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Preface

In the past decade, major progress has been made in understanding mecha-
nisms of arrhythmias. This progress stems from much-improved experimen-
tal, genetic, and computational techniques that have helped to clarify the roles
of specific proteins in the cardiac cycle, including ion channels, pumps, ex-
changer, adaptor proteins, cell-surface receptors, and contractile proteins. The
interactions of these components, and their individual potential as therapeu-
tic targets, have also been studied in detail, via an array of new imaging and
sophisticated experimental modalities. The past 10 years have also led to the
realization that genetics plays a predominant role in the development of lethal
arrhythmias.

Many of the topics discussed in this text reflect very recently undertaken
research directions including the genetics of arrhythmias, cell signaling mole-
cules as potential therapeutic targets, and trafficking to the membrane. These
new approaches and implementations of anti-arrhythmic therapy derive from
many decades of research as outlined in the first chapter by the distinguished
professors Michael Rosen (Columbia University) and Michiel Janse (University
of Amsterdam). The text covers changes in approaches to arrhythmia therapy
over time, in multiple cardiac regions, and over many scales, from gene to
protein to cell to tissue to organ.

New York, May 2005 Colleen E. Clancy and Robert S. Kass
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Abstract A historical overview is given on the techniques to record the electrical activ-
ity of the heart, some anatomical aspects relevant for the understanding of arrhythmias,
general mechanisms of arrhythmias, mechanisms of some specific arrhythmias and non-
pharmacological forms of therapy. The unravelling of arrhythmia mechanisms depends,
of course, on the ability to record the electrical activity of the heart. It is therefore no
surprise that following the construction of the string galvanometer by Einthoven in 1901,
which allowed high-fidelity recording of the body surface electrocardiogram, the study
of arrhythmias developed in an explosive way. Still, papers from McWilliam (1887), Gar-
rey (1914) and Mines (1913, 1914) in which neither mechanical nor electrical activity was
recorded provided crucial insights into re-entry as a mechanism for atrial and ventricular
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fibrillation, atrioventricular nodal re-entry and atrioventricular re-entrant tachycardia in
hearts with an accessory atrioventricular connection. The components of the electrocardio-
gram, and of extracellular electrograms directly recorded from the heart, could only be well
understood by comparing such registrations with recordings of transmembrane potentials.
The first intracellular potentials were recorded with microelectrodes in 1949 by Coraboeuf
and Weidmann. It is remarkable that the interpretation of extracellular electrograms was
still controversial in the 1950s, and it was not until 1962 that Dower showed that the trans-
membrane action potential upstroke coincided with the steep negative deflection in the
electrogram. For many decades, mapping of the spread of activation during an arrhythmia
was performed with a “roving” electrode that was subsequently placed on different sites
on the cardiac surface with a simultaneous recording of another signal as time reference.
This method could only provide reliable information if the arrhythmia was strictly regular.
When multiplexing systems became available in the late 1970s, and optical mapping in the
1980s, simultaneous registrations could be made from many sites. The analysis of atrial
and ventricular fibrillation then became much more precise. The old question whether an
arrhythmia is due to a focal or a re-entrant mechanism could be answered, and for atrial
fibrillation, for instance, the answer is that both mechanisms may be operative. The road
from understanding the mechanism of an arrhythmia to its successful therapy has been
long: the studies of Mines in 1913 and 1914, microelectrode studies in animal prepara-
tions in the 1960s and 1970s, experimental and clinical demonstrations of initiation and
termination of tachycardias by premature stimuli in the 1960s and 1970s, successful surgery
in the 1980s, the development of external and implantable defibrillators in the 1960s and
1980s, and finally catheter ablation at the end of the previous century, with success rates
that approach 99% for supraventricular tachycardias.

Keywords Electrocardiogram · Extracellular electrograms · Transmembrane potentials ·
Re-entry · Focal activity · Tachycardias · Fibrillation

1
Introduction

The diagnosis of cardiac arrhythmias and the elucidation of their mechanisms
depend on the recording of the electrical activity of the heart. The study
of disorders of the rhythmic activity of the heart started around the fifth
century b.c. in China and in Egypt around 3000 b.c. with the examination of
the peripheral pulse (for details see Snellen 1984; Acierno 1994; Lüderitz 1995;
Ziskind and Halioua 2004). In retrospect, it is easy to recognize atrioventricular
(AV) block, represented by the slow pulse rate observed by Gerber in 1717
(see Music et al. 1984), or atrial fibrillation manifested by the irregular pulse
described by de Senac (1749). The recording of arterial, apical and venous
pulsations, notably by MacKenzie (1902) and Wenckebach (1903), provided
a more rational basis for diagnosing many arrhythmias. Still, the concept
that disturbances in the electrical activity of the heart were responsible for
abnormal arterial and venous pulsations was not universally known at the turn
of the nineteenth century. For example, MacKenzie observed that the A wave
disappeared from the venous curve during irregular heart action, and wrote, in
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1902 under the heading of “The pulse in auricular paralysis”, “I have no clear
idea of how the stimulus to contraction arises, and so cannot definitely say how
the auricle modifies the ventricular rhythm. But as a matter of observation I
can with confidence state that the heart has a very great tendency to irregular
action when the auricles lose their power of contraction.”

The first demonstration of the electrical activity of the heart was made
accidentally by Köllicker and Müller in 1856. Following the experiments of
Matteuci in 1842, who used the muscle of one nerve-muscle preparation as
a stimulus for the nerve of another, thereby causing its muscle to contract
(see Snellen 1984), they also studied a nerve-muscle preparation from a frog
(sciatic nerve and gastrocnemius muscle). Accidentally, the sciatic nerve was
placed in contact with the exposed heart of another frog, and they observed
the gastrocnemius muscle contract in synchrony with the heartbeat. They saw
immediately before the onset of systole a contraction of the gastrocnemius,
and in some preparations a second contraction at the beginning of diastole.
Although Marey (1876) first used Lipmann’s capillary electrometer to record
the electrical activity of the frog’s heart, the explanation for this activity was
provided by the classic experiments of Burdon-Sanderson and Page (1879,
1883). They also used the capillary electrometer together with photographic
equipment to obtain recordings of the electrical activity of frog and tortoise
hearts. They placed electrodes on the basal and apical regions of the frog heart
and observed two waves of opposite sign during each contraction. The time
interval between the two deflections was in the order of 1.5 s. By injuring the
tissue under one of the recording sites, they obtained the first monophasic
action potentials and showed how, in contrast to nerve and skeletal muscle,
there is in the heart a long period between excitation and repolarization [“...
if either of the leading-off contacts is injured ... the initial phase is followed
by an electrical condition in which the injured surface is more positive, or
less negative relatively to the uninjured surface: this condition lasts during
the whole of the isoelectric period ...” (Burdon-Sanderson and Page 1879)].
A second important observation was that by partially warming the surface “...
the initial phase (i.e. of the electrogram) is unaltered but the terminal phase
begins earlier and is strengthened” (Burdon-Sanderson and Page 1879).

Heidenhain introduced the term arrhythmia as the designation for any dis-
turbance of cardiac rhythm in 1872. With the introduction of better techniques
to record the electrical activity of the heart, the study of arrhythmias developed
in an explosive way. We will limit this brief account to those studies in which
the electrical activity was documented, even though we will make an exception
for a number of seminal papers on the mechanisms of arrhythmias in which
neither mechanical nor electrical activity was recorded (McWilliam 1887a,b,
1889; Garrey 1914; Mines 1913b, 1914). We will pay particular attention to
the early studies, nowadays not easily accessible, and will not attempt to give
a complete review of all arrhythmias.
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2
Methods to Record the Electrical Activity of the Heart

2.1
The Electrocardiogram

In 1887, Waller was the first to record an electrocardiogram from the body
surface of dog and man (see Fig. 1). He used Lippmann’s capillary electrome-
ter, an instrument in which in a mercury column borders on a weak solution
of sulphuric acid in a narrow glass capillary. Whenever a potential difference
between the mercury and the acid is applied, changed or removed, this bound-
ary moves (see Snellen 1995). The capillary electrometer was sensitive, but
slow. Einthoven constructed his string galvanometer, which was both sensitive
and rapid, based on the principle that a thin, short wire of silver-coated quartz
placed in a narrow space between the poles of a strong electromagnet will move
whenever the magnetic field changes as a consequence of change in the current
flowing through the coils. During the construction of the string galvanometer,
Einthoven was aware of the fact that Ader in 1897 also had used an instrument
with a string in a magnetic field as a receiver of Morse signals transmitted
by undersea telegraph cables. In Einthoven’s first publication on the string
galvanometer, he did quote Ader (Einthoven 1901). It is often suggested that
Einthoven merely improved Ader’s instrument. However, as argued by Snellen
(1984, 1995), Ader’s instrument was never used as a galvanometer, i.e. as an
instrument for measuring electrical currents, and if it had, its sensitivity would
have been 1:100,000 that of the string galvanometer. To quote Snellen (1995):
“... the principle of a conducting wire in a magnetic field moving when a cur-
rent passes through it, had been known from Faraday’s time if not earlier, that
is three quarters of a century before Ader. Equalizing all possible instruments
which use that principle is perhaps just as meaningless as to put a primitive
horse cart on a par with a Rolls Royce, because they both ride on wheels.”

Figure 1 shows electrocardiograms recorded with the capillary electrometer
byWaller andbyEinthoven,Einthoven’smathematical correctionofhis tracing,
and the first human electrocardiogram recorded by Einthoven with his string
galvanometer (Einthoven 1902, 1903).

Remarkably, Einthoven constructed a cable which connected his physiolog-
ical laboratory with the Leiden University hospital, over a distance of a mile
(Einthoven 1906). This should have created a unique opportunity to collabo-
rate with clinicians and document the electrocardiographic manifestations of
a host of arrhythmias. Unfortunately, according to Snellen (1984):

Occurrence of extrasystoles had the peculiar effect that Einthoven could
warn the physician by telephone that he was going to feel an intermission
of the pulse at the next moment. It seems that this annoyed the clinician
who was poorly co-operative anyway; in fact, after only a few years he
cut the connection to the physiological laboratory. This must have been
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Fig. 1 Panel 1: Waller’s recording of the human electrocardiogram using the capillary elec-
trometer. t, time;h, external pulsationof theheart; e, electrocardiogram.Panel 2: Einthoven’s
tracing published in 1902 also with the capillary electrometer, with the peaks called A, B, C,
and D. In the lower tracing, Einthoven corrected the tracing mathematically, and now used
the terminology P, Q, R, S and T. Panel 3: One of the first electrocardiograms recorded with
the string galvanometer as published in 1902 and 1903 by Einthoven. (Reproduced from
Snellen 1995)

a blow to Einthoven, although in 1906 and 1908 he had already collected
two impressive series of clinical tracings. Precisely at this time, a young
physician and physiologist from London approached him who needed
to improve his registration method of the relation between auricular
and ventricular contraction in what ultimately proved to be auricular
fibrillation. This was Thomas Lewis.

There is no doubt that Lewis was foremost in introducing Einthoven’s instru-
ment into clinical practice and in experiments designed to unravel mechanisms
of arrhythmias (see later). Einthoven always appreciated Lewis’s work. When
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Einthoven received the Nobel prize in 1925, he said in his acceptance speech:
“It is my conviction that the general interest in electrocardiography would
not have risen so high, nowadays, if we had to do without his work and I
doubt whether without his valuable contribution I would have the privilege
of standing before you today” (Snellen 1995). Others who quickly employed
Einthoven’s instrument were the Russian physiologist Samojloff, who in 1909
published the first book on electrocardiography, and Kraus and Nicolai who
published the second book in 1910 (see Krikler 1987a,b).

Initially, only the three (bipolar) extremity leads were used. Important de-
velopments were the introduction of the central terminal and the unipolar
precordial leads by Wilson and associates (Wilson et al. 1933a), and of aug-
mented extremity leads by Goldberger (1942). Wilson and Johnston (1938) also
paved the way for the development of vectorcardiography.

The first body-surface maps, based on 10 to 20 electrocardiograms recorded
from the surface of a human body were published by Waller in 1889. However,
the distribution of isopotential lines on the human body surface at different
instants of the cardiac cycle took off after the publication by Nahum et al.
(1951).

Ambulatory electrocardiography began with Holter’s publication in 1957.
Further developments in electrocardiography include body surface His bundle
electrocardiography, computer analysis of the electrocardiogram, the signal-
averaged electrocardiogram, polarcardiography and the magnetocardiogram.
For a detailed description of these techniques, the reader is referred to the book
Comprehensive Electrocardiology, edited by MacFarlane and Lawrie (1989).

A large number of books on the electrocardiography of arrhythmias has
been published, and here we will only refer to a few, all written by one or two
authors (Samojloff 1909; Kraus and Nicolai 1910; Lewis 1920, 1925; Lepeschkin
1951; Katz and Pick1956; Spang 1957; Scherf and Cohen1964; Scherf and Schott
1973; Schamroth 1973; Pick and Langendorf 1973; Josephson and Wellens
1984), and ignore the even greater number of multi-authored books.

2.2
The Interpretation of Extracellular Waveforms

Pruitt (1976) gives a very interesting account of the controversy, confusion
and misunderstanding about the interpretation of extracellular electrograms
in the 1920s and 1930s. In those days, one generally used the terminology
of Lewis (1911), who had written that “the excited point becomes negative
relative to all other points of the musculature ... and the wave of negativity
travels in all directions from the point of excitation.” Burdon-Sanderson and
Page (1879) had in fact already written, “Every excited part of the surface of the
ventricle is during the excitatory state negative to every unexcited part” (their
italics). Others interpreted these ideas in the sense that the spread of activation
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was equal to the propagation of a “wave of negativity”. Although Lewis clearly
indicated that the excited part of the heart was negative relative to the unexcited
parts, he never used the terms doublet or dipole. Craib (see Pruitt 1976) was the
first to “formulate a concept of myocardial excitation that entailed movement
along the fibre not of a wave of negativity, but of an electrical doublet”, the
latter defined as “intimately related and closely lying foci or loci of raised
and lowered potentials”. Wilson and associates (1933b) introduced the term
bipole, which, much the same as Craib’s doublet, represented “two sources of
equal but opposite potential lying close together”. The word source here may be
confusing since Wilson also introduced the terms source and sink, meaning the
paired positive and negative charges associated with propagation of the cardiac
impulse. In retrospect, the controversy that led to the estrangement of Lewis
and Craib (Pruitt 1976) is difficult to understand and seems largely semantic.
Why should cardiologists quarrel about the question whether “negativity”
could exist on its own, without “positivity” in the immediate neighbourhood?

In addition to the misunderstanding concerning propagation of a wave of
“negativity”, there is confusion in the early literature regarding the question
of which deflection in the extracellular electrogram reflects local excitation.
Some of the difficulties in interpreting electrograms directly recorded from
the surface of the heart seem to be related to the fact that in the early days
only bipolar recordings were used. It took a long time before the concept that
a bipolar recording is best understood as the sum of two unipolar recordings
became widely accepted among cardiac electrophysiologists. (Strictly speak-
ing, there is of course no such thing as a unipolar recording. We use the term
unipolar to indicate that one electrode is positioned directly on the heart, the
other electrode, the “indifferent” one, far away. In bipolar recordings, both ter-
minals are close together on the heart’s surface.) Lewis introduced the terms
“intrinsic” and “extrinsic” deflections, and although we still use these terms
today, we do not mean precisely the same thing. Lewis (1915) wrote: “(1) There
are deflections which result from arrival of the excitation process immediately
beneath the contacts; these we term intrinsic deflections.... (2) There are also
deflections which are yielded by the excitation wave, travelling in distant areas
of the muscle. To these we apply the term extrinsic deflections.” He proves his
point by recording a bipolar complex from the atrium. The “usual tall spike”
is preceded by a small downward deflection. Crushing the tissue under the
electrode pair results in disappearance of the tall spike (the intrinsic deflec-
tion), but the small initial deflection (the extrinsic deflection) remains (Lewis
1915). Lewis called this a fundamental observation, and he was right. Still, for
us the terminology is somewhat confusing. Today we use bipolar recordings to
get rid of extrinsic deflections. The reasoning is that each terminal is affected
to (almost) the same degree by extrinsic potentials (far field effects), which
are therefore cancelled when one electrode terminal is connected to the neg-
ative pole of the amplifier, the other terminal to the positive pole. What then
remains is not one single intrinsic deflection, but two intrinsic deflections,
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one representing the passage of the propagating impulse under one terminal,
the other being caused by excitation of the tissue under the other terminal.
A unipolar complex has extrinsic compounds, positive when the excitatory
wave is travelling towards the electrode, negative when it is moving away, and
a single large rapid negative deflection, the intrinsic deflection.

Although Wilson and associates (1933b) introduced unipolar and bipo-
lar recordings, the precise interpretation of the various components of such
recordings was not completely clear even in the 1950s. Durrer and van der
Tweel began recording unipolar and bipolar electrograms from intramural,
multipolar needle electrodes inserted in the left ventricular wall of goats and
dogs in the early 1950s. In 1954 they wrote: “In all cases where a fast part
of the intrinsic deflection (i.e. in unipolar recordings, MJJ and MRR) could

Fig. 2 Unipolar (UP) and bipolar (diff. ECG) electrograms recorded from the epicardial
surface of a canine heart. The direction of the excitation wave and the position of the three
electrodes are indicated in the lower panel. Bipolar complexes recorded from electrodes 1
and 2 and from electrodes 2 and 3 are shown, together with a unipolar complex from
electrode 2. The intrinsic deflection in the unipolar recording coincides with the intersection
of the descending limb from bipolar complex 1–2 and with the ascending limb of bipolar
complex 2–3. Recordings made by Durrer and van der Tweel circa 1960
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be detected, the top of the differential spike (i.e. the bipolar recording) was
found to coincide with it” (Durrer and van der Tweel 1954a). In other words,
the “intrinsic deflection” in bipolar electrograms was thought to be the top of
the spike. In a subsequent paper (Durrer et al. 1954b), they found that “the
width of the bipolar complex increased proportionally to the distance between
the intramural lead points”. The implication here is that the bipolar complex
has two intrinsic deflections. Figure 2 is an unpublished recording by Durrer
and van der Tweel that must have been made in 1960, since a very similar
figure was published in 1961 (Durrer et al. 1961). Here it can be seen that
the intrinsic deflection in the unipolar recording from terminal 2 coincides
with the intersection of the descending limb of the bipolar complex recorded
from terminals 1 and 2, and the ascending limb from the bipolar signal from
terminals 2 and 3.

That the steep, negative-going downstroke in the unipolar extracellular elec-
trogram coincides with the upstroke of the transmembrane action potential

Fig. 3 Microelectrode recordings from the epicardial surface of an in situ canine heart. In the
upper panel, both microelectrodes A and B are in the extracellular space as close together as
possible, the reference electrode is somewhere in the mediastinum. Note that the “bipolar”
electrogram A–B is almost a straight line. In the lower panel, microelectrode A is intracellu-
lar, microelectrode B extracellular. Note contamination of the unipolar recording of A with
extrinsic potentials, and how A–B gives the true transmembrane potential. (Reproduced
from Janse 1993)
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was still under debate in the 1950s. Sano et al. (1956) recorded transmem-
brane potentials together with an extracellular signal from a surrounding ring
electrode, and were unable to correlate the action potential upstroke to an
extracellular “intrinsic deflection”. They concluded that the moment of local
excitation could not be detected in extracellular recordings. In a paper, sig-
nificantly entitled “In Defence of the Intrinsic Deflection”, Dower (1962) was
finally able to show that the action potential upstroke does indeed coincide
with the intrinsic deflection. He was aware of the fact that “to obtain a true
transmembrane potential, of course, one electrode should be inside the cell,
and the other immediately outside”. He attributed Sano’s erroneous conclusion
to the circumstance that in that study, a leg electrode was used as a second
electrode, so that the “transmembrane” potentials were contaminated with the
electrocardiogram from the rest of the heart. These effects are illustrated in
Fig. 3 (Janse 1993).

2.3
The Recording of Transmembrane Potentials

In 1948, Ling and Gerard managed to pull glass capillaries with a tip diameter
in the order of 0.5 µm that were suitable for penetrating the cell membrane
(LingandGerard1949).Oneyear later, thefirst transmembranepotentials from
cardiac tissue, in this case the false tendons of canine hearts, were recorded
(Coraboeuf and Weidmann 1949). These experiments were made in Cam-
bridge, in the laboratory of A.L. Hodgkin (the future Noble laureate, together
with A.F. Huxley), and Weidmann later recalled: “A remark by Hodgkin, 1949,
is still in my ears: ‘You can now rediscover the whole of cardiac electrophysiol-
ogy”’ (Weidmann 1971). This is indeed what happened. Much of cardiac elec-
trophysiology had previously been studied by either extracellular recordings
or measurements of “monophasic action potentials”. After Burdon-Sanderson
and Page (1879) first recorded the monophasic action potential, quite a number
of studies employed this technique by applying suction at the site of recording
(for overview of the early studies see Schütz 1936). The monophasic action po-
tential provides a good index to the shape of the action potential as recorded
by intracellular microelectrodes (Hoffman et al. 1959), and the technique is
especially useful for studies on action potential duration and abnormalities of
the repolarization phase of the action potential, such as early and delayed af-
terdepolarizations. A monophasic action potential can be obtained in humans
by suction via an intracardiac catheter (Olsson 1971), or by applying pressure
(Franz 1983). However, only by microelectrode recordings can quantitative
data be obtained on the various phases of the cardiac action potential.

This is not the place to review in detail the “rediscovery” of cardiac elec-
trophysiology by the use of the microelectrode, and we will refer to some
excellent books and reviews summarizing the early studies (Brooks et al. 1955;
Weidmann 1956; Hoffman and Cranefield 1960; Noble 1975, 1984).
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Important milestones in the elucidation of the mechanisms underlying the
action potential were the development of the so-called voltage clamp tech-
nique (initially employed in the giant axon of the squid: Marmont 1949; Cole
1949), in which ionic currents flowing through the cell membrane can be
measured by keeping the membrane potential constant at a certain level, and
the patch-clamp technique, enabling the recording of currents through single
ionic channels (Neher and Sakmann 1976, who later shared the Nobel prize).
Other chapters in this volume will deal more extensively with the various ionic
currents responsible for the action potential, and the molecular biology of ion
channels.

2.4
Mapping of the Spread of Activation During Arrhythmias

Some of the early pivotal studies on arrhythmia mechanisms do not con-
tain any recording of either the mechanical or electrical activity of the heart
(Mines 1913b, 1914; Garrey 1914). This is remarkable, because in another pa-
per by Mines (1913a), beautiful recordings of extracellular electrograms from
the frog’s heart, using Einthoven’s string galvanometer, are published. These
recordings provided important information on changes in the T wave during
local warming of the heart, but give no information about arrhythmias. In Ry-
tand’s splendid review on the early history of the circus movement hypothesis
(Rytand 1966), a copy of page 327 of Mines’ paper (1913b) was reproduced on
which Mines had added in his own handwriting: “Later I took electrograms of
this expt”. On page 383 of the same paper, Mines added the following hand-
written note: “Cinematographed the ring excn at Toronto, March 1914 ...” He
refers to the excitation in a ring-like preparation from the auricle of Acanthias
vulgaris in which he produced circulating excitations (see the section on ar-
rhythmia mechanisms). Despite strenuous efforts by Rytand in 1964 to retrieve
this film, no trace of it could be found. Still, it is fair to consider Mines to be
the first to map arrhythmias. A close second is Thomas Lewis, who published
the first “real” mapping experiments in 1920 (Lewis et al. 1920).

For decades thereafter, mapping of the spread of activation during arrhyth-
mias was performed with a “roving” extracellular electrode that was subse-
quently placed on different sites on the cardiac surface, with a simultaneous
recording of another lead, usually a peripheral electrocardiogram, as a time
reference. This method could only provide reliable information if the arrhyth-
mia was strictly regular and was useless for irregular rhythms such as atrial
or ventricular fibrillation. Only when multiplexing systems became available
in the late 1970s did simultaneous recordings from many sites in the heart
become possible, allowing analysis of excitation patterns during fibrillation.

An important development was the optical mapping technique, in which
hearts are loaded with voltage-sensitive fluorescent dyes and the upstroke of
the “optical action potential” is rapidly scanned by a laser beam at many sites
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(Dillon and Morad 1981; Morad et al. 1986; Rosenbaum and Jalife 2001). This
technique provides a high spatial resolution of up to 50 µm.

Clinically, recording of extracellular electrograms by intracardiac catheters
led to an explosive development in the diagnosis and treatment of arrhythmias.
The first human His bundle electrogram was recorded in Paul Puech’s clinic
in Montpellier in 1960 (Giraud et al. 1960). Since this paper was published in
French, it did not receive the attention it deserved. The real stimulus for the
widespread use of His bundle recording in man was provided by the work
of Scherlag and colleagues (Scherlag et al. 1976, 1979). The technique—first
validated in dogs, and soon applied to man—allowed the localization of the
various forms of AV block: proximal and distal to the His bundle, and intra-
Hisian block.

Of even greater influence were two papers, simultaneously and indepen-
dently published from groups in Amsterdam (Durrer et al. 1967) and Paris
(Coumel et al. 1967), in which premature stimuli were used to initiate and ter-
minate tachycardias, and intracardiac recordings were made at various sites.
This technique, of which Hein J.J. Wellens was the great proponent (Wellens
1971), became known as programmed electrical stimulation. A summary of
studies employing this technique can be found in Josephson’s book (Joseph-
son 2002).

Josephson developed the technique for endocardial mapping of ventricular
tachycardia, which led to the development of surgical techniques, by which
pieces of endocardium were resected, based on intra-operative endocardial
mapping (Josephson et al. 1978; Harken et al. 1979; De Bakker et al. 1983).
“Noncontact” mapping, in which intracavitary potentials are measured from
electrodes on an olive-shaped probe introduced in the left ventricle of animals,
was first elucidated by Taccardi et al. (1987), and a similar system has been used
in humans (Peters et al. 1997). Another mapping system, the nonfluoroscopic
mapping system CARTO was first described by Ben-Haim et al. (1996), and is
also used to localize arrhythmogenic sites suitable for catheter ablation. For
a recent overview of mapping systems, see Shenassa et al. (2003).

3
Some Aspects of Cardiac Anatomy Relevant for Arrhythmias

3.1
Atrioventricular Connections

Around the turn of the twentieth century most aspects of the specialized tissues
of the heart were known. Thus, Keith and Flack (1907) described the SA node
at the entrance of the superior caval vein into the right atrium, Tawara (1906)
demonstrated in the hearts of many species that the AV node is the only
structure connecting the atria to the His bundle, already known since 1893
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(His 1893), whilst the peripheral Purkinje fibres had been discovered in 1845
(Purkinje 1845). However, at the beginning of the twentieth century, there still
was controversy about the AV connections. Kent (1913) wrote:

Some of the divergent views now held on this question are the following:
(A) There is one, and only one, muscular path capable of conveying
impulses from auricle to ventricle, viz the atrioventricular bundle.... (B)
The muscular path of communication may be multiple. (C) The muscular
path of communication is undoubtedly multiple. The view described
underA is verygenerallyheld.... B.This is aviewwhichhasbeengradually
forced on some of those workers who have been brought into most
intimate contact with experimental and clinical evidence. C. This view is
held by comparatively few. It is the view put forward by myself in 1892.

Erlanger, the 1944 Noble laureate, wrote in a reminiscence (Erlanger 1964):

British physiologists, and particularly one Stanley Kent, were steadfastly
maintaining, as do some American clinicians to this day..., that there
are auriculoventricular conduction paths in addition to the His bundle,
which, after a time, can take over when the bundle of His is blocked....
In order to ascertain whether there are such additional conductors, in
my experiments the auriculoventricular bundle was crushed aseptically.
In the surviving dogs, the block remained complete ... some of them for
periods as long as three months. There are no other conducting paths!

It is ironical that Kent’s paper, although meant to convey the message that
multiple pathways are the rule in the normal heart, is seen as the original paper

Fig. 4 Öhnell’s illustration (1944) of the accessory bundle connecting left atrial myocardium
to that of the left ventricle. Note that the bundle does not cross the annulus fibrosis but runs
through the subepicardial fat pad
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describing(abnormal)accessoryAVpathways,whichusuallyarecalledbundles
of Kent (Cobb et al. 1968). In Kent’s paper, a “muscular” connection between
the right atrium and the right ventricle is described that crosses the annulus
fibrosis, and a histological section is shown as well. This observation prompted
Mines (1914) to accurately predict the re-entrant pathway of the tachycardia in
what we now call the Wolff–Parkinson–White (WPW) syndrome, unknown at
the time(seeSect. 5.2). In fact,whatKentdescribedwasnotanaccessorybundle
consisting of ordinary muscle, but a node-like structure which is a remnant of
an extensive AV ring of specialized tissue present in the embryo. In rare cases,
the accessory pathway consists of such specialized cells (Becker et al. 1978).
As argued by Anderson and Becker (1981): “... there are indeed good scientific
reasons for discontinuing the use of ‘Kent bundle’ ... the most important being
that Kent did not describe connections in terms of morphology we know
today.... If an eponym is really necessary, then let us call them nodes of Kent.”
The true morphology of accessory AV pathways was described by Öhnell in
1944 (see also Sect. 5.2 and Fig. 4).

3.2
Specialized Internodal Atrial Pathways

Controversy regarding the spread of activation of the sinus impulse has existed
since the discovery of the sinus node and the AV node. Thorel (1909) claimed
to have demonstrated continuity between both nodes via a tract of “Purkinje-
like” cells. This possibility was debated during a meeting of the Deutschen
Pathologischen Gesellschaft (1910). The consensus of that meeting was that
both nodes were connected by simple myocardium. In the 1960s and 1970s,
the concept of specialized internodal pathways was again promoted, notably
by James (1963). This promotion was so successful that the tracts are denoted
in the well-known atlas of Netter (1969) in a fashion analogous to that used to
delineate the ventricular specialized conduction system, and in the 1960s and
1970s, paediatric cardiac surgeons took care not to damage the supposed spe-
cialized pathways. Moreover, specialized conduction pathways were supposed
to be involved in the genesis of atrial flutter (Pastelin et al. 1978). A review of the
early literature, together with our own (M.J.J.) experimental and histological
data, which concluded that there was no well-defined specialized conduction
system connecting sinoatrial (SA) and AV nodes, was presented by Janse and
Anderson (1974). In our view, the definitive proof that specialized internodal
pathways do not exist was given by Spach and co-workers (1980). They ar-
gued that preferential conduction in atrial bundles could either be due to the
anisotropic properties of the tissue or to the presence of a specialized tract.
If the point of stimulation would be shifted to varying sites of the bundle,
isochrones of similar shape would result from stimulating multiple sites if the
anisotropic properties primarily influenced the local conduction velocities. On
the other hand, isochrones of different shapes would be obtained if there was
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a fixed position specialized tract in the bundle. Their experimental results pro-
vided evidence that preferential conduction in the atria is due to the intrinsic
anisotropic properties of cardiac muscle.

4
Mechanisms of Arrhythmias

Table 1 shows the classification of arrhythmia mechanisms as proposed by
Hoffman and Rosen (1981).

4.1
Re-entry

Two causes for tachycardia and fibrillation were considered throughout the
twentieth century: enhanced impulse formation and re-entrant excitation.
McWilliam was the first to suggest that disturbances in impulse propaga-
tion could be responsible for tachyarrhythmias, and he clearly envisaged the
possibility that myocardial fibres could be re-excited as soon as their refractory

Fig. 5 George Ralph Mines. This photograph was taken by his co-worker Dorothy Dale (later
Mrs. Dorothy Thacker) in the Marine Biological Laboratory, Plymouth, in the summer of
1911 and was given to M.J.J. by D.A. Rytand in 1973
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Table 1 Classification of mechanisms of arrhythmias by Hoffman and Rosen (1981)

I II III

Abnormal impulse Abnormal impulse Simultaneous abnormalities

generation conduction of impulse generation and

conduction

A. Normal automatic A. Slowing and block A. Phase 4 depolarization

mechanism 1. Sinoatrial block and impaired conduction

1. Abnormal rate 2. Atrioventricular block 1. Specialized cardiac

a. Tachycardia 3. His bundle block fibres

b. Bradycardia 4. Bundle branch block B. Parasystole

2. Abnormal rhythm B. Unidirectional block

a. Premature impulses and re-entry

b. Delayed impulses 1. Random re-entry

c. Absent impulses a. Atrial muscle

B. Abnormal automatic b. Ventricular muscle

mechanism 2. Ordered re-entry

1. Phase 4 depolarization b. AV node and

at low membrane junction

potential c. His-Purkinje system

2. Oscillatory d. Purkinje fibre-

depolarizations at low muscle junction

membrane potential e. Abnormal AV

preceding upstroke connection (WPW)

C. Triggered activity 3. Summation and

1. Early after inhibition

depolarizations C. Conduction block

2. Delayed after and reflection

depolarizations

3. Oscillatory

depolarizations at low

membrane potentials

following action

period had ended (McWilliam 1887a). Yet, it was the work of Mines and Gar-
rey, some 30 years later, that firmly established the role of re-entry as a cause
of arrhythmias. Both investigators, working independently, were inspired by
the work of Mayer (1906, 1908), who used an unlikely preparation, namely
ring-like structures cut from the muscular tissue of the subumbrella of the jel-
lyfish Scyphomedusa cassiopeia. Mayer could induce in these rings, by a single
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stimulus, a contraction wave that continued to circulate: “... upon momentarily
stimulating the disk in any manner, it suddenly springs into rapid, rhythmical
pulsation so regular and sustained as to recall the movement of clock work”
(Mayer 1906). “In one record specimen the pulsation persisted for 11 days
during which it travelled 457 miles” (Mayer 1908). Mines (Fig. 5) repeated
these experiments on ring-like structures from hearts of different species, and
was able to induce circulating excitations by electrical stimulation. As already
mentioned, his papers on circulating excitations did not contain records of
electrical or mechanical activity (Mines 1913b, 1914). In these papers, writ-
ten at age 27 and 28 years, Mines formulated the essential characteristics of
re-entry:

– For the initiation of re-entry, an area of unidirectional block must be present
[Garrey (1914) emphasized this as well, as was acknowledged by Mines
(1914)]. Mines describes an experiment on an isolated auricular preparation
from a dogfish heart, slit up in such a way as to form a ring. Normally,
a stimulus provoked two contraction waves that ran in opposite directions
and met on the far side of the ring, where they died out. However: he
“repeated the stimulus at diminishing intervals and after several attempts
started a wave in one direction and not in the other. The wave ran all
the way around the ring and continued to circulate, going around about
twice a second. After this had continued for two minutes, extra stimuli
were thrown in. After several attempts the wave was stopped” (Mines 1914).
Here, Mines not only describes unidirectional block, but also the principles
of antitachycardia pacing.

– Mines described the relationship between conduction velocity and refrac-
tory period, as illustrated in Fig. 6, and thus can be considered as the first
to formulate the “wavelength concept”, where re-entrant arrhythmias are
more likely to occur when conduction velocity is low and refractory period
duration is short. “With increasing frequency of stimulation, each wave of
excitation in the heart muscle is propagated more slowly but lasts a shorter
time at any point in the muscle. The wave of excitation becomes slower and
shorter” (Mines 1913b).

– Mines realized that establishing the activation sequence is not sufficient to
prove re-entry: “The chief error to be guarded against is that of mistaking
a series of automatic beats originating in one point of the ring and travelling
round it in one direction only owing to complete block close to the point
origin of the rhythm on one side of this point.... Severance of the ring will
obviously prevent the possibility of circulating excitations but will not upset
the course of a series of rhythmic spontaneous excitations unless by a rare
chance the section should pass through the point actually initiating the
spontaneous rhythm” (Mines 1914). Thus, Mines set the stage for catheter
ablation.
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Fig. 6a,b Mines’ diagram to explain that re-entry will occur when conduction is slowed
and the refractory period is decreased. A stimulated impulse leaves in its wake absolute
refractory tissue (black area) and relatively refractory tissue (stippled area). In both a and
b, the impulse conducts in one direction only. In a, because of fast conduction and a long
refractory period, the tissue is still absolutely refractory when the impulse has returned to
its site of origin. In b, because of slow conduction and a short refractory period, the tissue
has recovered its excitability by the time the impulse has reached the site of origin and the
impulse continues to circulate. (Reproduced from Mines 1913)

Garrey excised pieces of tissue from fibrillating canine ventricles and noted
that “... any piece cut from any part of ventricular tissue would cease fibrillating
if small enough, e.g. if its surface area was less than four square centimetres”
(Garrey 1914). Apart from showing that a minimal tissue mass is required for
fibrillation, Garrey also demonstrated that fibrillation is not due to a single,
rapidly firing focus, and that re-entry can occur without the involvement of an
anatomical obstacle. During ventricular fibrillation there are “blocks of tran-
sitory character and shifting location” and “it is in these ‘circus contractions’,
determined by the presence of blocks, that we see the essential phenomena
of fibrillation” (Garrey 1914). Again, these striking statements were based on
observations made by the naked eye.

Were it not for World War I, Lewis probably would have added to the re-
markable clustering of papers on re-entry around 1914. As it was, the war
postponed the course of events by a few years, because the first real “mapping”
experiments were published in 1920 (Lewis et al. 1920). Initially, Lewis was
not convinced about the validity of the circus movement concept, and “leaned
to the view that irritable foci in the muscle underlay tachycardia and fibrilla-
tion” (Lewis et al. 1920). This view was also expressed in the first edition of
the famous book The Mechanism and Graphic Registration of the Heart Beat
(Lewis 1920). However, in this book an addendum dated May 1920 was added:
“In observations recently completed and as yet unpublished, we have observed
much direct evidence to show that atrial flutter consists essentially of a single
circus movement ... the hypothesis which Mines and Garrey have advocated
now definitely holds the field.” This definitive statement was based on a study
of two dogs (at the time of the addendum), in which atrial flutter was induced
by faradic stimulation, or by driving the atria at increasingly faster rates. It
is highly unlikely that the original, and important paper (Lewis et al. 1920),
would be accepted by present-day reviewers, since none of Mines’ criteria for
re-entry were met: unidirectional block during the initiation of flutter was
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not demonstrated; the complete pathway of excitation during flutter was not
mapped (no measurements were made from the left side of the caval veins (see
Fig. 7); no attempt was made to terminate the arrhythmia by cutting the sup-
posed circuitous pathway. Still, these experiments were the first to document
re-entry in the intact heart and were of great influence on later studies.

It took more than 60 years before Allessie and co-workers (1977) provided
insight into the nature of Garrey’s “block” around which circus movement
could occur. In isolated preparations of rabbit atrial muscle, rapid tachycardias
were induced by a critically timed premature stimulus (often, but not always,
the induction and maintenance of the tachycardia was facilitated by adding
carbachol to the superfusing solution, which shortened the refractory period
by 40 to 50 ms). A key observation is shown in Fig. 8, where an activation map
during stable tachycardia is accompanied by intracellular recordings from
seven cells located on a straight line through the zone of functional block.
The transmembrane potential from cell 3 shows two responses per tachycardia
cycle,where the largervoltagedeflection is causedby thewavefrontpropagating
from left to right, and the smaller response is caused by the electrotonic
influence of the wave propagating from right to left, half a cycle length later.
The same sequence of events occurs on the opposite side of the re-entrant
circuit (tracings D, 5 and 4). Allessie and co-workers formulated the “leading
circle” concept, where the re-entrant circuit is “the smallest possible pathway in

Fig. 7 Lewis’ diagram of the canine’s atria showing the pathway of excitation during atrial
flutter. The broken line and arrows indicate the course of the excitation wave. S is the point
originally stimulated to induce flutter; I.V.C., inferior vena cava; S.V.C., superior vena cava;
P.V., pulmonary veins. (Reproduced from Lewis et al. 1920)
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Fig. 8 Functional re-entry and tachycardia. Activation map (right) and action potential
recordings (left) obtained during steady-state tachycardia in an isolated rabbit atrial prepa-
ration. Cells in the central area of the re-entrant circuit show double potentials of low
amplitude (traces 3 and 4). Lower right panel is the schematic representation of the “leading
circle” model, where double bars indicate conduction block. See text for further discussion.
(Reproduced from Allessie et al. 1977)

which the impulse can continue to circulate ... in which the stimulating efficacy
of the circulating wavefront is just enough to excite the tissue ahead, which still
is in its relative refractory phase” (Allessie et al. 1977). In other words, there is
no fully excitable gap, and maintenance of the leading circle is due to repetitive
centripetal wavelets that keep the core in a constant state of refractoriness.

Following the pioneering work of Allessie et al. it became apparent that in
addition to excitability, the curvature of the wavefront is an important factor
in maintaining functional re-entry (Fast and Kléber 1997). In fact, a curv-
ing wavefront may cease to propagate altogether when a critical curvature is
reached, despite the presence of excitable tissue, and it is this phenomenon
that is at the core of so-called spiral wave re-entry. A study by Athill et al. (1998)
highlights the difference between “leading circle” and spiral wave re-entry: in
the former the core is kept permanently refractory, in the latter the core is
excitable but not excited. These authors used a preparation similar to that of
Allessie et al. They also recorded transmembrane potentials from the core of
the re-entrant circuit, and in contrast to the findings shown in Fig. 8, cells at the
core were sometimes quiescent at almost normal levels of diastolic membrane
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Fig. 9a, b Spiral wave re-entry in chemical Belousov-Zhabotinsky reaction (a) and in an
isolated preparation of canine epicardial muscle (b). (a, reproduced from Müller et al. 1985,
and b from Davidenko et al. 1992)

potential. Thus, the excitable gap was larger near the core than in the periphery
of the re-entrant circuit, which is incompatible with the leading circle concept.

Spiral waves (also called vortices or rotors) were initially described for
a chemical reaction in which malonic acid is reversibly oxidized by bromate in
the presence of ferroin. In this process, ferroin changes in colour from red to
blue and then back to red, which allows the visual observation of the reaction.
This so-called Belousov-Zhabotinsky reaction is shown in Fig. 9 (Müller et
al. 1985). Spiral waves have been implicated in the genesis of arrhythmias for
quite some time (Winfree 1987), and can account for both tachycardias (Fig. 9,
Davidenko et al. 1992) and fibrillation (Jalife et al. 2002; see sections on atrial
and ventricular fibrillation).

The various forms of functional re-entry, including spiral waves, have re-
cently been reviewed by Kléber and Rudy (2004).

4.2
Abnormal Focal Activity

Around the beginning of the twentieth century, it was generally assumed that
arrhythmias were caused by rapidly firing, ectopic foci (Rothberger and Win-
terberg 1909; Lewis et al. 1920), and this view was still held by Scherf and Cohen
in 1953. The first studies that shed some light on the mechanisms of abnor-
mal focal activity were those of Segers (1941) and Bozler (1943). (For a more
complete account, see Cranefield and Aronson 1988.) Both authors recorded
monophasic action potentials in isolated preparations of cardiac muscle ex-
posed to elevated extracellular calcium concentrations and/or adrenaline. They
observed single and series of afterpotentials, and in Bozler’s words: “oscillatory
afterpotentials provide a simple explanation for extrasystoles and paroxysmal
tachycardia” (Bozler 1943).
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Today, this arrhythmogenic mechanism is called triggered activity, that is
impulse generation caused by afterdepolarizations (for an extensive review,
see Wit and Rosen 1991). An afterdepolarization is a second depolarization
which occurs either during repolarization of a propagated action potential
(referred to as an early afterdepolarization), or after repolarization has been
completed (a delayed afterdepolarization). Both types of afterdepolarizations
may reach threshold and initiate action potentials, either singly or in a repet-
itive series. Early afterdepolarizations occur when heart rate is slow and ac-
tion potential duration is long (as for instance in the congenital or acquired
long Q-T syndrome), and the triggered rhythm is a “bradycardia-dependent
tachycardia”. Delayed afterdepolarizations occur in conditions when there is
cellular calcium overload, such as during digitalis intoxication, exposure to
catecholamines, reperfusion after a period of ischaemia or in heart failure. The
amplitude of delayed afterdepolarizations, and hence the chance of initiating
a salvo of repetitive responses, is increased at short cycle lengths (“tachycardia-
dependent tachycardia”).

For a long time, the fact that an arrhythmia can be initiated and terminated
by an appropriately timed premature beat has been considered evidence that
the arrhythmia is re-entrant in nature. The fact that this can also occur in
triggered arrhythmia has caused some problems in identifying the mechanism
of clinical arrhythmias. There are, however, some differences in the response
of re-entrant and triggered arrhythmias to programmed electrical stimulation.
Thus, for a re-entrant arrhythmia initiated by a premature stimulus there is an
inverse relationship between the coupling interval of the premature impulse
and the interval between this impulse and the first complex of the tachycardia,
and this is not the case for triggered arrhythmias (Rosen and Reder 1981). On
the basis of this criterion, tachycardias were re-entrant in nature in 417 out of
425 patients (most with ischaemic heart disease) in whom tachycardias could
be initiated reproducibly by premature stimuli (Brugada and Wellens 1983).
This gives some indication of the importance of re-entry and triggered activity
for clinical arrhythmias.

