decrease in Kv4.3 mRNA correlates with a reduction in current density.
Circulation. 1998;98:1383–1393.

189. Zhu XR, Wulf A, Schwarz M, Isbrandt D, Pongs O. Characterization of
human Kv4.2 mediating a rapidly-inactivating transient voltage-
sensitive K� current. Receptors Channels. 1999;6:387–400.

190. Guo W, Xu H, London B, Nerbonne JM. Molecular basis of transient
outward K� current diversity in mouse ventricular myocytes. J Physiol
(Lond). 1999;521:587–599.

191. An WF, Bowlby MR, Betty M, Cao J, Ling HP, Mendoza G, Hinson JW,
Mattsson KI, Strassle BW, Trimmer JS, Rhodes KJ. Modulation of
A-type potassium channels by a family of calcium sensors. Nature.
2000;403:553–556.

192. Rosati B, Pan Z, Lypen S, Wang HS, Cohen I, Dixon JE, McKinnon D.
Regulation of KChIP2 potassium channel � subunit gene expression
underlies the gradient of transient outward current in canine and human
ventricle. J Physiol. 2001;533:119–125.

193. Kuo HC, Cheng CF, Clark RB, Lin JJ, Lin JL, Hoshijima M,
Nguyen-Tran VT, Gu Y, Ikeda Y, Chu PH, Ross J, Giles WR, Chien
KR. A defect in the Kv channel-interacting protein 2 (KChIP2) gene
leads to a complete loss of Ito and confers susceptibility to ventricular
tachycardia. Cell. 2001;107:801–813.

194. Kuryshev YA, Gudz TI, Brown AM, Wible BA. KChAP as a chaperone
for specific K� channels. Am J Physiol. 2000;278:C931–C941.

195. Mays DJ, Foose JM, Philipson LH, Tamkun MM. Localization of the
Kv1.5 K� channel protein in explanted cardiac tissue. J Clin Invest.
1995;96:282–292.

196. Schultz JH, Volk T, Ehmke H. Heterogeneity of Kv2.1 mRNA
expression and delayed rectifier current in single isolated myocytes from
rat left ventricle. Circ Res. 2001;88:483–490.

197. Pereon Y, Demolombe S, Baro I, Drouin E, Charpentier F, Escande D.
Differential expression of KvLQT1 isoforms across the human ventric-
ular wall. Am J Physiol. 2000;278:H1908–H1915.

198. Hullin R, Asmus F, Ludwig A, Hersel J, Boekstegers P. Subunit
expression of the cardiac L-type calcium channel is differentially reg-
ulated in diastolic heart failure of the cardiac allograft. Circulation.
1999;100:155–163.

199. Malhotra JD, Chen C, Rivolta I, Abriel H, Malhotra R, Mattei LN,
Brosius FC, Kass RS, Isom LL. Characterization of sodium channel �-
and �-subunits in rat and mouse cardiac myocytes. Circulation. 2001;
103:1303–1310.

200. Vaidya D, Tamaddon HS, Lo CW, Taffet SM, Delmar M, Morley GE,
Jalife J. Null mutation of connexin43 causes slow propagation of ven-
tricular activation in the late stages of mouse embryonic development.
Circ Res. 2001;88:1196–1202.

201. Donahue JK, Heldman AW, Fraser H, McDonald AD, Miller JM, Rade
JJ, Eschenhagen T, Marban E. Focal modification of electrical con-
duction in the heart by viral gene transfer. Nat Med. 2000;6:1395–1398.

950 Circulation Research May 17, 2002

 by on July 5, 2009 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org