Triggered activity depends on the presence of a propagated action potential,
whilst automaticityoccursdenovo.Thebasis for automaticity is a spontaneous,
gradual fall in membrane potential during diastole, referred to as diastolic,
or phase-four depolarization. Automaticity is a normal property of cardiac
cells in the sinus node, in some parts of the atria and AV node, and in the
His–Purkinje system. Normally, the sinus node is the dominant pacemaker of
the heart over a wide range of frequencies, because diastolic depolarization
in latent pacemakers is inhibited by so-called overdrive suppression. When
a pacemaker cell is driven at a faster rate than its intrinsic spontaneous rate,
the Na+/K+ pump is activated, which moves more Na+ ions out of the cell
than K+ ions into the cell, thus generating a hyperpolarizing current which
counteracts spontaneous diastolic depolarization. When overdrive is stopped,
a period of quiescence follows until the rate of Na+/K+ pumping decreases,
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allowing latent pacemakers to depolarize spontaneously to threshold. If the
quiescent period lasts too long, syncope may occur, causing the well-known
Adams–Stokes attacks (Adams 1827; Stokes 1846). A shift in the site of impulse
formation to a region other than the sinus node can occur following block of
sinus impulses to atria or ventricles. Although sympathetic stimulation can
enhance the rate of subsidiary pacemakers, the maximum rates in normal
Purkinje fibres seldom will exceed 80 beats/min.

Atrial and ventricular myocardial cells normally do not show automaticity.
When, however, diastolic potentials are reduced to less than about −60 mV,
spontaneous diastolic depolarization occurs, resulting in repetitive activity.
Such so-called abnormal automaticity is not overdrive suppressed and usually
occurs at more rapid rates than normal automaticity. Therefore, even transient
sinus pauses may permit the abnormal ectopic focus to manifest itself.

5
Some Specific Arrhythmias

5.1
Atrial Fibrillation

Lüderitz (2003) speculated that William Shakespeare may have been the dis-
coverer of atrial fibrillation because he wrote in his 1611 play The Winter’s Tale:
“I have tremor cordis on me: my heart dances; But not for joy, not joy.” An
older description of paroxysmal atrial fibrillation may have been in the Bible:
in the book of Job it is stated that in thinking of God: “My heart trembleth and
is moved out of its place.”

Thefirst electrocardiogramsofatrialfibrillationwere recordedbyEinthoven
(1906, 1908) and Hering (1908). Rothberger and Winterberg (1909) named the
arrhythmia auricular fibrillation, replacing older names such as pulsus ir-
regularis and arrhythmia perpetua. Hering (1908) and Lewis (1909a) showed
f waves, corresponding to the fibrillatory activity of the atria. Rothberger and
Winterberg (1909, 1915) favoured as mechanism for atrial fibrillation a single,
rapidly firing focus, whereas Lewis and Schleiter (1912) suggested a multifocal
mechanism. As already mentioned, Lewis later changed his mind and sup-
ported re-entry as the mechanism (Lewis 1920). The circus movement theory
held the field for a long time until Scherf in 1947 revived the theory of the
rapidly firing focus. He applied aconitine focally to the atrium and in this way
could cause atrial fibrillation. Later experiments by Moe and Abildskov (1959)
showed that, after application of aconitine to the atrial appendage, clamp-
ing off the appendage resulted in restoration of sinus rhythm, whereas the
clamped-off appendage exhibited a rapid, regular tachycardia. Thus, in this
case, atrial fibrillation was due to a focus that fired so rapidly that uniform
excitation of the rest of the atria was no longer possible. The irregularity of
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the electrocardiogram was due to “fibrillar conduction” emerging from the
focus. When atrial fibrillation was induced by rapid stimulation, or applica-
tion of faradic shocks to the appendage, and the atrial refractory period was
shortened by the administration of acetylcholine or stimulation of the vagal
nerves, clamping off the appendage resulted in disappearance of fibrillation
in the appendage, whereas it continued in the remainder of the atrium (Moe
and Abildskov 1959). This led Moe and Abildskov (Moe and Abildskov 1959;
Moe 1962) to formulate the “multiple wavelet hypothesis” in which multiple
independent re-entrant wavelets, to maintain fibrillation, “... must be ... chang-
ing in position, shape, size and number with each successive excitation” (Moe
1962). A direct test of this hypothesis was performed by Allessie and colleagues
(1985), who recorded simultaneous electrograms from 192 atrial sites during
atrial fibrillation in isolated, Langendorff-perfused canine hearts. The acti-
vation patterns were compatible with the presence of multiple, independent
wavelets. The width of the wavelets could be as small as a few millimetres,
but broad wavefronts propagating uniformly over large segments of the atria
were observed as well. The wavelets were short-lived, being extinguished by
collision with another wavelet, by reaching the borders of the atria, or by meet-
ing refractory tissue. The critical number of wavelets in both atria required
to maintain fibrillation was estimated to be between three and six, which was
much smaller than the number of wavelets in the computer model of Moe.
Later studies, both in animals and humans, largely confirmed these findings
(Konings et al. 1994; Schuessler et al. 1997). However, several observations
revived the “focus” theory combined with fibrillary conduction, even though
the “focus” was in itself re-entrant in nature. Thus, in isolated canine atria
exposed to large doses of acetylcholine, which shortened the refractory period
to about 95 ms, and in which fibrillation became stable, the “focus” consisted
of a small, single and stable re-entrant circuit which activated the rest of the
atrium by fibrillatory conduction (Schuessler et al. 1997). Also in humans,
fibrillation was found to be due to a single re-entrant circuit (Cox et al. 1991;
Konings et al. 1994) at “such a high rate that that it cannot be followed in a 1:1
fashion by all parts of the atria” (Konings et al. 1994). Optical mapping studies
have shown that atrial fibrillation may indeed be caused by a single rotor in the
left atrium with fibrillatory conduction to the right atrium (Jalife et al. 2002).
Finally, the studies of Haissaguerre and co-workers (1994, 1998) showed that
a rapid focus in the pulmonary vein can be responsible for atrial fibrillation
in patients, and that ablation of the focus can be a successful treatment. So, in
the final analysis, there is no single answer to the question: focus or re-entry?

5.2
Atrioventricular Re-entrant Tachycardia

After describing circulating excitation in ring-like preparations, Mines (1913b)
wrote: “I venture to suggest that a circulating excitation of this type may be
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responsible for some cases of paroxysmal tachycardia as observed clinically.”
One year later, he repeated this suggestion:

“... in the light of the new histological demonstration of Stanley Kent ...
that an extensive muscular connection is to be found at the right hand
margin of the heart at the junction of the right auricle and right ventricle.
Supposing that for some reason an impulse from the auricle reached the
main A-V bundle but failed to reach this ‘right lateral’ connection, it is
possible then that the ventricle would excite the ventricular end of this
right lateral connection, not finding it refractory as it normally would at
such a time. The wave spreading then to the auricle might be expected to
circulate around the path indicated.” (Mines 1914)

This was written 16 years before Wolff, Parkinson and White (1930) described
the clinical syndrome thatnowbears theirname, 18yearsbeforeHolzmannand
Scherf (1932) ascribed the abnormal ECG in these patients to pre-excitation
of the ventricles via an accessory AV bundle, 19 years before Wolferth and
Wood (1933) published diagrams showing the pathway for orthodromic and
antidromic re-entry, and 53 years before the first studies in patients employing
intraoperative mapping and programmed stimulation during cardiac catheter-
izationprovedMines’ predictions tobecorrect (Durrer andRoos1967;Burchell
et al. 1967; Durrer et al. 1967). It is remarkable that none of these papers quotes
Mines. As already mentioned in Sect. 3.1), Kent did not describe the usual
accessory pathway. For Mines, what was important was that a human heart
had been described with multiple connections between atria and ventricles,
thereby providing and anatomical “substrate” for re-entrant excitation.

Mines had indicated that the best therapy would be “severance of the ring”,
and the first attempts to surgically interrupt the accessory pathway were pub-
lished by Burchell et al. (1967). The initial attempts of antitachycardia surgery,
including those of the Amsterdam group, which began in 1969 (Wellens et al.
1974), consistedofmakingan incision through theatriumjust above thefibrous
annulus at the site of the accessory pathway. These attempts were unsuccessful
in the long run, probably because the physicians involved were unaware of the
findings of Öhnell (1944; see Fig. 4) who had demonstrated that “the accessory
connection skirts through the epicardial fat, being well outside a well-formed
annulus fibrosis” (Becker et al. 1978). Investigators at Duke University were
the first to recognize this, and they developed a “fish hook” which was used to
scrape through the epicardial fat pad, destroying the accessory pathway (Sealy
et al. 1976).

The era of surgical treatment of the WPW syndrome did not last long: in
1983 the first study describing catheter ablation of an accessory pathway was
published (Weber and Schmitz 1983), and after the introduction of radiofre-
quency current ablation (Borggrefe et al. 1987), this became the therapy of
choice (Kuck et al. 1991; Jackman et al. 1991) from which by now thousands of
patients have benefited. The success rates are over 95%, and the risk for seri-
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ous complications is between 2% and 4% (Cappato et al. 2000; Miler and Zipes
2000). Some 70 years elapsed between Mines’ description of the mechanism of
the arrhythmia and the widespread application of a safe and successful therapy.

5.3
Atrioventricular Nodal Re-entrant Tachycardia

It was again Mines (1913b) who first described re-entry in the AV node, which
he called a reciprocating rhythm:

The connexion between the auricle and ventricle is never a single muscu-
lar fibre but always a number of fibres, and although these are ordinarily
in physiological continuity, yet it is conceivable that exceptionally, as af-
ter too rapid stimulation, different parts of the bundle should lose their
intimate connexion.... A slight difference in the rate of recovery of two
divisions of the A-V connexion might determine that an extrasystole of
the ventricle, provoked by a stimulus applied to the ventricle shortly after
activity of the A-V connexion, should spread up to the auricle by that
part of the A-V connexion having the quicker recovery process and not
by the other part. In such a case, when the auricle became excited by this
impulse, the other portion of the A-V connexion would be ready to take
up transmission again back to the ventricle. Provided the transmission
in each direction was slow, the chamber at either end would be ready to
respond (its refractory period being short) and thus the condition once
established would tend to continue, unless upset by the interpolation of
a premature systole.

One could not wish for a more beautiful description of AV nodal re-entry, and it
is sobering to realize that upsetting AV nodal re-entry by “premature systoles”
was accomplished in patients 54 years later (Coumel et al. 1967) and 58 years
later in isolated rabbit heart preparations (Janse et al. 1971). In both papers,
as well as in an earlier paper on AV nodal re-entry (Moe and Mendez 1966),
proper credit was given to Mines.

Figure 10 shows microelectrode recordings from an isolated rabbit heart
preparation in which AV nodal re-entry could be induced and terminated by
premature atrial stimuli. One cell (N2) belongs to the anterograde pathway, the
other (N1) to the retrograde pathway. During the tachycardia, the stimulator
on the atrium was switched on and accidentally the regular stimuli captured
the atrium, resulting in a “premature” atrial impulse. In panel a, the premature
impulse excited N2 in the anterograde pathway prematurely (open circle in the
diagram) and reached N1 in the retrograde pathway almost simultaneously
with the retrograde “tachycardia” wavefront coming up from the node. The
tachycardia was merely reset. In panel b, a slightly earlier atrial impulse failed
to elicit an action potential in the anterograde path, but entered the retrograde
path to collide with the circulating wavefront, terminating the tachycardia.
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Fig. 10a,b Effects of premature atrial impulses during sustained AV nodal re-entrant tachy-
cardia. a “Resetting” of tachycardia by a premature impulse 145 ms after the atrial complex.
b Termination of tachycardia by a premature impulse 135 ms after the atrial complex. Dur-
ing tachycardia, stimuli were applied to the atrium at a fixed rate, most of them falling in
the atrial refractory period and some of them capturing the atrium prematurely. In the
diagram, the ordinate is a time scale indicating the moment of activation of N1 and N2
during a regularly paced beat from the atrium. The abscissa is a time scale indicating the
moments of activation of N1 and N2 during steady-state tachycardia (hatched band, solid
circles) and during the interpolated atrial premature beats (open circles). The time scale
of the diagram is not the same as that of the recordings. See text for further discussion.
(Reproduced from Janse et al. 1971)

This is what Mines meant by upsetting the reciprocal rhythm by the interpo-
lation of extrasystoles. Figure 10 also illustrates what Mines wrote about the
different fibres being “ordinarily in physiological continuity ...” unless “... after
too rapid stimulation, different parts of the bundle should lose their intimate
connection....” When following termination of the tachycardia in panel b the
atrial stimulus causes normal conduction from atrium to His bundle, N1 and
N2 are activated almost simultaneously. During the tachycardia, both action
potentials show an electrotonic component coinciding with the “active” com-
ponent of the other action potential, indicating loss of “intimate connection”.
The fact that during this loss of intimate connection, or, as we would call
it now, longitudinal dissociation, there is still electrotonic contact between
the two pathways means that the pathways are very close together. It would
seem foolish to attempt, at least in this part of the node (the so-called compact
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node) to cut through one pathway to abolish re-entry, since one would certainly
damage the other pathway as well, causing AV nodal block.

Although all authors working on AV nodal re-entry agree that the lower
level of the junction between anterograde and retrograde pathway is above the
level of the His bundle, controversy has existed regarding the question whether
the atrium forms part of the re-entrant circuit, or whether the circuit is entirely
confined to the node itself. The fact that it is possible, both by surgery and by
catheter ablation, to abolish AV nodal re-entry by destroying tissue far away
from the compact node whilst preserving AV conduction seems clear evidence
that the atrium must be involved in the circuit (Marquez-Montez et al. 1983;
Ross et al. 1985; Cox et al. 1987; Haissaguerre et al. 1989; Epstein et al. 1989). The
reason why these therapeutic interventions were attempted was that both in
animals and in humans the atrial inputs to the AV node during AV conduction,
and the exits during ventriculo-atrial conduction are far apart, superior and
inferior to the ostium of the coronary sinus (Janse 1969; Sung et al. 1981).

We therefore seem to have a very satisfactory and logical sequence of mile-
stones on the road from understanding the mechanism of an arrhythmia to
its successful therapy: Mines’ description in 1913, microelectrode studies in
animal preparations in the 1960s and 1970s, experimental and clinical demon-
stration of termination of the tachycardia by premature stimuli, demonstration
of atrial input and exit sites to and from the AV node that are wide apart, suc-
cessful surgery in the 1980s and finally catheter ablation with success rates
that approach 99% and with complication rates well below 1% (Strickberger
and Morady 2000). Clearly, this is a success story. Paradoxically, whereas in AV
re-entry, understanding of the mechanism of the arrhythmia and therapy go
hand in hand, in AV nodal re-entry we still are in doubt about the exact location
of the re-entrant circuit. For example, in the canine heart the re-entrant circuit
during ventricular and atrial echo beats is confined to the compact AV node,
and regions immediately adjacent to it, and atrial tissue is not involved (Loh
et al. 2003). It is of course possible that circuits involved in echo beats are not
the same as those responsible for sustained tachycardias, but it is also possible
that radiofrequency ablation of sites far from the compact node alter input
sites and/or innervation of the compact node without actually interrupting
parts of the re-entrant circuit. To quote Zipes (2000), who borrowed the words
Churchill used to characterize Russia, the AV node is “a riddle wrapped in
a mystery inside an enigma”.

5.4
Ventricular Tachycardia, Fibrillation and Sudden Death

Although sudden death is mentioned in the Bible, the first studies linking
sudden death to coronary artery disease date from the eighteenth century.
In 1799, Caleb Parry quoted a letter from a good friend, Edward Jenner, the
discoverer of smallpox vaccination. Jenner described an autopsy he had done
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on a patient with angina pectoris who had died suddenly: “... I was making
a transverse section of the heart pretty near its base when my knife struck
something so hard and gritty as to notch it. I well remember looking up to
the ceiling, which was old and gritty, conceiving that some plaster had fallen
down. But upon further scrutiny, the real cause appeared: the coronaries were
becoming bony canals” (Parry 1799; see also Friedman and Friedland 1998).

Jenner believed that coronary artery obstruction might be the cause of
angina pectoris as well as of the often-associated sudden death. He did not,
however, mention ventricular arrhythmias. The first to do so was Erichsen
(1842) who ligated a coronary artery in a dog heart and noted that this caused
the action of the ventricles to cease, with a “slight tremulous motion alone
continuing”. Subsequent studies confirmed and expanded these findings (Be-
gold 1867; Porter 1894; Lewis 1909b), and Cohnheim and Schulthess-Rechberg
(1881) showed that ventricular fibrillation occurred even more often after
reperfusion following a brief ischaemic episode than during the ischaemic
period itself. The clinical importance of these findings was not at all recog-
nized, except by McWilliam, who wrote “... sudden syncope from plugging or
obstructing some portion of the coronary system (in patients) is very prob-
ably determined or ensured by the occurrence of fibrillar contractions in the
ventricles. The cardiac pump is thrown out of gear, and the last of its vital
energy is dissipated in a violent and prolonged turmoil of fruitless activity in
the ventricular walls” (McWilliam 1889).

McWilliam’s ideas were largely ignored for many decades. He expressed his
disappointment in 1923: “It may be permissible to recall that in the pages of this
journal 34 years ago I brought forward a new view as to the causation of sudden
death by a previously unrecognized form of failure of the heart’s action in
man (e.g. ventricular fibrillation)—a view fundamentally different from those
entertained up to that time. Little attention was given to the new view for many
years” [MacWilliam1923 (hisname in1923was spelledMacWilliamrather than
McWilliam)]. Little attention was given to his views for many more years. The
reason for that was probably that the occurrence of ventricular fibrillation is
difficult to document in man, and because ventricular fibrillation could not be
treated, a view already expressed by Lewis in 1915. It was not until the 1960s that
clinicians began to recognize how often ventricular fibrillation occurs in man.
In 1961 Julian noted, “Cardiac arrest due to ventricular fibrillation or asystole
is a common mode of death in acute myocardial ischaemia and infarction”
(Julian 1961). His recommendations to train all medical, nursing and auxiliary
staff in the techniques of closed-chest cardiac massage and mouth-to-mouth
breathing, and to monitor the cardiac rhythm, marked the beginning of the
coronarycareunit. Somemilestonesare the introductionof thed.c.defibrillator
(Lown et al. 1962), and the advent of mobile coronary care units recording
ECGs from individuals suffering from cardiac arrest outside the hospital and
providing defibrillation (Pantridge and Geddes 1967; Cobb et al. 1980).
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In the setting of myocardial ischaemia and infarction, ventricular tachycar-
dia and fibrillation are the causes of cardiac arrest. In heart failure, sudden
death is reportedlycaused inabout50%ofpatientsbyventricular tachyarrhyth-
mias, in the other half by bradyarrhythmias, asystole or electromechanical
dissociation (Luu et al. 1989; Stevenson et al. 1993).

The risk of sudden death in the general population aged 35 years and older
is in the order of 1–2 per 1,000 per year. In the presence of coronary artery
disease, and other risk factors, the risk increases to 10%–25% per year. In the
adolescent and young adult population, the risk is in the order of 0.001% per
year, and familial diseases suchashypertrophic cardiomyopathy, the congenital
long Q-T syndrome, the Brugada syndrome and right ventricular dysplasia,
play a dominant role (Myerburg and Spooner 2001).

McWilliam (1887a) was the first to suggest that ventricular fibrillation is
caused by re-entry, a view also held by Mines and Garrey. Mines (1914) de-
scribed what we now call the vulnerable period. He induced ventricular fibril-
lation by single induction shocks, applied at various times during the cardiac
cycle. “The point of interest is that the stimulus employed would never cause
fibrillation unless it was set at a critical instant” (Mines 1914). He showed that
a stimulus falling in the refractory period had no effect, “a stimulus coming
a little later set up fibrillation” and a stimulus applied “later than the criti-
cal instant for the production of fibrillation merely induces an extrasystole”
(Mines 1914). As described in detail by Acierno (1994), in the 1920s a consider-
able number of people were accidentally electrocuted because more and more
electrical devices were installed in households. This eventually prompted elec-
tricity companies such as Consolidated Edison to provide grants to university
departments to investigate the effects of electrical currents on the heart. This
led to the introduction of defibrillation by countershock and external cardiac
massage (Hooker et al. 1933; Kouwenhoven et al. 1960) and the rediscovery of
the vulnerable period by Wiggers and Wegria (1940).

Hoffa and Ludwig (1850) were the first to show that electrical currents can
cause fibrillation. This was later confirmed by Prevost and Battelli (1899), who
also showed that similar shocks could restore sinus rhythm. It is perhaps some-
what surprising that it took more than half a century before defibrillation by
electrical countershock became common clinical practice. Lown, who in the
early 1960s introduced d.c. defibrillation and cardioversion for atrial fibrilla-
tion (Lown et al. 1962; Lown 1967), wrote recently: “Ignorance of the history
of cardiovascular physiology caused me to waste enormous time in attempting
to understand a phenomenon long familiar to physiologists” (Lown 2002). He
refers to the vulnerable period, and gives full credit to Mines.

As was the case for atrial fibrillation, Moe’s multiple wavelet hypothesis also
was thought to be valid for ventricular fibrillation, but in recent years, the no-
tion that spiral waves, or rather three-dimensional scroll waves, are responsible
for fibrillation gained ground (Winfree 1987; Davidenko 1993; Gray et al. 1995;
Jalife et al. 2003). In the setting of acute, regional ischaemia, activation patterns
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compatible with the multiple wavelet hypothesis have been described during
ventricular fibrillation, although non-re-entrant mechanisms, especially the
premature beats that initiated re-entry, were demonstrated as well (Janse et
al. 1980; Pogwizd and Corr 1987). In human hearts with a healed infarct,
monomorphic tachycardias are due to re-entry within the complex network of
surviving myocardial fibres within the infarct (De Bakker et al. 1988). To our
knowledge, spiral waves or scroll waves have not yet been described in hearts
with acute regional myocardial ischaemia, or with a healed infarct.

6
Conclusions

Much has been written of the need to understand history if we are to chart
the future. Whether we think of recent world events, or on a minor scale, the
diagnosis and treatment of cardiac arrhythmias, we are consistently reminded
of the need to learn from the past in coping with the present and preparing
for the future. We have reviewed the delays that have occurred in arriving at
appropriate diagnosis and therapy by failure to appreciate the work of Mines
regarding re-entry (which pushed back the correct conceptualization of WPW
syndrome by half a century) as well as similar delays in the appreciation of
the potential benefits of electrical defibrillation techniques. We are now in
an ever-more reductionist era of research aimed at the appreciation of the
molecular root causes of arrhythmias. Yet we must not forget that the present
era, as with each preceding one, will likely be followed by even more elemental
explorations of the function and structure of the building blocks of cardiac
cells in health and disease—charting a new, exciting and uncertain future.
And if we can simply remember the lesson that history has given us again and
again—that if we look to the past we can chart the future—then it is likely that
the fruits born of these new approaches to understanding the workings of the
heart will be brought to humanity far more efficiently and more rapidly than
if we ignore what has gone before.
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Abstract The ionic basis of automaticity in the sinoatrial node and His–Purkinje system, the
primary and secondary cardiac pacemaking regions, is discussed. Consideration is given
to potential targets for pharmacologic or genetic therapies of rhythm disorders. An ideal
target would be an ion channel that functions only during diastole, so that action potential
repolarization is not affected, and one that exhibits regional differences in expression and/or
function so that the primary and secondary pacemakers can be selectively targeted. The
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so-called pacemaker current, If, generated by the HCN gene family, best fits these criteria.
The biophysical and molecular characteristics of this current are reviewed, and progress
to date in developing selective pharmacologic agents targeting If and in using gene and
cell-based therapies to modulate the current are reviewed.

Keywords Sino-atrial node · Automaticity · Pacemaker · HCN · Arrhythmia ·
Pharmacologic selectivity

1
Introduction

The sino-atrial (SA) node is the specialized region of the cardiac right atrium
where the heartbeat originates. As such, it is capable of spontaneously gen-
erating action potentials but also is heavily innervated and thus susceptible
to autonomic regulation of its spontaneous rate. The action potential spreads
from the SA node into the surrounding atrial muscle, and the anatomical and
functional details of that connectivity are critical to proper propagation of
the signal. The signal then traverses the atrio-ventricular (AV) node into the
His–Purkinje conducting system, which is responsible for rapidly transmit-
ting the electrical signal to the working ventricular myocardium so that an
organized and efficient contraction results. However, while the His–Purkinje
system normally serves merely to transmit the signal originating at the SA
node, cells in this region of the heart also are capable of firing spontaneously.
Since their intrinsic rate is slower than that of the SA node they normally do
not generate spontaneous action potentials, but when the signal from the SA
node is delayed or fails (e.g., in the case of AV block) cells of the His-Purkinje
system can serve as subsidiary pacemakers.

This chapter will first discuss the ionic basis of automaticity, autonomic
regulation of automaticity, and cytoarchitecture in the SA node, and compare
these features to corresponding features in Purkinje fibers. It will then consider
appropriate targets for selective modification of automaticity, with particular
emphasis on the pacemaker current, since this current has unique character-
istics that favor its selective impact on automaticity. Present understanding of
the molecular and biophysical characteristics of the pacemaker current will
be reviewed, and recent pharmacologic and genetic advances in targeting or
employing this current in cardiac therapies discussed.
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2
Ionic Basis of Pacemaker Activity

2.1
Sino-atrial Node

2.1.1
Inward Currents of the Sino-atrial Node

The SA node action potential is characterized by a progressive diastolic de-
polarization (the pacemaker potential) in the voltage range −65 to −40 mV
and a relatively slowly rising action potential (Fig. 1a), with a typical maximal
rate of depolarization (V̇max) of less than 20 V/s, compared to values of several
hundred V/s for atrial and ventricular muscle and approaching 1,000 V/s for
Purkinje fibers. The ionic basic of the pacemaker potential has been in dispute
for decades, with evidence in the literature supporting the contribution of
a number of different currents. Almost certainly multiple currents contribute
to the net inward current flowing during diastole, with the relative contribution
of these individual currents varying with region (central or peripheral node),
species, and age. The low V̇max is because the SA node action potential upstroke
is largely dependent on Ca channels, with little or no contribution from the Na
channels typical of other cardiac regions. However, evidence exists for regional

Fig. 1a,b Representative canine SA node and Purkinje fiber action potentials, illustrating
the distinct voltage ranges of the diastolic potential. Note the difference in diastolic depo-
larization voltage range between the primary SA node pacemaker (a) and the secondary
Purkinje fiber pacemaker (b). (SA node recording courtesy of Dr. Lev Protas; Purkinje fiber
recording reprinted from Pinto et al. 1999)
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and developmental diversity here as well. The major inward currents proposed
to flow during diastole include the pacemaker current (If), The T-type (ICa,T)
and L-type (ICa,L) Ca2+ currents, a sustained inward Na+ current (Ist) and the
Na+/Ca2+ exchanger current (INaCa). In certain circumstances, a TTX-sensitive
Na+ current (INa) also may contribute. Each is discussed in detail below.

2.1.1.1
Pacemaker Current

Thediastolicdepolarizationreflects aperiodofprogressively increasing inward
current. This can arise from either a time-dependent and increasing inward
current or from a constant (or background) inward current combined with
a progressively decreasing outward current. The latter was originally thought
to be the case, with the contributing outward current in Purkinje fibers referred
to as IK2 (McAllister et al. 1975). In 1980, two reports appeared suggesting the
existence of a time-dependent inward current in the SA node (Brown and
DiFrancesco 1980; Yamagihara and Irisawa 1980). The report by Brown and
DiFrancesco included a detailed characterization that argued for the contri-
bution of this new current to SA node automaticity. DiFrancesco termed the
current If (the nomenclature we will use here), while others have referred to
this same current as Ih or Iq. DiFrancesco subsequently provided additional
evidence for the contribution of If to SA node automaticity (DiFrancesco 1991).

The most distinctive characteristic of If is that it is hyperpolarization acti-
vated, as opposed to all other voltage-gated channels in the heart, which are
activated on depolarization. It is this unique characteristic that makes it partic-
ularly suited to serve as a pacemaker current, since it activates at the end of the
action potential, when the cell repolarizes, and it deactivates rapidly upon de-
polarization during the action potential upstroke. Thus, current through these
channels flows almost entirely during diastole. The current has mixed Na+/K+

selectivity with a reversal potential of approximately −35 mV in normal saline
(DiFrancesco 1981a,b). As such, it is inward and largely carried by Na+ at
typical diastolic potentials. It is slowly activating, often with an initial delay
resulting in a somewhat sigmoidal shaped time course. The delay is reduced at
more negative voltages so that greater hyperpolarization results in greater and
more rapid depolarizing current flow (DiFrancesco and Ferroni 1983).

If is highly sensitive to modulation by autonomic agonists, and in fact re-
sponds to significantly lower concentrations of acetylcholine than the acetyl-
choline-activated K+ current IK,Ach (DiFrancesco et al. 1989). Acetylcholine
reduces the contribution of the current during diastole by shifting the volt-
age dependence of activation negative, such that less current flows at a given
potential (DiFrancesco and Tromba 1988a,b). Similarly, adrenergic agonists
increase the contribution of the current by shifting its voltage dependence
positive. These agonists act by reducing or increasing the concentration of
cyclic AMP (cAMP), respectively. Unlike many other cAMP-responsive chan-
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nels, however, the primary cAMP-dependent modulation of If in the SA node is
independent of protein kinase A and phosphorylation. Rather, as discussed in
greater detail below (see Sects. 3.1 and 3.2), cAMP binds directly to the channel
to alter voltage dependence of gating (DiFrancesco and Tortora 1991).

Debate on the relative contribution of If to SA node automaticity revolves
around quantitative issues. That is, whether the current is activated rapidly
enough in the appropriate voltage range to make a significant contribution to
the pacemaker potential (DiFrancesco 1995; Vassalle 1995). Resolution of these
issues has been complicated by the fact that the current magnitude required to
achieve SA node automaticity is exceedingly small, and often within the range
of leakage currents associated with the employed recording techniques. In
addition, the current is highly sensitive to experimental conditions, which can
cause a negative shift in its voltage dependence and make it appear less likely to
contribute physiologically. The lack of selective If blocking agents in the early
years of this debate further complicated the problem, since for many years the
only available blocker was Cs+. While Cs+ is a relatively effective blocker of If,
the block is voltage dependent and therefore differs with membrane voltage,
andCs+ alsoblocks someK+ currents and is thusnot specific for If.Newer,more
selective blockers have helped to demonstrate that If does indeed contribute to
SA node automaticity but that the SA node is able to function even without this
current (i.e., these blockers slow but do not stop SA node automaticity) (Bois
et al. 1996; Thollon et al. 1994). In addition, the recent identification of the
HCN gene family as the molecular correlate of If (Biel et al. 1999; Santoro and
Tibbs 1999) allows the use of transgenic technology to suppress expression of
specific HCN isoforms (Stieber et al. 2003) as another approach to elucidating
the contribution of this channel to SA node automaticity.

2.1.1.2
T-Type and L-Type Ca Currents

SA node myocytes express both T-type and L-type Ca2+ currents (Hagiwara
et al. 1988). T-type currents, also referred to as low voltage activated (LVA)
channels, activate and inactivate at more negative potentials than L-type cur-
rents, which are referred to as high voltage activated (HVA) channels. Given
the relative activation voltages, one might anticipate that ICa,T would con-
tribute only to mid and late diastole and ICa,L would contribute near the action
potential threshold (take off potential) and/or upstroke.

In fact, inhibition of ICa,T is associated only with suppression of late dias-
tole (Satoh 1995), similar to what is observed when ICa,L is inhibited (Satoh
1995; Zaza et al. 1996). However, accurate interpretation of the contribution of
ICa,T to automaticity is further complicated by the less-than-ideal selectivity
of available inhibitors. Ni2+ at micromolar concentrations is reported to be
selective for ICa,T versus ICa,L (Hagiwara et al. 1988), but the block is voltage
dependent and the sensitivity of both LVA and HVA channels to Ni2+ is isoform



46 I.S. Cohen · R.B. Robinson

specific (Perez-Reyes 2003). For these reasons measuring the effect of Ni2+ on
SA node automaticity is not a definitive indicator of the contribution of ICa,T
to pacemaking. Similarly, the T-type blocker mibefradil was found to also
block ICa,L in SA node myocytes (Protas and Robinson 2000). In addition, the
SA node expresses two T-type isoforms, Cav3.1 and Cav3.2, with the relative
predominance varying with species (Perez-Reyes 2003).

Evidence also suggests that two L-type isoforms are present in the SA node,
Cav1.2 and Cav1.3. The former is the predominant isoform in the working
myocardium,but aCav1.3knock-outmouseexhibits sinusbradycardia (Platzer
et al. 2000; Mangoni et al. 2003), supporting a role of this isoform in SA node
excitability. Typically, Cav1.3 activates somewhat more negatively than Cav1.2,
and this may be important for its contribution to SA node automaticity. One
study found that the Cav1.3 knock-out SA node myocytes exhibit an L-type
current that activates 5 mV more positive with a reduced rate of late diastolic
depolarization (Zhang et al. 2002), while another study reported a shift in
activation of greater than 20 mV (Mangoni et al. 2003). Consistent with these
observations, in the presence of tetrodotoxin (TTX), SA node myocytes from
newborn rabbit hearts exhibit a much slower spontaneous rate than those from
adult hearts, and L-type current activates 5 mV more positive in the newborn
cells, with no difference in T-type current (Protas et al. 2001). However, it is not
known whether or not this reflects an age-dependent isoform switch. L-type
currents are also responsive to autonomic agonists (unlike T-type) and so may
contribute to the autonomic modulation of SA node automaticity. However,
muscarinic inhibition of SA node ICa,L occurs at significantly higher (>1,000×)
concentrations than does inhibition of If; in contrast, If and ICa,L are enhanced
by adrenergic agonists over a similar concentration range (Zaza et al. 1996).
This study also suggested that ICa,L and its adrenergic modulation contribute
only to late diastole, although another study argued for a contribution of ICa,L
throughout diastole (Verheijck et al. 1999).

2.1.1.3
Na+/Ca2+ Exchanger Current

The Na+/Ca2+ exchanger operates in forward mode to transport one Ca2+ ion
out of the cell in exchange for the transport of three Na+ ions into the cell, gen-
erating a net inward current (although it also can operate in the reverse mode).
Initial evidence for the contribution of INaCa to automaticity came from studies
in toad SA node cells using calcium chelators and ryanodine (to disrupt sar-
coplasmic reticulum stores of calcium), both of which slowed the spontaneous
rate (Ju and Allen 1998). More recent studies from several laboratories have
confirmed that ryanodine also slows the spontaneous rate of mammalian SA
node cells (Rigg et al. 2000; Bogdanov et al. 2001; Bucchi et al. 2003), although
the latter study indicated that this involved a positive shift in action potential
threshold rather than a reduction in the slope of early diastolic potential. Since
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the Ca2+ uptake mechanism into the sarcoplasmic reticulum is modulated by
adrenergic agonists, it also has been argued that INaCa accounts for the auto-
nomic modulation of rate. Supporting evidence includes the observation that,
in the presence of ryanodine, adrenergic modulation of SA node chronotropy
was markedly reduced (Rigg et al. 2000; Vinogradova et al. 2002). However,
in the presence of ryanodine adrenergic modulation of If also is suppressed,
while direct cAMP modulation of both If and rate are unaffected (Bucchi et al.
2003), suggesting that ryanodine impacts a proximal element of the adrenergic
signaling cascade. Thus, while INaCa clearly contributes to basal automaticity
and may also contribute to autonomic modulation of rate, it is not the sole
factor in either case.

2.1.1.4
Sustained and TTX-Sensitive Na Currents

Ist, a sustained inward current carried by Na+ ions, was first observed in rabbit
SA node myocytes (Guo et al. 1995) and later also reported in other species
(Guo et al. 1997; Shinagawa et al. 2000). Ist has characteristics consistent with
the monovalent cation conductance of L-type Ca2+ channels, and so it was
originally suggested to represent a novel L-type subtype (Guo et al. 1995).
However, single channel analysis reveals distinct unitary conductance and
gating kinetics (Mitsuiye et al. 1999). The similar pharmacologic sensitivity to
ICa,L complicates definitive demonstration of a contribution to automaticity.
The main evidence in support of such a role is the association of the current
with spontaneous activity; it is reported to be present in SA node cells that are
spontaneously active and not in cells that are quiescent (Mitsuiye et al. 2000).

Sinus rhythm in the adult rabbit heart, the prototypical SA node preparation
for animal studies, is relatively insensitive to TTX, a highly specific blocker of
the rapid inward Na+ current. In addition, to the extent that sinus rhythm
is affected in the intact heart by TTX, this may reflect an action on atrial
muscle and subsequent inability for the impulse to propagate from the SA
node to atrial muscle (exit block), rather than a direct action on SA node
myocytes. If INa exists in SA node myocytes of this preparation, it seems largely
restricted to the peripheral rather than central node (Denyer and Brown 1990;
Kodama et al. 1997). Further, given the voltage dependence of inactivation of
the cardiac isoform of INa, the channel may be functionally silent in the adult
SA node. However, the newborn rabbit SA node exhibits a pronounced INa
that contributes importantly to automaticity (Baruscotti et al. 1996; Baruscotti
et al. 1997). This current is not inactivated at the diastolic potentials present
in the SA node because it represents a neuronal isoform (Nav1.1) rather than
the typical cardiac isoform (Nav1.5, also referred to as SCN5a) (Goldin et al.
2000) and therefore has an inactivation relation that is positively shifted on
the voltage axis. It also is more sensitive to TTX than the cardiac isoform.
This current is slowly inactivating, so that it flows during diastole (Baruscotti
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et al. 2000; Baruscotti et al. 2001). Recently, it has been reported that Nav1.1
also is expressed in the adult SA node of mice and rats (Maier et al. 2003;
Lei et al. 2004), suggesting that INa in at least some species may functionally
contribute to SA node automaticity in the adult heart. If a neuronal Na channel
isoform is expressed in the human SA node, this would have implications
for pharmacologic targeting of sinus rhythm. In addition, since INa is less
responsive to adrenergic agonists than ICa,L, and since the different Na channel
isoforms exhibit distinct adrenergic responsiveness (Catterall 1992), this also
has implications for the autonomic regulation of sinus rate.

2.1.2
Outward Currents of the Sino-atrial Node

Here we address only those outward currents that may contribute to the dias-
tolic potential and automaticity in the SA node. Other currents that flow only
during the plateau phase of the action potential, such as the transient outward
current, do not significantly impact SA node automaticity.

One of the hallmarks of SA node cells is the relatively low density of inward
rectifier current, IK1. This is critical to the ability of the SA node to generate
spontaneous action potentials, as it sets membrane potential less negative, re-
duces membrane stability and greatly decreases the magnitude of the inward
currents required during diastole to drive the cell to threshold. Indeed, reduc-
tion of IK1 in non-spontaneous cells in other cardiac regions is sufficient to
induce spontaneous activity (Miake et al. 2002). Similarly, the acetylcholine
sensitive K+ current, IK,Ach, contributes to the slowing of sinus rhythm by
muscarinic agonists. However, this effect occurs at higher concentrations than
those associated with inhibition of If and the slowing of rate in single SA node
myocytes (DiFrancesco et al. 1989).

Both the rapid (IKr) and slow (IKs) components of the delayed rectifier are
present in the SA node, but the relative expression varies with species (Anu-
monwo et al. 1992; Lei and Brown 1996; Cho et al. 2003) as well as with region
within the node (Lei et al. 2001). Irisawa and colleagues have summarized the
arguments for how a decaying IK upon repolarization, in the presence of a con-
stant background inward current, can lead to diastolic depolarization (Irisawa
et al. 1993). It should be noted that, given that IKs is susceptible to adrenergic
modulation (Marx et al. 2002), to the extent that IKs contributes to the SA node
delayed rectifier and to diastolic depolarization, this provides another mech-
anism for autonomic regulation of rate. On the other hand, DiFrancesco has
provided evidence that net background current in the diastolic potential range
is outward rather than inward (DiFrancesco 1991) and therefore has argued
that, while IK decay can contribute to diastolic depolarization, this depolariza-
tion is not initiated by the unmasking of a background inward current during
IK decay (DiFrancesco 1993).
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2.1.3
Regional Heterogeneity and Coupling to Atrial Tissue

Regional heterogeneity in ionic current expression within the SA node has
been extensively studied by the Boyett laboratory (Boyett et al. 2000; Honjo
et al. 1996; Kodama et al. 1997; Lei et al. 2001; Zhang et al. 2000). They report
differences between the central and peripheral node in Na+, Ca2+, pacemaker,
and delayed rectifier currents, as well as in the spontaneous rate of isolated
cells. They also report differences in calcium handling, with a contribution to
automaticity being apparent only in the peripheral cells (Lancaster et al. 2004).
Finally, they identified regional differences in connexin expression (Honjo et al.
2002), which may have implications for coupling of the SA node to surrounding
atrial tissue. This latter observation is consistent with the idea that the way
the SA node couples to the atrial myocardium is a critical aspect of the ability
of this small region to drive the heart. There is poor coupling between the
primary pacemaker cells of the SA node and more peripheral areas, including
atrium. This allows for isolation of the SA node from the hyperpolarizing
influence of the surrounding atrial muscle with its higher expression of IK1,
but also makes it more susceptible to exit block (Boyett et al. 2003). Recently,
it has been suggested that one component of that coupling may be represented
by fibroblasts, which are able to transmit both electrical signals and small dye
molecules between myocytes (Gaudesius et al. 2003; Kohl et al. 2004).

2.2
Bundle of His, Right and Left Bundle Branches and Purkinje Fibers

2.2.1
Specialized Conducting Tissue Serves Two Roles

In larger animals, the speed of conduction in ventricular muscle (up to 0.3 m/s)
is insufficient to guarantee almost synchronous activation of the ventricles. To
solve this problem, specialized conducting tissue evolved. The cardiac impulse
enters the ventricle in the bundle of His and propagates through the left and
right bundle branches into the peripheral Purkinje fibers. All of this tissue
is rapidly conducting (roughly 3–8 times faster than ventricular muscle) and
has a distinctive cellular morphology. The conducting tissue has two major
characteristics that allow for this rapid conduction: (1) a high density of Na
channels, and (2) a low intercellular resistance. Both these characteristics are
in contradistinction to the SA node.

The maximum upstroke velocity of the Purkinje fiber action potential ap-
proaches 1,000 V/s, at least threefold greater than that observed for ventricular
muscle (Hoffman and Cranefield 1976). This larger upstroke velocity is due to
a greater density of Na channels which generate larger local circuit currents
bringing adjacent regions more rapidly to threshold. The intercellular resis-
tance of Purkinje fibers, depending on the species, can be as low as 100 Ωcm,
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which is barely above the resistivity of the intracellular milieu (Hoffman and
Cranefield 1976). The low resistance of the intercellular pathway is based on
a high density of gap junctions mostly placed at regions of intimate cell-to-
cell contact at the ends of cells to facilitate conduction along the longitudinal
pathway (Mobley and Page 1972).

Since conduction in the AV node is slow, and prone to block, it is not sur-
prising that the specialized conducting tissue has also evolved as an important
secondary pacemaker. Typically if not driven from above, it will assume a spon-
taneous rate of 25 to 40 beats per minute, appreciably slower than the primary
pacemaker, but a rate sufficient to maintain a viable cardiac output. The mech-
anism of pacemaking is similar but not identical to that in the SA node. It is
these differences that might serve as the basis of a selective pharmacology (see
Sect. 3.4).

2.2.2
Membrane Currents in Purkinje Fibers and Myocytes
that Flow During the Action Potential

As stated above, there is a very high density of TTX-sensitive Na+ current
in Purkinje fibers. This is generated through a cardiac-specific Na chan-
nel gene, SCN5a, which generates a channel that has a lower sensitivity to
TTX (KD = 1 µM) than that found in nerve Na channels (KD = 1 nM) (Cohen
et al. 1981). After reaching its peak, the action potential experiences an initial
rapid repolarization to the plateau due to transient outward current. This cur-
rent is thought to have both a Ca-independent and Ca-dependent component
(Coraboeuf and Carmeliet 1982). Following this initial rapid repolarization,
there is a several-hundred-millisecond period of virtually no change in mem-
brane potential called the action potential plateau. It is a period of very high
membrane resistance with relatively small and almost equal inward and out-
ward membrane currents. The inward current is generated through L-type Ca
channels (McAllister et al. 1975), as well as slowly inactivating (Gintant et al.
1984) and steady-state TTX-sensitive Na+ current (Attwell et al. 1979). The
outward current is generated by a large rapid and smaller slow component
of the delayed rectifier (IKr and IKs) (Varro et al. 2000). Final repolarization
occurs when the delayed rectifier currents (which continue to activate) exceed
in magnitude the L-type Ca2+ and TTX-sensitive currents (which inactivate).

2.2.3
Pacemaker Activity in Purkinje Fibers

Following the action potential, Purkinje fibers exhibit a period of diastolic
depolarization or pacemaker activity. This automaticity occurs in the voltage
range −90 mV to −60 mV [which is much more negative than pacemaker
activity in the SA node (see Sect. 2.1.1; Fig. 1b)], and allows Purkinje fibers
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to function as a subsidiary pacemaking tissue. The basis of this pacemaker
activity has been studied for almost 40 years and is still not entirely resolved. It
is known that a substantial inwardly rectifying time-independent background
current called IK1 is present at diastolic potentials in Purkinje fibers (Shah et al.
1987) (and largely absent in SA node). This large outward current makes pace-
maker depolarization difficult in this voltage range. Initially it was thought that
IK2 (yet another outward potassium current, apart from the delayed rectifiers)
deactivated, allowing an inward background current to drive the membrane to
the threshold potential for firing (Noble and Tsien 1968). However, DiFrancesco
(1981a,b) demonstrated that when all diastolic potassium currents in Purkinje
fibers were blocked by barium, If was revealed. This inward current which ac-
tivates on hyperpolarization contributes to and may even initiate spontaneous
depolarization. More recently, molecular studies have identified the HCN fam-
ily as the molecular correlate of the α-subunit of the If channel (Santoro et al.
1998; Ludwig et al. 1998) and demonstrated the presence of both HCN4 (the
predominant HCN isoform present in SA node) and HCN2 (the dominant
ventricular isoform) in Purkinje fibers (Shi et al. 1999). However, biophysical
studies by Vassalle et al. (1995) have demonstrated that a K current distinct
from the delayed rectifiers called IKdd deactivates at more positive diastolic
potentials than If in Purkinje fibers and could contribute to diastolic depolar-
ization. Its molecular origin is unknown, which has hampered further study.

In summary, present data support the notion that following repolarization
by delayed rectifiers IKdd deactivates and If activates driving the membrane
towards threshold. Purkinje fibers also contain an inward background current
partly generated by steady-state current flow through TTX-sensitive channels
(Attwell et al. 1979).T-typecalciumcurrent is alsopresent inPurkinjemyocytes
(Tseng and Boyden 1989) and may contribute inward current towards the end
of diastole to help drive the membrane to threshold.

2.3
Targets for Selective Intervention

From the descriptions of primary pacemaker activity in the SA node and
secondary pacemaker activity in Purkinje fibers, it is clear that a number
of currents participate, and each must be considered a potential target for
selective intervention. In the paragraphs that follow, we consider the diastolic
membrane currents and their potential as therapeutic targets.

The ideal target should have the following three characteristics:

– It would flow at diastolic potentials only (since changes in action potential
duration can be arrhythmogenic).

– It would have distinctive characteristics in different cardiac regions so that
primary or secondary pacemaker activity can be independently altered.
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– Its molecular basis should be known (since this dramatically facilitates
rational drug design).

Based on these criteria, a number of diastolic membrane currents can be
eliminated as potential targets. IK1 is selectively expressed in secondary rather
than primary pacemaker tissues, but altering its magnitude affects the action
potential duration (Miake et al. 2002). It is unknown whether IKdd is present in
the SA node [although it is present in atrium (Wu et al. 1999)]. Unfortunately,
as stated above, nothing is known about its molecular origins. The T-type cal-
cium current is expressed in both primary and secondary pacemaker regions,
as is the Na/Ca exchanger. Neither provides current selectively at diastolic po-
tentials. The cardiac isoform of the TTX-sensitive sodium current is absent
in primary pacemaker cells and present in Purkinje fibers; however, its con-
tribution is not selectively limited to diastole. It contributes to the upstroke
of the action potential and helps determine the action potential duration and
conduction velocity. If is activated selectively at diastolic potentials and so does
not influence the action potential duration. Although it is expressed in both
primary and secondary pacemakers, the prevalence of individual family mem-
bers and HCN-associated β-subunits differs in the two cardiac regions. Finally,
its molecular basis is known and much is reported already about its structure–
function relationship. It is for these reasons that we believe If provides a unique
target for therapeutic intervention for automatic arrhythmias.

3
The Pacemaker Current If

3.1
Biophysical Description

In this section we will review what is known about the biophysical properties of
If. We will begin by describing its properties in the SA node and then consider
differences in other cardiac regions.

If activates on hyperpolarization (DiFrancesco 1981a,b). This means that
channel open probability increases as the membrane is hyperpolarized. This
voltage dependence is distinctly opposite to that observed for other voltage-
gated ion channels in the heart which open on depolarization. In SA node
myocytes, almost all f channels are closed at −40 mV and open at −100 mV
(Wu et al. 2000). Upon hyperpolarization the channels open after a delay. This
delay is voltage dependent, lasting only a few milliseconds at −130 mV and
hundreds of milliseconds at −65 mV (DiFrancesco and Ferroni 1983). After
this initial pause, the current increases along an exponential time course. The
kinetics of activation are also voltage dependent, being slowest near the mid-
point of activation where the time constant can be several seconds. At extremes
of potential, the activation or deactivation can occur with a time constant of
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tens of milliseconds (DiFrancesco 1981a,b). Activation of β-adrenergic recep-
tors raises cAMP levels and results in a positive voltage shift of all channel
properties (Hauswirth et al. 1968). At saturating concentrations of agonist, the
shift can approach 15 mV. Activation of muscarinic receptors has the oppo-
site effect, lowering cAMP levels and inducing a negative shift in the voltage
dependence of If (DiFrancesco and Tromba 1988a,b). The current is carried
by both Na+ and K+, having a reversal potential roughly midway between
ENa and EK. Increases in extracellular K+ increase current magnitude in ad-
dition to the changes they induce in the current’s reversal potential. Changes
in extracellular Na+ affect only the reversal potential (DiFrancesco 1981a,b).
DiFrancesco and colleagues (DiFrancesco and Tortora 1991; DiFrancesco 1986)
have successfully recorded single f channels simultaneously with whole-cell If
relaxations, confirming their identity as the basis of the macroscopic current.
These channels have an extremely small single channel conductance of about
1 pS in 100 mM extracellular K+, or an estimated conductance of one fifth
that value in physiologic saline. In the SA node, phosphorylation by either
serine–threonine or tyrosine kinases increase If magnitude without inducing
a shift in voltage dependence (Accili et al. 1997).

If is present in all cardiac regions studied. As a general rule, as one moves
more distal from the primary pacemaker in the conduction pathway, the volt-
age dependence of activation becomes progressively more negative (Yu et al.
1995). The ubiquitous presence of If suggests that all cardiac tissues have the
capacity to pace. The progressively more negative threshold as one moves
away from the primary pacemaker guarantees its dominance in the pacing
hierarchy. The threshold for activation is often negative to −80 mV in Purkinje
myocytes and more negative than −100 mV in ventricular tissues (Yu et al.
1993a; Vassalle et al. 1995). The basis of these region-specific differences in
voltage dependence is at present unknown. There is also a difference in au-
tonomic responsiveness in Purkinje fibers and ventricle as compared to the
SA node. While β-adrenergic agonists cause a positive shift in activation of
similar magnitude to the SA node, muscarinic agonists have no direct effect,
but can reverse the actions of β-adrenergic agonists (Chang et al. 1990). Other
differences also exist in the effects of phosphorylation between SA node and
ventricular tissues. In the SA node the shift in voltage dependence induced
by β-adrenergic agonists is the direct result of cAMP binding, independent
of PKA-mediated phosphorylation. Chang et al. (1991) demonstrated that, in
Purkinje fibers, PKA mediated phosphorylation is necessary for the voltage
shift to occur. Further, inhibition of serine–threonine phosphatases causes an
increase in the amplitude of If in the SA node but causes a shift in voltage
dependence in Purkinje and ventricular myocytes (Yu et al. 1993b). Inhibiting
tyrosine kinases reduces If in SA node myocytes (Wu and Cohen 1997), but in
ventricular myocytes this reduction in amplitude is accompanied by a negative
shift in voltage dependence (Yu et al. 2004).
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3.2
Molecular Description

The molecular correlate of the pacemaker current is the HCN (hyperpolari-
zation-activated, cyclic nucleotide-gated) gene family, which was first cloned
by Santoro and colleagues as a result of a yeast two-hybrid screen of N-src
binding proteins (Santoro et al. 1997). They identified a protein with the typical
characteristics of a K channel, but with some modification of the canonical K
channel pore motif, and with a cyclic nucleotide-binding domain (CNBD) in
the C-terminus. Based both on these features and its localization within specific
brain regions, they suggested that this protein, later termed HCN1, might
contribute to the current Iq. Subsequent reports by this and another group
identified more members of this family and demonstrated that expression
resulted in a current with characteristics typical of pacemaker current (Ludwig
et al. 1998; Santoro et al. 1998).

There are four known mammalian isoforms of the HCN gene family, three
of which (HCN1, HCN2, HCN4) are expressed in the heart. They have been
the subject of numerous review articles (Clapham 1998; Santoro and Tibbs
1999; Biel et al. 1999; Kaupp and Seifert 2001; Accili et al. 2002; Biel et al.
2002; Robinson and Siegelbaum 2003; Baruscotti and DiFrancesco 2004). The
isoforms are 80%–90% identical in the transmembrane and CNBD domains,
but show significant diversity elsewhere. They consist of six transmembrane
domains (S1–S6), with S4 being positively charged and serving as the puta-
tive voltage sensor (Fig. 2). Four subunits are assumed to assemble to form

Fig. 2 Transmembrane topology of a single HCN subunit, illustrating the 6 transmembrane
domains, including the positively charged S4 domain, and the cyclic nucleotide-binding
domain in the C-terminus. (Reprinted from Robinson and Siegelbaum 2003)
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a functional channel. The pore-forming region, between S4 and S5, contains
the signature GYG sequence of a K+-selective channel, but exhibits differences
immediately outside this region from other K channels, which may account
for the mixed Na+/K+ selectivity of these channels. All isoforms possess a 120
amino acid CNBD in the C-terminus consisting of a β-roll and C-helix struc-
ture; the CNBD is connected to S6 by a region referred to as the C-linker. X-ray
crystallographic analysis of the C-terminus, including the C-linker and CNBD,
reveal a tetramerization domain with most of the subunit–subunit interactions
residing in the C-linker (Zagotta et al. 2003).

A number of laboratories have conducted mutagenesis studies to further
elucidate the structure–function relation of HCN channels. Investigation of
the C-terminus and S4–S5 linker suggest that interactions between these do-
mains, coupled by the C-linker region, serve to normally inhibit channel gating
(Wainger et al. 2001; Chen et al. 2001; Decher et al. 2004). The binding of cAMP
to the CNBD relieves this inhibition and allows channel activation at less neg-
ative voltages. Investigators also have attempted to determine the basis for the
HCN channel’s unique activation on hyperpolarization, rather than depolar-
ization typical of other voltage-gated K channels. Studies have confirmed that
the S4 region serves as the voltage sensor, and they suggest that its movement
is conserved between HCN channels and voltage-gated K channels (Vaca et al.
2000; Chen et al. 2000; Mannikko et al. 2002; Vemana et al. 2004; Bell et al.
2004). The precise molecular explanation for the hyperpolarization-activated
mechanism remains to be determined.

3.3
Regional Distribution of HCN Isoforms and MiRP1

If a selective pharmacology is to be developed, it is useful to know not only
regional differences in biophysical properties but also the regional distribution
of the HCN family members and all auxiliary subunits in the relevant cardiac
regions, as well as the potential functional differences that these regional distri-
butions would induce. A number of studies employing either RNase protection
assays (RPAs) or quantitative RT-PCR have examined the distribution of HCN
isoforms in various cardiac regions in canine and rabbit heart (Shi et al. 2000;
Shi et al. 1999; Han et al. 2002). A number of generalizations can be made.
First, the SA node has the highest levels of HCN transcripts, and the dominant
isoform (>80%) is HCN4. It also contains some HCN1. Ventricular muscle
contains predominantly HCN2 and has a much lower expression of HCN tran-
scripts in general. Midway between these two extremes is the Purkinje fiber
with about one-third the expression level observed in the SA node, about 40%
of which is HCN4, with the other two cardiac isoforms also being expressed.
The only β-subunit so far reported to affect expression and biophysical prop-
erties of HCN subunits is MinK related peptide 1 (MiRP1) (Yu et al. 2001). This
β-subunit is highly expressed in the SA node and much more poorly expressed
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in ventricular tissues. Within the ventricle, Purkinje fibers have the highest
level of expression (Pourrier et al. 2003).

Since the discovery of the HCN ion channel subunit family there has been
extensive investigation of the structure–function relationship of the individual
family members. In Sect. 3.2 we described the properties common to all family
members, here we focus on the differences.

– Voltage dependence of activation: There is only a small difference in acti-
vation voltage dependence between the three cardiac isoforms (Moosmang
et al. 2001; Altomare et al. 2001).

– Kinetics of activation: There are large differences in the kinetics of acti-
vation. HCN1 activates most rapidly. HCN2 activates almost an order of
magnitude more slowly than HCN1. HCN4 is the slowest activating of the
isoforms, activating almost threefold slower than HCN2 (Moosmang et al.
2001; Altomare et al. 2001).

– cAMP effects: As described above, cAMP directly binds to HCN channels,
and this binding results in a shift in the voltage dependence of activation.
The shift is only a couple of millivolts with HCN1, but can be 15 mV for the
other two isoforms (Fig. 3a) (Wainger et al. 2001; Ludwig et al. 1999).

– Effectsof tyrosinephosphorylation: Inhibiting tyrosinekinaseshasnoeffect
on HCN1. It reduces the magnitude of current flow through HCN4 channels
with no effect on either the voltage dependence or kinetics of activation.
It also reduces the amplitude of current flowing through HCN2 channels
and induces a negative shift in both the voltage dependence and kinetics of
activation (Fig. 3b) (Yu et al. 2004).

– Effects of the β-subunit MiRP1: MiRP1 has been shown to increase the
amplitude of current flow through all three HCN isoforms expressed in
heart (Yu et al. 2001; Decher et al. 2003). However, it has no effect on
the voltage dependence of activation of HCN1 and HCN2 but shifts the
activation of HCN4 to more negative potentials. It accelerates the activation
of HCN1 and HCN2, but slows the activation of HCN4.

3.4
Approaches for Region-Specific Modification of If

To change the properties of If in a region-specific manner one requires one of
the following:
– A change in expression or function of the isoforms that are expressed

differentially

– An agent that has a voltage-dependent effect, since diastolic membrane
voltages are much more negative in Purkinje fibers and ventricular muscle
than in the SA node
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Fig. 3a,b HCN isoform selective pharmacologic modulation. a Differential cAMP respon-
siveness of HCN1 and HCN2. Note the more pronounced shift in activation voltage of HCN2
by cAMP. (Reprinted from Wang et al. 2001.) b Distinct modulation of HCN1, HCN2, and
HCN4 by the tyrosine kinase inhibitor genistein. Note the reduction by genistein of cur-
rent magnitude of HCN2 and HCN4, and the shift in voltage dependence only of HCN4.
(Reprinted from Yu et al. 2004)
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– An agent that has a current-dependent effect, since the magnitude of current
flow through f channels will depend on the driving force which will be larger
at diastolic potentials in Purkinje or ventricular myocytes than in SA node
myocytes

Current knowledge has already provided evidence that all three approaches to
regional modification of If may be feasible.

We begin by considering those agents that act through the first proposed
mechanism. Inhibition of tyrosine kinases (whose effects are described above)
will affect those regions expressing high levels of HCN2 (ventricular myocytes)
more than those regions expressing either HCN4 or HCN1 (SA node). Inhibi-
tion of protein kinase A has little or no effect on the effects of cAMP in SA node
(Accili et al. 1997), but decreases or eliminates the effects of cAMP in Purkinje
fibers (Chang et al. 1991). Acetylcholine reduces If in SA node myocytes but is
without a direct effect in Purkinje fibers. Nitric oxide increases If in SA node
myocytes from guinea pig, but has no effect on If in ventricular myocytes from
spontaneously hypertensive rats (Herring et al. 2001; Bryant et al. 2001). One
should remember, however, that selective targeting will require knowledge of
more downstream elements in the signaling cascade.

Fig. 4 Voltage-dependent block of If by cesium, illustrating the greater block at higher
concentrations of cesium and at more negative potentials. Note the difference in the efficacy
of block that would be experienced at diastolic membrane potentials in the SA node (−65 mV
to −40 mV) and Purkinje fibers (−90 mV to −60 mV) (Reprinted from DiFrancesco 1982)
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Fig. 5a,b Current-dependent block of If by ivabradine. a Representative current tracings
illustrating block of If by ivabradine in normal extracellular solution (left) and low Na+

solution (right) to shift the reversal potential. b Fractional block by ivabradine as a function
of voltage. Note the dependence of fractional block on the calculated reversal potential.
(Reprinted from Bucchi et al. 2002)

Now consider mechanism two, in which agents have a voltage-dependent
action on pacemaker channels. A number of univalent cations including Cs+

and Rb+ can block If in a voltage-dependent manner, having a much greater
effect at hyperpolarized potentials (Fig. 4) (DiFrancesco 1982). This result
suggests that pacemaker activity should be more effectively blocked by lower
concentrations of these ions in Purkinje fibers than in SA node myocytes.

Finally, some bradycardic agents have been reported to work by the current
dependent mechanism described as alternative No. 3. Bucchi et al. (2002) and
van Bogaert and Pittoors (2003) have reported that ivabradine, zatebradine,
and cilobradine block If in a current-dependent manner (Fig. 5). The drugs
enter the open channel from the inside of the cell when the inward current
flow is minimal (during channel deactivation) and are displaced from the
channel by inward current flow when the driving force on inward current flow
is greatest (during activation). Given that diastolic membrane potentials in SA
node cells are much closer to the If reversal potential than either Purkinje or
ventricular myocytes, these results predict a higher affinity for block in the
former preparations (that is, a higher affinity in the SA node preparations).
However, the difference in the distribution and prevalence of the three HCN
cardiac isoforms (which have differing kinetics of activation and deactivation)
will also have an effect on the apparent association and dissociation rate
constants.
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4
Role of If in Generating Cardiac Rhythms and Arrhythmias

4.1
Animal Models

Neonatal rat ventricle cell cultureshavebeenemployed todemonstrateboth the
ability of HCN isoforms to enhance automaticity and the contribution of HCN
channels to normal automaticity. Qu and colleagues first demonstrated that
over-expressing HCN2 in these cultures significantly increased spontaneous
rate (Fig. 6) (Qu et al. 2001). Er and colleagues subsequently confirmed this
observation and extended it to HCN4 over-expression. They also demonstrated
that expression of a dominant negative form of HCN2 markedly reduced na-
tive pacemaker current and entirely suppressed spontaneous activity (Er et al.
2003). Other recent studies have employed mouse genetics to produce ani-
mals lacking expression of HCN2 or HCN4. The HCN2 knockout was viable,
and associated with absence epilepsy and sinus dysrhythmia (Ludwig et al.
2003). A cardiac-specific knockout also exhibited sinus dysrhythmia. If was
reduced ∼30% and activated more slowly in SA node cells from the HCN2
knockout animals, and isolated atria exhibited significantly greater beat-to-

Fig. 6a,b HCN over-expression increases spontaneous rate of neonatal rat ventricular my-
ocyte culture. a Representative family of current traces of pacemaker current from a control
myocyte expressing only green fluorescent protein (GFP) (top) and from a myocyte over-
expressing the HCN2 isoform (bottom). b Representative recordings of spontaneous action
potentials fromacontrol monolayer culture expressingonlyGFP (top) and fromamonolayer
culture over-expressing HCN2 (bottom). (Portions reprinted from Qu et al. 2001)
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beat variability. In comparison to the HCN2 knockout, a cardiac-specific HCN4
knockout was embryonic lethal, but embryonic myocytes exhibited markedly
reduced If and a slower spontaneous rate that was unresponsiveness to cAMP
(Stieber et al. 2003). Taken together, these data demonstrate an important
contribution of If and specific HCN isoforms to normal SA node automaticity.

Pacemaker currents and HCN transcripts also have been studied in several
animal models of disease. The focus in these studies has tended to be on the
appearance or magnitude of If current and HCN isoform expression in ventric-
ular tissue.As stated earlier (Sect. 3.1), If activates outside thephysiologic range
in the healthy adult ventricle. However, it appears at physiologically relevant
voltages in several disease models. Cerbai and colleagues reported increased
If density in ventricular myocytes from aged spontaneously hypertensive rats
compared to age-matched control animals, and the current density correlated
with the severity of hypertrophy (Cerbai et al. 1996). Two other groups have
studied an aortic banding model of hypertrophy in rat (Hiramatsu et al. 2002;
Fernandez-Velasco et al. 2003). Both found increases in HCN2 and HCN4 mes-
sage levels at 8 weeks (although the first group also reported a decrease in
message levels at earlier times). The latter group also observed an increase in
pacemaker current density in septal and left ventricular myocytes.

Finally, hyperthyroidism is associated with sinus tachycardia, and several
laboratories have investigated the regulation of HCN subunits by thyroid hor-
mone. Pachucki and colleagues identified a thyroid hormone consensus site in
the HCN2 promoter and demonstrated that thyroid hormone administration
to hypothyroid rats increased HCN2 message levels (Pachucki et al. 1999).
Another group also found a correlation between whole-heart HCN2 message
level and thyroid state, as well as HCN4 level, but when they studied atrial
tissue, only HCN2 levels decreased with hypothyroidism (Gloss et al. 2001).
This same study also reported that knocking out one of two isoforms of the
thyroid hormone receptor in the mouse heart resulted in sinus bradycardia
and reduced message levels of HCN2 and HCN4.

4.2
Human Disease

There have been two recent reports of human HCN4 mutations associated
with sinus node dysfunction (SND). The first study investigated the HCN4
gene in ten patients with idiopathic SND, and found a 1-bp deletion in one
patient, resulting in a C-terminal truncated HCN4 protein that lacked the
CNBD, HCN4-573X (Schulze-Bahr et al. 2003). The patient exhibited sinus
bradycardia with episodes of atrial fibrillation, and during exercise a maximal
heart rate significantly less than that predicted for gender and age. When
studied in a heterologous expression system, the truncated HCN4 channel
produced currents that were relatively similar to those of wildtype HCN4, but
lacked cAMP responsiveness. When mutated and wildtype HCN4 were co-
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expressed, the resulting current also lacked cAMP responsiveness. The second
report identified an HCN4 mutation in one of six patients with SND that
involved a single amino acid substitution, D553N, in the C-linker region (Ueda
et al. 2004). The index patient exhibited severe bradycardia, cardiac arrest, and
polymorphic ventricular tachycardia, and the HCN4 mutation co-segregated
with the phenotype within the patient’s family. The equivalent amino acid
mutation in the rabbit HCN4 protein resulted in loss of membrane trafficking
and also reduced membrane trafficking of wildtype HCN4 and pacemaker
current when both were co-expressed.

Studies in patients with cardiac disease support the idea that HCN subunits
are regulated by disease state. If density is increased in human ventricle during
failure. This was found to be more pronounced in patients with ischemic than
dilated cardiomyopathy, and not to correlate with the degree of hypertrophy
(Cerbai et al. 2001). Another laboratory reported that HCN4 expression was
increased in patients with end-stage heart failure, while HCN2 expression was
below the level of detection (Borlak and Thum 2003).

4.3
HCN as a Biological Pacemaker

In sick sinus syndrome, the primary pacemaker oscillates between excessively
high and excessively low heart rates. In AV block, life is sustained by an ex-
cessively low spontaneous rate which originates in the ventricular conducting
system. In both these cases the current approach to therapy is the implantation
of an electronic pacemaker to guarantee a constant physiologic rate consistent
with a normal lifestyle. However, even the most up-to-date electronic versions
are not immediately sensitive to changes in physiologic state induced by acti-
vation of the sympathetic and parasympathetic nervous systems. It is for this
reason that current pacemaker therapy represents palliation rather than cure.

Subsequent to the cloning of the members of the HCN gene family in the
latter part of the 1990s, it became possible to consider replacing the palliation
of the electronic pacemakers with a biological cure (Rosen et al. 2004). If HCN
family members could be delivered to the appropriate target regions of the
heart (atrium for sick sinus syndrome, and the conducting system for AV
block) then it would be possible to create a new primary pacemaker responsive
to changes in input from the autonomic nervous system.

The initial approaches to create an HCN-based biological pacemaker used
an adenoviral delivery system. The adenoviral vector contained the murine
HCN2 gene. The virus was delivered either by injection into the wall of canine
left atrium (Qu et al. 2003) or via catheter into the ventricular conducting
system (Plotnikov et al. 2004). Evidence for a new biological pacemaker was
demonstrated several days after injection by anesthetizing the animal and
stimulating both vagi to cause sinus standstill. Vagal escape rhythms could
be demonstrated in both studies originating near the sites of injection. After
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the in vivo studies were completed, cells were isolated from the injection sites
and studied with the whole-cell patch-clamp technique. The transfected cells
[which could be identified by green fluorescent protein (GFP), which was
used as a reporter gene], expressed an If-like current which was between one
and three orders of magnitude larger than If recorded from non-transfected
myocytes.

As encouraging as these initial successes were, there are significant draw-
backs with adenoviral gene delivery. Since the plasmid is not incorporated
into the genome, the effect is transient, rarely lasting more than 6 weeks.
Second, there is also the risk of allergic reaction, which has limited adenovi-
ral approaches in prior clinical trials for other disease processes. Alternative
viruses from the retroviral family are incorporated into the genome but come
with an increased associated risk of neoplasia. In 2004 Potapova et al. (2004)
employed an altogether different approach to deliver the HCN genes to the
cardiac syncytium. They took human mesenchymal stem cells (hMSCs) and
incorporated the same HCN2 gene by electroporation. After demonstrating
high levels of expression of an If-like current in the transfected hMSCs, they
injected one million of these transfected cells into the left epicardium and
studied the animals 3–10 days later in the same manner described for viral de-
livery. Spontaneous vagal escape rhythms at roughly 60 beats per minute were
observed which mapped to the site of the injection. This rate was significantly
higher than those observed in sham animals which received hMSCs contain-
ing only enhanced GFP. Although the injected cells were not a stable cell line,
separate experiments taking advantage of a neomycin resistance cassette in
the original plasmid suggested that the electroporated cells could be selected
by growth on antibiotic and continue to express the transfected proteins for at
least 3 months.

As encouraging as these initial attempts appear to be, both the long-term
reliability and safety of these pacemakers must be demonstrated before they
can be considered a clinical tool.

5
Conclusions

Molecular cloning and structure–function studies have allowed the identifica-
tion and characterization of a multi-gene family that contributes substantially
to pacing in all regions of the heart, without contributing to other portions
of the action potential. The prevalence of specific members of this family and
their biophysical properties varies with cardiac region, raising the possibility
of a selective pharmacology, although isoform-selective blockers have to date
not been demonstrated. In addition, diastolic depolarization occurs over dif-
ferent voltage ranges in primary and secondary pacemakers. This provides the
further possibility of using voltage-dependent or current-dependent block as
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the means to selectively target individual cardiac regions, and, in fact, existing
If blockers do exhibit current-dependent block. Finally, recent studies have
begun using gene and cell-based therapies to over-express an individual HCN
isoform in a localized cardiac region, thereby creating a focal biological pace-
maker that may be able to substitute for a dysfunctional natural pacemaker
and one day obviate the need of implanting an electronic device.

References

Accili EA, Redaelli G, DiFrancesco D (1997) Differential control of the hyperpolarization-
activated current (if) by cAMP gating and phosphatase inhibition in rabbit sino-atrial
node myocytes. J Physiol (Lond) 500:643–651

Accili EA, Proenza C, Baruscotti M, DiFrancesco D (2002) From funny current to HCN
channels: 20 years of excitation. News Physiol Sci 17:32–37

Altomare C, Bucchi A, Camatini E, Baruscotti M, Viscomi C, Moroni A, DiFrancesco D (2001)
Integrated allosteric model of voltage gating of hcn channels. J Gen Physiol 117:519–532

Anumonwo JM, Freeman LC, Kwok WM, Kass RS (1992) Delayed rectification in single cells
isolated from guinea pig sinoatrial node. Am J Physiol 262:H921–H925

Attwell D, Cohen I, Eisner DA, Ohba M, Ojeda C (1979) The steady state TTX-sensitive
(“window”) sodium current in cardiac Purkinje fibres. Pflugers Arch 379:137–142

Baruscotti M, DiFrancesco D (2004) Pacemaker channels. Ann N Y Acad Sci 1015:111–121
Baruscotti M, DiFrancesco D, Robinson RB (1996) A TTX-sensitive inward sodium current

contributes to spontaneous activity in newborn rabbit sino-atrial node cells. J Physiol
(Lond) 492:21–30

Baruscotti M, Westenbroek R, Catterall WA, DiFrancesco D, Robinson RB (1997) The new-
born rabbit sino-atrial node expresses a neuronal type I—like Na+ channel. J Physiol
(Lond) 498:641–648

Baruscotti M, DiFrancesco D, Robinson RB (2000) Na(+) current contribution to the dias-
tolic depolarization in newborn rabbit SA node cells. Am J Physiol Heart Circ Physiol
279:H2303–H2309

BaruscottiM,DiFrancescoD,RobinsonRB(2001)Single-channelpropertiesof the sinoatrial
node Na+ current in the newborn rabbit. Pflugers Arch 442:192–196

Bell DC, Yao H, Saenger RC, Riley JH, Siegelbaum SA (2004) Changes in local S4 environment
provide a voltage-sensing mechanism for mammalian hyperpolarization-activated HCN
channels. J Gen Physiol 123:5–20

Biel M, Ludwig A, Zong X, Hofmann F (1999) Hyperpolarization-activated cation channels:
a multi-gene family. Rev Physiol Biochem Pharmacol 136:165–181

Biel M, Schneider A, Wahl C (2002) Cardiac HCN channels. structure, function, and mod-
ulation. Trends Cardiovasc Med 12:206–212

Bogdanov KY, Vinogradova TM, Lakatta EG (2001) Sinoatrial nodal cell ryanodine receptor
and Na(+)-Ca(2+) exchanger: molecular partners in pacemaker regulation. Circ Res
88:1254–1258

Bois P, Bescond J, Renaudon B, Lenfant J (1996) Mode of action of bradycardic agent, S 16257,
on ionic currents of rabbit sinoatrial node cells. Br J Pharmacol 118:1051–1057

Borlak J, Thum T (2003) Hallmarks of ion channel gene expression in end-stage heart failure.
FASEB J 17:1592–1608

Boyett MR, Honjo H, Kodama I (2000) The sinoatrial node, a heterogeneous pacemaker
structure. Cardiovasc Res 47:658–687



Pacemaker Current and Automatic Rhythms: Toward a Molecular Understanding 65

Boyett MR, Dobrzynski H, Lancaster MK, Jones SA, Honjo H, Kodama I (2003) Sophisti-
cated architecture is required for the sinoatrial node to perform its normal pacemaker
function. J Cardiovasc Electrophysiol 14:104–106

Brown HF, DiFrancesco D (1980) Voltage-clamp investigations of membrane currents un-
derlying pacemaker activity in rabbit sino-atrial node. J Physiol (Lond) 308:331–351

Bryant SM, Sears CE, Rigg L, Terrar DA, Casadei B (2001) Nitric oxide does not modulate
the hyperpolarization-activated current, If, in ventricular myocytes from spontaneously
hypertensive rats. Cardiovasc Res 51:51–58

Bucchi A, Baruscotti M, DiFrancesco D (2002) Current-dependent block of rabbit sino-atrial
node I(f) channels by ivabradine. J Gen Physiol 120:1–13

Bucchi A, Baruscotti M, Robinson RB, DiFrancesco D (2003) If-dependent modulation of
pacemaker rate mediated by cAMP in the presence of ryanodine in rabbit sino-atrial
node cells. J Mol Cell Cardiol 35:905–913

Camelliti P, Green CR, LeGrice I, Kohl P (2004) Fibroblast network in rabbit sinoatrial
node: structural and functional identification of homogeneous and heterogeneous cell
coupling. Circ Res 94:828–835

Catterall WA (1992) Cellular and molecular biology of voltage-gated sodium channels.
Physiol Rev 72:S15–S48

Cerbai E, Barbieri M, Mugelli A (1996) Occurrence and properties of the hyperpolarization-
activated current If in ventricular myocytes from normotensive and hypertensive rats
during aging. Circulation 94:1674–1681

Cerbai E, Sartiani L, DePaoli P, Pino R, Maccherini M, Bizzarri F, DiCiolla F, Davoli G,
Sani G, Mugelli A (2001) The properties of the pacemaker current If in human ventricular
myocytes are modulated by cardiac disease. J Mol Cell Cardiol 33:441–448

Chang F, Gao J, Tromba C, Cohen I, DiFrancesco D (1990) Acetylcholine reverses effects of
beta-agonists on pacemaker current in canine cardiac Purkinje fibers but has no direct
action. A difference between primary and secondary pacemakers. Circ Res 66:633–636

Chang F, Cohen IS, DiFrancesco D, Rosen MR, Tromba C (1991) Effects of protein kinase
inhibitors on canine Purkinje fibre pacemaker depolarization and the pacemaker current
if. J Physiol (Lond) 440:367–384

Chen J, Mitcheson JS, Lin M, Sanguinetti MC (2000) Functional roles of charged residues
in the putative voltage sensor of the HCN2 pacemaker channel. J Biol Chem 275:36465–
36471

Chen J, Mitcheson JS, Tristani-Firouzi M, Lin M, Sanguinetti MC (2001) The S4-S5 linker
couples voltage sensing and activation of pacemaker channels. Proc Natl Acad Sci U S A
98:11277–11282

Cho HS, Takano M, Noma A (2003) The electrophysiological properties of spontaneously
beating pacemaker cells isolated from mouse sinoatrial node. J Physiol (Lond) 550:169–
180

Clapham DE (1998) Not so funny anymore: pacing channels are cloned. Neuron 21:5–7
Cohen CJ, Bean BP, Colatsky TJ, Tsien RW (1981) Tetrodotoxin block of sodium channels in

rabbit Purkinje fibers. J Gen Physiol 78:383–411
Coraboeuf E, Carmeliet E (1982) Existence of two transient outward currents in sheep

cardiac Purkinje fibers. Pflugers Arch 392:352–359
Decher N, Bundis F, Vajna R, Steinmeyer K (2003) KCNE2 modulates current amplitudes

and activation kinetics of HCN4: influence of KCNE family members on HCN4 currents.
Pflugers Arch 446:633–640



66 I.S. Cohen · R.B. Robinson

Decher N, Chen J, Sanguinetti MC (2004) Voltage-dependent gating of hyperpolarization-
activated, cyclic nucleotide-gated pacemaker channels: molecular coupling between the
S4-S5 and C-linkers. J Biol Chem 279:13859–13865

Denyer JC, Brown HF (1990) Rabbit sino-atrial node cells: isolation and electrophysiological
properties. J Physiol (Lond) 428:405–424

DiFrancesco D (1981a) A new interpretation of the pace-maker current in calf Purkinje
fibres. J Physiol (Lond) 314:359–376

DiFrancesco D (1981b) A study of the ionic nature of the pace-maker current in calf Purkinje
fibres. J Physiol (Lond) 314:377–393

DiFrancesco D (1982) Block and activation of the pacemaker if channel in calf Purkinje
fibres: effects of potasium, caesium and rubidium. J Physiol (Lond) 329:485–507

DiFrancesco D (1986) Characterization of single pacemaker channels in cardiac sino-atrial
node cells. Nature 324:470–473

DiFrancesco D (1991) The contribution of the ‘pacemaker’ current (if) to generation of
spontaneous activity in rabbit sino-atrial node myocytes. J Physiol (Lond) 434:23–40

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

DiFrancesco D (1995) Cardiovascular controversies: the pacemaker current, if, plays an
important role in regulating SA node pacemaker activity. Cardiovasc Res 30:307–308

DiFrancesco D, Ferroni A (1983) Delayed activation of the cardiac pacemaker current and
its dependence on conditioning pre-hyperpolarizations. Pflugers Arch 396:265–267

DiFrancesco D, Tortora P (1991) Direct activation of cardiac pacemaker channels by intra-
cellular cyclic AMP. Nature 351:145–147

DiFrancesco D, Tromba C (1988a) Inhibition of the hyperpolarization-activated current
(if) induced by acetylcholine in rabbit sino-atrial node myocytes. J Physiol (Lond)
405:477–491

DiFrancesco D, Tromba C (1988b) Muscarinic control of the hyperpolarization-activated
current (if) in rabbit sino-atrial node myocytes. J Physiol (Lond) 405:493–510

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

Er F, Larbig R, Ludwig A, Biel M, Hofmann F, Beuckelmann DJ, Hoppe UC (2003) Dominant-
negative suppression of HCN channels markedly reduces the native pacemaker cur-
rent I(f) and undermines spontaneous beating of neonatal cardiomyocytes. Circulation
107:485–489

Fernandez-Velasco M, Goren N, Benito G, Blanco-Rivero J, Bosca L, Delgado C (2003)
Regional distribution of hyperpolarization-activated current (If) and hyperpolarization-
activated cyclic nucleotide-gated channel mRNA expression in ventricular cells from
control and hypertrophied rat hearts. J Physiol (Lond) 553:395–405

Gaudesius G, Miragoli M, Thomas SP, Rohr S (2003) Coupling of cardiac electrical activity
over extended distances by fibroblasts of cardiac origin. Circ Res 93:421–428

Gintant GA, Datyner NB, Cohen IS (1984) Slow inactivation of a tetrodotoxin-sensitive
current in canine cardiac Purkinje fibers. Biophys J 45:509–512

Gloss B, Trost S, Bluhm W, Swanson E, Clark R, Winkfein R, Janzen K, Giles W, Chas-
sande O, Samarut J, Dillmann W (2001) Cardiac ion channel expression and contractile
function in mice with deletion of thyroid hormone receptor alpha or beta. Endocrinology
142:544–550

Goldin AL, Barchi RL, Caldwell JH, Hofmann F, Howe JR, Hunter JC, Kallen RG, Mandel G,
Meisler MH, Netter YB, Noda M, Tamkun MM, Waxman SG, Wood JN, Catterall WA
(2000) Nomenclature of voltage-gated sodium channels. Neuron 28:365–368



Pacemaker Current and Automatic Rhythms: Toward a Molecular Understanding 67

Guo J, Ono K, Noma A (1995) A sustained inward current activated at the diastolic potential
range in rabbit sino-atrial node cells. J Physiol (Lond) 483:1–13

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

Hagiwara N, Irisawa H, Kameyama M (1988) Contribution of two types of calcium currents
to the pacemaker potentials of rabbit sino-atrial node cells. J Physiol (Lond) 395:233–253

Han W, Bao W, Wang Z, Nattel S (2002) Comparison of ion-channel subunit expression in
canine cardiac Purkinje fibers and ventricular muscle. Circ Res 91:790–797

Hauswirth O, Noble D, Tsien RW (1968) Adrenaline: mechanism of action on the pacemaker
potential in cardiac Purkinje fibers. Science 162:916–917

Herring N, Rigg L, Terrar DA, Paterson DJ (2001) NO-cGMP pathway increases the hyper-
polarisation-activated current, I(f), and heart rate during adrenergic stimulation. Car-
diovasc Res 52:446–453

Hiramatsu M, Furukawa T, Sawanobori T, Hiraoka M (2002) Ion channel remodeling in car-
diachypertrophy ispreventedbybloodpressure reductionwithoutaffectingheartweight
increase in rats with abdominal aortic banding. J Cardiovasc Pharmacol 39:866–874

Hoffman BF, Cranefield PF (1976) Electrophysiology of the heart. Futura Publishing Co,
Mount Kisco

Honjo H, Boyett MR, Kodama I, Toyama J (1996) Correlation between electrical activity
and the size of rabbit sinoatrial node cells. J Physiol (Lond) 496:795–808

Honjo H, Boyett MR, Coppen SR, Takagishi Y, Opthof T, Severs NJ, Kodama I (2002) Het-
erogeneous expression of connexins in rabbit sinoatrial node cells: correlation between
connexin isotype and cell size. Cardiovasc Res 53:89–96

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

Ju YK, Allen DG (1998) Intracellular calcium and Na+-Ca2+ exchange current in isolated
toad pacemaker cells. J Physiol (Lond) 508:153–166

Kaupp UB, Seifert R (2001) Molecular diversity of pacemaker ion channels. Annu Rev
Physiol 63:235–257

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

Kohl P (2003) Heterogeneous cell coupling in the heart: an electrophysiological role for
fibroblasts. Circ Res 93:381–383

Lancaster MK, Jones SA, Harrison SM, Boyett MR (2004) Intracellular Ca2+ and pacemaking
within the rabbit sinoatrial node: heterogeneity of role and control. J Physiol (Lond)
556:481–494

Lei M, Brown HF (1996) Two components of the delayed rectifier potassium current, IK, in
rabbit sino-atrial node cells. Exp Physiol 81:725–741

Lei M, Honjo H, Kodama I, Boyett MR (2001) Heterogeneous expression of the delayed-
rectifier K+ currents i(K,r) and i(K,s) in rabbit sinoatrial node cells. J Physiol (Lond)
535:703–714

Lei M, Jones SA, Liu J, Lancaster MK, Fung SSM, Dobrzynski H, Camelitti P, Maier S,
Noble D, Boyett MR (2004) Requirement of neuronal- and cardiac-type sodium channels
for murine sinoatrial node pacemaking. J Physiol (Lond) 559:835–848

Ludwig A, Zong X, Jeglitsch M, Hofmann F, Biel M (1998) A family of hyperpolarization-
activated mammalian cation channels. Nature 393:587–591

Ludwig A, Zong X, Stieber J, Hullin R, Hofmann F, Biel M (1999) Two pacemaker channels
from human heart with profoundly different activation kinetics. EMBO J 18:2323–2329



68 I.S. Cohen · R.B. Robinson

Ludwig A, Budde T, Stieber J, Moosmang S, Wahl C, Holthoff K, Langebartels A, Wotjak C,
Munsch T, Zong X, Feil S, Feil R, Lancel M, Chien KR, Konnerth A, Pape HC, Biel M, Hof-
mann F (2003) Absence epilepsy and sinus dysrhythmia in mice lacking the pacemaker
channel HCN2. EMBO J 22:216–224

Maier SK, Westenbroek RE, Yamanushi TT, Dobrzynski H, Boyett MR, Catterall WA,
Scheuer T (2003) An unexpected requirement for brain-type sodium channels for control
of heart rate in the mouse sinoatrial node. Proc Natl Acad Sci U S A 100:3507–3512

Mangoni ME, Couette B, Bourinet E, Platzer J, Reimer D, Striessnig J, Nargeot J (2003)
Functional role of L-type Cav1.3 Ca2+ channels in cardiac pacemaker activity. Proc Natl
Acad Sci U S A 100:5543–5548

Mannikko R, Elinder F, Larsson HP (2002) Voltage-sensing mechanism is conserved among
ion channels gated by opposite voltages. Nature 419:837–841

MarxSO,Kurokawa J,ReikenS,MotoikeH,D’Armiento J,MarksAR,KassRS (2002)Require-
ment of a macromolecular signaling complex for beta adrenergic receptor modulation
of the KCNQ1-KCNE1 potassium channel. Science 295:496–499

McAllister RE, Noble D, Tsien RW (1975) Reconstruction of the electrical activity of cardiac
Purkinje fibres. J Physiol (Lond) 251:1–59

Miake J, Marban E, Nuss HB (2002) Gene therapy: biological pacemaker created by gene
transfer. Nature 419:132–133

Mitsuiye T, Guo J, Noma A (1999) Nicardipine-sensitive Na+-mediated single channel cur-
rents in guinea-pig sinoatrial node pacemaker cells. J Physiol (Lond) 521:69–79

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

Mobley BA, Page E (1972) The surface area of sheep cardiac Purkinje fibres. J Physiol (Lond)
220:547–563

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

Noble D, Tsien RW (1968) The kinetics and rectifier properties of the slow potassium current
in cardiac Purkinje fibres. J Physiol (Lond) 195:185–214

Pachucki J, Burmeister LA, Larsen PR (1999) Thyroid hormone regulates hyperpolarization-
activated cyclic nucleotide-gated channel (HCN2) mRNA in the rat heart. Circ Res
85:498–503

Perez-Reyes E (2003) Molecular physiology of low-voltage-activated t-type calcium chan-
nels. Physiol Rev 83:117–161

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

Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova S, Chen H, Zheng H, Striessnig J (2000)
Congenital deafness and sinoatrial node dysfunction in mice lacking class D L-type Ca2+

channels. Cell 102:89–97
Plotnikov AN, Sosunov EA, Qu J, Shlapakova IN, Anyukhovsky EP, Liu L, Janse MJ, Brink PR,

Cohen IS, Robinson RB, Danilo PJ, Rosen MR (2004) Biological pacemaker implanted in
canine left bundle branch provides ventricular escape rhythms that have physiologically
acceptable rates. Circulation 109:506–512

Potapova I, Plotnikov A, Lu Z, Danilo P Jr, Valiunas V, Qu J, Doronin S, Zuckerman J,
Shlapakova IN, Gao J, Pan Z, Herron AJ, Robinson RB, Brink PR, Rosen MR, Cohen IS
(2004) Human mesenchymal stem cells as a gene delivery system to create cardiac
pacemakers. Circ Res 94:952–959



Pacemaker Current and Automatic Rhythms: Toward a Molecular Understanding 69

Pourrier M, Zicha S, Ehrlich J, Han W, Nattel S (2003) Canine ventricular KCNE2 expression
resides predominantly in Purkinje fibers. Circ Res 93:189–191

Protas L, Robinson RB (2000) Mibefradil, an I(Ca,T) blocker, effectively blocks I(Ca,L) in
rabbit sinus node cells. Eur J Pharmacol 401:27–30

Protas L, DiFrancesco D, Robinson RB (2001) L-type, but not T-type calciumcurrent changes
during post-natal development in rabbit sino-atrial node. Am J Physiol 281:H1252–
H1259

Qu J, Barbuti A, Protas L, Santoro B, Cohen IS, Robinson RB (2001) HCN2 over-expression
in newborn and adult ventricular myocytes: distinct effects on gating and excitability.
Circ Res 89:e8–e14

Qu J, Plotnikov AN, Danilo PJ, Shlapakova I, Cohen IS, Robinson RB, Rosen MR (2003)
Expressionand functionof abiological pacemaker in canineheart.Circulation107:1106–
1109

Rigg L, Heath BM, Cui Y, Terrar DA (2000) Localisation and functional significance of
ryanodine receptors during beta-adrenoceptor stimulation in the guinea-pig sino-atrial
node. Cardiovasc Res 48:254–264

Robinson RB, Siegelbaum SA (2003) Hyperpolarization-activated cation currents: from
molecules to physiological function. Annu Rev Physiol 65:453–480

Rosen MR, Brink PR, Cohen IS, Robinson RB (2004) Genes, stem cells and biological
pacemakers. Cardiovasc Res 64:12–23

Santoro B, Tibbs GR (1999) The HCN gene family: molecular basis of the hyperpolarization-
activated pacemaker channels. Ann N Y Acad Sci 868:741–764

Santoro B, Grant SGN, Bartsch D, Kandel ER (1997) Interactive cloning with the SH3 domain
of N-src identifies a new brain specific ion channel protein, with homology to Eag and
cyclic nucleotide-gated channels. Proc Natl Acad Sci USA 94:14815–14820

Santoro B, Liu DT, Yao H, Bartsch D, Kandel ER, Siegelbaum SA, Tibbs GR (1998) Identi-
fication of a gene encoding a hyperpolarization-activated pacemaker channel of brain.
Cell 93:1–20

Satoh H (1995) Role of T-type Ca2+ channel inhibitors in the pacemaker depolarization in
rabbit sino-atrial nodal cells. Gen Pharmacol 26:581–587

Schulze-Bahr E, Neu A, Friederich P, Kaupp UB, Breithardt G, Pongs O, Isbrandt D (2003)
Pacemaker channel dysfunction in a patient with sinus node disease. J Clin Invest
111:1537–1545

Shah AK, Cohen IS, Datyner NB (1987) Background K+ current in isolated canine cardiac
Purkinje myocytes. Biophys J 52:519–526

Shi W, Wymore R, Yu H, Wu J, Wymore RT, Pan Z, Robinson RB, Dixon JE, McKinnon D, Co-
hen IS (1999) Distribution and prevalence of hyperpolarization-activated cation channel
(HCN) mRNA expression in cardiac tissues. Circ Res 85:e1–e6

Shi W, Yu H, Wu J, Zuckerman J, Wymore R, Dixon J, Robinson RB, McKinnon D, Cohen IS
(2000) The distribution and prevalence of HCN isoforms in the canine heart and their
relation to the voltage dependence of If. Biophys J 78:353A (abstr)

Shinagawa Y, Satoh H, Noma A (2000) The sustained inward current and inward rectifier
K+ current in pacemaker cells dissociated from rat sinoatrial node. J Physiol (Lond)
523:593–605

Stieber J, Herrmann S, Feil S, Loster J, Feil R, Biel M, Hofmann F, Ludwig A (2003) The
hyperpolarization-activated channel HCN4 is required for the generation of pacemaker
action potentials in the embryonic heart. Proc Natl Acad Sci U S A 100:15235–15240

Thollon C, Cambarrat C, Vian J, Prost JF, Peglion JL, Vilaine JP (1994) Electrophysiological
effects of S 16257, a novel sino-atrial node modulator, on rabbit and guinea-pig cardiac
preparations: comparison with UL-FS 49. Br J Pharmacol 112:37–42



70 I.S. Cohen · R.B. Robinson

Tseng G-N, Boyden PA (1989) Multiple types of Ca2+ currents in single canine Purkinje
cells. Circ Res 65:1735–1750

Ueda K, Nakamura K, Hayashi T, Inagaki N, Takahashi M, Arimura T, Morita H, Higashiue-
sato Y, Hirano Y, Yasunami M, Takishita S, Yamashina A, Ohe T, Sunamori M, Hiraoka M,
Kimura A (2004) Functional characterization of a trafficking-defective HCN4 mutation,
D553N, associated with cardiac arrhythmia. J Biol Chem 279:27194–27198

Vaca L, Stieber J, Zong X, Ludwig A, Hofmann F, Biel M (2000) Mutations in the S4 domain
of a pacemaker channel alter its voltage dependence. FEBS Lett 479:35–40

van Bogaert PP, Pittoors F (2003) Use-dependent blockade of cardiac pacemaker current
(If) by cilobradine and zatebradine. Eur J Pharmacol 478:161–171

Varro A, Balati B, Iost N, Takacs J, Virag L, Lathrop DA, Csaba L, Talosi L, Papp JG (2000)
The role of the delayed rectifier component IKs in dog ventricular muscle and Purkinje
fibre repolarization. J Physiol (Lond) 523:67–81

Vassalle M (1995) Cardiovascular controversies: The pacemaker current, if, does not play
an important role in regulating SA node pacemaker activity. Cardiovasc Res 30:309–310

Vassalle M, Yu H, Cohen IS (1995) The pacemaker current in cardiac Purkinje myocytes.
J Gen Physiol 106:559–578

Vemana S, Pandey S, Larsson HP (2004) S4 Movement in a Mammalian HCN Channel. J Gen
Physiol 123:21–32

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

Vinogradova TM, Bogdanov KY, Lakatta EG (2002) beta-Adrenergic stimulation modu-
lates ryanodine receptor Ca(2+) release during diastolic depolarization to accelerate
pacemaker activity in rabbit sinoatrial nodal cells. Circ Res 90:73–79

Wainger BJ, DeGennaro M, Santoro B, Siegelbaum SA, Tibbs GR (2001) Molecular mecha-
nism of cAMP modulation of HCN pacemaker channels. Nature 411:805–810

Wang J, Chen S, Siegelbaum SA (2001) Regulation of hyperpolarization-activated HCN
channel gating and cAMP modulation due to interactions of COOH terminus and core
transmembrane regions. J Gen Physiol 118:237–250

Wu JY, Cohen IS (1997) Tyrosine kinase inhibition reduces i(f) in rabbit sinoatrial node
myocytes. Pflugers Arch 434:509–514

Wu JY, Cohen IS, Gaudette G, Krukenkamp I, Zuckerman J, Yu H (1999) Is If the only
pacemaker current in mammalian atrial myocytes? Biophys J 76:A306 (abstr)

Wu JY, Yu H, Cohen IS (2000) Epidermal growth factor increases If in rabbit SA node cells
by activating a tyrosine kinase. Biochim Biophys Acta 1463:15–19

Yamagihara K, Irisawa H (1980) Inward current activated during hyperpolarization in the
rabbit sinoatrial node cell. Pflugers Arch 385:11–19

Yu H, Chang F, Cohen IS (1993a) Pacemaker current exists in ventricular myocytes. Circ
Res 72:232–236

Yu H, Chang F, Cohen IS (1993b) Phosphatase inhibition by calyculin A increases if in canine
Purkinje fibers and myocytes. Pflugers Arch 422:614–616

Yu H, Chang F, Cohen IS (1995) Pacemaker current if in adult cardiac ventricular myocytes.
J Physiol (Lond) 485:469–483

Yu H, Wu J, Potapova I, Wymore RT, Holmes B, Zuckerman J, Pan Z, Wang H, Shi W,
Robinson RB, El-Maghrabi R, Benjamin W, Dixon J, McKinnon D, Cohen IS, Wymore R
(2001) MinK-related protein 1: A β subunit for the HCN ion channel subunit family
enhances expression and speeds activation. Circ Res 88:e84–e87



Pacemaker Current and Automatic Rhythms: Toward a Molecular Understanding 71

Yu HG, Lu Z, Pan Z, Cohen IS (2004) Tyrosine kinase inhibition differentially regulates
heterologously expressed HCN channels. Pflugers Arch 447:392–400

Zagotta WN, Olivier NB, Black KD, Young EC, Olson R, Gouaux E (2003) Structural basis
for modulation and agonist specificity of HCN pacemaker channels. Nature 425:200–205

Zaza A, Robinson RB, DiFrancesco D (1996) Basal responses of the L-type Ca2+ and
hyperpolarization-activated currents to autonomic agonists in the rabbit sino-atrial
node. J Physiol (Lond) 491:347–355

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

Zhang Z, Xu Y, Song H, Rodriguez J, Tuteja D, Namkung Y, Shin HS, Chiamvimonvat N
(2002) Functional roles of Cav1.3 (α1D) calcium channel in sinoatrial nodes. Insight
gained using gene-targeted null mutant mice. Circ Res 90:981–987



HEP (2006) 171:73–97
© Springer-Verlag Berlin Heidelberg 2006

Proarrhythmia
D.M. Roden (�) · M.E. Anderson

Division of Clinical Pharmacology, Vanderbilt University School of Medicine,
532 Medical Research Building I, Nashville TN, 37232, USA
dan.roden@vanderbilt.edu

1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2 Digitalis Intoxication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
2.1 Clinical Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
2.2 Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2.3 Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
2.4 Genetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3 Drug-Induced Torsades de Pointes . . . . . . . . . . . . . . . . . . . . . . . . 80
3.1 Clinical Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.2 Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.2.1 Ionic Currents and Action Potential Prolongation . . . . . . . . . . . . . . . . 83
3.2.2 Action Potential Prolongation and Arrhythmogenesis . . . . . . . . . . . . . 84
3.2.3 Variability in Response to IKr Block . . . . . . . . . . . . . . . . . . . . . . . 86
3.3 Genetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.4 Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4 Proarrhythmia Due to Sodium Channel Block . . . . . . . . . . . . . . . . . 89
4.1 Clinical Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.2 Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.3 Genetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.4 Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Other Forms of Proarrhythmia . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Abstract The concept that antiarrhythmic drugs can exacerbate the cardiac rhythm distur-
bance being treated, or generate entirely new clinical arrhythmia syndromes, is not new.
Abnormal cardiac rhythms due to digitalis or quinidine have been recognized for decades.
This phenomenon, termed “proarrhythmia,” was generally viewed as a clinical curiosity,
since it was thought to be rare and unpredictable. However, the past 20 years have seen the
recognition that proarrhythmia is more common than previously appreciated in certain
populations, and can in fact lead to substantially increased mortality during long-term
antiarrhythmic therapy. These findings, in turn, have moved proarrhythmia from a clinical
curiosity to the centerpiece of antiarrhythmic drug pharmacology in at least two important
respects. First, clinicians now select antiarrhythmic drug therapy in a particular patient
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not simply to maximize efficacy, but very frequently to minimize the likelihood of proar-
rhythmia. Second, avoiding proarrhythmia has become a key element of contemporary new
antiarrhythmic drug development. Further, recognition of the magnitude of the problem
has led to important advances in understanding basic mechanisms. While the phenomenon
of proarrhythmia remains unpredictable in an individual patient, it can no longer be viewed
as “idiosyncratic.” Rather, gradations of risk can be assigned based on the current under-
standing of mechanisms, and these will doubtless improve with ongoing research at the
genetic, molecular, cellular, whole heart, and clinical levels.

Keywords Proarrhythmia · Antiarrhythmic drugs · Ion channels · Pharmacogenetics

1
General Introduction

A key step in understanding proarrhythmia has been the description of specific
syndromes, each with its distinctive clinical presentations and underlying
mechanisms, and these are described herein. In addition, certain features are
common.

The clinical presentations of proarrhythmia vary from an incidental find-
ing of increased arrhythmia frequency in an asymptomatic patient to severe
symptoms such as syncope or death. While management varies by specific syn-
drome (and putative mechanism), certain considerations are common. The
first is that proarrhythmia should be considered in the diagnosis whenever
a patient presents with new or worsening arrhythmias: that is, proarrhyth-
mia must be recognized. The second is that any factor that exacerbates the
clinical syndrome should also be recognized and treated or removed. Thus,
for example, intercurrent abnormalities such as hypokalemia or hypoxemia
may exacerbate many types of proarrhythmia. Another common mechanism
increasing the likelihood of a proarrhythmic response to drug therapy is phar-
macokinetic interactions that elevate plasma drug concentrations and hence
increase adverse effects. A third common feature of proarrhythmia is that mul-
tiple individual risk factors can often be identified in affected patients. While
this observation makes prediction of risk in an individual, or in a population,
somewhat difficult, it has also provided the impetus for some interesting newer
work examining the role of genetic variants in modulating proarrhythmia risk.
Exploration of the hypothesis that proarrhythmia risk includes a genetic com-
ponent has provided a very useful starting point for examining genetic mod-
ulation of other forms of adverse drug reactions. In addition, identification of
DNA variants that modulate proarrhythmia risks may also provide a window
into understanding genetic modulation of common arrhythmia presentations.

Table 1 lists recognized proarrhythmia syndromes. The phenomenon of in-
creased mortality during long-term antiarrhythmic therapy is listed as a sepa-
rate entry.Thisoutcomehasbeen reportedwithboth sodiumchannel-blocking
agents and QT prolonging agents, and it is, naturally, felt that these outcomes
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reflect an extreme manifestation of proarrhythmia, i.e., proarrhythmia that
results in death [Cardiac Arrhythmia Suppression Trial (CAST) Investigators
1989; The Cardiac Arrhythmia Suppression Trial II Investigators 1991; Waldo
et al. 1995]. There seems little doubt that this scenario does occur, since such
deaths are occasionally witnessed and patients can be resuscitated. However,
it remains possible that therapy with these drugs increases mortality by mech-
anisms that have yet to be described.

High drug concentrations occur in three distinct clinical settings: overdose,
dysfunction of the major organs of elimination, and drug interactions. The
greatest risk is with drugs that undergo elimination by a single pathway, such as
metabolism by a specific hepatic cytochrome P450 (CYP superfamily member)
or by renal excretion. This represents a “high-risk” pharmacokinetic scenario,
since dysfunction of the single elimination pathway (by disease, genetic fac-
tors, or concomitant drug therapy) can then result in extraordinary increases
in plasma drug concentration due to the absence of alternate pathways of elim-
ination. Such high-risk pharmacokinetics is a common mechanism whereby
drug interactions result in clinically important adverse effects; Table 2 lists
examples that increase the risk of proarrhythmia.

Thus, the general management of all forms of proarrhythmia includes with-
drawal of any potentially offending agents and correction of other exacerbat-
ing clinical conditions. In addition, specific therapies have been proposed for
some proarrhythmia syndromes, and these are discussed further in Sects. 4
and 5. None has been formally tested in a double-blind, randomized, placebo-
controlled trial, and because of the sporadic nature of proarrhythmia and the
potentially serious consequences of withholding treatment, never will be. Nev-
ertheless, particularly when such therapies are based on a clear understanding
of underlying pathophysiology, they can be highly effective compared to his-
torical controls.

2
Digitalis Intoxication

2.1
Clinical Features

Digitalis glycosides have been used for the therapy of congestive heart failure
and for cardiac arrhythmias [notably atrial fibrillation (AF) with rapid ven-
tricular responses] for centuries (Willius and Keys 1942). Excess digitalis not
only causes arrhythmias but a variety of extra-cardiac symptoms including
confusion, visual abnormalities, and nausea. It has been speculated that the
striking luminescence characteristic of Van Gogh’s paintings late in his life
actually is a symptom of digitalis intoxication; one reason for this speculation
is that his portraits of his physician and friend Dr. Gachet showed him holding
branches of the foxglove plant from which digitalis is derived (Lee 1981).
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Table 2 Drug interactions increasing proarrhythmia risk

Drug Interacting drug Effect

Increased concentration of arrhythmogenic drug

Digoxin Some antibiotics Elimination of gut flora that
metabolize digoxin
(Lindenbaum et al. 1981), or

P-glycoprotein inhibition

Digoxin Amiodarone Increased digoxin concentration
and toxicity

Quinidine

Verapamil

Cyclosporine

Itraconazole

Erythromycin

Cisapridea Ketoconazole Increased drug levels

Terfenadine,
astemizolea

Itraconazole

Erythromycin

Clarithromycin

Some Ca2+ channel blockers

Some HIV protease inhibitors
(especially ritonavir)

Propafenone Quinidine (even
ultra-low dose)

Increased β-blockade

Fluoxetine

Some tricyclic
antidepressants

Flecainide Quinidine (even
ultra-low dose)

Increased adverse effects
(usually only if renal dysfunction
also present)

Fluoxetine

Some tricyclic
antidepressants

Dofetilide Verapamil Increased plasma concentration

Decreased concentration of antiarrhythmic drug

Digoxin Antacids Decreased digoxin effect due to
decreased absorption

Rifampin IncreasedP-glycoproteinactivity

Quinidine,
mexiletine

Rifampin, barbiturates Induced drug metabolism
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Table 2 (continued)

Drug Interacting drug Effect

Synergistic pharmacologic activity causing arrhythmias

QT-prolonging
antiarrhythmics
(see Table 1)

Diuretics Increased torsades de pointes
risk due to diuretic-induced
hypokalemia

β-Blockers Bradycardia when used in
combination

Digoxin Bradycardia when used in
combination

Verapamil Bradycardia when used in
combination

Diltiazem Bradycardia when used in
combination

Clonidine Bradycardia when used in com-
bination

PDE5 inhibitors
(sildenafil, vardenafil,
and others)

Nitrates Increased and persistent
vasodilation; risk of myocardial
ischemia

aNo longer available, or availability highly restricted

The cardiovascular manifestations of digitalis intoxication reflect inhibi-
tion of sodium-potassium ATPase, ultimately resulting in intracellular calcium
overload, as well as an “indirect” vagotonic action (Smith 1988). With very
severe intoxication, ATPase inhibition can result in profound hyperkalemia.
These mechanisms account for the common arrhythmias seen with digitalis
intoxication: abnormal automaticity in the form of isolated ectopic beats or
sustained automatic tachyarrhythmias [arising in the atrioventricular (AV)
junction or in the ventricles] as well as sinus bradycardia and AV nodal block.
Clinical situations that exacerbate these toxicities include hypokalemia and
hypothyroidism.

The most widely used preparation of digitalis is digoxin, which is excreted
unchanged primarily through the kidneys. In renal dysfunction, therefore, the
risk of digitalis toxicity rises if doses are not appropriately adjusted down-
ward. Monitoring plasma digoxin concentrations has been a useful adjunct
to reduce the incidence of toxicity. Plasma concentrations exceeding 2 ng/ml
increase the risk of digitalis intoxication, and severe cardiovascular mani-
festations are common with concentrations above 5 ng/ml. The diagnosis of
digitalis toxicity is usually one of clinical suspicion in a patient with typical
arrhythmias, extra-cardiac symptoms (notably nausea), and elevated serum
digoxin concentrations. Suicidal digitalis overdose can produce cardiac inex-
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citability due to hyperkalemia, which can be extreme (>10 mEq/l) and difficult
to manage.

It was recognized in the late 1970s that administration of quinidine to a pa-
tient receiving chronic digoxin therapy doubles serum digoxin concentrations
and leads to toxicity (Leahey et al. 1978). The mechanism remained obscure
until the recognition that digoxin is a substrate for the drug efflux transporter
P-glycoprotein (Tanigawara et al. 1992) encoded by the gene MDR1, normally
expressed in the kidney and biliary tract (where it promotes digoxin efflux),
on the luminal aspect of enterocytes (where it limits digoxin bioavailability),
and on the endothelial surface of the capillaries of the blood–brain barrier
(where it serves to limit CNS drug penetration). Clinical studies (Angelin et al.
1987; De Lannoy et al. 1992; Su and Huang 1996), as well as studies in mice
in which MDR1 has been disrupted (Fromm et al. 1999), support the idea that
quinidine doubles serum digoxin concentration by inhibiting P-glycoprotein,
and thereby reducing renal and biliary excretion as well as increasing drug
bioavailability. Increased levels of the drug in the CNS may also contribute,
particularly to the vagotonic (bradycardic) and “non-cardiac” effects. Sim-
ilarly, a range of structurally and mechanistically unrelated drugs produce
effects similar to those of quinidine; these include amiodarone, itraconazole,
erythromycin, cyclosporine, and verapamil. The common mechanism appears
to be P-glycoprotein inhibition, and these clinically important interactions rep-
resent examples of “high-risk” pharmacokinetics.

2.2
Mechanisms

The major target for digitalis glycosides is the sodium–potassium ATPase.
Inhibition of this electrogenic pump leads to intracellular sodium overload,
with resultant increased activity of the sodium–calcium exchanger, ultimately
resulting in intracellular calcium overload. This long-hypothesized require-
ment for the sodium–calcium exchanger has been verified in heart cells from
sodium–calcium exchanger knock-out mice, which fail to develop calcium
overload even after exposure to very high levels of digitalis glycosides (Reuter
et al. 2002). Intracellular calcium overload is exacerbated by stimulation at
fast rates, and action potentials recorded from digitalis-intoxicated prepara-
tions show spontaneous depolarizations, termed delayed afterdepolarizations
(DADs), following episodes of rapid pacing. DAD amplitude is determined
by calcium release from intracellular calcium components, or stores, and is
generally increased with a longer duration or a more rapid rate of antecedent
pacing. DADs that reach threshold may generate single or sustained DAD-
dependent action potentials. Presumably, this is the mechanism that underlies
isolated or sustained ectopic activity in digitalis-intoxicated patients (Antman
and Smith 1986). The nature of the inward current (Iti) that underlies a DAD
has not been established for all models and experimental systems, but the
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sodium–calcium exchange current is a leading candidate (Schlotthauer and
Bers 2000).

2.3
Treatment

In mild forms of toxicity (few serious arrhythmias; serum concentrations <4–
5 ng/ml), monitoring cardiac rhythm while the drug is eliminated may be
sufficient. Occasionally, temporary pacing may be required. When arrhyth-
mias are sufficiently severe as to warrant therapy, the treatment of choice is
anti-digoxin antibody. In the largest clinical series reported to date, response
occurred rapidly, within 4 h, and the treatment was remarkably effective: over
half of the patients who presented with a cardiac arrest actually survived hospi-
talization (Antman et al. 1990). The rapid removal of active digitalis circulation
by the Fab antibody can result in an increased ventricular rate during AF and
exacerbation of heart failure, as well as hypokalemia, as the glycoside is rapidly
bound to the antibody. Because the drug is still present in the circulation (al-
beit bound), serum digoxin concentrations cannot be interpreted, and thus
serum digoxin measurement is not indicated after the antibody has been ad-
ministered. Older approaches to therapy with antiarrhythmic drugs such as
lidocaine or phenytoin have been supplanted by specific anti-digoxin antibody
therapy.

2.4
Genetics

Polymorphisms have been described in the human MDR1 gene, and one of
these, C3435T, has been associated with the variability in digoxin concentra-
tions (Hoffmeyer et al. 2000; Kim et al. 2001). While this polymorphism is
located in the coding region of the gene, it is synonymous (i.e., there is no
predicted amino acid change). It seems likely the functional effects described
here reflect the fact that this polymorphism itself modulates P-glycoprotein ex-
pression or it is in linkage disequilibrium with a polymorphism that modulates
P-glycoprotein expression.

3
Drug-Induced Torsades de Pointes

3.1
Clinical Features

Quinidinewas introduced intoclinicaldrug therapy in theearly1920s (Wencke-
bach 1923), and syncope following the initiation of the drug was recognized
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in occasional patients shortly thereafter. The advent of online electrocardio-
graphic monitoring in the 1960s established that quinidine syncope was caused
by what we now recognize as torsades de pointes (Selzer and Wray 1964). Inter-
estingly, the actual term was coined to describe the arrhythmia in a different
context, an elderly woman with heart block and recurring episodes of syn-
cope due to torsades de pointes (Dessertenne 1966). The initial descriptions
of torsades de pointes actually did not highlight the QT interval prolongation
of antecedent sinus beats that is now recognized as an important component
of the syndrome. In typical drug-induced cases, a stereotypical series of cycle
length changes (“short-long-short”; Fig. 1) is almost inevitably present (Kay
et al. 1983; Roden et al. 1986).

Clinical studies have identified a series of risk factors for torsades de pointes
listed in Table 3. These have provided an important starting point for “bedside
to bench” research to address fundamental mechanisms, as described further
below. In some cases, such as hypokalemia, these mechanisms are reasonably
well understood. In other cases, such as female gender (Makkar et al. 1993) or
a period of increased risk after conversion of AF to normal rhythm (Choy et al.
1999), they remain poorly understood. Similarly, the mechanisms whereby QT
prolongation by amiodarone is associated with a much smaller risk of torsades
de pointes than that by other drugs are not well understood (Lazzara 1989).
A large clinical trial of a QT-prolonging antiarrhythmic, the non-β-blocking
d-isomer of sotalol, showed higher mortality with drug compared to placebo
(Waldo et al. 1995).

While antiarrhythmic drugs were the first recognized cause of drug-induced
torsades de pointes, the syndrome has been increasingly recognized with “non-

Fig.1 Two-lead ECG recording during a typical episode of drug-induced torsades de pointes,
in this case attributed to accumulation of the active metabolite N-acetyl procainamide
(NAPA; plasma concentration 27 mg/ml) in a patient who developed renal failure while
receiving procainamide. The stereotypical “short-long-short” series of cycle-length changes
prior to the polymorphic tachycardia is indicated. Note that the second “short” cycle is
actually the interrupted QT interval of the last supraventricular beat (shown by a star). The
broken arrow indicates QTU deformity of this beat, most evident in the lower tracing
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Table 3 Risk factors for drug-induced torsades de pointes

Factor Reference(s)

Female gender Makkar et al. 1993

Hypokalemia Kay et al. 1983; Roden et al. 1986

Bradycardia Kay et al. 1983; Roden et al. 1986

Recent conversion from atrial fibrillation Houltz et al. 1998; Tan and Wilde 1998;
Choy et al. 1999

Congestive heart failure Torp-Pedersen et al. 1999

Digitalis therapy Houltz et al. 1998

Subclinical congenital long QT syndrome Donger et al. 1997; Napolitano et al. 1997,
2000; Yang et al. 2002

DNA polymorphisms Abbott et al. 1999; Splawski et al. 2002;
Sesti et al. 2000

High drug concentration (except quinidine) Neuvonen et al. 1981; Woosley et al. 1993;
Roden et al. 1986

Rapid rate of drug administration Carlsson et al. 1993

Baseline QT prolongation Houltz et al. 1998

Severe hypomagnesemia Reddy et al. 1984

cardiovascular” therapies (Roden 2004a). Indeed, QT prolongation and tor-
sades de pointes have been the single most common cause of withdrawal of
marketed drugs in the past decade. The problem of torsades de pointes during
treatment with “non-cardiovascular” drugs became particularly apparent in
the early 1990s with the recognition of the problem with the antihistamine
terfenadine (Monahan et al. 1990) and the gastric pro-kinetic drug cisapride
(Bran et al. 1995). These agents represent another important example of “high-
risk” pharmacokinetics, since they are both very potent QT-prolonging agents,
but undergo very rapid (and indeed near-complete) pre-systemic biotransfor-
mation by the CYP3A enzyme system, and the resulting metabolites are devoid
of QT-prolonging activity (Woosley et al. 1993). The risk of torsades de pointes
with these agents appears almost exclusively confined to settings in which this
protective presystemic clearance has been bypassed: patients receiving CYP3A
inhibitors, such as erythromycin or ketoconazole, and those with advanced
liver disease or overdose. In contrast to other drugs, torsades de pointes with
quinidine occurs at low dosages and plasma concentrations, and investigation
of the underlying mechanisms has been quite informative, as discussed in the
following section.

One of the first tools used to study marked QT prolongation and torsades
de pointes was intravenous administration of cesium, a relatively nonspecific
potassium current blocker, in dogs (Brachmann et al. 1983). Interestingly,
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torsades de pointes has now been reported in patients receiving relatively large
doses of cesium orally as “alternative therapy” for cancer (Pinter et al. 2002).

3.2
Mechanisms

Basic electrophysiologic considerations dictate that the QT prolongation char-
acteristic of drug-induced torsades de pointes reflects prolongation of action
potential durations in at least some ventricular cells. In turn, such action poten-
tial prolongation must reflect increased inward current or decreased outward
current during the plateau of the action potential. Studies in congenital LQTS
have elegantly confirmed these assumptions by demonstrating that disease-
associated mutations in the cardiac sodium channel increase inward current,
while those in the genes encoding the rapid or slow components of the de-
layed rectifier (IKr and IKs) reduce outward current (Keating and Sanguinetti
2001). Virtually all drugs that prolong the QT interval do so by blocking IKr.
Compounds that enhance sodium current during the plateau also prolong
action-potential duration (Kuhlkamp et al. 2003), but these are not clinically
used. A number of compounds also block IKs, but “pure” IKs blockers have not
undergone clinical trials.

Because the issue of drug-induced torsades de pointes has become an im-
portant consideration in risk–benefit evaluations by regulatory agencies such
as the Food and Drug Administration, in vitro studies and animal models
described below have been used to assess the potential for a new drug to cause
torsades de pointes. Such screening often starts with description of the effects
of a new drug on IKr and on action potentials recorded in cardiac tissues from
non-rodent mammals (guinea pig, rabbit, dog) and may continue to animal
models in which susceptibility to the arrhythmia can be more directly assessed.

3.2.1
Ionic Currents and Action Potential Prolongation

IKr is generated by expression of the human ether a-go-go-related gene (HERG,
now termed KCNH2). The electrophysiological characteristics of heterolo-
gously expressed KCNH2 are very similar, but not identical to, IKr recorded
from human cells; one commonly observed difference is in the rates of deacti-
vation. A commonly invoked explanation for this discrepancy is that KCNH2
associates with other protein(s) in at least some (but perhaps not all) hu-
man myocytes to generate IKr. Candidate function-modifying proteins in-
clude members of the KCNE family (notably KCNE2) (Abbott et al. 1999), as
well as the α-subunit that generates IKs (KCNQ1) (Ehrlich et al. 2004). Differ-
ences in post-translational modification may represent another mechanism.
Site-directed mutagenesis and structural modeling studies have identified key
features of the HERG/KCNH2 protein, absent in other potassium channels,
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that seem to underlie the fact that many structurally unrelated drugs inhibit
IKr (Mitcheson et al. 2000). Drugs block the channel by accessing the pore
region from the intracellular side of the channel. The HERG/KCNH2 protein,
unlike other K+ channels, lacks proline groups within S6, and the resultant lack
of “kinking” of the S6 region is thought to facilitate access of even relatively
bulky drugs to the pore region. In addition, the S6 also includes two aromatic
residues, absent in other K+ channels, oriented to face the pore, and these are
thought to provide high-affinity drug binding sites with many drugs. Since the
channel is a tetramer, there are actually eight such potential high-affinity sites
within the pore, a feature also absent in other K+ channels.

Screening new drugs for IKr block can be done using myocytes from a num-
ber of mammalian species (dog, rabbit, cat, guinea pig; but not adult mouse or
rat), in cultured neonatal mouse cells (AT1 or HL1 cells), or by heterologous ex-
pression of HERG/KCNH2. The results obtained in such studies can generally
define whether or not a drug is a potent blocker of the current, one important
component of assessing the balance of potential risk versus anticipated benefit
for a new drug.

Whenconditionsmimicking thoseseen in torsadesdepointes (hypokalemia,
slow drive rates, QT-prolonging drug) are used in vitro, action potentials in
cells of the conduction system (Purkinje fibers) markedly prolong and generate
distinctive discontinuities and spontaneous upstrokes, arising from phase 3
of the action potential (Strauss et al. 1970; Dangman and Hoffman 1981; Ro-
den and Hoffman 1985). These events are termed early afterdepolarizations
(EADs), distinguishing them from DADs that arise after the action potential
is fully repolarized. The ionic current that underlies the upstroke represented
by EADs has not been fully defined. In some experiments, it is clear that reac-
tivation of L-type calcium channels (enabled by the long phase 2 of prolonged
action potentials) contributes (January and Riddle 1989). Indeed, in in vitro
experiments L-type calcium channel blockers are highly effective in eliminat-
ing the triggered upstroke and reducing action potential prolongation (Nattel
and Quantz 1988). Nevertheless, these agents have not been terribly effective
at preventing torsades de pointes (although there is no randomized prospec-
tive trial). Other evidence points to a role for intercellular calcium overload
and an Iti-like mechanism, especially for EADs arising during phase 3 of the
action potential (Wu et al. 1999). For example, although EADs are generally
considered to be “bradycardia-dependent,” they can also be elicited by rate
acceleration, followed by a brief pause (Burashnikov and Antzelevitch 1998).

3.2.2
Action Potential Prolongation and Arrhythmogenesis

Action potential prolongation provides the initial electrophysiologic change
thatultimatelygenerates torsadesdepointes.EADsare readily elicited incanine
and rabbit cardiac Purkinje fibers but occur much less readily in ventricular
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muscle. Thus, an initial concept was that an EAD-triggered upstroke elicited
in the conduction system propagated through the myocardium to generate
torsades de pointes. Within the last 10 years, Charles Antzelevitch’s laboratory
haspopularizedacanine“wedge”preparation inwhichactionpotentials canbe
recorded from multiple layers of the myocardium (Belardinelli et al. 2003). The
wedge preparation has defined the properties of a group of cells located in the
mid-myocardium (“M cells”) that respond to torsades de pointes-generating
conditions in much the same way as Purkinje fibers, with marked action
potential prolongation, and occasionally EADs. Further, the cell layers abutting
the M cell layer (epicardium and endocardium) display much less dramatic
changes in action potential duration and only rarely show EADs.

The electrocardiographic morphology of torsades de pointes, with a grad-
ually “twisting” QRS axis, has been reproduced by pacing the right and left
ventricles in isolated rabbit hearts at slightly different rates (D’Alnoncourt
et al. 1982). This result likely reflects varying activation from the two pace-
maker sites, and may or may not be relevant to the unusual morphology
of torsades de pointes. Studies in the wedge preparation and using three-
dimensional mapping techniques in dogs suggest that the unusual morphology
arises from time-dependent functional arcs of block usually located at the M
cell/epicardial boundary, that allow reentrant excitation across the thickness
of the myocardium to occur, but with a slightly different activation sequence in
each succeeding beat (El-Sherif et al. 1997; Akar et al. 2002). Thus, a contempo-
rary view holds that physiologic transmural heterogeneities of action potential
duration are exaggerated by torsades de pointes-generating conditions, and
that this defines an important proximate substrate for the genesis of torsades
de pointes. Whether the initiating beat is a triggered upstroke in the Purkinje
network or elsewhere has not been fully defined. In the wedge preparation, tor-
sades de pointes can be readily elicited by programmed electrical stimulation,
but usually from the epicardium (Shimizu and Antzelevitch 1999), whereas
programmed electrical stimulation in humans (from the endocardium) rarely
elicits torsades de pointes. Interestingly, initiation of polymorphic ventricular
tachycardia (VT) has been reported in the setting of advanced heart disease
and left ventricular epicardial pacing (Medina-Ravell et al. 2003).

Administration of a QT-prolonging drug is generally insufficient to elicit
marked QT prolongation and torsades de pointes in experimental animals.
Nevertheless, a number of animal models in which susceptibility to the ar-
rhythmia can be assessed have been developed; these have the common char-
acteristic that some intervention has been made to enhance susceptibility.
A well-studied rabbit model involves pretreatment with methoxamine; the
mechanism whereby this pretreatment enhances the likelihood that an IKr
blocker will generate torsades de pointes is not completely understood (Carls-
son et al. 1990). One possibility is that methoxamine blocks other repolarizing
currents (notably the transient outward current) to thereby exaggerate the
susceptibility of the repolarization process to IKr block. Methoxamine also
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engages the baroreflex, and the resultant heart rate slowing also promotes tor-
sades de pointes. In the dog, destruction of the AV node to create complete
heart block similarly sensitizes the heart to IKr blockers (Chezalviel-Guilbert
et al. 1995; Vos et al. 1998). The effect is apparent immediately after creation
of block, but over time the sensitivity of the animal to IKr blockers becomes
exaggerated. Mechanistic studies suggest that increased heterogeneities of re-
polarization time (including between the right and left ventricles) as well
as down-regulation of IKs contribute to this increased sensitivity (Volders
et al. 1998).

3.2.3
Variability in Response to IKr Block

As already discussed, the extent of action potential prolongation by IKr block
varies among cell types, strongly suggesting that the contribution of individ-
ual ionic currents to overall cardiac repolarization varies across tissues. Re-
polarization in the conduction system and the ventricle is a complex process,
involving both waning inward calcium (and possibly sodium) currents and
increasing outward current through multiple potassium channels, including
those underlying IKr and IKs. The animal models that require some “sensitizer”
to fully elicit the arrhythmogenic effects of IKr block are also consistent with
variable contributions by multiple ionic currents to normal repolarization.

Variability in the extent of QT prolongation by IKr blockers in humans is
also consistent with this notion. We have proposed that multiple mechanisms
exist to maintain QT intervals in the normal range upon exposure to IKr
block, and that susceptibility to torsades de pointes may therefore reflect subtle
lesions in these protective mechanisms that become manifest as marked QT
prolongation during challenge by an IKr blocker (Roden 1998). Such lesions
often reduce other K+ currents, as has been described in heart failure, in
dogs with chronic heart block and in patients with sub-clinical congenital
long QT syndrome (LQTS). In other situations, IKr itself may be unusually
sensitive to block by drugs. For example, lowering extracellular potassium
from 8 to 1 mM decreased the IC50 for IKr block by dofetilide ∼40-fold and by
quinidine ∼10-fold (Yang and Roden 1996). This is entirely consistent with the
clinical observation that hypokalemia potentiates torsades de pointes risk. In
addition, simply lowering extracellular potassium reduces IKr amplitude, an
effect opposite to that predicted by the Nernst equation (Yang and Roden 1996).
Two explanations have been proposed: that lowering extracellular K+ either
enhances the fast inactivation the channel undergoes upon depolarization
(Yang et al. 1997), or enhances an IKr blocking property of normal extracellular
sodium concentrations (Numaguchi et al. 2000), or both.

The lack of increasing risk with increasing plasma quinidine concentrations
can be understood in this framework. Quinidine blocks IKr at extraordinarily
low, generally “sub-therapeutic” concentrations, whereas at higher concentra-
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tions it blocks inward sodium current (INa), transient outward current (Ito),
and IKs. Thus, the effect of quinidine depends on the relative contributions
of these currents to repolarization in an individual patient, and the extent of
block (itself a function of important patient-specific factors such as heart rate).
Indeed, in vitro, low quinidine concentrations readily generate EADs that can
be reversed by increasing the concentration of the drug, presumably reflecting
sodium channel block (Belardinelli et al. 2003).

3.3
Genetics

Torsades de pointes occurs in drug-induced and congenital LQTS, and less
commonly in other settings. In addition, there are interesting similarities
between the congenital and drug-associated forms of the syndrome, e.g., fe-
male preponderance, and exaggeration by clinical risk factors such as hy-
pokalemia and bradycardia. These parallels, and the relatively unpredictable
nature of the drug-induced form, suggest the hypothesis that susceptibility
to the drug-induced form may be, in part, genetically determined. Two dis-
tinct mechanisms have been described whereby DNA variants may modulate
susceptibility to drug-induced torsades de pointes. The first is exposure of
a subclinical (“forme fruste”) variant of the congenital syndrome, due to a mu-
tation in a congenital LQTS disease gene, and the second is identification of
more common DNA variants, polymorphisms, that appear to increase suscep-
tibility.

The cloning of the LQTS disease genes has enabled genotyping within af-
fected kindreds and has been followed by the demonstration of incomplete
penetrance, i.e., normal QT intervals in individuals who are nevertheless mu-
tation carriers. A number of reports now identify drug challenge in such kin-
dreds as a mechanism exposing the congenital syndrome (Donger et al. 1997;
Napolitano et al. 2000; Yang et al. 2002). A common finding in such reports
involves mutations in KCNQ1 (encoding the pore-forming protein for IKs),
and these mutations, when studied, confer relatively minor functional defects
in vitro. This is consistent with the fact that individuals may have normal or
near normal QT intervals prior to drug challenge but nevertheless represent
a situation of reduced repolarization reserve. Individuals with drug-induced
torsades de pointes later discovered to have subclinical mutations in KCNH2
and in SCN5A (encoding the cardiac sodium channel) have also been reported
(Yang et al. 2002; Makita et al. 2002).

LQTS is relatively rare (with mutation carrier frequency of perhaps 1/3,000-
1/1,000) (Roden 2004b). By contrast, the identification of common polymor-
phisms modulating the risk of drug-induced torsades de pointes might have
much more widespread public health implications. One variant, S1103Y in
SCN5A, confers a subtle gain of function genotype that appears to have little
effect on baseline QT intervals, or on computed action potentials (Splawski
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et al. 2002). However, an association study showed a strikingly high incidence
of the minor (tyrosine) allele in subjects with a range of arrhythmia syndromes,
including drug-induced arrhythmias. Interestingly, this polymorphism is rel-
atively common in African-American populations, but not detected in other
groups. Q9E in KCNE2 (originally termed MiRP1) was initially identified as
a mutation increasing susceptibility to drug-induced torsades de pointes by
increasing sensitivity of IKr channels to drug block (Abbott et al. 1999). The
proband was also an African-American subject, and subsequent analyses have
demonstrated that this variant, like S1103Y, is common in African-Americans,
but not detected in other populations. KCNE2 has been difficult to detect in
mammalian heart, but a recent report suggesting that its expression is con-
fined largely to Purkinje fibers may be especially relevant to the issue of long
QT-related arrhythmia (Pourrier et al. 2003).

A KCNE1 (minK) polymorphism resulting in D85N in the intracellular
C-terminus of the protein has been associated with altered channel gating
(Wei et al. 1999). In silico simulations indicate that this IKs gating defect
has no effect on baseline action potential durations, but does enhance the
likelihood of EADs with IKr block. Association studies have not yet linked
this polymorphism to increased torsades de pointes susceptibility. There are
a number of other common polymorphisms in the LQTS disease genes that
may alter channel function, but none of these has yet been convincingly linked
to the drug-induced arrhythmia genotype.

3.4
Treatment

Following recognition, withdrawal of offending agents, and correction of
serum potassium to high normal values, intravenous magnesium is the treat-
ment of choice for drug-induced torsades de pointes. The mechanism whereby
this therapy appears effective has not been fully elucidated and may involve an
effect of the drug on L-type calcium channels. Interestingly, magnesium does
not generally shorten the QT interval, but does appear to reduce the incidence
of episodes of torsades de pointes. This is consistent with an effect of the drug
on EAD on triggered upstrokes, and thus may involve an effect on L-type
calcium channels.

The almost inevitable presence of a pause just prior to an episode of drug-
induced torsades de pointes provides the rationale for other therapies used
if magnesium is ineffective: Cardiac pacing or isoproterenol both increase
heart rate and abolish pauses. Isoproterenol may also augment IKs and reduce
IKs block by drug (Yang et al. 2003). To the extent that this mechanism con-
tributes to prolonged QT intervals by mixed blockers such as quinidine, this
may be an additional beneficial effect.
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4
Proarrhythmia Due to Sodium Channel Block

4.1
Clinical Features

The initial description of sodium channel blocker-related proarrhythmia prob-
ably came with the aggressive use of high doses of quinidine to pharmacologi-
cally convert AF decades ago. In occasional patients, this dosing tactic resulted
in a wide-complex, relatively slow VT (Wetherbee et al. 1951). This approach
to AF management was supplanted by electrical cardioversion, but similar
VTs were noted with the introduction of the potent sodium channel block-
ers encainide and flecainide (Winkle et al. 1981; Oetgen et al. 1983). Multiple
proarrhythmia syndromes, each attributable to sodium channel block, have
now been described (Table 1). Patients with sustained monomorphic VT due
to macro reentry related to remote myocardial infarction may experience an
increase in frequency of VT episodes with sodium channel blockers. Occasion-
ally, the tachycardia is slower, but nevertheless may be more hemodynamically
significant and may be more difficult to cardiovert. Patients with a VT substrate
(e.g., those with remote myocardial infarction) but who have not yet experi-
enced this arrhythmia may present after initiation of therapy with sodium
channel blockers.

In patients receiving sodium channel blockers (quinidine, propafenone, fle-
cainide, amiodarone) for management of atrial fibrillation, a frequent outcome
of drug therapy is the “regularization” of atrial activity to an atrial flutter-like
rhythm. This arrhythmia appears to be, like typical atrial flutter, macroreen-
trant and frequently involving an isthmus in the lower right atrium. However,
unlike typical atrial flutter in the drug-free patient, the rate is slower (∼200 vs
∼300/min). As a consequence of this slowing of atrial rate, 1:1 atrioventricular
conduction can occur. Moreover, since sodium channel block is use-dependent
and exaggerated at fast rates, impulse propagation within the ventricles un-
der these conditions may actually be slower than in sinus rhythm. As a result
of all of these abnormalities, the patient may present with a regular rhythm,
at ∼200/min, with wide QRS complexes. Not surprisingly, this arrhythmia is
readily confused with VT (Crijns et al. 1988; Falk 1989).

Loss of sodium channel function is an important mechanism in the Bru-
gada syndrome, and (in analogy to the congenital LQTS) exposure to sodium
channel blockers may unmask subclinical Brugada syndrome. Another impor-
tant effect of sodium channel block is decreased excitability, and this may be
clinically manifest as an increase in energy requirement for cardiac pacing and
defibrillation (Echt et al. 1989).

Cocaineandsome tricyclic antidepressants alsohave sodiumchannelblock-
ing and QT-prolonging IKr-blocking properties (Zhang et al. 2001; Nattel 1985).
Arrhythmias during exposure to cocaine may reflect either of these properties
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or superimposed myocardial ischemia due to coronary vasospasm. Tricyclic
antidepressant overdose is characterized by sinus tachycardia due to anti-
cholinergic effects, wide QRS durations due to sodium channel block, and
CNS toxicity. Torsades de pointes, while reported, is rare.

Sodium channel blockers increase mortality when used in patients with re-
cent myocardial infarction. This result was best shown in the Cardiac Arrhyth-
mia Suppression Trial (CAST) [Cardiac Arrhythmia Suppression Trial (CAST)
Investigators 1989], but was also hinted at in earlier studies with mexiletine
and disopyramide (Impact Research Group 1984; UK Rythmodan Multicentre
Study Group 1984). Reanalysis of the CAST database strongly suggests that
therapy with encainide or flecainide in patients susceptible to recurrent my-
ocardial ischemia was an especially important combination in increasing risk
for sudden death (Akiyama et al. 1991). It seems reasonable to hypothesize
that the increased mortality in CAST arose from unstable VT due to conduc-
tion slowing, increased transmural heterogeneity of action potentials (similar
to the Brugada syndrome), or both. However, as discussed above, it is also
possible that other, as-yet-unidentified mechanisms contribute.

As with other forms of proarrhythmia, higher drug doses and concentra-
tions are generally thought to increase risk, and patient-specific characteristics
(notably the presence of diseased myocardium) are believed to modulate this
risk. Propafenone is metabolized almost exclusively by CYP2D6, but the down-
stream metabolite, 5-hydroxy-propafenone, is also a sodium channel blocker.
Therefore, in individuals with deficient CYP2D6 activity (either on a genetic
basis or due to drug interactions), the parent drug accumulates, with somewhat
more sodium channel block, as assessed by QRS prolongation. This is generally
not clinically significant. The parent molecule does have β-blocking activity,
whereas the metabolite does not, and so adverse effects due to β-blockade are
more common with the deficient CYP2D6 activity (Lee et al. 1990). Flecainide
is also a CYP2D6 substrate but is also excreted unchanged by the kidneys.
Therefore, the CYP2D6 genotype generally has little effect on flecainide ac-
tions. Occasionally patients with defective CYP2D6 activity and renal dysfunc-
tion may experience very high flecainide concentration and toxicity (Evers
et al. 1994).

4.2
Mechanisms

Sodium channel block is exaggerated by myocardial ischemia and rapid heart
rates. The extent of this modulation, interpretable within the framework of the
“modulated receptor hypothesis” (Hondeghem and Katzung 1984) and more
recent molecular interpretations of drug-channel interactions (Balser 2001),
varies among drugs of this class. In the intact heart, the result is conduction
slowing, particularly in “fast response” tissues, such as the atrium or ventricle.
This is manifest on the surface electrocardiogram even in normal individuals
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by P wave, PR interval, and QRS interval widening. In dogs with remote
myocardial infarction, rendering them susceptible to reentrant VT, conduction
slowing conferred by flecainide increased the duration of VT and the ease of
inducibility of VT, analogous to the clinical situation (Coromilas et al. 1995).
In addition, loss of sodium function by blocking drugs (or by genetic lesions)
can result in marked abbreviation of action potentials in the epicardium with
much less effect in the endocardium (Krishnan and Antzelevitch 1993; Lukas
and Antzelevitch 1993). The result, increased heterogeneity in action potentials
particularly prominent in the right ventricular wall, is thought to underlie
the distinctive electrocardiogram in the Brugada syndrome and represents
a second mechanism linking sodium channel blocking drugs to enhanced
susceptibility to serious ventricular arrhythmias (Antzelevitch et al. 2003).

4.3
Genetics

Proarrhythmia due to sodium channel blockers is a risk in patients with sub-
clinical Brugada syndrome. The extent to which such mutations, or more com-
mon polymorphisms, modulate the risk of sodium channel blocker-induced
proarrhythmia in other situations, such as widespread drug exposure in CAST,
is unknown.

4.4
Treatment

VT due to sodium channel block may be difficult to treat because it may be
resistant to cardioversion and frequently recurs within several beats after car-
dioversion. Clinical anecdotes and animal studies have suggested that infusion
of sodium bicarbonate or sodium chloride may be beneficial in some cases
(Chouty et al. 1987; Bajaj et al. 1989).

Atrial flutter with rapid AV conduction is acutely managed by recognition
and administration of AV nodal block agents, such as diltiazem and verapamil.
Occasional patients undergo ablation of a key portion of the atrial flutter circuit
and can then be maintained on drugs, free of AF (Huang et al. 1998).

5
Other Forms of Proarrhythmia

Many other drugs have been associated with sudden death, presumably due
to arrhythmias. Whether these cases represent a variant on one of the well-
recognized mechanisms described here, coronary vasospasm, or other as-yet-
unrecognized mechanisms, is uncertain (Table 1).
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6
Summary

Proarrhythmia has moved from a clinical curiosity to the centerpiece of an-
tiarrhythmic drug selection and development of antiarrhythmic and other
drugs. Elucidation of multiple syndromes of proarrhythmia and their under-
lying mechanisms has been important not only in identifying and reducing
the problem, but also in understanding more general issues, including the role
of genetics and other factors in the genesis of cardiac arrhythmias.
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Abstract There are many factors that influence drug block of voltage-gated Na+ channels
(VGSC). Pharmacological agents vary in conformation, charge, and affinity. Different drugs
have variable affinities to VGSC isoforms, and drug efficacy is affected by implicit tissue
properties such as resting potential, action potential morphology, and action potential
frequency. The presence of polymorphisms and mutations in the drug target can also
influence drug outcomes. While VGSCs have been therapeutic targets in the management
of cardiac arrhythmias, their potential has been largely overshadowed by toxic side effects.
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Nonetheless, many VGSC blockers exhibit inherent voltage- and use-dependent properties
of channel block that have recently proven useful for the diagnosis and treatment of genetic
arrhythmias that arise from defects in Na+ channels and can underlie idiopathic clinical
syndromes. These defective channels suggest themselves as prime targets of disease and
perhaps even mutation specific pharmacological interventions.

Keywords Na+ channel blocker · Lidocaine · Flecainide · Local anesthetic · Mutation ·
Channelopathies · Polymorphism · Structural determinants · Antiarrhythmic ·
Proarrhythmic · VGSC · TTX · Tonic block · Use-dependent block · NaV1.5 · NaV1.1 ·
SCN5A · SCN1A · Pharmacokinetics · Pharmacodynamics · Structural determinants ·
Recovery from block · Singh-Vaughan Williams · Sicilian Gambit · CAST · CYP ·
Cytochrome enzymes · Long-QT Syndrome · Brugada Syndrome · Conduction disorders ·
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1
Introduction—Sodium Channels

Voltage-gated sodium channels (VGSC) cause the rapid depolarization that
marks the rising phase of action potentials in the majority of excitable cells.
Thus far, eleven genes have been shown to encode different isoforms of the α-
sububunit of the VGSC, many of which have been cloned and characterized in
termsofkinetics andregional tissueexpression(Goldinetal. 2000;Goldin2001,
2002). The isoform differences in the voltage dependence of channel activation,
inactivation, and recovery from inactivation result in unique conductance and
rate dependence in specific cell and tissue types (Goldin 2001, 2002). In some
tissues, the α-subunit has been shown to associate with accessory β-subunits,
which act as modulators of channel function (Qu et al. 1995; Abriel et al. 2001).

In the myocardium VGSCs are required for initiation of the fast action
potential upstroke that is required for cardiac excitation and conduction.
Even within the same tissue or cell, multiple Na+ channel isoforms may be
expressed and confer variable cellular electrical properties. While channel
spatial distribution has long been known as an implicit property of neurons,
recent data suggest variable localization of ion channel isoforms within the
myocardium, and even within the same ventricular myocyte (Maier et al. 2002,
2003; Malhotra et al. 2001; Cohen 1996). The Na+ channel population within
the intercalated disks in atrial and ventricular myocytes is composed primar-
ily of tetrodotoxin (TTX)-insensitive NaV1.5 α-subunits, encoded by the gene
SCN5A. While NaV1.5 is preferentially distributed near gap junctions and is
the major player in initiating and sustaining cardiac conduction (Kucera et al.
2002), an isoform predominantly found in brain (NaV1.1) has been found to
specifically localize within the transverse (T) tubules of the ventricular my-
ocardium (Malhotra et al. 2001; Maier et al. 2002). The kinetic properties of
NaV1.1 differ from the predominant cardiac isoform NaV1.5 in presumably
important ways. Moreover, the NaV1.1 isoform displays profound TTX sensi-
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tivity (nanomolar range) compared to NaV1.5 (millimolar range) (Malhotra
et al. 2001; Maier et al. 2002).

In the sinoatrial node (SAN), a unique collection of ligand and voltage-
gated channels are required for automaticity, an implicit cellular property that
initiates cardiac excitation (Honjo et al. 1996; Kodama et al. 1997; Kodama
et al. 1996). A number of studies have demonstrated that the SAN node is
sensitive to the application of TTX, suggesting Na+ current as a contributor to
electrical activity in the SAN (Honjo et al. 1996; Kodama et al. 1997; Baruscotti
et al. 1996; Muramatsu et al. 1996; Baruscotti et al. 1997; Baruscotti et al. 2001).
In some species, NaV1.5 has been identified using electrophysiological and
pharmacological methods (TTX insensitive, IC50 = µM), while in others direct
evidence using immunohistochemistry and low concentrations of TTX point
to a central nervous system isoform NaV1.1 (Kodama et al. 1997; Muramatsu
et al. 1996; Baruscotti et al. 1997, 2001).

VGSC isoforms are functionally and structurally similar in that they are
voltage-gated heteromultimeric protein complexes consisting of four heterolo-
gous domains, each containing six transmembrane spanning segments (Fig. 1).
Positive residues are clustered in the S4 segments and constitute the voltage
sensor (Stuhmer et al. 1989; Kontis et al. 1997). The intracellular linker be-
tween domains three and four, DIII/DIV, includes a hydrophobic isoleucine–
phenylalanine–methionine (IFM) motif, which acts as a blocking inactivation
particle and occludes the channel pore, resulting in channel inactivation sub-
sequent to channel opening (West et al. 1992; Smith and Goldin 1997; Auld et al.
1990; Stuhmer et al. 1989). Recent studies also suggest a role for the C-terminus
in channel inactivation in NaV1.1 and NaV1.5 (Cormier et al. 2002; Mantegazza
et al. 2001). The S5 and S6 transmembrane segments of each domain constitute
the putative channel pore and associated ion selectivity filter (Sun et al. 1997;
Yamagishi et al. 2001).

All VGSCs make transitions between discrete conformational states via
movement of charged portions of the channel within the lipid bilayer mem-
brane (Ahern and Horn 2004). At negative membrane potentials, channels

Fig. 1 Topological map of the cardiac voltage-gated sodium channel (NaV1.5). Shown are
the four heterologous domains (DI–DIV), each with six transmembrane spanning regions.
The amino terminus and carboxy terminus (indicated NH3 and COOH, respectively) are
located in the intracellular membrane region
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typically reside in closed and available resting states that represent a non-
conducting conformation. Depolarization results in activation of the voltage
sensors and channel opening, allowing for ion passage. Subsequent to chan-
nel activation, channels enter inactivated states that are non-conducting and
refractory. Repolarization is required to alleviate inactivation with isoform-
specific time and voltage dependence.

2
Antiarrhythmic Classification

The Singh–Vaughan Williams classification system is the most widely used and
segregates antiarrhythmics into one of four classes based on their effects on
the cardiac action potential (Vaughan Williams 1989). Antiarrhythmic drugs
that cause sodium channel block fall into class I, and are further subdivided by
kinetics of recovery from block (Harrison 1985). For example, several class Ib
antiarrhythmic drugs commonly used therapeutically and in laboratory stud-
ies, lidocaine and mexiletine, are characterized by tonic and use-dependent
block (UDB) and fast recovery from drug block (<1 s). Class Ia antiarrhythmics
include procainamide and quinidine and have intermediate kinetics of recov-
ery from drug block (1–10 s), while class Ic antiarrhythmics such as flecainide
exhibit predominantly UDB and have slow kinetics of recovery from block
(>10 s). This classification system has proved useful in its simplicity; however
many drugs exhibit multiple electrophysiological actions and, as a result, fall
into more than one class (Roden 1990). Moreover, drugs within the same class
may result in vastly different clinical responses. In response to these short-
comings, the “Sicilian Gambit” proposed an alternate approach, whereby the
arrhythmia is diagnosed and an attempt is made to identify the “vulnerable
parameter”, i.e., the electrophysiological component most susceptible to inter-
vention that will terminate or suppress the arrhythmia with minimal toxicity
(Task Force of the Working Group on Arrhythmias of the European Society of
Cardiology 1991). While complex, the Sicilian Gambit approach provides a sys-
tem for classifying drugs with multiple actions and identifying antiarrhythmic
agents based on pathophysiological considerations.

3
Na+ Channel Blockers: Diagnosis and Treatment

Local anesthetic (LA) molecules such as lidocaine, mexiletine, and flecainide
block Na+ channels and have been used therapeutically to manage cardiac
arrhythmias (Rosen and Wit 1983; Rosen et al. 1975; Wit and Rosen 1983).
Despite the prospective therapeutic value of the inherent voltage- and use-
dependent properties of channel block by these drugs in the treatment of
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tachyarrhythmias, their potential has been overshadowed by toxic side effects
(Rosen and Wit 1987; Weissenburger et al. 1993).

There has been renewed interest in the study of voltage-gated Na+ chan-
nels since the recent realization that genetic defects in Na+ channels can un-
derlie idiopathic clinical syndromes (Goldin 2001). Interestingly, all sodium
channel-linked syndromes are characterized by episodic attacks and hetero-
geneous phenotypic manifestations (Lerche et al. 2001; Steinlein 2001). These
defective channels suggest themselves as prime targets of disease and perhaps
even mutation-specific pharmacological interventions (Carmeliet et al. 2001;
Goldin 2001).

Na+ channel blockade by flecainide is of particular interest as it had been
shown to reduce QT prolongation in carriers of some Na+ channel-linked long
QT syndrome type 3 (LQT3) mutations, and to evoke ST-segment elevation,
a hallmark of the Brugada syndrome (BrS), in patients with a predisposition
to the disease (Brugada et al. 2000). Thus in the case of LQT3, flecainide
has potential therapeutic application, whereas for BrS it has proved useful
as diagnostic tool. However, in some cases, flecainide has been reported to
provoke BrS symptoms (ST-segment elevation) in patients harboring LQT3
mutations (Priori et al. 2000). Furthermore, flecainide preferentially blocks
some LQT3 or BrS-linked mutant Na+ channels (Abriel et al. 2000; Grant
et al. 2000; Liu et al. 2002; Viswanathan et al. 2001). Investigation of the drug
interaction with these and other LQT3- and BrS-linked mutations may indicate
the usefulness of flecainide in the detection and management of these disorders
and determine whether or not it is reasonable to use this drug to identify
potential disease-specific mutations.

Antiarrhythmic agents have effects in addition to channel blockade that
may prove useful therapeutically. An LQTS-linked sodium channel mutation
which resulted in reduced cell surface channel expression was shown to be
partially rescued by mexiletine (Valdivia et al. 2002). This type of drug-induced
rescue of channels had been previously demonstrated for loss of function K+

channel mutations that are linked to arrhythmia (Zhou et al. 1999; Rajamani
et al. 2002), but the study was the first such demonstration for Na+ channel
rescue. Drug rescue of channels has potential therapeutic value for loss of Na+

channel function mutations that have been linked to the Brugada syndrome
and conduction disorders (Valdivia et al. 2004).

4
Proarrhythmic Effects

A major concern for administration of currently used antiarrhythmic agents
is that almost all can exhibit proarrhythmic effects and may exacerbate under-
lying arrhythmias (Roden 1990; Roden 2001). The mechanism varies between
classes and between drugs within classes. However, extensive clinical stud-
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ies examining agents that use sodium channel blockade as a mechanism to
suppress cardiac arrhythmias have identified several potential proarrhythmic
toxicities. Torsades de pointes is estimated to occur infrequently in patients
exposed to sodium channel blockers, but has been seen in patients treated
with quinidine, procainamide, and disopyramide. This reaction is difficult to
predict, but can be exacerbated by other factors, including underlying heart
disease (Fenichel et al. 2004).

Patients with histories of sustained ventricular tachyarrhythmia and pa-
tients recovering from myocardial infarction (MI) have also been found to
exhibit proarrhythmic effects upon treatment with sodium channel blockade.
In the latter case, the Cardiac Arrhythmia Suppression Trial (CAST) (Ruskin
1989) demonstrated a slight increase in mortality when post-MI patients were
treated with flecainide or encainide. While these adverse cardiac effects re-
sulting from the use of sodium channel blocking agents are more frequent in
patientswithadditional contributing factors, they certainlymustbe considered
in the administration of all antiarrhythmic agents.

5
Pharmacokinetics and Pharmacodynamics of Antiarrhythmic Agents

Antiarrhythmic agents vary widely in their clinical response. This dispar-
ity in efficacy may result from variability in drug absorption, distribution,
metabolism, and elimination, collectively referred to as “pharmacokinetics.”
Pharmacokinetic variability can arise through differences in any of the compo-
nent processes of drug absorption, distribution, metabolism, and elimination
and is critical because variations in drug clearance can have proarrhythmic
effects.

Drug metabolism is particularly important in pharmacokinetic variabil-
ity among drugs. Many of the antiarrhythmic drugs are metabolized by the
isoforms of the cytochrome P450 (CYP) enzymes. CYP enzymes are located
primarily in the liver, although various isoforms are found in the intestines,
kidneys, and lungs as well. The various CYP isoforms differ in their sub-
strate specificities, and they can affect the plasma concentration of substrates
through two mechanisms. In the first, genetic variants of CYP genes affect the
efficacy of drug metabolism (Meyer et al. 1990). Among antiarrhythmic agents
a polymorphism in the CYP isoform 2D6 (CYP2D6) that affects metabolism
of the class III β-blocker propafenone is the only known example of this type
of action, which is relatively rare (Lee et al. 1990). The second, more com-
mon effect, results from drug-induced inhibition or facilitation of the various
CYP isoforms. In these cases, a drug is a substrate for a specific CYP isoform
upon which a concurrently administered drug acts as an inhibitor or inducer.
If the metabolic pathway is inhibited, drug can accumulate to toxic concen-
trations. Conversely, if the metabolic pathway is induced, the substrate drug
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may be rapidly eliminated, resulting in sub-therapeutic drug concentration
(Roden 2000).

Differences in the biochemical and physiological actions of drugs and the
mechanisms for these actions, termed “pharmacodynamics,” may also affect
clinical efficacy (Roden 1990; Roden 2000). Pharmacodynamic variability gen-
erally occurs as the result of two mechanisms. The first is variability within the
entire biological environment within which the drug–receptor interaction oc-
curs (Roden and George 2002). This can be as a result of genetic heterogeneity
or due to changes in the environment as a result of disease states. A second
mechanism is the occurrence of polymorphisms in the molecular target for
drug action that affect function, as discussed in the next section.

6
Mutations and/or Polymorphisms May Increase Susceptibility
to Drug-Induced Arrhythmias

Within the context of arrhythmia, pharmacogenomic considerations are im-
portant to determine the potential for genetic heterogeneity to directly affect
drug targets and interfere with drug interactions. Mutations or polymorphisms
may directly interfere with drug binding (Liu et al. 2002) or can result in a phys-
iological substrate that increases predisposition to drug-induced arrhythmia
(Splawski et al. 2002).

A recent study investigated the increased susceptibility to drug-induced
arrhythmia in African-American carriers (4.6 million) of a common poly-
morphism (S1102 to Y1102) in NaV1.5 (Splawski et al. 2002). The study used
a combined experimental and theoretical investigation. Although the experi-
mental data suggested that the polymorphism Y1102 had subtle effects on Na+

channel function, the integrative model simulations revealed an increased sus-
ceptibility to arrhythmogenic-triggered activity in the presence of drug block
(Splawski et al. 2002). Action potential simulations with cells containing S1102
or Y1102 channels showed that the subtle changes in gating did not alter action
potentials (Fig. 2). However, in the presence of concentration-dependent block
of the rapidly activating delayed rectifier potassium currents (IKr), a com-
mon side effect of many medications and hypokalemia, the computations
predicted that Y1102 would induce action potentialprolongation and early af-
terdepolarizations (EADs) (Splawski et al. 2002). EADs are a cellular trigger for
ventricular tachycardia. Thus, computational analyses indicated that Y1102 in-
creased the likelihood of QT prolongation, EADs, and arrhythmia in response
to drugs (or drugs coupled with hypokalemia) that inhibit cardiac repolariza-
tion. While most of these carriers will never have an arrhythmia because the
effect of Y1102 is subtle, in combination with additional acquired risk factors—
particularly common factors such as medications, hypokalemia, or structural
heart disease—these individuals are at increased risk (Splawski et al. 2002).
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Fig. 2a–e SCN5A Y1102 increases arrhythmia susceptibility in the simulated presence of
cardiac potassium channel blocking medications. Action potentials (19th and 20th after
pacing from equilibrium conditions) for S1102 and Y1102 at cycle length = 2,000 ms are
shown for a range of IKr block. IKr is frequently blocked as an unintended side effect
of many medications. Under the conditions of no block and a 25% IKr block (a and b,
respectively), both S1102- and Y1102-containing cells exhibit normal phenotypes. As IKr
block is increased (50% block; c), the Y1102 variant demonstrates abnormal repolarization.
d With 75% IKr block, both S1102 and Y1102 exhibit similar abnormal cellular phenotypes.
The mechanism of this effect is illustrated in e by comparing action potentials in c with the
underlying total cell current during the action potentials. Faster Vmax (dV/dt) during the
upstroke caused by Y1102 results in larger initial repolarizing current but not enough (due
to drug block) to cause premature repolarization. This results in faster initial repolarization,
which increases depolarizing current through sodium and L-type calcium channels. The
net effect is prolongation of action potential duration, reactivation of calcium channels,
early after depolarizations (EADs), and risk of arrhythmia. (From Splawski et al. 2002)

Genetic mutations or polymorphisms may affect drug binding by altering
the length of time that a channel resides in a particular state. For example, the
epilepsy-associated R1648H mutation in NaV1.1 reduces the likelihood that
a mutant channel will inactivate and increases the channel open probability
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(Lossin et al. 2002). Hence, an agent that interacts with open channels will
have increased efficacy, while one that interacts with inactivation states may
have reduced efficacy. However, even this type of analysis may not predict
actual drug–receptor interactions (Liu et al. 2002, 2003). The I1768V mutation
increases the cardiac Na+ channel isoform propensity for opening, suggesting
that an open channel blocker would be more effective, but in fact the mutation
is in close proximity to the drug-binding site, which may render open channel
blockers non-therapeutic (Liu et al. 2002, 2003).

Recent findings revealed the differential properties of certain drugs on mu-
tant and wild-type cardiac sodium channels. One such example is the prefer-
ential blockade by flecainide of persistent sodium current in the ∆KPQ sodium
channel mutant (Nagatomo et al. 2000). It was also shown that some LQT-
associated mutations were more sensitive to blockade by mexiletine, a drug
with similar properties to lidocaine, than wild-type channels (Wang et al.
1997). In three mutations, ∆KPQ, N1325S, and R1644H, mexiletine displayed
a higher potency for blocking late sodium current than peak sodium current
(Wang et al. 1997).

One study showed that flecainide, but not lidocaine, showed a more potent
interaction with a C-terminal D1790G LQT3 mutant than with wild-type chan-
nels and a correction of the disease phenotype (Abriel et al. 2001; Liu et al.
2002). The precise mechanism underlying these differences is unclear. Lido-
caine has a pKa of 7.6–8.0 and thus may be up to 50% neutral at physiologic
pH. In contrast, flecainide has a pKa of approximately 9.3, leaving less than 1%
neutral at pH 7.4 (Strichartz et al. 1990; Schwarz et al. 1977; Hille 1977). Thus,
one possibility underlying differences in the voltage-dependence of flecainide
and lidocaine-induced modulation of cardiac Na+ channels is restricted access
to a common site that is caused by the ionized group of flecainide. Another
possibility is that distinctive inactivation gating defects in the D1790G chan-
nel may underlie these selective pharmacologic effects. Indeed, recently it was
shown mutations that promote inactivation (shift channel availability in the
hyperpolarizing direction) enhance flecainide block. Interestingly, the data
also showed that flecainide sensitivity is mutation, but not disease, specific
(Liu et al. 2002).

These studies are important in the demonstration that effects of drugs
segregate in a mutation-specific manner that is not correlated with disease
phenotype, suggesting that some drugs may not be effective agents for di-
agnosing or treating genetically based disease. The nature of the interaction
between pharmacologic agents and wild-type cardiac sodium channels has
been extensively investigated. However, the new findings of drug action on
mutant channels in long-QT and BrS have stimulated a renewed interest in
a more detailed understanding of the molecular determinants of drug action
with the specific aim of developing precise, disease-specific therapy for patients
with inherited arrhythmias.
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7
Modulated Receptor Hypothesis

The modulated receptor hypothesis (MRH) derives from the concept of con-
formational dependence of binding affinity of allosteric enzymes and was first
proposed by Hille (1977) to describe the interaction of local anesthetic (LA)
molecules with Na+ channels. The idea is that the drug binding affinity is de-
termined, and modulated by, the conformational state of the channel (closed,
open, or inactivated). Moreover, once bound, a drug alters the gating kinetics
of the channel.

8
Effect of Charge on Drug Binding: Tonic Versus Use-Dependent Block

LAs including lidocaine, procaine, and cocaine, exist in two forms at physiolog-
ical pH (Hille 1977; Liu et al. 2003; Strichartz et al. 1990). The uncharged form
accounts for approximately 50%of thedrug,while theprotonated charged form
is in equal proportion. The uncharged base form is highly lipophilic and there-
fore easily crosses cell membranes and blocks Na+ channels intracellularly.
Quaternary ammonium (QA) compounds are positively charged permanently

Fig. 3 The modulated receptor hypothesis. Two distinct pathways exist for drug block. The
hydrophilic pathway (vertical arrows), is the likely path of a charged flecainide molecule,
and requires channel opening for access to the drug receptor. Neutral drug such as lidocaine
can reach the receptor through a hydrophobic “sideways movement” membrane pathway
(horizontal arrows). Extracellular Na+ ions (gray circle) and H+ (black circle) can reach
bound drug molecules through the selectivity filter shown as a black ellipse. The inactivation
gate is shown as a transparent ellipse on the intracellular side of the pore. Figure adapted
from Hille (1977)
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and cannot cross cell membranes easily, but are effective Na+ channel blockers
when applied intracellularly. Flecainide is similar in structure to LAs, but is
99% charged at pH 7.4. Like flecainide, mexiletine has a pKa of 9.3, and is
therefore 99% charged at physiological pH (Liu et al. 2003).

Application of lidocaine or flecainide results in limited block of Na+ chan-
nels at rest [tonic block (TB)] and likely results from neutral drug species
interacting with the drug binding site via hydrophobic pathways through the
cell membrane (Fig. 3; Liu et al. 2003). In other words, drug migration to the
receptor occurs via “sideways” movement in the membrane, not by entry via
the mouth of the channel pore (Hille 1977). Hence, neutral drug species are
more effective tonic blockers, as they interact even when channels are inacti-
vated by interaction of the intracellular linker between domains III and IV with
residues within the channel pore. This inactivation process acts as a barrier
to drug access via the hydrophilic pathway by preventing access of the drug to
the receptor site within the channel pore (Fig. 3).

Fig.4a,b Use-dependent block by lidocaine. INa was measured during trains of 500-ms pulses
from −105 mV to −35 mV at 1.0 Hz. a The membrane currents were measured on the 1st
and 12th pulses in (from left to right) 0, 20, and 100 µM lidocaine. b Peak sodium current
amplitudes were measured for each of the pulses. The decrease in current magnitude has
been fitted by an exponential curve, with t = 1.3 s in 20 µM lidocaine and t = 0.7 s in 100 µM
lidocaine. (From Bean et al. 1983)
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When channels are open, all Na+ channel blockers have the opportunity to
interact with the drug receptor via intracellular access to the pore. Subjecting
channels to repetitive depolarizing voltage steps results in a profound build-
up of channel block and as a result, accumulation of channel inhibition. This
property is referred toasuse-dependentblock (UDB)andsuggests that channel
opening facilitates drug binding to the receptor, presumably by increasing the
probability of drug access to the binding domain (Fig. 4; Ragsdale et al. 1994;
Hille 1977; Liu et al. 2002). This idea is supported by the fact that mutations
(like Y1795C, a naturally occurring gain-of-function LQT3 mutation) that act
to increase the open time of the Na+ channel exhibit increased rate of UDB

Fig. 5a,b Mutations that affect channel open times alter use-dependent block (UDB). Cell-
attached patch recordings are shown for WT and Y1795C (YC) channels. Recordings were
obtained in response to test pulses (–30 mV, 100 ms) applied at 2 Hz from −120 mV.a Current
from consecutive single channel recordings is shown to emphasize the effects of inherited
mutations on channel opening kinetics. Ensemble currents (constructed by averaging 500
consecutive sweeps) are shown for each construct below the individual sweeps. b Time
course of the onset of UDB (1 Hz, 10 µM flecainide) during pulse trains applied to WT and
YC channels. The data were normalized to the current amplitude of the first pulse in the
train and fit with a single exponential function (A×exp-t/+base), the time constant for WT
and YC were 45.29 s−1 and 20.09 s−1 (p<0.01 vs WT; n = 3 cells per condition). (Adapted
from Liu et al. 2002)
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(Fig. 5; Liu et al. 2002). It should be noted that although UDB occurs more
rapidly with longer channel openings, the degree of block (i.e., percentage of
steady-state block) is the same as observed in WT channels. This suggests that
although the drug can more easily access the receptor site, the affinity for the
site is unchanged compared to WT. This is consistent with the notion that
channel openings are required for UDB, but is not dependent on the open
state to promote block. The repolarizing pulses between depolarizing steps
do little to alleviate block, although unbinding does occur at sufficiently long
hyperpolarized intervals. UDB has an implicit voltage dependence that exists
in addition to the voltage dependence of activation gating. At increasingly
depolarized potentials, much enhanced drug block is observed, despite the
reduction in channel open times, which occurs due to fast voltage-dependent
inactivation (Ragsdale et al. 1994). These are features of a positively charged
drug that is expected to move within the electrical field of the membrane from
inside the cell to access the drug binding site (Hille 1977).

9
Is It All Due to Charge?

Because the physical chemical properties of drugs are different, it is impossible
to absolutely determine that drug access to the receptor and TB, UDB, and re-
covery from block profiles are fully attributable to differences in drug charge.
For example, although the charge on flecainide is likely to restrict access of the
drug to a receptor site, confer the voltage dependence of UDB, and account
for recovery from block kinetics, a direct test has not been possible because
of the differences in distribution between neutral and charged forms of each
compound.

A recent study developed two custom-synthesized flecainide analogues,
NU-FL and QX-FL, to investigate the role of charge in determining the pro-
file of flecainide activity (Liu et al. 2003; Fig. 6). NU-FL has nearly identical
hydrophobicity and very similar three-dimensional structure compared with
flecainide, but has a very different pKa. As measured by titration, NU-FL has an
approximate pKa value of 6.4 (Liu et al. 2003). Consequently, it should be nearly
90% neutral at physiological pH, thus more closely resembling the ionization
profile of lidocaine. QX-FL shares a very similar three-dimensional structure
with the parent compound flecainide, but is fully charged at physiological pH,
and thus is well suited to discriminate between hydrophilic and hydrophobic
access to its receptor (Liu et al. 2003).

The results indicated that, like lidocaine, the tertiary flecainide analog
(NU-FL) interacts preferentially with inactivated channels without prereq-
uisite channel openings (i.e., tonic block), while flecainide and QX-FL are
ineffective in blocking channels that inactivate without first opening (Liu et al.
2003). Interestingly, slow recovery of channels from QX-FL block was impeded
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Fig. 6a,b Antiarrhythmic drug structure and drug charge as a function of pH. a Structural
comparison of (from left to right) flecainide, and its novel analogs neutral flecainide (NU-
FL), permanently charged flecainide (QX-FL), and the local anesthetic lidocaine. White
regions represent nitrogen, black regions represent oxygen, dark gray elements are carbon,
and light gray arefluorine.The circle in theQX-FL structure represents an iodine atom.bPlot
of estimated concentrations of charged drugs as a function of pH. The pKa values of each
compound are 9.3 for flecainide, 6.4 for NU-FL, 7.8 for lidocaine. At relevant physiological
pH values, flecainide is greater than 99% charged, QX-FL is fully ionized, lidocaine is
approximately 50:50, and NU-FL is more than 90% neutral. (Adapted from Liu et al. 2003)

by outer pore block by tetrodotoxin, suggesting that the drug can diffuse away
from channels via the outer pore. The data strongly suggest that it is the dif-
ference in degree of ionization (pKa) between lidocaine and flecainide, rather
than differences in their gross structural features, that determines distinction
in block of cardiac Na+ channels (Liu et al. 2003). The study also suggests that
the two drugs share a common receptor, but, as outlined in the modulated
receptor hypothesis, reach this receptor by distinct routes.

Differences in apparent UDB may also stem from differences between the
kinetics of the recovery from block by neutral and charged drug forms (Liu
et al. 2002, 2003). The disparity in the recovery kinetics is attributed to rapid
unblock of neutral drug-bound channels and very slow unblock of charged
drug-bound channels (Fig. 7). As proposed by Hille in the analysis of the pH



Cardiac Na+ Channels as Therapeutic Targets for Antiarrhythmic Agents 113

Fig. 7a,b Mutations and drug concentration affect the time course of recovery from drug
block. Recovery from flecainide block of WT and D1790G. a UDB by 10 µM flecainide was
induced by trains of 100 pulses (–10 mV, 25 ms, 25 Hz) from a −100-mV holding potential.
Test pulses were then imposed after variable recovery intervals at −100 mV. Currents were
normalized to steady-state current levels during slow pacing (once every 30 s) and plotted
against recovery interval in the absence and presence of flecainide. Open symbols represent
drug-free, and filled symbols drug-containing, conditions; n = 3–5 cells per condition. b
Very slow recovery from 30 µM flecainide block of WT and D1790G channels. (Adapted
from Liu et al. 2002)

dependence of UDB of Na+ channels in muscle and nerve, during interpulse
intervals, bound charged drug is trapped within the channel until the drug
molecule is deprotonated. Neutral drug, which is less restricted, can dissociate
from the channel via “sideways” movement through the membrane. At phys-
iological pH, the fact that the recovery from block is faster for NU-FL than
for flecainide may simply be due to the greater contribution (90%) of drug
block by the neutral NU-FL component compared to charged component,
while flecainide remains more than 99% charged (Liu et al. 2003). On the other
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hand, according the scheme described above, it is possible that deprotonation
of NU-FL, which can occur when channels are closed and at rest, may occur
faster than deprotonation of flecainide. Hence, that the differences in recov-
ery kinetics occur not only because of the greater fraction of neutral NU-FL
molecules at this pH, but also because the ionized-bound drug deprotonates
faster than ionized-bound flecainide and leaves the vicinity of the receptor
via a hydrophobic pathway (Liu et al. 2003). It would seem that UDB develops
predominantly as a function of differences between the recovery kinetics of
ionized and neutral drug molecules.

Neutral flecainide (NU-FL) preferentially interacts with inactivated chan-
nels and does not require channel openings to develop, a suggestion that
predicts drug-dependent alteration of the voltage dependence of channel avail-
ability (Liu et al. 2003). Flecainide has little effect on channel availability, while
lidocaine causes a well-documented negative shift in channel availability un-
der the same voltage conditions. The tertiary flecainide analog NU-FL also
shifts channel availability without conditioning pulses, similar to lidocaine
but in contrast to flecainide (Liu et al. 2003). Thus, although nearly identical
to flecainide in structure, NU-FL interacts with the inactivated state without
mandatory channel openings similar to lidocaine, a drug with a significant
neutral component at physiological pH (Liu et al. 2003). When all the data are
taken together, it is likely that external flecainide diffuses into cells through
rapid equilibrium via its neutral component, and, once inside, equilibrium is
again established with more than 99% of intracellular drug ionized.

10
Molecular Determinants of Drug Binding

Much evidence suggests that antiarrhythmics bind in the pore of the channel
on the intracellular side of the selectivity filter (Ragsdale et al. 1994, 1996).
Mutagenesis experiments have revealed multiple sites that affect drug binding
on the S6 segments of domains I, III, and IV, and that dramatic changes in drug
affinity can result from mutations near to the putative drug receptor sites on
DIVS6 (Fig. 8). For example, mutations of I409 and N418 in DIS6 moderately
altered drug interaction affinity in the brain VGSC NaV1.2 (Yarov-Yarovoy et al.
2002). Mutagenesis studies of DIIIS6 in NaV1.2 suggest that L1465, N1466, and
I1469 are involved in drug binding, since mutation of these residues reduced
affinity of the LA etidocaine (Yarov-Yarovoy et al. 2001). Experiments using
the rat skeletal muscle isoform found that residues corresponding to human
NaV1.2 L1465 (L1280) and S1276 modulated LA affinity as well as the affinity of
the channel activator batrachotoxin (Wang et al. 2000b; Nau et al. 2003). Similar
systematic mutagenesis of DIIS6 found no residues that had significant effects
on drug binding (Yarov-Yarovoy et al. 2002). However, mutations of residues
F1764 and Y1771 on DIVS6 in NaV1.2 resulted in dramatic decreases in both
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Fig.8 Structural determinants of drug binding. Surface representation of the sodium channel
with a helix representing DIVS6. Shown are the side chains for primary residues implicated
in drug binding, F1760 and Y1767. The selectivity filter is indicated by a black ellipse

TB and UDB for lidocaine (Ragsdale et al. 1994, 1996). Subsequent studies in
cardiac, skeletal muscle, and other brain sodium channel isoforms suggested
these same residues to be important for drug interaction (Wright et al. 1998).
Mutation of F1764 to alanine alone reduced the affinity of lidocaine for the
inactivated state by almost 25-fold, although the UDB for flecainide was less
dramatically affected by the single mutation compared to mutation of both
F1764 and Y1771. Mutations of pore residues suggest that charged portions of
drugs interact with the selectivity filter and mutations of pore residues, and
residues responsible for TTX affinity affect drug access to, and egress from,
the binding site (Sunami et al. 1997; Sunami et al. 2000; Sasaki et al. 2004).

It should be noted that different VGSC isoforms have different pharmaco-
logical and biophysical profiles, which would be expected to have diverse effects
on drug binding. Also, several different antiarrhythmics, anticonvulsants, and
LA agents were tested in the studies described above. Hence, the differences
observed between drugs and isoforms may be attributable to any one of these
variables. Finally, mutations may alter kinetic properties of channels that result
in secondary effects on drug binding that are independent of the structural
effect of the mutation.

11
Molecular and Biophysical Determinants of Isoform Specificity

There are many factors that contribute to efficacy of VGSC blockade. Drugs
have variable affinity to different isoforms, and implicit tissue properties such
as resting potential, action potential morphology, and action potential fre-
quency affect in vivo drug responses. For example, antiarrhythmic agents are
highly cardioselective and bind with higher affinity to cardiac sodium chan-
nel isoforms compared to brain and skeletal muscle. There is some debate
as to the molecular mechanism of cardioselectivity: Does it result from in-
trinsically higher drug binding affinity (Wang et al. 1996), or as a secondary
effect of isoform-specific kinetics (Wright et al. 1997), which may increase the
probability of drug interaction with the binding site?
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Two studies have identified amino acid differences between skeletal and
cardiac isoforms that appear to be partial structural determinants of cardiose-
lectivity. One study identifies a residue on the S4–S5 linker of DI that contains
heterologous amino acids in rat heart (A252) and skeletal muscle (S251) iso-
forms (Kawagoe et al. 2002). Mutation of the rat skeletal muscle residue (S251)
to alanine increased mexiletine affinity, although not nearly to the levels of
wild-type rat heart, with respect to both tonic block and UDB. Another study
found that mutation of rat skeletal muscle L1373, located on DIVS1S2 linker,
to the glutamate found in the cardiac isoform shifted UDB by lidocaine toward
that of the human cardiac isoform (Meisler et al. 2002). Interestingly, these
residues are located on the opposite sides of the membrane, S251 located in-
tracellularly and L1373 on the extracellular loop. In addition to the amino acid
changes, the intrinsic affinity of the heart and skeletal muscle isoforms for LAs
has been shown to be affected by its association with, or lack of association
with β-subunits. The association with β-subunits shifts the midpoints of avail-
ability much more in the depolarizing direction for skeletal muscle isoform
and modestly increases resting affinity for lidocaine, while the association with
the β1-subunit had the opposite effect on the cardiac isoform (Makielski et al.
1996, 1999).

12
Summary

Most antiarrhythmic agents were developed when there was relatively mini-
mal information regarding the molecular and physicochemical basis of drug–
receptor interactions. Since the advent of gene cloning, a wealth of information
regarding these processes has been gathered. As our understanding of the ba-
sis for drug–receptor interactions becomes more complete, it will increasingly
become possible to not only better understand the mechanism by which cur-
rently used antiarrhythmic agents exert their action, but to develop other more
specific agents to suppress arrhythmias. Improvement in our understanding of
drug–channel interactions sets the stage for a new era of “genetic medicine,”
where pharmacological agents can be developed to treat patients based on
individual genotypic profile.
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Abstract Cardiac K+ channels play an important role in the regulation of the shape and
duration of the action potential. They have been recognized as targets for the actions of
neurotransmitters, hormones, and anti-arrhythmic drugs that prolong the action potential
duration (APD) and increase refractoriness. However, pharmacological therapy, often for
the purpose of treating syndromes unrelated to cardiac disease, can also increase the vul-
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nerability of some patients to life-threatening rhythm disturbances. This may be due to an
underlying propensity stemming from inherited mutations or polymorphisms, or structural
abnormalities that provide a substrate allowing for the initiation of arrhythmic triggers.
A number of pharmacological agents that have proved useful in the treatment of aller-
gic reactions, gastrointestinal disorders, and psychotic disorders, among others, have been
shown to reduce repolarizing K+ currents and prolong the Q-T interval on the electrocardio-
gram. Understanding the structural determinants of K+ channel blockade might provide
new insights into the mechanism and rate-dependent effects of drugs on cellular physi-
ology. Drug-induced disruption of cellular repolarization underlies electrocardiographic
abnormalities that are diagnostic indicators of arrhythmia susceptibility.

Keywords Potassium channel · Arrhythmias · Long QT syndrome · Delayed rectifier ·
Repolarization

1
Introduction

Abnormalities of cardiac rhythm are a major cause of morbidity and mortality
in the Western world. More than 300,000 Americans suffer sudden cardiac
death (SCD) due to arrhythmias each year, and many more require therapy for
symptomatic arrhythmias (Zipes and Wellens 1998). Normal cardiac rhythm
is governed by ordered propagation of excitatory stimuli resulting in rapid
depolarization and slow repolarization of the myocardium, generating action
potentials (AP) in individual myocytes (Roden et al. 2002). Abnormalities of
impulse generation, propagation, or the duration of action potentials may
underlie cardiac arrhythmias.

One proarrhythmic condition that has received particular attention is the
congenital and drug-induced long QT syndrome (LQTS). In this case, inherited
mutations or drugs prolong the duration of the action potential (APD) of ven-
tricular myocytes, which can be observed as a prolongation of the Q-T interval
of the surface electrocardiogram (ECG). APD prolongation is most frequently
caused by a decrease in repolarizing potassium currents, in particular the de-
layed rectified K+ current, IK, which has both rapidly (IKr) and slowly (IKs)
activating components (Sanguinetti and Jurkiewicz 1990b). Moreover, virtu-
ally every case of drug-induced QT prolongation can be traced to blockade of
the IKr current (Roden et al. 2002; Wehrens et al. 2002).

In the past decade, molecular cloning experiments have defined the genes
whose expression generates specific proteins, including pore-forming ion
channels, responsible for individual ion currents in cardiac myocytes (Keating
and Sanguinetti 2001). It has become apparent that the generation of potas-
sium currents requires coordinated function of not only α- and β-subunits,
but also multiple other gene products that determine intracellular functions
such as trafficking, phosphorylation and dephosphorylation, assembly, and
targeting to specific subcellular domains (Gutman et al. 2003). In this chapter,
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the structure–activity relationship of potassium channels in the heart will be
reviewed. The focus will be on delayed rectifier K+ channels, which have been
linked to abnormalities in AP duration and drug-induced cardiac arrhythmias.

2
Ion Currents and the Cardiac Action Potential

Depolarization of the plasma membrane induces opening of voltage-gated Na+

channels, allowinga large, rapidNa+ influx, producing the typical rapidphase 0
depolarization (Fig. 1). In some myocytes, a rapid phase 1 repolarization then
ensues, because of activation of transient outward K+ channels. Phase 2, the
long plateau phase of the action potential, reflects a delicate balance between
inward L-type Ca2+ channels and outward current through delayed rectifier
K+ channels (Kass 1997). Repolarization occurs during phase 3 when outward
movement of K+ through delayed rectifier K+ channels dominates over the
inactivated Ca2+ channels, and the membrane potential returns to resting
voltages.

The duration and configuration of the action potential vary in different
regions of the heart (e.g., atrium versus ventricle) as well as in specific areas
within those regions. Epicardial cells in the ventricle demonstrate a prominent

Fig. 1 Relationship between the ventricular action potential and individual ionic currents
in ventricular myocytes. Schematic indication of the time course of depolarizing inward
currents (downward) and repolarizing outward current (upward) in relation to the action
potential. The amplitudes of the currents are not to scale
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phase 1 notch, which is less prominent in the endocardium (Antzelevitch and
Fish 2001). Purkinje and midmyocardial (M) cells display action potentials that
are much longer than those in the epicardium and endocardium. These hetero-
geneities in action potential duration reflect variations in expression and/or
function of the ion channels that constitute cardiac ion currents (Volders et al.
1999a). Increased heterogeneity, by ischemic heart disease, inherited ion chan-
nel mutations, or drug exposure, promotes reentrant excitation, a common
mechanism for many ventricular arrhythmias.

3
Cardiac Delayed Rectifier Potassium Channels

Over 80 human K+ channel-related genes have been cloned and characterized
(Roden et al. 2002; Tamargo et al. 2004). Since many cDNAs encoding ion chan-
nels have been cloned from the mammalian heart, it has been difficult to assign
cloned K+ channel subunits to specific endogenous currents (Snyders 1999).
Among the more than 12 cardiac K+ currents, two types of voltage-gated K+

channels play a dominant role in determining repolarization: the transient out-
ward (Ito) and delayed rectifier (IK) currents (Barry and Nerbonne 1996; Deal
et al. 1996). Two components of the delayed rectifier IK have been separated on
the basis of the activation kinetics: a rapidly activating component (IKr) and
slowly activating component (IKs) (Sanguinetti and Jurkiewicz 1990b).

3.1
The Molecular Basis of the IKr Current

3.1.1
Topology of the IKr Channel

The molecular basis of IKr was elucidated when KCNH2 (HERG; human ether-
a-go-go-related gene) was linked to a form of LQTS (LQT2) (Curran et al. 1995).
The topology of KCNH2 channels is similar to many voltage-gated channels
in that they are homo-tetramers of α-subunits containing six transmembrane
spanning domains (S1–S6; Roden et al. 2002). A cluster of positive charges is
localized in the S4 domain and acts as the putative activation voltage sensor
(Warmke and Ganetzky 1994). A reentrant pore-loop between the fifth and
sixth transmembrane helices contains a slightly modified version of the “sig-
nature sequence” of K+-selective pores (Doyle et al. 1998; Heginbotham et al.
1994). Based on structure–function analyses of other voltage-gated K+ chan-
nels, it is inferred that each functional KCNH2 channel is composed of four
subunits surrounding a central aqueous pore, with the outer one-third lined
by the pore-loops from the four subunits forming a narrow “selectivity filter,”
and the inner two-thirds lined by the carboxyl-halves of the S6 domains that
form the inner vestibule of the pore (Doyle et al. 1998; Mitcheson et al. 2000a).
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The channel encoded by KCNH2 recapitulates indeed the major functional
and pharmacological properties of IKr, including inward rectification, block by
micromolar La3+, and specific block by methanesulfonanilide antiarrhythmic
agents such as E4031 and dofetilide (Sanguinetti et al. 1995; Snyders and
Chaudhary 1996; Trudeau et al. 1995). There are, however, marked differences
between native IKr and KCNH2-induced currents in heterologous expression
systems in terms of gating (Abbott et al. 1999; Zhou et al. 1998), regulation
by external K+ (Abbott et al. 1999; McDonald et al. 1997; Shibasaki 1987), and
sensitivity to antiarrhythmics (Sanguinetti et al. 1995). These data suggest the
presence of a modulating subunit that co-assembles with KCNH2 in order to
reconstitute native IKr currents.

3.1.1.1
Accessory Subunits of IKr Channels

A likely candidate is the minK-related protein 1 (MiRP1; KCNE2), which
when co-expressed with KCNH2 (HERG), results in currents similar to na-
tive IKr (Abbott et al. 1999). Expression of KCNE2 in the heart has recently
been shown at the protein level (Jiang et al. 2004). Furthermore, KCNE2 co-
immunoprecipitates with KCNH2 when the two subunits are co-expressed in
CHO cells, suggesting that they may co-assemble to form the IKr channel in
the heart. Co-expression of KCNE2 with KCNH2 in Xenopus oocytes causes
a +5–10 mV depolarizing shift in steady-state activation, accelerates the rate
of deactivation, and decreases single channel conductance from 13 to 8 pS
(Abbott et al. 1999). However, definitive biochemical evidence for a selective
association between KCNH2 and KCNE2 in the human myocardium is cur-
rently lacking (Abbott and Goldstein 2001; Weerapura et al. 2002), and other
factors may contribute to the functional differences between native IKr and
HERG-induced currents in heterologous expression systems.

Other K+ channel α-subunits may be able to modulate KCNH2 channel
function. Treatment of a mouse atrial tumor cell line (AT-1) with anti-sense
oligonucleotides against KCNE1 (minK), thus suppressing KCNE1 expression,
reduced the IKr current amplitude (Yang et al. 1995). Additional evidence
that KCNE1 can modulate IKr current amplitude and gating comes from the
observation that the IKr amplitude is significantly smaller in homozygous
KCNE1 knockout mice (Kupershmidt et al. 1999). Finally, KCNH2 and KCNE1
can form a stable complex when co-expressed in HEK293 cells, and KCNH1
amplitude is augmented relative to cells expressing KCNH2 alone (McDonald
et al. 1997).

Recently, MiRP2 (KCNE3) has been shown to suppress the expression of
KCNH2 in Xenopus oocytes, suggesting yet another β-subunit may modulate
IKr channel function (Schroeder et al. 2000). It is possible that KCNE β-subunits
(minK, MiRP1, MiRP2) can engage in interactions with α-subunits from more
than one gene family, and their role in native K+ channel function may be de-
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termined by relative expression levels, the subcellular distribution of different
K+ channel subunits, or both (Tseng 2001).

3.1.1.2
KCNH2 Splice Variants

Several N-terminal splice variants of the human and mouse KCNH2 genes
have been identified (Kupershmidt et al. 1998; Lees-Miller et al. 1997; London
et al. 1997). The full-length KNCH2 isoform has 396 amino acids in the N-
terminus and is designated isoform 1a. The alternatively spliced isoform 1b
has a much shorter and divergent N-terminus of 36 amino acids. Isoform 1b
lacks the sequence of amino acids 2–16 and the Per-Arnt-Sim (PAS) motif,
which are both important for the slow deactivation process of isoform 1a
(Morais Cabral et al. 1998; Wang et al. 1998a, 2000b). Therefore, isoform 1b
deactivates at a tenfold faster rate than isoform 1a. It has been suggested that
both isoforms can form homomultimeric and heteromultimeric channels, and
that the resulting deactivation rate will depend on the relative expression levels
of these two isoforms (London et al. 1997). Studies by Nerbonne et al. have
shown that isoform 1b is not expressed at the protein level in adult human,
rat, and mouse hearts (Pond et al. 2000). However, more recent data have
demonstrated expression of KNCH2 isoform 1b in the mammalian heart using
antibodies recognizing the different splice variants (Jones et al. 2004). These
data suggest that isoforms 1a and 1b might indeed form heteromultimeric
channels in cardiac myocytes.

A C-terminal splice variant of KCNH2 has also been identified in the human
heart (Kupershmidt et al. 1998). This isoform (KCNH2USO) cannot form func-
tional channels on its own since a critical C-terminal region is absent. However,
when co-expressed with KCNH2, KCNH2USO suppresses the current amplitude
and alters its gating kinetics (e.g., accelerates activation and shifts the voltage-
dependence by −9 mV). The mRNA levels of KCNH2USO are twofold more
abundant than those of KCNH2 in human heart (Kupershmidt et al. 1998).
Although it has been suggested that KCNH2USO may play a role in determining
the current amplitude and gating kinetics of IKr in cardiac myocytes, there has
been no biochemical evidence so far supporting the expression of KCNH2USO
in the human heart (Kupershmidt et al. 1998).

3.1.2
The Physiological Role of IKr in the Heart

The rapidly activating delayed rectifier current (IKr) can be distinguished from
the slowly activating component (IKs) by its activation kinetics, as well at its
sensitivity to block by class III antiarrhythmic drugs such as E-4031 (Follmer
and Colatsky 1990) and dofetilide (Ficker et al. 1998; Jurkiewicz and San-
guinetti 1993; Snyders and Chaudhary 1996). An important feature of IKr is the
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inward rectification property that limits outward currents through the channel
at positive voltages, which reduces the amount of inward current needed to
maintain the action potential plateau phase. Detailed kinetic studies of IKr
gating have revealed that the inward rectification is due to fast inactivation
(Shibasaki 1987; Smith et al. 1996; Spector et al. 1996b). Unlike C-type in-
activation in many other K+ channels, IKr inactivation appears to be unique
in that it possesses intrinsic voltage-dependence (Schonherr and Heinemann
1996; Smith et al. 1996).

IKr channels activate from closed to open states (C→O) upon depolarization
but pass very little outward current because they rapidly inactivate (O→I).
KCNH2 channels can also inactivate directly from closed states (C→I; Kiehn
et al. 1999). Inactivation from both pathways results in the accumulation of IKr
channels in inactivated states during depolarization. Channels then reopen, or
open for the first time, during repolarization as they recover from inactivation
through the open state (I→O). Deactivation of IKr (I→C) is slow compared to
other cardiac K+ channels. These unique channel properties give rise to the IKr
current during phase 3 repolarization of the cardiac action potential (Clancy
and Rudy 2001; Kiehn et al. 1999).

3.1.3
Structural Basis of IKr Blockade

IKr is the primary target of highly specific and potent class III anti-arrhythmic
drugs, methanesulfonanilides (dofetilide, E-4031, ibutilide, and MK-499; Spec-
tor et al. 1996a; Tamargo et al. 2004). IKr channels can also be blocked by myriad
pharmacological agents with diverse chemical structures used for the treat-
ment of both cardiac and non-cardiovascular disorders (Clancy et al. 2003).
Recent studies have shed light on the molecular basis of the promiscuity of
drug binding to the KCNH2 channel, and have provided further insight into
the structure–function relationship of IKr channels.

The biophysical properties of KCNH2 blockade are consistent with a discrete
state-dependent blocking mechanism (Kiehn et al. 1996a; Snyders and Chaud-
hary1996).Most IKr blockers, including themethanesulfonanilides, gainaccess
to the drug-binding site from the intracellular side of the membrane (Kiehn
et al. 1996a; Kiehn et al. 1996b). Binding primarily occurs via the open state
of the channel when the drugs can gain access to a high-affinity binding site
located inside the channel vestibule (Tristani-Firouzi and Sanguinetti 2003).
Once inside the pore, IKr blockers bind within the central cavity of the channel
between the selectivity filter and the activation gate (see Fig. 2a). Unbinding
of some methanesulfonalides (dofetilide, MK-499) is very slow and incom-
plete at negative voltages due to closure of the activation gate (deactivation)
during repolarization, which traps the molecule within the cavity (Mitcheson
et al. 2000b; Fig. 2b). If a drug is charged and appropriately sized, then block is
nearly irreversible as long as the channels do not reopen even at negative poten-
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tials. This “drug-trapping” hypothesis was confirmed recently using a mutant
KCNH2 channel (D540K) that opens in response to hyperpolarization. It was
found that channel reopening at negative voltages allowed release of the drug
MK-499 from the receptor (Mitcheson et al. 2000b; Sanguinetti and Xu 1999).

There are two structural features of the KCNH2 channels that contribute
to their unique pharmacological properties: (1) The volume of the KCNH2
inner vestibule is larger that those of most other voltage-gated K+ channels;
and (2) two aromatic residues (Y652, F656), located in the S6 domain facing
the channel vestibule, that form part of the contact points with inner mouth
blockers are present (Fig. 2a).

The lack of the P-X-P sequence in the S6 domain of KCNH2 creates a large
volume of the inner vestibule of the channel pore. Therefore, methanesulfo-
nanilides (e.g., MK-499, with dimensions of 7×20 Å) can be trapped within
the inner vestibule without affecting deactivation kinetics (Mitcheson et al.
2000b). Structurally, the larger inner vestibule can be explained by the lack of
two proline residues that typically cause sharp bends in the S6 helices in all
other voltage-gated K+ channels (del Camino et al. 2000). Thus, the lack of such
proline residues in KCNH2 makes the S6 domain more flexible and capable of
forming a larger inner vestibule (Fig. 2a).

Recent studies have suggested that two aromatic residues in the S6 domain
(Y652 and F656), which are unique to KCNH2 K+ channels, may underlie
the structural mechanism of preferential block of KCNH2 by a number of
commonly prescribed drugs (Mitcheson et al. 2000a). Mutagenesis to alanine of
both residues dramatically reduces the potency of channel block by a variety of
KCNH2-blockers, including methanesulfonanilides, quinidine, cisapride, and
terfenadine (Mitchesonet al. 2000a).The importanceof residuesY652andF656
was also demonstrated for the low-affinity ligand chloroquine, an antimalarial
agent that appears to preferentially block open KCNH2 channels. Block of
KCNH2 by chloroquine requires channel opening followed by interactions of
the drug with the aromatic residues in the S6 domain that face the central
cavity of the HERG channel pore (Sanchez-Chapula et al. 2002).

Homology modeling of the inner mouth structure of KCNH2, based on the
crystal structure of KcsA (Doyle et al. 1998), suggests that the aromatic moi-
eties of methanesulfonanilides and other drugs (e.g., cisapride, terfenadine)
form electrostatic interactions with these two aromatic residues by π electron
stacking (Mitcheson et al. 2000a). These two aromatic residues are unique to
KCNH2, since the equivalent positions are occupied by isoleucines or valines in
other voltage-gated K+ channels. Thus, the features of the S6 domain in KCNH2
play a crucial role indetermining the channel’s uniquepharmacological profile.

Mutations that result in loss of inactivation (S631A, G628C/S631C) reduce
the affinity of methanesulfonanilides, while mutations that enhance inactiva-
tion (T432S, A443S, A453S) enhance drug block by dofetilide (Ficker et al.
2001; Tristani-Firouzi and Sanguinetti 2003). It has been hypothesized that the
reduced affinity of noninactivating HERG mutant channels is not due to inac-
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Fig. 2a,b Structural model of the drug-binding site in the KCNH2 channel. a The structures
of two of the four subunits that form the pore and inner cavity of KCNH2 and Kv channels
are shown. The inner helices and loops extending from the pore helices to the selectivity
filter form the inner cavity and drug-binding site of HERG. Several structural features that
help explain the nonspecific drug-binding properties of HERG are illustrated. The inner
cavity of HERG is long, creating a relatively large space for trapping drugs and for channel–
drug interactions. Aromatic residues (black) not found in Kv channels are critical sites for
interaction for most compounds, but not for fluvoxamine. Other sites for drug interaction
are polar residues (gray) located close to the selectivity filter. Kv channels have a Pro-X-
Pro motif that is proposed to insert a ‘kink’ in the inner helices, resulting in a relatively
small inner cavity. The inner cavity is lined by aliphatic rather than aromatic residues.
Reproducedwithpermission fromMitcheson (2003).bMolecularmodel representing lowest
score structures of propafenone docked into closed (left) and open-state (right) homology
models (extracellular surface at top). Residue Y652 (red) and F656 (yellow) side-chains are
displayed along with backbone ribbons (gray). Propafenone carbons are colored green. The
model suggests thatpropafenone interactswith aromatic rings fromY652andF656when the
channel is open. In the closed channel, drug trapping may occur via spatial restriction due to
the ring of the four F656 side-chains. (Reproduced with permission from Witchel et al. 2004)
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tivation per se but to inactivation gating-associated reorientation of residues
Y652 and F656 in the S6 domain that mediate high-affinity drug binding (Chen
et al. 2002a).

Recently, Milnes et al. (2003) showed that the selective serotonin reuptake
inhibitor fluvoxamine exhibits KNCH2 channel blocking properties that are
different fromthosepreviouslydescribed.TheS6domainmutation,Y652Aand
F656A, and the pore helix mutant S631A, only partially attenuated the block
of the channel by fluvoxamine at concentrations causing profound inhibition
of the wildtype KCNH2 channel (Milnes et al. 2003). This type of blockade is
similar to that produced by canrenoic acid (CA), the main metabolite of the
diuretic spironolactone, onKCNH2channels expressed inCHOcells (Caballero
et al. 2003). KCNH2 block by fluvoxamine and CA is far more rapid than
that produced by methanesulfonanilides, suggesting that they cause either
closed-state block or extremely rapidly developing open-state blockade. Thus,
channel inactivation may not be a prerequisite for fluvoxamine- and CA-
induced KCNH2 block.

3.1.4
Electrophysiological Consequences of IKr Block

Mutations in KCNH2 are associated with LQTS, which is characterized by pro-
longation of the Q-T interval, ventricular arrhythmias, syncope, and sudden
cardiac death (Wehrens et al. 2002). In cellular experiments, incorporation of
mutant KCNH2 subunits in the channel tetramer generally causes a reduction
of IKr current (Kagan et al. 2000; Robertson 2000). Decreased repolarizing cur-
rent through KCNH2 channels leads to prolongation of the ventricular action
potential, which predisposes the heart to arrhythmogenic early afterdepolar-
izations (Clancy and Rudy 2001; Viswanathan et al. 1999).

Both the cellular effects of these congenital abnormalities and the resulting
electrocardiographic abnormalities are analogous to those seen with phar-
macological inhibition of KCNH2 channels by a variety of compounds. IKr
blockers prolong the Q-T interval, and may cause torsade de pointes (TdP)
arrhythmias that can degenerate into ventricular fibrillation and sudden car-
diac death (Belardinelli et al. 2003). Moreover, reductions in IKr may result
in increased dispersion of repolarization across the ventricular wall, which
manifests on the ECG as widening of the T wave (Antzelevitch et al. 1996:
Volders 1999). Thus, increased focal activity and reentry associated with an in-
creased inhomogeneity of repolarization across the ventricular wall may lead
to or predispose to the development of TdP arrhythmias (Antzelevitch and
Fish 2001).

The prolongation of the APD produced by IKr blockers causes increased
normal resting potentials and slow heart rates, while at depolarized poten-
tials or during tachycardia this prolongation is much less marked or even
absent (Tamargo 2000; Tamargo et al. 2004). Hence, IKr blockers are least
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effective when they are most needed. This reverse use-dependence limits anti-
arrhythmic efficacy, while potentially maximizing the risk of TdP associated
with bradycardia-dependent early afterdepolarizations. In guinea pigs, reverse
use-dependence is attributed to a progressive IKs accumulation as the heart rate
increases (due to the incomplete deactivation of this current), which shortens
the APD and offsets the APD prolongation produced by the IKr blocker (Tseng
2001; see Sect. 3.2). Another explanation is that IKr block itself is reverse use-
dependent, which might be attributed to the binding of KCNE2 to the channel
complex (Abbott et al. 1999). An increased understanding of the mechanisms
underlying KCNH2 block and APD prolongation may lead to the development
of novel anti-arrhythmic drugs with safer use-dependence.

3.1.5
Modulation of IKr Channel Function

The amplitude and/or gating kinetics of the IKr current may be regulated by
the autonomous nervous system. Pathological conditions of the heart may
cause changes in local extracellular K+ concentrations and acidosis, which
may modulate IKr. Long-term disease of the heart can also alter IKr expression,
which may contribute to abnormal cardiac electrical activity and arrhythmias.

3.1.5.1
Modulation by PKA and PKC

Pharmacological studies have revealed that activation of β-adrenergic recep-
tors and elevation of intracellular cyclic AMP (cAMP) levels can regulate
KCNH2 channels both through PKA-mediated effects and by direct interaction
with the protein (Cui et al. 2000). PKA phosphorylation of KCNH2 reduces the
current amplitude and induces a depolarizing shift in the voltage-dependent
activation curve (Cui et al. 2000; Kiehn 2000). Sequence analysis has revealed
that KCNH2 has four PKA phosphorylation sites and a cyclic nucleotide-
binding domain (CNBD) in the C-terminus (Kiehn 2000). Mutation of all four
PKA sites to alanines inhibits the shift in the voltage-dependence of activation
(Cui et al. 2000).

KCNH2 channels are also regulated by PKC phosphorylation of the channel
(Barros et al. 1998; Thomas et al. 2003). PKC-activator phorbol 12-myristate
13-acetate (PMA) causes a positive shift of activation and reduces IKr cur-
rent. These effects, however, may be not specific to PKC phosphorylation of
the KCNH2 subunit, since they are also observed after the PKC-dependent
phosphorylation sites are altered by mutagenesis (Thomas et al. 2003). The
α-adrenergic effects on IKr channel function may also be mediated by the
endogenous phospholipid phosphatidylinositol 4,5-biphosphate (PIP2) gener-
ated following G protein-mediated activation of phospholipase C (PLC) (Bian
et al. 2004).
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The net effect of isoproterenol is to increase IKr current in guinea pig
ventricular myocytes, an effect which could be inhibited by PKC inhibitor
bisindolylmaleimide (Kiehn 2000). In rabbit sinoatrial cells, isoproterenol also
increases IKr current, and this effect was inhibited by the PKA inhibitor H89
but not by bisindolylmaleimide (Lei et al. 2000). These results suggest that
the regulation of IKr may be species- and tissue-specific and may also depend
strongly on experimental conditions (Tamargo et al. 2004).

3.1.5.2
Modulation by Changes in Extracellular K+ Concentrations

In contrast tomostotherK+ currents, IKr amplitude increasesuponelevationof
extracellular K+ concentrations [K+]o despite a decrease in the driving force for
outward current (Tristani-Firouzi and Sanguinetti 2003; Tseng 2001). A com-
bination of mechanisms is thought to underlie this phenomenon. Elevation of
[K+]o reduces C-type inactivation by hindering the conformational changes in
the outer mouth region necessary for the inactivation process (Baukrowitz and
Yellen 1995; Wang et al. 1997; Yang et al. 1996). Since inactivation is the primary
limiting factor for outward IKr currents at depolarized voltages, this is probably
the most important mechanism by which elevating [K+]o increases outward
IKr current amplitudes (Tseng 2001). Secondly, elevating [K+]o increases the
single channel conductance of KCNH2 channels (Kiehn et al. 1996a; Zou et al.
1997). Finally, increasing [K+]o could relieve channel blockade by extracellular
Na+ ions (Numaguchi et al. 2000). The latter two mechanisms will lead to an
increase in both inward and outward K+ currents through IKr channels. These
mechanisms may explain why APD is reduced at higher [K+]o and lengthened
at lower [K+]o, and why QT prolongation may be more pronounced in patients
with hypokalemia. On the other hand, modest elevations of [K+]o using K+

supplements and spironolactone in patients given IKr blockers or with LTQ2
significantly shortens the Q-T interval and may prevent TdP (Etheridge et al.
2003). Moreover, it is thought that the antiarrhythmic actions of IKr blockers
can be reversed during ischemia, which is frequently accompanied by eleva-
tions of the [K+]o in the narrow intercellular spaces and by catecholamine
surges that occur with exercise or other activities associated with fast heart
rates (Nattel 2000).

3.1.5.3
Extracellular Acidosis

Extracellular acidification (elevating [H+]o), for example during myocardial
ischemia, induces a marked acceleration of IKr deactivation (Berube et al. 1999;
Jiang et al. 1999; Vereecke and Carmeliet 2000). Since this occurs without sig-
nificant changes in the current amplitude or the voltage-dependence of other
gating transitions, the underlying mechanism probably does not involve pore
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blockade or screening of negative surface changes by protons. The effect of
elevating [H+]o on IKr deactivation is reduced when the N-terminal domain
is removed (Jiang et al. 1999). This effect can also be prevented by pretreat-
ment of the KCNH2 channel with extracellular diethylpyrocarbonate (DEPC),
that can covalently modify the side chains of histidine and cysteine (Miles
1977). Together, these observations suggest that protonation of residues on the
KCNH2 channel surface can induce allosteric changes in the channel, poten-
tially destabilizing binding of the N-terminus to the activation gate at negative
voltages, and accelerating channel deactivation.

3.2
The Molecular Basis of the IKs Current

3.2.1
Topology of the IKs Channel

In guinea pig cardiomyocytes, long depolarizing pulses in the presence of
specific IKr blockers expose a large, slowly activating, outwardly rectifying
K+ current, IKs (Sanguinetti and Jurkiewicz 1990a,b). Initially, it was sug-
gested that this current was conducted by KCNE1 channels, since expression
of KCNE1 protein in Xenopus oocytes resulted in a current that resembled IKs
(Varnum et al. 1993). The KCNE1 gene was cloned from human cardiac tissue,
and encodes a protein containing 129–130 amino acids consisting of a single
transmembrane spanning domain (Folander et al. 1990; Murai et al. 1989).
Other studies, however, suggested that KCNE1 activated both endogenous K+

and Cl− currents in the Xenopus oocytes (Attali et al. 1993).
Following linkage analysis of patients with LQT1, the K+ channel gene

KCNQ1 (KvLQT1) was identified and cloned (Wang et al. 1996). The α-subunit
of IKs, KCNQ1, shares topological homology with other voltage-gated K+ chan-
nels in that its 676 amino acids consist of six transmembrane domains and
a pore-forming region (Wang et al. 1996). However, the expressed KCNQ1 cur-
rent displayed delayed rectifier characteristics unlike any previously identified
current in the heart. Co-expression of KCNQ1 with KCNQ1, however, fully re-
capitulated the kinetic features of the IKs current in cardiomyocytes (Barhanin
et al. 1996; Sanguinetti et al. 1996b): slower activation and deactivation kinet-
ics, a shift in the voltage-dependence of channel activation to more positive
potentials, and an increase of the macroscopic current amplitude. Thus, the
KCNE1 (minK) controversy was ended by the demonstration that KCNE1 acts
as a β-subunit that alters the intrinsic gating of KCNQ1.

The IKs current is believed to be generated by the co-assembly of four pore-
forming KCNQ1 and two accessory KCNE1 subunits (Chen et al. 2003; Wang
et al. 1998b), although the exact stoichiometry is not known. KCNE1 exhibits
a single transmembrane spanning domain; the N-terminus is extracellular and
the C-terminus intracellular. Controversial results have been reported regard-
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ing the sites of contact between the KCNQ1 and KCNE1 subunits. Although it
has been suggested that KCNE1 forms part of the ion-conducting pore in the
IKs channel complex (Tai and Goldstein 1998), it is difficult to reconcile the
idea that KCNE1 could be part of the pore itself in a typical voltage-gated K+

channel architecture of the selectivity filter (Doyle et al. 1998; Kurokawa et al.
2001b).

3.2.1.1
The IKs Channel Is a Macromolecular Signaling Complex

Marx et al. showed that the KCNQ1/KCNE1 channel forms a macromolecu-
lar signaling complex which allows for regulation of the IKs current by the
sympathetic nervous system (Marx et al. 2002). A leucine zipper (LZ) motif
in the C-terminus of KCNQ1 coordinates the binding of a targeting protein
yotiao, which in turn binds to and recruits PKA and PP1 to the channel. Upon
activation of the sympathetic nervous system, the signaling complex regulates
PKA phosphorylation of Ser27 in the N-terminus of KCNQ1 (Kurokawa et al.
2003). Disruption of the LZ domain of KCNQ1 and the mutation S27A pre-
vent cAMP-dependent upregulation of IKs, whereas in the absence of yotiao,
KCNQ1/KCNE1 currents are not increased by intracellular cAMP (Marx et al.
2002; see Fig. 3).

Artificialmutations suchas substitutionofAla residues for theLeu in thesec-
ond and third “d” positions within the KCNQ1 LZ motif abrogate its interaction
with yotiao without disturbing the α-helical structure of the motif. Similarly,
inherited mutations can disrupt LZs and uncouple signaling molecules from
their substrates. The naturally occurring G589D mutation at an “e” position in
the LZ motif of KCNQ1 disrupts targeting of yotiao to KCNQ1. This mutation
has been linked to LQT1 in Finnish families (Piippo et al. 2001). Moreover, the
KCNQ1–G589D mutation disrupts the LZ motif in the C-terminus of KCNQ1,
resulting in disruption of β-adrenergic-mediated regulation of the channel.
Thus, the G589D mutation causes a defect in the regulation of the channel
by preventing the assembly of the macromolecular complex that targets pro-
tein kinase A (PKA) and protein phosphatase 1 (PP1) to the C-terminus of
the IKs channel. Interestingly, carriers of this mutation suffer from abnormal
regulation of the Q-T interval during mental and physical stress (Paavonen
et al. 2001), and are at risk for arrhythmia and SCD during exercise (Piippo
et al. 2001).

3.2.1.2
KCNQ1 Splice Variants

The genomic structure of KCNQ1 reveals that at least six exons give rise
to alternatively spliced mature isoforms. An alternatively spliced variant of
KCNQ1 with a N-terminal deletion that produces a negative suppression of
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Fig. 3 Sympathetic regulation of IKs requires a macromolecular signaling complex. KCNQ1
and KCNE1 co-assemble to form the IKs channel. β-Adrenergic receptor stimulation results
in activation of protein kinase A (PKA), which is recruited to the channel C-terminus in
conjunction with protein phosphatase 1 (PP1) by yotiao [an A-kinase anchoring protein
(AKAP) scaffolding protein]. PKA phosphorylation of serine 27 ensues and IKs amplitude
is upregulated, allowing for rate-dependent adaptation of the action potential duration
(APD). Both KCNQ1 and KCNE1 are targets for pharmacological agents. Stilbene and
fenamate bind to the extracellular domain of KCNE1 and increase IKs (Abitbol et al. 1999).
Chromanol 293B and L7 interact with the S6 segment of KCNQ1 and reduce IKs (Seebohm
et al. 2003). (Adapted from Clancy et al. 2003)

KCNQ1 is preferentially expressed in M cells, which is consistent with the lower
IKs density in this region (Mohammad-Panah et al. 1999; see Sect. 2). The native
channel may represent a heterotetramer of KCNQ1 isoforms 1 and 2, together
with KCNE1 (Demolombe et al. 1998). Transgenic mice overexpressing the
spliced variant of KCNQ1 present abnormalities of SA and AV node function,
which suggests a role of KCNQ1 in normal automaticity (Demolombe et al.
2001).

3.2.2
Physiological Role of IKs in Cardiac Repolarization

The delayed rectifier K+ current IKs is a current that activates slowly and does
not inactivate. IKs is activated at potentials positive to −30 mV with a linear I–V
relationship, reaching half-maximum activation at +20 mV (Kurokawa et al.
2001a; Sanguinetti and Jurkiewicz 1990b). Thus, IKs is a major contributor to
repolarization of the cardiac action potential (Kass et al. 1996). Moreover, IKs is
a dominant determinant of the physiological heart rate-dependent shortening
of APD (Faber and Rudy 2000; Zeng et al. 1995). As heart rate increases, IKs
channels have less time to deactivate, resulting in an accumulation of open
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channels and faster depolarization due to the build-up of instantaneous IKs
repolarizing current at the AP onset (Faber and Rudy 2000). At slower rates,
less repolarizing current exists during each action potential due to sufficient
time between beats to allow for complete deactivation of IKs (Faber and Rudy
2000; Jurkiewicz and Sanguinetti 1993; Viswanathan et al. 1999). In canine
left ventricle, IKs density is higher in epicardial and endocardial cells com-
pared with the M cells (Liu and Antzelevitch 1995). The smaller IKs current
in M cells may explain in part the steeper APD heart rate dependence and
the greater tendency to display pronounced AP prolongation and afterdepo-
larization at slow heart rates or in response to QT-prolonging drugs (Liu and
Antzelevitch 1995).

3.2.3
Structural Basis of IKs Block

The IKs current is resistant to methanesulfonanilides, but selectively blocked
by the chromanol derivatives 293B and HMR 1556 (Busch et al. 1996; Gogelein
et al. 2000) and by the benzodiazepine derivatives L-735,821 and L-768,673
(Selnick et al. 1997; Varro et al. 2000), whereas it is activated by L-364,272
(Salata et al. 1998). The open channel block produced by chromanols is enan-
tioselective, (−)3R,4S-293B and (−)3R,4S-HMR 1556 being potent IKs blockers
(Yang et al. 2000).

Investigation into the structural determinants of IKs block has only begun
recently. Preliminary studies revealed a common site for binding of IKs block-
ers, including chromanol 293B and L-735,821 (L7), in the S6-domain (F340) of
the KCNQ1 subunit (Fig. 3). Other putative interaction sites in the S6-domain
(T312 and A344) and the pore-helix (I337) may lend specificity to pharmaco-
logical interactions (Seebohm et al. 2003). Interestingly, these binding sites are
located near an aqueous crevice in KCNQ1 that is thought to be important for
interactions with KCNE1 that allosterically affects pore geometry (Kurokawa
et al. 2001b; Tapper and George 2000, 2001). Drug interaction sites for chan-
nel agonists stilbene and fenamate have also been elucidated on extracellular
domains in KCNE1 (Abitbol et al. 1999; Fig. 3).

3.2.4
Electrophysiological Effects of IKs Block

Because IKs accumulates at faster stimulation rates due to slow deactivation,
IKs blockers might be expected to be more useful in prolonging APD at fast
rates (Jurkiewicz and Sanguinetti 1993; Viswanathan et al. 1999). Therefore,
it has been proposed that IKs blockade may have less proarrhythmic potency
compared to IKr blockers (Bosch et al. 1998). Because IKs activation occurs
at 0 mV, which is more positive than the action potential plateau voltage in
Purkinje fibers, IKs blockade is not expected to prolong the APD in these cells
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(Tamargo et al. 2004). Conversely, in ventricular myocytes, the plateau voltage
is more positive (+20 mV), allowing IKs to be substantially more activated, so
that IKs block would be expected to prolong the APD markedly. The net result
of both effects would be less drug-induced dispersion in repolarization and
a reduced risk of arrhythmogenesis (Varro et al. 2000).

IKs blockers prolong the APD and suppress ventricular arrhythmias in ani-
mals with acute myocardial infarction and exercise superimposed on a healed
myocardial infarction (MI) (Busch et al. 1996; Gogelein et al. 2000). This QT
prolongation occurs in a dose-dependent manner, and can be accentuated by
β-adrenergic stimulation (Shimizu and Antzelevitch 1998). In arterially per-
fused canine left ventricular wedge preparations, chromanol 293B prolongs
the APD but does not induce TdP arrhythmias. However, in the presence
of chromanol 293B, isoproterenol abbreviated the APD of epicardial and en-
docardial myocytes, but not in M cells, accentuating transmural dispersion
of repolarization and inducing TdP (Shimizu and Antzelevitch 1998). These
studies in canine preparations, however, may not be representative for hu-
mans, since canine repolarization appears to be less dependent upon IKs than
other species (Mazhari et al. 2001; Stengl et al. 2003), and chromanol 293B
was shown to markedly prolong human and guinea pig APD (Bosch et al.
1998). Furthermore, under normal conditions chromanol 293B and L-7 min-
imally prolong the APD regardless of pacing frequency in dog ventricular
muscles and Purkinje fibers, probably because other K+ currents may pro-
vide sufficient repolarizing reserve (Roden 1998). However, when the repo-
larizing reserve is decreased by QT-prolonging drugs (IKr or IK1 blockers),
remodeling (hypertrophy, heart failure), or inherited disorders, IKs blockade
can produce a marked prolongation of the ventricular APD, an enhanced
dispersion of repolarization, and TdP arrhythmias (Shimizu and Antzele-
vitch 1998)

The presence of KCNE1 modulates the effects of IKs blockers and agonists
(Busch et al. 1997; Wang et al. 2000a). KCNE1 is itself a distinct receptor for
the IKs agonists stilbene and fenamate (Busch et al. 1997), which bind to an
extracellular domain on KCNE1. Stilbene and fenamate and have been shown
to be useful in reversing dominant-negative effects of some LQT5 C-terminal
mutations and restoring IKs channel function (Abitbol et al. 1999). On the
other hand, a 1,4-benzodiazepine compound, L364,373 was an effective ago-
nistic on KCNQ1 currents only in the absence of KCNE1 (Salata et al. 1998).
These types of studies illustrate the importance of accessory subunits in de-
termining the pharmacological properties of IKs. Variable subunit expression
may determine tissue selectivity or electrical heterogeneity of pharmacolog-
ical action that could exacerbate dispersion of repolarization (Viswanathan
et al. 1999). Finally, recent evidence suggests that PKA phosphorylation of the
KCNQ1 subunit directly modulates drug access to a binding site on the channel
(Yang et al. 2003).
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3.2.5
Regulation of IKs

The IKs current is enhanced by β-adrenergic stimulation (Walsh and Kass
1988), α-adrenergic stimulation, PKC phosphorylation, or a rise in [Ca2+]i
(Tohse et al. 1987). Activation of β-adrenergic receptors increases PKA activity,
which increases IKs current density and produces a rate-dependent shortening
of the APD resulting from the slow deactivation of IKs (see Sect. 3.2.2). IKs
amplitude is also directly mediated by β-adrenergic receptor (β-AR) stimula-
tion through PKA phosphorylation of the channel macromolecular complex
(Marx et al. 2002). PKA phosphorylation of IKs considerably increases current
amplitude, by increasing the rate of channel activation (C→O transition) and
reducing the rate of channel deactivation (O→C transition; Walsh and Kass
1991). Each of these outcomes acts to increase the channel open probability,
leading to increased current amplitude and faster cardiac repolarization.

Lowering [K+]o and [Ca2+]o also increases IKs current (Tristani-Firouzi and
Sanguinetti 2003). On the other hand, endothelin-1, a myocardial and endothe-
lial peptide hormone, inhibits the IKs current, presumably through inhibition
of adenylate cyclase via a PTX-sensitive G protein (Washizuka et al. 1997), and
results in APD prolongation. Since both β-AR signaling and endothelin-A re-
ceptor signaling result in PKA phosphorylation, the molecular mechanisms of
phosphorylation and dephosphorylation of IKs are of major interest as poten-
tial therapeutic targets (Fig. 3).

4
Potassium Channels Dysfunction in Cardiac Disease

4.1
Congenital Long QT Syndrome

The best-known evidence supporting the idea that potassium channel dysfunc-
tion can lead to SCD has come from the linkage of mutations in genes encoding
cardiac K+ channels to LQTS (Keating and Sanguinetti 2001). Mutations in at
least five K+ channels (i.e., KCNQ1, KCNH2, KCNE1, KCNE2, and KCNJ2) result
in increased propensity to ventricular tachycardias and SCD (Wehrens et al.
2002). Most of the mutations identified in these K+ channel α- and β-subunits
are missense mutations, resulting in pathogenic single amino acid residue
changes. The functional consequence of LQTS-linked K+ channel mutations is
a net reduction in outward K+ current during the delicate plateau phase of the
action potential, which disrupts the balance of inward and outward current
leading to delayed repolarization. Prolongation of the APD manifests clinically
as a prolongation of the Q-T interval on the electrocardiogram.

LQTS-associated mutations in KCNH2 have been shown to have heteroge-
neous cellular phenotypes. Pore mutations may result in a loss of function,
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sometimes due to trafficking defects (Petrecca et al. 1999), and may or may not
co-assemble with wildtype subunits to exert dominant negative effects (San-
guinetti et al. 1996a). Other pore mutants give rise to altered kinetics leading to
decreased repolarization current (Ficker et al. 1998; Smith et al. 1996). Nearby
mutations in the S4–S5 linker have been shown to variably affect activation
(Sanguinetti and Xu 1999). In either case, currents are typically reduced by 50%
or more, leading to prolonged action potentials predisposing to arrhythmias.

Mutations in either KCNQ1 or KCNE1 can reduce IKs amplitude, resulting
in abnormal cardiac phenotypes and the development of lethal arrhythmias
(Splawski et al. 2000). In general, mutations in KCNQ1 or KCNE1 act to reduce
IKs through dominant-negative effects (Chen et al. 1999; Chouabe et al. 1997,
2000; Roden et al. 1996; Russell et al. 1996; Wang et al. 1996; Wollnik et al. 1997),
reduced responsiveness to β-AR signaling (Marx et al. 2002), or alterations in
channel gating (Bianchi et al. 1999; Franqueza et al. 1999; Splawski et al. 1997).
The latter effects typically manifest as either reduction in the rate of chan-
nel activation, such as R539W KCNQ1 (Chouabe et al. 2000), R555C KCNQ1
(Chouabe et al. 1997), or an increased rate of channel deactivation includ-
ing S74L (Splawski et al. 1997), V47F, W87R (Bianchi et al. 1999), and W248R
KCNQ1 (Franqueza et al. 1999). An LQTS-associated KCNQ1 C-terminal muta-
tion, G589D, disrupts the leucine zipper motif and prevents cAMP-dependent
regulation of IKs (Marx et al. 2002). The reduction of sensitivity to sympathetic
activity likely prevents appropriate shortening of the action potential duration
in response to increases in heart rate. Despite their distinct origins, congenital
and drug-induced forms of ECG abnormalities related to alterations in IKs
are remarkably similar. In either case, reduction in IKs results in prolongation
of the Q-T interval on the ECG without an accompanying broadening of the
T wave, as observed in other forms of LQTSs (Gima and Rudy 2002). Reduced
IKs leads to loss of rate-dependent adaptation in APD, which is consistent with
the clinical manifestation of arrhythmias associated with LQT1 and LQT5,
which tend to occur due to sudden increases in heart rate.

4.2
Congenital Short QT Syndrome

Recent studies suggests that mutations in the same genes that cause delayed
repolarization may results in a converse disorder, the “short QT syndrome”
(SQTS) which is also believed to enhance SCD risk (Brugada et al. 2004). SQTS
is a new clinical entity originally described as an inherited syndrome (Gussak
et al. 2000). A missense mutation in KCNH2 (N588K), linked to families with
SQTS (Brugada et al. 2004), abolishes rectification of IKr and reduces the
affinity of the channel for class III antiarrhythmic drugs. The net effect of
the mutation is to increase the repolarizing currents active during the early
phase of the AP, leading to abbreviation of the AP and thus shortening of
the Q-T interval (Brugada et al. 2004). Recent data suggest that this disorder
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may be genetically heterogeneous, since a mutation in the KCNQ1 gene was
found in a patient with SQTS (Bellocq et al. 2004). Functional studies of the
KCNQ1-V307Lmutant linked toSQTS (aloneor co-expressedwith thewildtype
channel, in the presence of KCNE1) revealed a pronounced shift of the half-
activation potential and an acceleration of the activation kinetics, leading to
a gain of function in IKs (Bellocq et al. 2004). Preliminary data suggest that
quinidine may effectively prolong the Q-T interval and ventricular effective
refractory period (ERP) in patients with SQTS, thereby preventing ventricular
arrhythmias. This is particularly important because SQTS patients are at risk
of sudden death from birth, and implantable cardioverter/defibrillator (ICD)
implantation is not feasible in very young children (Gaita et al. 2004).

4.3
Polymorphisms in K+ Channels Predispose to Acquired Long QT Syndrome

In addition to rare mutations linked to congenital LQTS, common polymor-
phisms also exist in genes encoding cardiac K+ channels. Common polymor-
phisms have been defined as nucleotide substitutions found in both control
and patient populations, usually at a frequency of ∼1% or greater (Yang et al.
2002). When viewed in the context of pathological mutations, the presence of
common non-synonymous single nucleotide polymorphisms (nSNPs) in ap-
parently healthy populations suggests that they are well tolerated and likely to
have wildtype-like physiology. However, the identification of common nSNPs
in the KCNE2 K+ channel β-subunit that alter channel physiology and drug
sensitivity has challenged this point of view (Sesti et al. 2000). Indeed, these
particular nSNPs have a functional phenotype in vitro and may mediate genetic
susceptibility to fatal ventricular arrhythmias in the setting of acute myocar-
dial infarction or exposure to QT-prolonging medications. Four nSNPs have
been found within the KCNH2 gene (Anson et al. 2004; Laitinen et al. 2000;
Larsen et al. 2001; Yang et al. 2002). The most common nSNP identified to
date, KCNH2-K897T, has been associated with altered channel biophysics and
Q-T interval prolongation, although results vary between investigative groups
(Bezzina et al. 2003; Laitinen et al. 2000; Paavonen et al. 2003; Scherer et al.
2002). In contrast to the KCNE2 polymorphism T8A (Sesti et al. 2000), these
KCNH2 α-subunit polymorphisms do not convey increased sensitivity to drug
block. Nevertheless, testing for ion channel polymorphisms could be used to
reduce the risk of drug-induced arrhythmia and improve the risk stratification
of common cardiac diseases that predispose to SCD.

4.4
Altered IK Function in the Chronically Diseased Heart

Whereas inherited arrhythmogenic syndromes caused by K+ channel muta-
tions are rare disorders, changes in ion channel expression or function lead-
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ing to prolongation of the APD are commonly observed in various disease
states of the heart (Tomaselli and Marban 1999). Altered electrophysiological
properties of diseased cardiomyocytes may provide a substrate for contractile
dysfunction or fatal arrhythmias in patients with cardiac hypertrophy or heart
failure (Tomaselli and Marban 1999; Wehrens and Marks 2003). It has also
been established that repolarizing K+ currents are reduced in human atrial
and ventricular myocytes in a variety of pathological states (for more detailed
review, see Tomaselli and Marban 1999). It is therefore important to consider
these changes in K+ channel function when designing therapeutic strategies
for these pathological conditions of the heart.

4.4.1
Cardiac Hypertrophy

Cardiac hypertrophy secondary to hypertension is associated with a sixfold
increase in the risk of SCD. It has been proposed that delayed ventricular
repolarization due to electrical remodeling in the hypertrophied heart may
predispose to acquired LQTS and TdP arrhythmias (Volders et al. 1999b). In
a canine model of biventricular hypertrophy induced by chronic complete
atrioventricular block, the IKs and IKr current densities were reduced in right
ventricular myocytes (Volders et al. 1999b). However, IKr was not affected
in myocytes from the left ventricular wall, indicating regional variation in
IKr changes in the hypertrophied canine heart (Volders et al. 1999b). Studies
using quantitative RT-PCR have demonstrated that the decrease in IKs current
density is due to a downregulation of KCNQ1 and KCNE1 transcription. Similar
reductions in current density of delayed rectifier currents have been observed
in isolated myocytes from hypertrophied right and left ventricles of the cat
and rabbit (Furukawa et al. 1994; Kleiman and Houser 1989; Tsuji et al. 2002).

4.4.2
Heart Failure

Usually, somedegreeofhypertrophy ispresentduring thedevelopmentofheart
failure, often due to pressure or volume overload. Furthermore, the presence of
compensatoryhypertrophy in thenon-infarctedmyocardiumin ischemicheart
failure suggests similarities between electrophysiological changes in cardiac
hypertrophy and failure (Nabauer and Kaab 1998). Prolongation of the action
potential has been a consistent finding in animals with heart failure in a va-
riety of experimental models and species. Depending on the species studied,
different K+ channels may be involved in similar phenotypic prolongation of
the AP in heart failure (Nabauer and Kaab 1998; Tomaselli and Marban 1999).

Evidence for downregulation of cardiac potassium currents in heart failure
has been derived from various animal models of heart failure (Pak et al.
1997; Rozanski et al. 1997) and from terminally failing human myocardium
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studied at the time of heart transplantation (Beuckelmann et al. 1993). There
are, however, few studies on the delayed rectifier K+ current in heart failure.
Chen et al. (2002b) reported that it was hardly detectable in cardiomyopathic
hamsters, and if detectable, it was small in both diseased and normal human
myocytes. In a canine model of heart failure, IKs was found to be decreased,
while IKr remained unchanged (Li et al. 2002). In a pacing-induced heart
failure model of the rabbit, both IKr and IKs were reduced when measurements
were made at physiological temperature (Tsuji et al. 2000). In addition to
its potential contribution to primary ventricular tachyarrhythmias in heart
failure, the decreased delayed rectifier currents in heart failure may sensitize
patients to proarrhythmic effects of antiarrhythmic drugs. In fact, the presence
of heart failure is known to be an important risk factor for drug-induced TdP
(Lehmann et al. 1996).

Whereas additional studies are required to investigate the contribution of
delayed rectifier currents toprolonged repolarization inheart failure, oneof the
most consistent changes in ionic currents in the failing heart is a significant
reduction of the transient outward current (Ito) (Beuckelmann et al. 1993).
Reduction of Ito is the most marked effect in myocytes from patients with
severe heart failure and dogs with the pacing-induced heart failure model
(Beuckelmann et al. 1993; Kaab et al. 1996). A remarkably good correlation
has been found between the extent of reduction of Ito and reduction in mRNA
transcripts encoding KCND3 (Kv4.3) in human heart failure (Kaab et al. 1998).
For a more detailed review about changes in Ito in heart failure, and other K+

currents not discussed in this chapter, please see Janse (2004) and Nabauer and
Kaab (1998).

5
Drug-Induced Ventricular Arrhythmias

Supraventricular tachyarrhythmias are often treated with class III anti-ar-
rhythmic drugs (Vaughan Williams 1984). These K+ channel blockers act by
increasing the action potential duration and the effective refractory period
in order to prevent premature re-excitation (Coumel et al. 1978). While these
interventions canbeuseful in targeting tachyarrhythmias, theymaypredispose
some patients to the development of other types of arrhythmia (Priori 2000).
It has become apparent that drug-induced IKr block and QT prolongation are
the likely molecular targets responsible for the cardiac toxicity of a wide range
of pharmaceutical agents (Roden 2000; Sanguinetti and Jurkiewicz 1990b).

More than 50 commercially available agents (see www.torsades.org) or in-
vestigational drugs, often for the purpose of treating syndromes unrelated to
cardiac disease, have been implicated with the drug-induced LQTS (Clancy
et al. 2003). A number of these drugs have been withdrawn from the market in
recent years (e.g., prenylamine, terodiline, and in some countries, terfenadine,
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astemizole, and cisapride) because their risk for triggering lethal arrhythmias
was believed to outweigh therapeutic benefits (Walker et al. 1999). A number
of histamine receptor-blocking drugs, including astemizole and terfenadine
and more recently loratadine, have been shown to block IKr as an adverse side
effect and prolong the Q-T interval of the electrocardiogram (Crumb 2000).
Cisapride (Propulsid), a widely used gastrointestinal prokinetic agent in the
treatment of gastroesophageal reflux disease and gastroparesis, also blocks
KCNH2 K+ channels and is associated with acquired LQTS and ventricular
arrhythmias (Wysowski and Bacsanyi 1996). Cisapride produces a preferen-
tial prolongation of the APD of M cells, leading to the development of a large
dispersion of APD between the M cell and epi/endocardium (Di Diego et al.
2003; Fig. 4). Changes in the morphology of the T wave were observed in more
than 85% of patients treated for psychosis when the plasma concentration of
the anti-psychotic drug thioridazine was greater than 1 µM (Axelsson and As-
penstrom 1982) due to blockade of IKr (IC50, 1.25 µM) and IKs (IC50, 14 µM).
Since inadvertent side effects of drugs on cardiac K+ channels are plentiful,
the issue of Q-T interval prolongation has also become a major concern in the
development of new pharmacological therapies (Shah 2004).

It is important to consider that in the majority of patients, drugs that block
repolarizing currents may not produce an overt baseline Q-T interval prolon-
gation, due to “repolarization reserve” (Roden 1998). However, a subclinical
vulnerability stemming from genetic defects or polymorphisms, gender, hy-
pokalemia, concurrent use of other medications, or structural heart abnormal-

Fig. 4a,b Drug-induced prolongation of the Q-T interval and increased dispersion of re-
polarization. Each panel shows action potentials recorded from epicardial (Epi), M region
(M), and endocardial (Endo) sites (top), and a transmural electrogram simulating an ECG
(bottom). The traces were simultaneously recorded from an isolated arterially perfused
canine wedge under control condition (a) and in the presence of the IKr blocker d,l-sotalol
(100 mM, 30 min; b). Sotalol produced a preferential prolongation of the M cell action
potential leading to the appearance of a long Q-T interval in the electrogram and the devel-
opment of a large transmural dispersion of repolarization. (Reproduced with permission
from Haverkamp et al. 2000)
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ities may provide a substrate allowing for the initiation of arrhythmic triggers
(De Ponti et al. 2002; Ebert et al. 1998). Many such arrhythmic events are heart
rate-dependent and may be linked to sudden changes in heart rate due to ex-
ercise or auditory stimulation that may trigger life-threatening arrhythmias
(Splawski et al. 2000).On theotherhand,not all drugs that significantlyprolong
the Q-T interval are associated with arrhythmias. Amiodarone clearly prolongs
the Q-T interval but rarely causes TdP arrhythmias (Zabel et al. 1997), although
it may in the presence of polymorphisms in cardiac ion channels (Splawski
et al. 2002). These findings have led to the belief that Q-T interval prolongation
may not be an ideal predictor of proarrhythmia, and other parameters such
as the Q-T interval dispersion, T wave vector loop, and T-U wave morphology
analysis are currently being evaluated as screening tools in drug development
(Anderson et al. 2002).

Recent experimental studies by Hondeghem et al. (2001a,b) have also sug-
gested that prolongation of the APD is not inherently proarrhythmic. The
cardiac electrophysiological effects of drugs known to block IKr were studied
in rabbit Langendorff-perfused hearts. Beat-to-beat variability of APD, reverse
frequency dependence of AP prolongation, and triangulation of AP repolariza-
tion were found to correlate with the induction of polymorphic VT. In contrast,
agents that prolonged APD without instability (i.e., APD alternans) were an-
tiarrhythmic. These data suggest that block of IKr may not be proarrhythmic
per se, but that the specific mechanism of ion channel modulation and effects
on other channels are critical.

6
Concluding Remarks

Cardiac K+ channels play an important role in repolarization of the action
potential, and have been recognized as potential therapeutic targets. The func-
tion and expression of K+ channels differ widely in the different regions of
the heart and are influenced by heart rate, neurohumoral state, cardiovascular
diseases (cardiac hypertrophy, heart failure), and inherited disorders (short
and long QT syndromes). Given the diversity of α- and β-subunits and splice
variants that underlie the various K+ channels in the heart, the precise role
that each K+ channel gene product plays in the regional heterogeneity of native
currents or in the cellular pathophysiology in the human heart remains to be
further investigated. The rational design of safer and more effective K+ chan-
nel blockers, and attempts to prevent the proarrhythmic effects linked to the
blockade of cardiac K+ channels should be based on a better understanding of
the molecular basis of the target channel, its cardiac distribution and function,
and the type of drug–channel interaction.
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Abstract In search of better antiarrhythmic therapy, targeting the Na/Ca exchanger is an
option to be explored. The rationale is that increased activity of the Na/Ca exchanger has
been implicated in arrhythmogenesis in a number of conditions. The evidence is strong
for triggered arrhythmias related to Ca2+ overload, due to increased Na+ load or during
adrenergic stimulation; the Na/Ca exchanger may be important in triggered arrhythmias
in heart failure and in atrial fibrillation. There is also evidence for a less direct role of the
Na/Ca exchanger in contributing to remodelling processes. In this chapter, we review this
evidence and discuss the consequences of inhibition of Na/Ca exchange in the perspective
of its physiological role in Ca2+ homeostasis. We summarize the current data on the use
of available blockers of Na/Ca exchange and propose a framework for further study and
development of such drugs. Very selective agents have great potential as tools for further
study of the role the Na/Ca exchanger plays in arrhythmogenesis. For therapy, they may
have their specific indications, but they carry the risk of increasing Ca2+ load of the cell.
Agents with a broader action that includes Ca2+ channel block may have advantages in other
conditions, e.g. with Ca2+ overload. Additional actions such as block of K+ channels, which
may be unwanted in e.g. heart failure, may be used to advantage as well.

Keywords Heart failure · Sodium/calcium exchange · Sarcoplasmic reticulum ·
Afterdepolarizations · Arrhythmias

1
Introduction

Sudden, presumed to be arrhythmic, death is a major cause of mortality (Zipes
and Wellens 1998). It occurs in a variety of cardiac disease, from congenital
ion channel mutations without structural heart disease to the complex setting
of ischaemic cardiomyopathy. In this wide variety, several mechanisms can
initiate and maintain atrial and ventricular arrhythmias. The goal has been to
identify and tailor therapy toward the specific mechanisms involved (Members
of the Sicilian Gambit 2001). For this purpose, agents that block or modulate
specific ion channels have been developed. A particular example is drugs that
block with high affinity a subset of K+ channels in the atria (Nattel et al. 1999;
Varro et al. 2004). The goal is to prolong the atrial action potential without
affecting the ventricular action potential, and prolong the atrial refractory pe-
riod to prevent atrial fibrillation. In the setting of ischaemic cardiomyopathy
and heart failure, mortality due to arrhythmias is high and the search for effi-
cient antiarrhythmic drugs has been particularly frustrating. Current practice
advocates implantation of an implantable cardioverter defibrillator (ICD), an
efficient approach but expensive, which also impacts on quality of life (Ep-



Sodium Calcium Exchange as a Target for Antiarrhythmic Therapy 161

stein 2004). This invasive approach developed in the face of disappointments
with currently available medical therapy. Class I antiarrhythmics have been
associated with increased mortality, and the negative outcome of the CAST
studies has had a profound impact on further studies (The CAST Investigators
1989; The CAST II Investigators 1992; Myerburg et al. 1998). In heart failure,
pure K+ channel blockers prolonging the action potential are unlikely to be
an option, given that the action potential is already prolonged and repolar-
ization disturbed. Indeed, d-sotalol was associated with a higher mortality
in the SWORD study (Waldo et al. 1996). The multi-action drug amiodarone
has no negative effects but appears to be less efficient than an ICD (Bokhari
et al. 2004). The most efficient medical therapy associated with a reduction of
sudden death seems to be β-blockade, but the larger studies were not set up to
test specifically for the antiarrhythmic effect (Kendall 2000).

In search of better antiarrhythmic therapy, targeting the Na/Ca exchanger
is an option to be explored. The rationale is that in heart failure, in particular
in ischaemic cardiomyopathy, triggered arrhythmias are most common and
increased activity of the Na/Ca exchanger is causally involved (Pogwizd 2003).
This approach is clearly distinct from earlier ion channel blockers as it would
target directly what is thought to be the culprit in arrhythmia initiation.

The Na/Ca exchanger is an ion transporter, exchanging three Na+ for one
Ca2+ ion, and the generated ionic current can be inward or outward as the
electrochemical driving force changes during the cardiac cycle. The Na/Ca
exchange (NCX) current will thus alternately have a repolarizing as well as de-
polarizing effect, and its contribution to the action potential profile is complex;
it also contributes prominently to abnormal depolarizations occurring after
the action potential. Reducing or increasing NCX not only influences electrical
activity but also directly affects Ca2+ handling and therefore contractility. This
is another particular property that sets the Na/Ca exchanger apart as a target
for antiarrhythmic therapy and it may even be the prime reason for choosing
it. These dual effects on electrical activity and Ca2+ handling should always
be considered. In this chapter, we will review the properties of the Na/Ca ex-
changer and consequent effects on electrical activity, the expected effects of
NCX blockers and the current experience with such agents.

2
The Na/Ca Exchanger, Major Regulator of Ca2+ Balance in the Cardiac Cell

TheNa/Caexchanger is aCa2+ andNa+ transportprotein found inmost tissues,
but it is particularly abundant in cardiac muscle where the dominant isoform
expressed is NCX1. The molecular properties have been explored in detail,
following the cloning of the cardiac exchanger (reviewed in Blaustein and Led-
erer 1999). An important characteristic of the transporter is its stoichiometry.
Initially established at 3 Na+:1 Ca2+ (Ehara et al. 1989), it was more recently re-
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ported to be closer to 4 Na+:1 Ca2+ and variable (Fujioka et al. 2000). Kang et al.
could subsequently demonstrate that in addition to the major 3 Na+:1 Ca2+

mode, Na+-only and Na+/Ca2+ co-transport modes exist which can explain the
earlier discrepancy, setting the overall stoichiometry at 3.2 Na+:1 Ca2+ (Kang
and Hilgemann 2004). Given this asymmetrical charge transport, the Na/Ca
exchanger is electrogenic, with, for most conditions, one charge moved for
one exchange cycle. The driving force for this ionic current, and thus for Ca2+

and Na+ transport, is the electrochemical gradient, the difference between the
membrane potential, Em, and the reversal potential, ENCX, determined by the
concentrations of Ca2+ and Na+. The effect of changes in ion concentrations is
illustrated in Fig. 1. Panel a illustrates the situation of a resting, unstimulated

Fig. 1a,b Calculated current–voltage relations for the Na/Ca exchanger, based on the relation
INCX=k([Na+]i

3 [Ca2+]oe(rEmF/RT)−[Na+]o
3 [Ca2+]i e((1−r)EmF/RT)). a For a cell at rest, with

[Ca2+]i 50 nM, [Na+]i 5 mM, and [Na+]o 130 mM, [Ca2+]o 1.8 mM. Inward current corre-
sponds to Ca2+ removal or forward mode, outward current to Ca2+ influx or reverse mode.
b During stimulation [Na+]i rises to 15 mM and [Ca2+]i in diastole to 100 nM and Na/Ca
exchange current is illustrated by the upper curve. With Ca2+ release from the sarcoplasmic
reticulum, [Ca2+]i rises to a few micromolar corresponding to the lower curve
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cell. With an increase in [Na+]i to 15 nM, the curve of the cell at rest would
be as indicated in panel b. Typically during a single cardiac cycle, Em changes
quickly during the action potential, but rapid changes in [Ca2+]i will also af-
fect ENCX, resulting in the lower curve of Fig. 1b. The predicted NCX Ca2+ flux
during an action potential is an initial Ca2+ influx with outward current, due to
the strong depolarization at initially low [Ca2+]i, followed by Ca2+ efflux and
inward current with the increase in [Ca2+]i that shifts the reversal potential to
more positive values. This dual transport by the exchanger is incorporated in
most models of the cardiac action potential, illustrated by an example of a sim-
ulation in the Oxsoft Heart model (Janvier and Boyett 1996; Fig. 2). Although
this sequence of events is generally accepted, there is uncertainty regarding the
magnitude and duration of the Ca2+ influx/outward current and the resultant
effect on the action potential time course, as discussed in Sect. 3.

For the purpose of the current discussion we review in more detail some
relevant features of NCX regulation, namely its role in Ca2+ removal and
regulation by [Ca2+]i, its regulation by [Na+]i and we examine the alternative
pathways for Ca2+ removal if NCX were inhibited.

Fig. 2a–c Theoretical modelling of the Na/Ca exchange current during the action potential
in a guinea-pig ventricular myocyte. a Superimposed on the action potential, the changes in
reversal potential, ENCX (dashed line), which are related to the increase in [Ca2+]i, illustrated
in c. b The calculated Na/Ca exchange current. (Reproduced from Janvier et al. 1996)
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2.1
Ca2+ Removal and Regulation by [Ca2+]i

The process of excitation-contraction coupling is schematically illustrated in
Fig. 3 (reviewed in Bers 2002; Trafford and Eisner 2002). During each car-
diac cycle, a certain amount of Ca2+ enters the cell through voltage-activated
Ca2+ channels, with a small additional amount entering through the Na/Ca
exchanger, depending on the [Na+]i. This Ca2+ acts as a trigger to activate
the Ca2+ channel in the sarcoplasmic reticulum (SR), the ryanodine receptor
(RyR), and more Ca2+ is released from the SR, this being the major source for
Ca2+ to activate the myofilaments. As Ca2+ channels inactivate and RyRs close,
Ca2+ is removed from the cytosol by re-uptake into the SR by the ATP-driven

Fig. 3 Schematic of excitation–contraction coupling. During the action potential Ca2+ enters
the cell through voltage-activated Ca2+ channels, with a small additional amount entering
through the Na/Ca exchanger, depending on the [Na+]i. This Ca2+ acts as trigger to activate
the Ca2+ channel in the sarcoplasmic reticulum (SR), the ryanodine receptor (RyR), and
more Ca2+ is released from the SR (CICR), this being the major source for Ca2+ to activate
the myofilaments. As Ca2+ channels inactivate and RyRs close, Ca2+ is removed from the
cytosol by re-uptake into the SR by the ATP-driven Ca2+ pump (SERCA), and by efflux
through the Na/Ca exchanger. Some Ca2+ is removed by an ATP-driven Ca2+ pump in the
sarcolemma, PMCA. The mitochondria can also participate in the Ca2+ flux (see text and
Fig. 5)
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Ca2+ pump (SERCA), and by efflux through the Na/Ca exchanger. To main-
tain a steady state, the same amount of Ca2+ that entered via Ca2+ channels
and via reverse NCX has to be removed from the myocyte within the same
cardiac cycle.

Fig.4a,b Ca overload with NCX inhibition. a Spontaneous [Ca2+]i oscillations in a guinea-pig
ventricular myocyte when repeatedly stimulated after removing Na from the solution (both
intracellular and extracellular solution, whole-cell patch clamp). The top panel illustrates the
experimental protocol.b Left panel: Caffeine-induced release of Ca2+ from the SR induces an
inward Na/Ca exchange current. Right panel: This current is absent when a similar caffeine
application is done in the absence of extracellular Na, and the decline of [Ca2+]i is virtually
abolished on this time scale, until removal of caffeine. (Reproduced from Sipido et al. 1995)
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Most evidence indicates that the Na/Ca exchanger is the major extrusion
pathway for maintaining this beat-to-beat balance (Bridge et al. 1990; Trafford
et al. 2002). Experimentally, inhibition of Ca2+ removal by NCX (by removing
Na+ from the extracellular fluid) leads to rapid Ca2+ accumulation and spon-
taneous Ca2+ release (Fig. 4a) unless Ca2+ influx is severely reduced. Sudden
increases in [Ca2+]i, as could occur during Ca2+ overload (see Sect. 3.2.1), will
induce a rapid shift in ENCX, inducing an inward current and Ca2+ removal.
The importance of NCX in Ca2+ removal can be demonstrated experimen-
tally by the time course of [Ca2+]i decline following a caffeine-induced Ca2+

release from the SR (Fig. 4b). In control conditions, [Ca2+]i declines rapidly
accompanied by an inward current, whereas when NCX is blocked, the decline
slows down several-fold. Note that in this particular example in a guinea-pig
ventricular myocyte, there is no inward current in the absence of NCX. The
previous examples illustrate the immediate ‘activation’ of the NCX current
following an increase in [Ca2+]i. There are two important additional aspects
to this regulation. The first issue is that transport by the Na/Ca exchanger is
dictated by [Ca2+] near the Ca2+ binding sites. This concentration may devi-
ate substantially from what is measured experimentally by cytosolic [Ca2+]i
indicators, in particular with the large fluxes during Ca2+ release from the SR.
The restricted space where such deviations from the global cytosolic concen-
trations can occur has been named the ‘fuzzy’ space (Lederer et al. 1990). This
fuzzy space is thought to be the area beneath the sarcolemma in the vicinity of
the SR Ca2+ release channels, the junctional space. During Ca2+ release from
the SR, [Ca2+] in this area is several-fold higher than in the bulk cytosol, and
the inward NCX current is much larger than predicted from the global [Ca2+]i
(Lipp et al. 1990; Trafford et al. 1995; Weber et al. 2002). The second issue is
that [Ca2+]i has an allosteric regulatory effect, with a slow increase in current
density with maintained elevation of [Ca2+]i (Weber et al. 2001). These aspects
are important for understanding the direction of the NCX current during the
action potential.

2.2
[Na+]i as a Regulator of Na/Ca Exchange Function

During a single cardiac cycle, transient increases in [Na+]i due to Na+ influx
with the upstroke of the action potential could also influence the direction
of the NCX current (Leblanc and Hume 1990). Computation of the expected
changes in [Na+]i due to the Na+ current indicates that this influx could only
have a substantial effect if it occurred in a restricted space (Lederer et al.
1990). Several experiments have attempted to measure the local [Na+] in this
subsarcolemmal space, but the evidence for a high local [Na+] related to the
Na+ current remains equivocal (reviewed in Verdonck et al. 2004). On a longer
term basis, on the other hand, there is ample evidence that an increase in
cytosolic [Na+] shifts ENCX to more negative values and induces net Ca2+
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gain (see e.g. Eisner et al. 1984; Harrison et al. 1992; Mubagwa et al. 1997). This
results in a higher SR Ca2+ content and higher availability for release. Increased
Ca2+ entry via the Na/Ca exchanger during depolarization could also provide
additional Ca2+ for activation of the ryanodine receptor to trigger Ca2+ release
from the SR. Indeed, with high [Na+]i, reverse mode NCX can by itself induce
Ca2+ release from the SR, albeit with lower efficiency than L-type Ca2+ current,
ICaL (Levi et al. 1994; Sham et al. 1995; Sipido et al. 1997). Most likely release is
triggered primarily by ICaL, and modulated by Ca2+ entry or removal through
NCX (Goldhaber et al. 1999; Litwin et al. 1998; Su et al. 2001).

2.3
Can Other Mechanisms Replace NCX in Ca2+ Extrusion?

It has long been known that another pathway, in addition to NCX, exists to
remove Ca2+ from cardiac cells. This plasma membrane Ca-ATPase (referred
to as PMCA) is found in essentially all cells in the body. It uses the energy
provided by hydrolysis of ATP to expel Ca2+ ions from the cell. It is generally
thought to transport protons into the cell, and the stoichiometry may be 2 H+

per Ca2+, thus making the Ca-ATPase electroneutral (Schwiening et al. 1993),
although this point is controversial (Salvador et al. 1998). The PMCA exists in
four isoforms which differ in their tissue distribution (Strehler and Zacharias
2001). One problem with studying the PMCA is that there are no specific
inhibitors for it. Eosin and its derivatives such as carboxyeosin have been used
(Gatto and Milanik 1993; Bassani et al. 1995; Choi and Eisner 1999a).

Most early work on the PMCA was performed on vesicles or purified prepa-
rations as opposed to measuring fluxes in intact tissues. It was found that, in
contrast to NCX, the PMCA has a high affinity (low Km) and low Vmax (Caroni
and Carafoli 1981). The idea therefore grew that the PMCA was responsible for
regulating resting [Ca2+]i, whereas the NCX was responsible for reducing Ca2+

following an elevation (Carafoli 1987). While this may be the case in nerve
fibres (DiPolo and Beaugé 1979), one should note that the cardiac cell never
rests, and it is therefore unclear why it would have a mechanism for dealing
with “resting” Ca2+ fluxes.

Evidence suggesting a functional role for the PMCA in cardiac muscle has
been obtained by inhibiting other Ca2+ removal processes. For example, it
is known that removal of external Na+ produces an increase of [Ca2+]i as
Ca2+ enters the cell on reverse mode NCX. However, [Ca2+]i then decays to
a level only somewhat greater than control (Allen et al. 1983). This implies
that something other than NCX must be capable of removing Ca2+ from the
cytoplasm. This NCX-independent Ca2+ removal persists when SR function
is disabled (Allen et al. 1983), and it therefore presumably results from either
sequestration of Ca2+ by mitochondria or pumping of Ca2+ out of the cell by
the PMCA.
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The experiments described above do not provide quantitative data com-
paring NCX and NCX-independent Ca2+ removal mechanisms. Such data have
been obtained in two different ways. (1) One approach, illustrated in Fig. 5, is to
applycaffeine rapidly toreleaseCa2+ ions fromtheSR.This results ina transient
increase of [Ca2+]i until Ca2+ is removed from the cytoplasm by the combined
effects of NCX, PMCA and mitochondria. If NCX is inhibited, the rate of decay
of [Ca2+]i is decreased and the ratio of the decreased rate to the control gives the
ratio: (PMCA+mitochondria)/(NCX+PMCA+mitochondria). From this it has
been estimated that the PMCA+mitochondria together account for up to 25%
to 30% with estimates varying depending upon species and other conditions
(Negretti et al. 1993; Bers et al. 1993). Separation between mitochondrial and
PMCA fluxes has been performed either by inhibiting mitochondria (although
here there is a worry of secondary changes of ATP concentration affecting the
PMCA) or inhibiting the Ca-ATPase either by increasing external Ca2+ or using
carboxyeosin. (2) The above approaches suffer from the problem that, in order
to investigate pumping of calcium, one would like to measure the changes of
total cell Ca2+, whereas the indicators that are used measure free Ca2+. A more
quantitative approach, therefore, measures the buffering power of the cell for
Ca2+ and calculates the actual transport rate. This also allows the flux to be
calculated as a function of [Ca2+]i. It was found that the apparent affinity of
the Ca2+ removal processes across the sarcolemma was the same whether or
not Na+ was present (Choi et al. 2000), in agreement with previous work on

Fig. 5 Ca2+ removal by different systems in the absence of SR Ca2+ uptake. Application
of caffeine induces Ca2+ release from the SR, and in the maintained presence of caffeine,
Ca2+ removal from the cytosol is the result of the activity of the Na/Ca exchanger, the
mitochondria and PMCA. Three applications of caffeine (10 mM; applied for the period
shown by the bar) are shown superimposed. Caffeine was applied under the following
conditions: control, all systems operational; 0 Na+, 0 Ca2+, mitochondria and PMCA, no
Na/Ca exchange; 0 Na+, 0 Ca2+ and carboxyeosin, no Na/Ca exchange and no PMCA.
The continuous curves through the data are exponentials with rate constants of 0.36 and
0.079 s−1, respectively. (Reproduced from Choi and Eisner 1999b)
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intact muscles (Lamont and Eisner 1996). This is not what would be expected
for a low-affinity NCX and a higher affinity PMCA.

Very recently, important data have been provided by the introduction of
mice bred to contain no NCX in the heart (Henderson et al. 2004) (as opposed
to global knockout of NCX, which is lethal). These animals appeared to have
near normal cardiac function. More precisely, in these animals the majority
of cells had no detectable NCX. However, 10%–20% of cells did have NCX. It
is impossible to exclude the possibility that in the intact heart, cells with NCX
create a diffusion gradient down which Ca2+ can diffuse from neighbours
with no NCX. However, the authors studied single cells and found that, even
in cells with no NCX, normal systolic [Ca2+]i transients could be observed.
They also found that the amplitude of the L-type Ca2+ current was reduced
to 50% of control and suggested that the remainder of the Ca2+ current could
be accommodated by non-NCX-mediated Ca2+ extrusion from the cell. One
problem with this conclusion is that it requires a larger NCX-independent
Ca2+ extrusion process than found in the work described above. In addition
their study found that when caffeine was applied to cells in which NCX was
knockedout, the increaseof [Ca2+]i wasmaintained (at least for the 1 sduration
application), a result inconsistent with the idea that there is significant Ca2+

extrusion by a non-NCX mechanism.
Other recent work has suggested that the PMCA may be expressed in lo-

calized domains such as caveolae and, either by regulating local [Ca2+]i or by
direct interaction, may regulate the activity of NO synthase (Schuh et al. 2001).

In conclusion, although mechanisms other than NCX can produce measur-
able Ca2+ efflux from the cell, we feel that currently available data have not
shown a clear physiological or pathological role for these fluxes. This conclu-
sion serves to emphasize the importance of NCX.

3
Electrogenic Na/Ca Exchange Modulates the Action Potential
and Generates Afterdepolarizations

3.1
Na/Ca Exchange Current During the Action Potential

As illustrated inFig. 2 anddiscussedabove, theCa2+ transport by the exchanger
is initially into the cell and later out of the cell during a single cardiac cycle. This
implies that the NCX current has repolarizing as well as depolarizing effects.
The net result on the action potential time course and duration is therefore
complex and the effect of blocking the current much less predictable than for
Na+ or K+ currents. Much depends on the balance between the initial outward
and the subsequent inward current.



170 K.R. Sipido et al.

Many experimental studies have addressed this issue, using often indirect
or complex approaches. Egan et al. examined NCX currents during the action
potential by interposing voltage clamps (Egan et al. 1989). They incorporated
their findings in a mathematical model which includes only a brief outward
current during the initial action potential (Noble et al. 1991; see also Fig. 2).
For increasing [Na+]i up to 8 mM, the outward current increases, yet action
potential duration increases as the later inward component also increases.
A later study examined the effects of strongly buffering [Ca2+]i with BAPTA
(Janvier et al. 1997). In this study, the dominant effect of the NCX current
was to prolong the action potential. In the Luo-Rudy model of the guinea-pig
ventricular cell, the initial outward current is large and sustained for most of
the plateau of the action potential, probably related to the high [Na+]i in this
model (14 mM at 1 Hz stimulation) (Luo and Rudy 1994). When simulating
increased Na+ loading, this current increases further and the action potential
shortens primarily due to the NCX current (Faber and Rudy 2000).

More recently, Armoundas et al. used the small NCX inhibitory peptide
XIP to examine the effect of blocking NCX on the action potential profile
(Armoundas et al. 2003). From these data and further modelling, they conclude
that the NCX current is a predominantly depolarizing current for [Na+]i of
5 mM, and a predominantly repolarizing current when cytosolic [Na+] is high
(10 mM or above). Weber et al. combined measurements of NCX current
during the action potential using interpolated voltage clamps, estimates of
subsarcolemmal [Ca2+] and modelling to derive the direction of the NCX
current (Weber et al. 2003). These authors show that the NCX current is mostly
inward during the plateau of the action potential. This result is also obtained in
the most recent modelling data from this group, which incorporate the local ion
concentrations and the allosteric regulation of the exchanger (Shannon et al.
2004). Taken together most of the data thus indicate that in normal tissue and
without elevated [Na+]i, the Na/Ca exchanger is predominantly inward during
the action potential plateau. This may change with disease (see Sect. 4.2).

3.2
Na/Ca Exchange and Delayed Afterdepolarizations During Ca2+ Overload

As an inward current, the NCX current can contribute to afterdepolarizations.
Early afterdepolarizations occur on the late plateau or early repolarization
phase of the action potential, which is usually prolonged; delayed afterdepolar-
izations occur after full repolarization and are related to Ca2+ overload (Fig. 6).

During the cardiac cycle, the amount of Ca2+ that enters the cell (largely
via the L-type current) must be removed from the cell (largely via NCX).
This requires that the [Ca2+]i transient is of the correct amplitude such that
the degree of activation of NCX produces exactly the right amount of Ca2+

efflux to balance the influx. If the amplitude of the Ca2+ transient is too small,
then the efflux will be less than the influx. This will then result in net gain
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Fig. 6a–c Early (EAD) and delayed afterdepolarizations (DAD) in dog ventricular myocytes.
a, EADs. In myocytes isolated from the left ventricle (LV) of the hypertrophied heart of
dogs with complete atrioventricular (AV) node block for 4–6 weeks, action potentials are
prolonged in particular at low frequencies of stimulation (Volders et al. 1998a). Sponta-
neous EADs are occasionally observed, as in this example (at 0.25 Hz) and become very
prominent after application of almokalant (Volders et al. 1998). b, DADs When dialysed
with a pipette solution with increased [Na] (20 mM), the action potentials are shorter,
a prominent negative frequency response is present (Mubagwa et al. 1997) and at-rest spon-
taneous Ca2+ release occurs with a DAD triggering an action potential. c, EADs and DADs.
Under adrenergic stimulation (20 nM isoproterenol), Ca2+ release increases (indicated by
the increase of shortening) and spontaneous release occurs, with both early and delayed
afterdepolarizations. (Modified after Volders et al. 1997)
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of Ca2+ by the cell and therefore by the SR. As a consequence, the amplitude
of the [Ca2+]i transient will increase until the efflux balances the influx. (For
further discussion of this issue see Eisner et al. 1998, 2000.) Under some
conditions, however, the Ca2+ content of the SR increases to a level at which
spontaneous release occurs. This condition is often referred to as “calcium
overload”. The release generally takes the form of Ca2+ waves which propagate
along and between cells (Capogrossi et al. 1984; Mulder et al. 1989; Wier et al.
1987). The importance of these waves is that they can activate Ca2+-dependent
inward currents. Before discussing these currents, we will briefly review the
mechanisms that produce the Ca2+-overloaded situation.

3.2.1
Mechanisms of Calcium Overload

Perhaps the simplestway inwhich to studyCa2+ overload isbyusingelectrically
quiescent cells. Under normal conditions these have a constant resting [Ca2+]i
of the order of 100 nM. However, if Ca2+ influx into the cell is increased (by
raising external Ca2+) or efflux is decreased (by reducing the transmembrane
Na+ gradient) then spontaneous waves of Ca2+ release from the SR result.
Simultaneous measurements of SR content show that as Ca2+ influx is increased
there is, at first, an increase of SR content. As Ca2+ influx is further increased,
spontaneous Ca2+ release develops. From this point there is no further increase
of SR content, rather increasing Ca2+ influx results in an increased frequency of
Ca2+ release (Díaz et al. 1997). These observations are consistent with the idea
that Ca2+ release from the SR occurs when the SR content has reached a certain
critical threshold level. Measurements of Ca2+ sparks have shown that Ca2+

waves are preceded by an increased frequency of these sparks (Cheng et al.
1996).

There are two possible causes of this apparent SR Ca content threshold for
Ca2+ waves. (1) It could represent a threshold for wave initiation. As SR Ca2+ is
elevated, the frequency and amplitude of Ca2+ sparks will increase and waves
may be more likely to be initiated. (2) It could reflect a threshold for wave
propagation. This requires that sufficient Ca2+ is released from one release site
such that when it has diffused to the next release site then, even allowing for
Ca2+ reuptake into the SR and pumping out of the cell, there is a sufficiently
large trigger for Ca2+ release to ensure that the wave can continue to propagate.
It should also be noted that some work has suggested that it is not SR content
that determines whether or not a wave occurs but, rather cytoplasmic Ca2+

(Edgell et al. 2000).
Most of the work referred to above relates to experiments performed in

quiescent cells, and the situation is more complicated when the heart is stim-
ulated. Under these conditions, the normal systolic Ca2+ transient is followed
by a delayed release which can activate an aftercontraction. As the degree
of Ca2+ overload increases, the interval between the systolic and subsequent
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Ca2+ releases decreases (Kass et al. 1978). This is important, inasmuch as if the
subsequent release follows with an interval which is greater than the interval
between heartbeats, it will not be seen.

3.2.2
Delayed Afterdepolarizations

The Ca2+ waves activate inward currents (Kass et al. 1978; Lederer and Tsien
1976) that can produce arrhythmogenic delayed afterdepolarizations (DADs).
These DADs were first identified under conditions of calcium overload pro-
duced by digitalis intoxication when it was shown that the appearance of
DADs correlated with arrhythmogenic changes in the ECG (Ferrier et al. 1973;
Rosen et al. 1973). Subsequent work has also shown that DADs are associ-
ated with arrhythmias produced by ischaemia and reperfusion (reviewed in
Carmeliet 1999).

Repetitive stimulation increases the amplitude of the DAD (Ferrier et al.
1973).Whenthe threshold foractivationof theNa+ current is reached, anaction
potential is generated. This mechanism therefore has the right properties to
account for the focal nature of some triggered tachyarrhythmias.

The nature of the Ca-activated current activated by Ca2+ waves has been
investigated in several studies. The consensus is that the vast majority of this
current results from activation of the NCX (Fedida et al. 1987; Mechmann and
Pott 1986).

3.2.3
A Dual Role for NCX in Arrhythmogenesis

From the above it is clear that NCX plays two roles in the generation of DAD-
dependent arrhythmias.

– Changes of NCX activity will affect the Ca2+ balance of the cell. Therefore,
anything which decreases Ca2+ efflux on the exchanger or increases Ca2+

influx will make Ca2+ overload more likely.

– NCX actually carries the arrhythmogenic current, and therefore the greater
the activity of NCX the larger the current that will be activated by a given
Ca2+ wave.

In vitro Ca2+ overload and DADs can be induced in various ways: increasing
external Ca2+, reducing external Na+, increasing intracellular Na+ by inhibit-
ing the Na/K ATPase or by enhancing Na+ influx via the Na+ channel, or
increasing Ca2+ load by adrenergic stimulation. In vivo and from a clinical
point of view, the conditions most commonly associated with DAD-dependent
arrhythmias are increased intracellular Na+, i.e. during digitalis intoxication
(fortunately rare), during ischaemia/reperfusion, possibly in cardiac hypertro-
phy and failure (see Sect. 4.2), and conditions of excessive adrenergic stimula-
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tion. In most of these conditions, the Na/Ca exchanger indeed has the dual role
described. With Ca2+ overload related to increased [Na+]i, action potentials
are usually short as observed experimentally and during theoretical modelling
(Armoundas et al. 2003; Faber and Rudy 2000; Mubagwa et al. 1997). This
enhances the potential for DAD formation, as the diastolic interval is long. An
illustration of a triggered action potential during spontaneous Ca2+ release
with high [Na+]i is shown in Fig. 6b.

3.3
Na/Ca Exchange and Early Afterdepolarizations

Less well studied is the role of inward NCX current in early afterdepolariza-
tions (EADs), i.e. those occurring on the action potential plateau or during
early repolarization (Volders et al. 2000). EADs are most often observed at low
frequencies of stimulation and in the presence of action potential prolongation
(Fig. 6a). Experimental studies have implicated reactivation of Ca2+ channels
and window currents in the upstroke of the EAD (Hirano et al. 1992; January
and Riddle 1989), as well as Na+ window currents (Boutjdir et al. 1994). This
depolarization occurs on top of a delayed repolarization that provides the
conditioning phase. This conditioning phase can result from reduced repo-
larizing currents, such as decreased K+ currents. This is typically illustrated
by drug-induced or acquired long QT syndrome (LQTS), which is associated
with polymorphic ventricular tachycardia (PVT). Experimentally EADs can
be observed in isolated myocytes or multicellular preparations (e.g. Antzele-
vitch et al. 1996). Alternatively, the conditioning phase is predominantly due
to increased depolarizing current such as Na+ current (e.g. el Sherif et al.
1988), but also inward NCX current. Particularly in the presence of adrenergic
stimulation, experimental evidence indicates that the exchanger is of major
importance (Volders et al. 1997). Under these conditions, EADs can occur over
a wide range of take-off potentials, and the mechanisms for DAD and EAD
formation overlap (Fig. 6c).

4
Evidence for the Role of Na/Ca Exchange in Generating
and/or Sustaining Arrhythmias

The level of evidence for the implication of NCX in arrhythmias varies from
‘highly likely’ to ‘possible’. While in experimental conditions some evidence
that is more direct can be provided, most of it remains indirect. The best case
can be made for ventricular arrhythmias induced on reperfusion after an is-
chaemic period. During ischaemia the cells depolarize, acidify and accumulate
Na+ due to loss of the Na/K ATPase function (see Carmeliet 1999 for a review on
ionic changes in ischaemia). On reperfusion, the mechanisms regulating pH,
such as the Na/H exchanger, lead to a large influx of Na+, which in turn leads to
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Ca2+ overload via the Na/Ca exchanger. [Ca2+]i oscillations have been docu-
mented in isolated tissues and NCX current oscillations in myocytes (Benndorf
et al. 1991; Cordeiro et al. 1994). Arrhythmias are often focal (Pogwizd 2003).
The interest in preventing Na+ and Ca2+ overload in ischaemia and reperfu-
sion injury is only partially driven by the anti-arrhythmic effects—as many
of these arrhythmias are transient—and is largely related to potential salvage
of myocardium from necrosis. The protection offered by Na/H inhibitors was
reviewed in Avkiran and Marber (2002), but a recent clinical trial was not
as successful as expected. The experience with NCX inhibition is reviewed
Sect. 6.

In the following section we review in more detail the evidence for a role for
NCX in generating or sustaining arrhythmias in a number of chronic diseases.

4.1
Na/Ca Exchange and Atrial Fibrillation

In chronic atrial fibrillation, structural remodelling and electrical remod-
elling of the atrial myocytes conspire to create an arrhythmogenic substrate
(reviewed in Allessie et al. 2001, 2002; Nattel and Li 2000). NCX current is en-
hanced in atrial fibrillation secondary to heart failure (Li et al. 2000), and was
shown to contribute to maintaining the action potential plateau and duration
in human atrial myocytes (Benardeau et al. 1996). However, in chronic atrial
fibrillation, typically a shorter action potential is found, primarily related to
loss of Ca2+ current. Together with the slowing of conduction this favours re-
entry. The actual mechanisms of atrial fibrillation generation, re-entry versus
focal, remain a matter of debate. A mechanism proposed more recently gives
a more prominent role to the Na/Ca exchanger. Ectopic activity originating in
the muscular sleeves of the pulmonary veins could be an important triggering
mechanism of the atrial tachyarrhythmia (Chen et al. 2001, 2002; Chen et al.
2003). Myocytes isolated from this area have indeed specific membrane prop-
erties (Ehrlich et al. 2003) and have been reported to be more prone to DADs
than the typical atrial myocyte (Chen et al. 2002).

A last element in the pathogenesis of atrial fibrillation is the Ca2+ overload
as a signal for remodelling. This has been proposed from in vitro studies of
rapid stimulation of atrial myocytes (Sun et al. 1998). In the experimental situ-
ation, reducing Ca2+ influx with Ca2+ channel blockers favourably influenced
remodelling (Tieleman et al. 1997). A clinical study using verapamil, however,
has not confirmed this approach (Van Noord et al. 2001).

4.2
Na/Ca Exchange and Arrhythmias in Cardiac Hypertrophy and Heart Failure

During cardiac remodelling in response to increased load or consequent to
myocardial infarction and ischaemic heart disease, many changes occur that
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will affect the contribution of the Na/Ca exchanger to electrical activity and po-
tential arrhythmogenesis. The most immediately relevant changes are altered
expression of the Na/Ca exchanger and modulation of exchanger activity due
to altered [Ca2+]i and [Na+]i. As recently reviewed, such changes are variable
with the degree of hypertrophy, stage of decompensation and the stimulus
leading to remodelling (Schillinger et al. 2003; Sipido et al. 2002; Verdonck
et al. 2003b). This cautions against generalizing scenarios on the Na/Ca ex-
changer in hypertrophy and heart failure. Nevertheless, from data on some
of the best-studied examples of remodelling, some important aspects can be
highlighted.

4.2.1
Increased Ca2+ Removal via NCX in End-Stage Heart Failure

Inmyocytes fromhumanhearts obtainedat the timeof transplantation, [Ca2+]i
transients are prolonged and Ca2+ uptake into the SR is reduced (Beuckelmann
et al. 1992;Hasenfuss andPieske2002; Piacentino, III et al. 2003). This promotes
removal of Ca2+ via the Na/Ca exchanger. Although the amount of charge
extruded by the exchanger in steady state is determined by the amount of
Ca2+ entry, not by the expression/activity levels of NCX (Bridge et al. 1990;
Negretti et al. 1995), the latter will determine the kinetics of the current and
time course of Ca2+ removal. Therefore, an increased inward current at the end
of the action potential can be part of the prolongation of the action potential
typically seen in human heart failure. Increased Ca2+ removal through NCX
has also been observed in some well-characterized animal models of heart
failure. In the dog with tachycardia-induced heart failure, the increased Ca2+

removal is the result of reduced SR Ca2+ uptake and increased activity and
expression of the exchanger (Hobai and O’Rourke 2000; O’Rourke et al. 1999).
Modelling of the electrical activity in this dog model, however, did not clearly
indicate that this will contribute to action potential prolongation (Winslow
et al. 1999). The rabbit with heart failure due to combined pressure and volume
overload also has increased Ca2+ removal by the Na/Ca exchanger (Pogwizd
et al. 1999). Enhanced expression and function result in larger inward and
outward exchanger currents, and this is also seen in theoretical models of
the NCX current during the action potential as illustrated in Fig. 7 (Pogwizd
et al. 2003). The net effect on the action potential profile is therefore at present
uncertain. What is clear, however, is that in this model the increased inward
current is particularly important in the enhanced propensity for arrhythmias
triggered by DADs (Pogwizd et al. 2001). For any given release of Ca2+ from
the SR, the NCX current is larger in myocytes from the failing hearts. In
combinationwitha reduceddensityof the repolarizing inwardrectifier current,
the probability that spontaneous Ca2+ release will effectively elicit an action
potential is greatly enhanced.
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Fig. 7a–c Alterations in the amplitude and time course of the Na/Ca exchange current shown
in panel c, in a rabbit model of heart failure (HF) with increased intracellular Na+, as
calculated from the measured changes in action potential (a), global Ca2+ transient (b) and
calculated Ca2+ near the membrane (b, inset). Whereas the higher NCX expression simply
increases the amplitude of the current (if Na+ remains at 8.5 mM), the increase in Na+

results in a large increase in the outward current component. (After Pogwizd et al. 2003)

4.2.2
Increased Ca2+ Influx via NCX in Heart Failure and Hypertrophy

The same rabbit model just mentioned was also studied extensively by Fiolet
and co-workers. They found that [Na+]i is increased though increased activity
of the Na/H exchanger (Baartscheer et al. 2003b,c). The expected higher Ca2+

influxvia the exchanger could explain the higher diastolic Ca2+ values that were
observedand the larger fractionalCa2+ release, despite a lowerSRCa2+ content.
Similar to the Pogwizd et al. studies, Baartscheer et al. reported a higher
incidence of DADs, in particular under adrenergic stimulation. Inhibition of
the Na/H exchanger reversed these changes, indicating that the primary event
is the increase in Na+ influx (Baartscheer et al. 2003c).

[Na+]i is also increased in human heart failure (Pieske et al. 2002) and
increased Ca2+ influx via the exchanger could contribute to the Ca2+ available
for contraction (Dipla et al. 1999; Piacentino et al. 2003; Weber et al. 2002).
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In heart failure in humans and the animal models mentioned above, the
amplitude of the [Ca2+]i transient is actually reduced at normal heart rates, as
is the Ca2+ loading of the SR. This is not necessarily so in compensated hy-
pertrophy (Shorofsky et al. 1999). This is exemplified by the dog with chronic
atrioventricular block (AVB). Bradycardia and volume overload lead to biven-
tricular hypertrophy with preserved and even enhanced contractile function,
at least in the first 6 weeks (Vos et al. 1998). At the cellular level, NCX activity
is increased and [Na+]i is higher (Sipido et al. 2000; Verdonck et al. 2003a). Be-
cause there is no apparent reduction in SERCA function, these changes result in
the SR Ca2+ content being larger, and spontaneous Ca2+ release is more likely
to occur, accompanied by large inward exchanger currents (Sipido et al. 2000).

In the context of a balance of Ca2+ fluxes during the cardiac cycle, any
additional Ca2+ influx during the action potential must result in increased
exchanger efflux at a later time during the cycle. So even if functional empha-
sis is placed on increased Ca2+ influx due to higher [Na+]i, this will always
be accompanied by enhanced efflux and inward exchanger currents that can
contribute to arrhythmogenesis.

4.2.3
Incidence of Afterdepolarizations in Cardiac Hypertrophy and Failure

The occurrence of DADs has been documented in the above-mentioned animal
models and in human heart failure. In compensated hypertrophy, this follows
rather straightforwardly from an enhanced Ca2+ loading of the myocytes.
In vivo, DADs can be elicited by pacing protocols that enhance contractility,
further exacerbated by increased Na+ loading under ouabain (de Groot et al.
2000; Fig. 8). In the case of heart failure with reduced SR Ca2+ loading, DADS
and triggered action potentials still occur because of a lowered threshold
with reduced inward rectifierents (Pogwizd et al. 2001; Pogwizd 2003), and/or
because diastolic Ca2+ is elevated (Baartscheer et al. 2003a). Another important
element is adrenergic stimulation,whichmay induceDADswithhigh incidence
in myocytes from the failing heart, including human (Baartscheer et al. 2003a;
Pogwizd et al. 2001; Verkerk et al. 2001). In addition, Purkinje fibres may be
more sensitive to the development of DADs (Boyden et al. 2000), and a high
incidence has been reported in the dog after myocardial infarction (Boutjdir
et al. 1990).

As mentioned above, the role of the NCX current in EADs is in providing
inward current during the priming phase, with a more prominent role for the
exchanger as depolarizing current during adrenergic stimulation. There are
currently few experimental data that have directly linked exchanger current
to EADs in hypertrophy and failure. We have proposed such a role in the
dog with chronic AVB (Sipido et al. 2000; Volders et al. 1998), and it could
be hypothesized for the EADs observed in human failing myocytes under
adrenergic stimulation (Veldkamp et al. 2001).
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Fig. 8a,b Arrhythmias related to DADs in the dog with chronic AV block. a The dog with
chronic AV block has increased loading of the SR (Sipido et al. 2000) and a train of 8 stimuli
(S) results in an increase in DAD slope (arrow) and one DAD-related triggered beat (*)
recorded here in vivo with a MAP catheter (de Groot et al. 2000). b In these dogs, [Na+]i
in the isolated myocytes is enhanced (Verdonck et al. 2003a) and in vivo the heart is more
sensitive to ouabain. In the presence of ouabain, +LV dP/dt is higher, and pacing now results
in ventricular tachycardia (12 beats). In MAP, DADs are visible during VT and directly after
tachycardia terminates. (Reproduced from de Groot et al. 2000)
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A last element isheterogeneity inexchangercurrentdensitybetweenregions
in theheart,which is alreadypresent at baseline (Zygmunt et al. 2000) andcould
be enhanced during remodelling (Sipido et al. 2000; Yoshiyama et al. 1997) thus
contributing to dispersion of repolarization.

4.2.4
In Vivo Evidence for Na/Ca Exchange-Mediated Arrhythmias in Heart Failure

Suddendeathandpotentially lethal arrhythmiashavebeendocumentedduring
the many recent ICD studies in heart failure. Ventricular tachycardia is often
initiated by ectopic activity, but these types of ECG recordings do not allow us
to distinguish between (micro) re-entry or abnormal focal activity underlying
the extrasystoles. Yet there is evidence that triggered activity is an important
mechanism underlying arrhythmias in patients with heart failure (Paulus et al.
1992; Pogwizd et al. 1992, 1995; and see review, Janse 2004). Though there is
no direct evidence for the Na/Ca exchanger, in view of the discussions above,
the role of the Na/Ca exchanger in afterdepolarizations is clear.

4.3
Na/Ca Exchange and Congenital Arrhythmias

Currently there are no known direct associations between mutations of the
Na/Ca exchanger and arrhythmic disease. There are, however, indirect links
to other congenital syndromes leading to PVT and associated with EADs and
DADs. In congenital LQTS type 3, a late depolarizing Na+ current contributes
to action potential prolongation and provides the conditioning phase for EADs
(Bennett et al. 1995; Clancy and Rudy 1999; Nuyens et al. 2001). In the D1790G
mutation LQTS3, theoretical modelling indicates an important role for in-
creased inward NCX current consequent on an increase in intracellular Ca2+

(Wehrens et al. 2000). In LQTS4, a mutation in ankyrin results in defective
targeting of the Na/Ca exchanger to the T-tubular membrane and abnormal
Ca2+ cycling (Mohler et al. 2003). In LQTS1, arrhythmias are occurring prefer-
ably under adrenergic stimulation and the Na/Ca exchanger could thus be
indirectly involved. Adrenergic stimulation is also the trigger for often-lethal
arrhythmias in the catecholaminergic polymorphic ventricular tachycardia
(CPVT) syndrome that is associated with mutations in Ca2+-handling proteins
such as the ryanodine receptor (Laitinen et al. 2001; Priori et al. 2001) and
calsequestrin (Lahat et al. 2001).
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5
What Are the Expected Consequences of Na/Ca Exchange Block
on Ca Handling?

5.1
General Considerations

A simple analysis suggests that inhibitors of NCX will have two classes of effects
on the Ca-dependent arrhythmias discussed above. There will be effects due
to (1) changes of the degree of Ca2+ (over)load of the cell and (2) changes of
the membrane current and resulting arrhythmias produced by a given degree
of Ca2+ overload. We will now consider these two effects.

Under normal conditions the NCX produces a net Ca2+ efflux. Therefore,
partial inhibition of the exchanger produced either by stopping a fraction of
the NCX completely or stopping all of the NCX partially would be expected
to increase systolic [Ca2+]i until the increased [Ca2+]i compensates for the
decrease of NCX sites and results in the same time-averaged Ca2+ efflux as in
control. This effect by itself will be positively inotropic. However, the tendency
to load the cell with calcium may also result in a state of Ca2+ overload and
thence arrhythmias. On the other hand, the fact that NCX has been inhibited
means that each Ca2+ wave will result in less Ca2+ efflux from the cell and thus
in a smaller arrhythmogenic inward current. This would suggest that a given
degree of inotropy produced by NCX inhibition will be accompanied by less
arrhythmogenic problems than will be the result of producing the inotropy by
other means of loading the cell with calcium. In heart failure with a low level
of SR Ca2+ loading, inhibition of the Na/Ca exchanger may thus be an option.
Indeed, in myocytes from the dog with tachycardia-induced cardiomyopathy,
partial inhibition of the Na/Ca exchanger resulted in a positive inotropic effect,
and afterdepolarizations were not observed (Hobai et al. 2004).

A different situation may exist when Ca2+ overload occurs by primary
increase in Ca2+ influx via other pathways, as can occur during adrenergic
stimulation. Inhibition of the Ca2+ removal pathway may then result in an
unacceptable further increase of cellular Ca2+.

5.2
Unidirectional Block of NCX

It has been reported that the drug KB-R7943 can inhibit reverse-mode NCX
more effectively than forward mode (Iwamoto et al. 1996). This would be
expected to decrease Ca2+ influx through the exchanger and this might be
beneficial, e.g. during reperfusion. The relative lack of effect on forward-
mode exchange would allow the exchanger to continue to pump Ca2+ out of
the cell and thereby decrease the degree of Ca2+ overload. However, since
the arrhythmias are produced by the forward mode of the exchange, any
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remaining overload would still result in arrhythmias. It is necessary, however,
to be cautious about the results obtained with these drugs. This is because the
reversal potential of NCX is determined by the transmembrane Na+ and Ca2+

gradients. Therefore, at least near equilibrium, it is impossible to inhibit one
direction of the pump more than the other, as this would change the direction
of the net flux and thereby change the reversal potential.

If there is preferential drug binding in the presence of high internal [Na+],
as suggested for SEA0400 in heterologous expression systems (Lee et al. 2004),
such ‘selectivity’ might be an advantage.

6
Current Experience with NCX Blockers

NCX blockers as antiarrhythmic agents have been tested primarily in condi-
tions where the arrhythmogenic mechanism was thought to be related to Ca2+

overload either related to the exchanger itself, as in the case of Na+ overload,
or through other channels, such as the repeated activation of Ca2+ channels
in atrial fibrillation. One can examine these data in two ways: first, simply
as an evaluation of the efficiency of a given compound; second, as a test for
clarifying the contribution of NCX to the arrhythmias. Given the fact that, so
far, the specificity of the compounds is rather poor, the first objective can be
addressed, but the result of the second is rather uncertain.

In this part we will review the properties and selectivity of the available
compounds and the results obtained.

6.1
‘First Generation’ of NCX Blockers

A large number of agents were initially used to inhibit NCX, but these had
low potency and completely lacked selectivity. Amiloride (Siegl et al. 1984),
a widely used diuretic, its derivatives (4,5)3′,4′-dichlorobenzamil (DCB) and
2′,4′-dimethylbenzamil (DMB), and an antiarrhythmic drug, bepridil, with
strong Na+ and Ca2+ channel-blocking properties, are typical examples (Kac-
zorowski et al. 1989). These agents were reported to be effective in different
experimental arrhythmia models, but their low potency and lack of selectivity
made them unsuitable to use as tools to test the role of NCX in arrhythmoge-
nesis.

6.2
NCX Inhibitory Peptide

NCX inhibitory peptide (XIP) was developed (Chin et al. 1993; Li et al. 1991)
based on the structure of NCX. It is a useful tool in patch-clamp experiments,
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where it can be applied through the patch pipette with IC50 of the submicromo-
lar range. It is an excellent tool for evaluation of NCX function. However, since
it does not cross the plasma membrane, it cannot be used in in vivo studies
and has little potential therapeutic value in patients.

Hobai et al. recently reported that dialysis of myocytes from failing hearts
increased SR Ca2+ loading (Hobai et al. 2004; Hobai and O’Rourke 2004), which
is consistent with the inotropic effect of NCX inhibition postulated above. XIP
was also used by these authors to probe the NCX current during the action
potential (see Sect. 3.1).

6.3
KB-R7943

Recently, better drugs have been developed, even if still not optimally specific
(Fig. 9). KB-R7943, an isothiourea derivate (Watano et al. 1996), has been
reported as an effective blocker of NCX. In some studies it was described as
a more potent reverse (Iwamoto et al. 1996) than forward mode inhibitor, but
in other studies it was shown that both the forward and reverse mode of NCX
was equally affected by the compound (Kimura et al. 1999; Tanaka et al. 2002).
There is also great inconsistency of the reported IC50 values for NCX block
by KB-R7943, ranging from 0.3 µM to 9.5 µM (Iwamoto et al. 1996; Takahashi
et al. 2003; Tanaka et al. 2002; Watano et al. 1996). These differences probably
reflect difficulties and variety in the methodology of measuring NCX in the
cardiac muscle. Also, species differences may have importance, since rat has
different Ca2+ handling and higher intracellular Na+ concentration than other
mammals.

Fig. 9 Chemical structure of some newer NCX inhibitors
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The major problem with KB-R7943 as a useful pharmacological tool seems
its poor selectivity. KB-R7943 has been found to inhibit fast Na+, L-type Ca2+,
inward rectifier and delayed K+ currents in the low micromolar range (Fig. 10;
Tanaka et al. 2002).

Despite this, KB-R7943 has been used in a number of cellular, multicellular
and in vivo studies. In the in vitro studies, it was found to reduce Ca2+ overload
induced by glycosides (Satoh et al. 2000) and during ischaemia/reperfusion
(Baczko et al. 2003; Ladilov et al. 1999), as illustrated in Fig. 11. In the latter
condition, cardioprotective and antiarrhythmic effects could be documented
in multicellular or intact heart preparations (Mukai et al. 2000; Nakamura
et al. 1998; Satoh et al. 2003). Further antiarrhythmic effects were shown in
Na+ overload induced by glycosides or Na-channel openers (Amran et al.
2004; Satoh et al. 2003). Administered in vivo, KB-R7943 also prevented the
development of atrial fibrillation evoked by rapid pacing (Miyata et al. 2002),
but failed to reduce arrhythmic death in an in vivo ischaemia study (Miyamoto
et al. 2002). While the multiple effects on other transmembrane ion channels
mentioned previously make it hard to use these results as indications for the
role of NCX in the pathophysiology, useful information comes from it. First,
the additional block of Na+ and Ca2+ current may actually be an advantage
for ischaemia-reperfusion related arrhythmias by decreasing the danger of

Fig.10 Effects of SEA-0400 and KB-R7943 on ionic currents in isolated guinea-pig ventricular
myocytes. The inward and outward NCX currents are measured at −80 mV and +30 mV,
respectively, Na+ current at −20 mV, L-type Ca2+ current at +10 mV, inward rectifying
K+ current at −60 mV and delayed rectifier K+ current at +50 mV. Inhibition of current
amplitudes in the presence of SEA-0400 (1 µM) and KB-R7943 (10 µM) is expressed as
apercentageof thevalues in theabsenceof compounds. (Reproduced fromTanakaetal. 2002)
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Fig. 11a,b Protection against Ca2+ overload by KB-R7943. a Chemically induced hypoxia and
reoxygenation-induced Ca2+ overload in rat ventricular myocytes. [Ca2+]i measurements
in 15 mM [K+]o (1) under baseline conditions, and (2) during 8 min chemically induced
hypoxia, (3) followed by 8 min reoxygenation. KB-R7943 (5 µM), was applied during reoxy-
genation. *p < 0.05 vs control (15 mM [K+]o), n = 6 experiments, 20 and 29 cells. Reproduced
from Baczko et al. (2003). b Block of strophanthidin-induced arrhythmia but not inotropy.
A, Continuous recording of twitch cell shortening in a rat ventricular myocyte superfused
with 50 µmol/L strophanthidin and 5 µmol/L KB-R7943 added as indicated by bars. B, Ca2+

transients recorded during control perfusion (a), 5 min after starting strophanthidin perfu-
sion (b), when arrhythmia appeared (11 min, indicated by bar; c), and 3 min after addition
of KB-R7943 (d). (Reproduced from Satoh et al. 2000)
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possible Ca2+ overload due to diminished Ca2+ efflux caused by the forward
NCX inhibition. This property of KB-R7943 may also have been important in
preventing atrial fibrillation in the dog (Miyata et al. 2002). Second, on the
down-side, the K+ channel block by KB-R7943 (Tanaka et al. 2002) can further
decrease the repolarization reserve in heart failure where several potassium
channels like Ito, IK1 and IKs are downregulated. This latter may prolong
action potential duration and enhance dispersion of repolarization, thereby
increasing the risk of proarrhythmia in heart failure. In atrial fibrillation on the
other hand, prolongation of the action potential would rather be an advantage.

6.4
SEA-0400

SEA-0400 is the most potent and selective inhibitor of NCX which is available
and reported so far. Tanaka et al. (2002) showed in guinea-pig ventricular my-
ocytes, by the patch-clamp technique, that SEA-0400 equally inhibited NCX
in the forward and reverse mode with an IC50 value of 40 nM and 32 nM,
respectively. When the same authors studied the effect of SEA-0400 on the fast
Na+, L-type Ca2+, inward rectifier K+ and delayed rectifier K+ currents, it was
found that even at 1 µM the compound affected these currents less than 10%
(Fig. 10). Somewhat different results were obtained by Lee et al. (2004) who
found a high potency (IC50 of 23–78 nM) of SEA-0400 in the reverse, but far
less in the forward, mode. Also in this study, it was shown that SEA-0400 al-
tered outward NCX peak current recovery, and the effect of the compound was
strongly dependent on intracellular Na+ and Ca2+ concentrations. The authors
concluded that SEA-0400 acts by favouring Na+-dependent inactivation of the
NCX current. A similar conclusion was reported by Bouchard et al. (2004) and
Iwamoto et al. (2004b) based on mutant NCX1 measurements. The discrep-
ancy between the results of these latter studies (Bouchard et al. 2004; Iwamoto
et al. 2004b; Lee et al. 2004) and that of Tanaka et al. (2002) are not clear, but
may relate to the marked differences between the experimental conditions and
preparations applied. Tanaka et al. (2002) used guinea-pig native ventricular
myocytes at 35°C–36°C with more physiological pipette and extracellular so-
lutions while Lee et al. (2004) carried out measurement with the giant excised
patch technique in Xenopus laevis oocytes in which NCX1.1 was expressed.
Also, in the latter study the intracellular Na+ and Ca2+ was high, 100 mM
and 3–10 µM, and the temperature was 30°C. The selectivity of SEA-0400 was
questioned by Reuter et al. (2002) based on NCX knockout mice experiments
where intracellular Ca2+ transient was markedly reduced by 1 µM SEA-0400.
However, in native freshly isolated dog ventricular myocytes we did not ob-
serve a significant effect of 1 µM SEA-0400 on the intracellular Ca 2+ transient
measured by the fura-2 ratiometric technique (Nagy et al. 2004).

In spite of the mentioned inconsistencies concerning the published results
to date, it seems that SEA-0400 is a better tool than KB-R7843 to investigate
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Fig. 12a,b Block of early and delayed afterdepolarizations by SEA-0400 in canine my-
ocardium. a The effect of 1 µM SEA-0400 on EADs in right ventricular papillary muscles,
stimulated at slow cycle lengths (1,500–3,000 ms) in the presence of 1 µM dofetilide plus
10 µM BaCl2. On the left, the results of a representative experiment are shown, on the
right, the average values of the amplitude of EADs are presented before (open bars) and
after (filled bars) the administration of SEA-0400. b The effect of SEA-0400 on the delayed
afterdepolarization (DAD) in canine cardiac Purkinje fibres, superfused with 0.2 µM stro-
phantin. A train of 40 stimuli was applied at a cycle length of 400 ms, followed by a 20-s
long stimulation-free period that generated DADs. On the left, results of a representative
experiment are shown, on the right, average values of the amplitude of DADs are given
before (open bars) and after (filled bars) the application of 1 µM SEA-0400. (Reproduced
from Nagy et al. 2004)
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the role of NCX inhibition in cardioprotection and arrhythmogenesis. SEA-
0400 was reported to exert cardioprotective (Takahashi et al. 2003; Yoshiyama
et al. 2004) and antiarrhythmic effects (Yoshiyama et al. 2004) after coronary
ligation and reperfusion experiments, both in Langendorff perfused isolated
rabbit heart and in in vivo rat experiments. These effects were explained by
the inhibition of the reverse mode of the NCX by SEA-0400.

Recently we showed (Nagy et al. 2004) that the amplitude of DAD and EAD
was significantly decreased by 1 µM SEA-0400 in dog Purkinje fibres and right
ventricularpapillarymuscle, respectively (Fig. 12).Basedon these results,we—
like Pogwizd earlier (Pogwizd 2003)—also speculated that the inhibition of the
forward mode of the NCX could also represent an antiarrhythmic mechanism,
especially in certain situations, like in heart failure where K+ channels are
downregulated and NCX is upregulated. Also, this speculation can be extended
to the atria and pulmonary vein, since in these preparations DADs and EADs
were observed (Chen et al. 2000, 2001, 2003) and implicated in the mechanism
of atrial fibrillation.

6.5
New and Other NCX Inhibitors

Two other compounds, CGP-37157, a mitochondrial NCX inhibitor (Cox et al.
1993), and a new compound, SN-6 (Iwamoto et al. 2004a), were shown to affect
sarcolemmal NCX in the micromolar range (Omelchenko et al. 2003), but no
data are available about their selectivity and antiarrhythmic activity.

Antisense approaches have been used to inhibit NCX in celluar experiments
and may potentially be further developed (Lipp et al. 1995; Eigel & Hadley,
2001).

7
Conclusions and Perspectives

Based on our knowledge of mechanisms of arrhythmogenesis and the expected
effects of NCX inhibition described above, one can theoretically and tentatively
identify a number of situations that would constitute an indication for NCX
inhibition (Table 1).

First, one can expect a potential benefit of selectively reducing the global
NCX current (but never full inhibition) in a limited number of conditions,
namelywhentherisk forCa2+ overload isnotveryhigh.This could theoretically
be postulated for heart failure, in particular under β-blockade as protection
against Ca2+ overload.

Second, if a selective inhibition of reverse mode is possible, then conditions
of Ca2+ overload that are related to Na+ overload and Ca2+ influx via reverse
mode NCX, would be a prime indication, such as ischaemia/reperfusion.
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Table 1 Potential indications for selective or non-selective NCX inhibition and putative
effects on Ca2+ homeostasis and action potential time course

‘Heart failure’ Na-dependent
overload

Non-Na dependent
Ca overload, e.g.
adrenergic

Potential targets

Action potential Prolonged Shortened Slightly prolonged

Afterdepolarizations EAD, DAD DAD DAD, ‘early’ DAD

SR Ca content Decreased or
normal

Increased Increased

Type of invention

Selective partial but
bidirectional NCX
inhibition

Could reduce DAD
and have positive
motropic effect

Would increase Ca
overload

Would increase Ca
overload

Selective
unidirectional block
of reverse mode

Could further
reduce SR content

Would reduce Ca
overload

Uncertain

NCX inhibition with
combined L-type Ca
channel inhibition

Uncertain Could reduce Ca
overload but
further shorten action
potential

Would reduce Ca
overload and
shorten action
potential

Third, a less selective drug, that would also block Ca2+ channels and thereby
further reduce Ca2+ influx, may actually be a better choice for conditions with
a high risk of Ca2+ overload, perhaps as under adrenergic stimulation or in
compensated hypertrophy.

To establish and verify these propositions, we need drugs with different
profiles that are well-characterized at the cellular and molecular level. The
data from the cell lab must be integrated with in vivo studies in relevant (large)
animal models covering a spectrum of disease. Considering the potential of
such drugs certainly encourages further research and investment in developing
selective, as well as less selective, Na/Ca exchange inhibitors.
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Abstract More than 20 years have passed since the discovery that a collection of specific
calcium/calmodulin-dependent phosphorylation events is the result of a single multifunc-
tional kinase. Since that time, we have learned a great deal about this multifunctional
and ubiquitous kinase, known today as calcium/calmodulin-dependent protein kinase II
(CaMKII). CaMKII is interesting not only for its widespread distribution and broad speci-
ficity but also for its biophysical properties, most notably its activation by the critical second
messenger complex calcium/calmodulin and its autophosphorylating capability. A central
role for CaMKII has been identified in regulating a diverse array of fundamental cellular
activities. Furthermore, altered CaMKII activity profoundly impacts function in the brain
and heart. Recent findings that CaMKII expression in the heart changes during hypertro-
phy, heart failure, myocardial ischemia, and infarction suggest that CaMKII may be a viable
therapeutic target for patients suffering from common forms of heart disease.
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1
Introduction

Calcium/calmodulin-dependentproteinkinase II (CaMKII) is aubiquitous and
multifunctional holoenzyme belonging to a superfamily of serine/threonine
calcium/calmodulin-dependent protein kinases that also includes myosin light
chain kinase (MLCK), phosphorylase kinase, eEf2 kinase (also known as
CaMKIII), CaMKI, and CaMKIV (for reviews, see Schulman 1988; Schulman
et al. 1992; Braun and Schulman 1995; Hook and Means 2001). CaMKII was ini-
tially discovered as a series of seemingly independent calcium/calmodulin-de-
pendent phosphorylations (Le Peuch et al. 1979; Kennedy and Greengard 1981;
Woodgett et al. 1982). Similarity between a calcium/calmodulin-dependent
kinase that phosphorylates synapsin I in the brain and glycogen synthase
kinase in skeletal muscle led one group to postulate the existence of a single
calcium/calmodulin-dependent kinase with broad specificity (termed
“calcium/calmodulin-dependent multi-protein kinase”; McGuinness et al.
1983). The two decades since these early pioneering studies have seen mount-
ing experimental and theoretical evidence that CaMKII indeed mediates a vast
array of critical cellular behaviors in many different tissues. This chapter dis-
cusses the electrophysiological function of CaMKII under normal and patho-
logical conditions. The focus is primarily on the role of CaMKII in the heart,
although the brain is also discussed in some detail due to the fact that CaMKII
has been extensively characterized in neuronal tissue.

2
Background

2.1
CaMKII Structure

CaMKII consists of multiple subunits assembled in an homomultimeric or
heteromultimeric structure, resembling a pinwheel with the N-terminal asso-
ciation domains forming a central hub (Kanaseki et al. 1991; Kolodziej et al.
2000; Hoelz et al. 2003; Gaertner et al. 2004). Electron micrographs initially
revealed the holoenzyme to be a hub-and-spoke assembly of 8 or 10 units
(Kanaseki et al. 1991) (Fig. 1). More recent three-dimensional reconstruc-
tions indicate a dodecameric assembly (Kolodziej et al. 2000; Gaertner et al.
2004), while the crystal structure of the truncated association domain reveals
a tetradecameric structure with a 50-Å pore (Hoelz et al. 2003). Each subunit
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Fig. 1 Schematic of calcium/calmodulin-dependent protein kinase II, illustrating the struc-
ture, functional domains, and major kinetic states of the enzyme

is between 50 kDa and 60 kDa, and consists of three functional domains: (1)
a N-terminal kinase domain with high homology to other protein kinases,
including the ATP-binding consensus sequence; (2) a regulatory domain con-
taining overlapping autoinhibitory and calmodulin-binding domains; (3) an
association domain in the C-terminal region involved in assembly of subunits
or association of holoenzyme with other proteins (Schulman 1988; Fig. 1).
These core domains are approximately 85% homologous across isoforms (To-
bimatsu and Fujisawa 1989). A variable domain located past the C-terminus of
the regulatory domain accounts for most of the divergence among isoforms,
along with a second variable insert at the C-terminus of δ-isoforms (Braun and
Schulman 1995).

Four genes α, β, δ, and γ encode at least 30 CaMKII isoforms (Hudmon and
Schulman 2002) with every cell type containing at least one isoform (Hook and
Means 2001). The α- and β-isoforms are found only in nervous tissue while γ
and δ are distributed in most tissues (Tobimatsu and Fujisawa 1989). To date,
at least eleven δ-isoforms have been identified (Tobimatsu and Fujisawa 1989;
Mayer et al. 1993; Schworer et al. 1993; Edman and Schulman 1994; Mayer et al.
1995; Hagemann et al. 1999; Hoch et al. 1999) with the δC and δB (or δ2 and δ3,
respectively) isoforms being the most prevalent in the heart (Schworer et al.
1993; Edman and Schulman 1994). The δB splice variant has an 11-amino-acid
localization sequence in its variable domain, which targets it to the nucleus
(Srinivasan et al. 1994).
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2.2
Functional States and Kinetics

Binding of Ca2+/calmodulin to the regulatory domain displaces the autoin-
hibitory segment and activates a kinase subunit. The kinase undergoes au-
tophosphorylation when an active subunit phosphorylates a neighboring sub-
unit in the same assembly (Bennett et al. 1983; Kuret and Schulman 1985; Han-
son et al. 1994). Autophosphorylation occurs at a specific threonine residue,
Threonine286 (in CaMKIIα) or Threonine287 (in other isoforms), and increases
the affinity of the kinase for calmodulin 1,000-fold, thereby trapping bound
calmodulin (Lai et al. 1987; Schworer et al. 1988; Lou and Schulman 1989;
Meyer et al. 1992). The kinase remains fully active in the trapped state even
after Ca2+ returns to resting values. Eventually calmodulin unbinds from the
kinase; however, even in this autonomous state the kinase retains 20%–80%
of its maximal activity. Unbinding of calmodulin triggers Ca2+-independent
autophosphorylation at specific residues (Lou and Schulman 1989), which re-
duces the affinity for calmodulin and caps kinase activity (even in the presence
of Ca2+/calmodulin) to 20%–80% of maximal activity. The kinase returns to
its basal state once complete dephosphorylation has occurred.

2.3
Cellular Substrates

Neuronal targets for CaMKII are many and include glutamate receptors
(Derkach et al. 1999), gap junctions (Pereda et al. 1998), tyrosine hydroxy-
lase (Griffith and Schulman 1988), synapsin I (Kennedy and Greengard 1981;
Greengard et al. 1993), nitric oxide synthase (Nakane et al. 1991), and ion chan-
nels (Barrett et al. 2000; Wang et al. 2002). In smooth muscle cells, CaMKII reg-
ulates muscle contraction by targeting caldesmon (Ikebe et al. 1990) to relieve
its inhibitionofmyosinATPaseandMLCKtodecrease itsCa2+/calmodulin sen-
sitivity. In epithelial cells, CaMKII affects secretion and volume regulation via
chloride channels and nonselective cation channels. CaMKII has been shown
to regulate organelle transport during mitosis in Xenopus melanophores by
phosphorylating myosin-V (Karcher et al. 2001). CaMKII isoforms also reg-
ulate the expression of several genes, including c-fos (target for α-isoform),
interleukin-2 (γ-isoform target), and atrial natriuretic factor (δB target) (Dash
et al. 1991; Nghiem et al. 1994; Ramirez et al. 1997).

In cardiac cells, CaMKII regulates the cardiac sarcoplasmic reticulum (SR),
the organelle responsible for intracellular storage and release of calcium dur-
ing the cardiac cycle. This effect was first discovered as a calcium/calmodulin-
dependent and cAMP-independent phosphorylation of phospholamban (PLB)
in SR vesicles isolated from canine hearts (Le Peuch et al. 1979; Bilezikjian et al.
1981). PLB binds to and inhibits the SR Ca2+-ATPase (SERCA2a) responsible
for reuptake of calcium into the SR (MacLennan and Kranias 2003). CaMKII
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phosphorylates PLB at Threonine17 (Wegener et al. 1989; Hagemann et al.
2000), thereby relieving inhibition of SERCA2a (Odermatt et al. 1996). There
is experimental evidence that CaMKII also phosphorylates SERCA2a directly.
Toyofuku et al. identified Serine38 as the site on SERCA2a phosphorylated
by CaMKII (Toyofuku et al. 1994). They and others report an increase in the
maximum uptake rate of calcium into the SR in response to CaMKII phospho-
rylation of SERCA2a (Hawkins et al. 1994; Mattiazzi et al. 1994; Toyofuku et al.
1994), a finding which has been disputed (Odermatt et al. 1996; Reddy et al.
1996). Odermatt et al. showed that incubation of control cells in the presence of
ethyleneglycoltetraacetic acid (EGTA) destabilizes the cells, producing appar-
ent CaMKII-dependent changes in the SR calcium uptake rate (Odermatt et al.
1996). However, since then, Xu et al. have confirmed that CaMKII phosphory-
lation enhances the SR calcium uptake rate in vitro (Xu and Narayanan 1999)
and have reported phosphorylation of SERCA2a at Serine38 in vivo (Xu et al.
1999), while a different group has measured a decreased uptake rate in trans-
genic mice expressing a CaMKII inhibitory peptide (Ji et al. 2003). Therefore,
while controversy remains, mounting experimental evidence (in vitro and in
vivo) supports the earlier findings that CaMKII phosphorylates SERCA2a to
increase calcium uptake (Hawkins et al. 1994; Toyofuku et al. 1994).

The cardiac ryanodine receptor (RyR2) is located in the SR membrane
and releases Ca2+ from internal stores in response to calcium influx through
sarcolemmal L-type Ca2+ channels. Studies on canine SR vesicles show that
phosphorylation of RyR2 by CaMKII activates the channel (Witcher et al. 1991).
Studies using phospho-specific antibodies initially identified Serine2809 as the
residue phosphorylated by CaMKII on RyR2 (Witcher et al. 1991; Rodriguez
et al. 2003).However, site-directedmutagenesishas recently revealedSerine2815

to be the CaMKII-specific phosphorylation site (Wehrens et al. 2004). While
some studies have found a decrease in RyR2 activity in response to increased
CaMKII activity (Lokuta et al. 1995; Wu et al. 2001), drug studies (Netticadan
et al. 1996) and studies where the SR calcium content is tightly controlled
(Li et al. 1997) provide further evidence for a positive regulation of RyR2
by CaMKII. Recently, it has been shown that CaMKIIδ coimmunoprecipitates
with RyR2 and the specific CaMKII inhibitor AIP decreases RyR2 Ca2+ spark
frequency, duration, and width in rabbit hearts (Currie et al. 2004). Further-
more, CaMKII phosphorylation of recombinant RyR2 in planar lipid bilayers
has been shown to increase channel open probability, while having no effect
on RyR2S2815A mutant channels (Wehrens et al. 2004).

CaMKII phosphorylates ion channels in the sarcolemmal membrane as well.
The best characterized of these targets is the L-type Ca2+ channel (Anderson
et al. 1994; Xiao et al. 1994; Yuan and Bers 1994; Dzhura et al. 2000), which
serves as the trigger for SR Ca2+ release and is responsible for maintaining
the prominent action potential plateau. Repetitive stimulation using voltage
pulses fromahyperpolarizedpotential increases, or facilitates, thepeakcurrent
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carried by L-type Ca2+ channels (ICa(L)) (Marban and Tsien 1982; Lee 1987;
Fedida et al. 1988). This facilitation occurs via CaMKII phosphorylation of
the channel, which promotes a gating mode characterized by long openings
(Yuan and Bers 1994; Dzhura et al. 2000). Experiments indicate that CaMKII
phosphorylation increases ICa(L) by between 40% and 50% at rapid pacing (Li
et al. 1997; Zuhlke et al. 1999).

3
Functional Roles of CaMKII

3.1
Experimental and Theoretical Tools for Studying CaMKII Function

Pharmacological intervention with CaMKII-specific inhibitors such as KN-62
(Tokumitsu et al. 1990) and KN-93 (Sumi et al. 1991), or the calmodulin antago-
nist W-7 has been used extensively to study the function of CaMKII in a variety
of tissues. While these pharmacological agents have proved useful in the study
of CaMKII function, nonspecific effects have been discovered in some cases.
For example, KN-93 blocks K+ channels while KN-62 has been found to slow
Ca2+ channel recovery from inactivation independent of CaMKII in cardiac
myocytes (Yuan and Bers 1994; Anderson et al. 1998). Synthetic peptides cor-
responding to the autoinhibitory segment of CaMKII have also been developed
to study CaMKII structure and function (Kelly et al. 1988; Payne et al. 1988;
Malinow et al. 1989), as well as the highly specific and potent synthetic peptide
autocamtide-2-related inhibitory peptide (AIP) (Ishida et al. 1995).

Genetic engineering has produced several valuable tools for use in CaMKII
research. Among the first of these was the CaMKIIα knockout mouse developed
by Silva and colleagues to study the molecular basis of long-term potentiation
(LTP) in the hippocampus (Silva et al. 1992ab). Constitutively active CaMKIIα
has been expressed through viral infection of hippocampal slices (Pettit et al.
1994) and via direct injection (Lledo et al. 1995). A transgenic mouse with
a point mutation in Threonine286 to aspartate, which mimics autophospho-
rylation, also expresses a constitutively active CaMKII (Mayford et al. 1995;
Mayford et al. 1996). In contrast, mutation of Threonine286 to alanine prevents
autophosphorylation in mice (Cho et al. 1998; Giese et al. 1998). Transgenic
overexpression of the δB and δC CaMKII isoforms have been used to study
cardiac hypertrophy and heart failure in mice (Zhang et al. 2002; Maier et al.
2003), while transgenic expression of the synthetic CaMKII inhibitor AIP with
a SR localization sequence has been used to study the role of CaMKII in cardiac
function (Ji et al. 2003).

Mathematical modeling has been another useful tool in understanding
CaMKII function (Lisman and Goldring 1988; Hanson et al. 1994; Michel-
son and Schulman 1994; Matsushita et al. 1995; Dosemeci and Albers 1996;
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Fig.2 Hund-Rudy dynamic (HRd) model of the canine epicardial myocyte. The model action
potential, intracellular calcium transient, and CaMKII activity are shown after pacing to
steady state at a pacing cycle length of 2,000 ms

Coomber 1998; Kubota 1999; Zhabotinsky 2000; Kubota and Bower 2001;
Kikuchi et al. 2003; Hund and Rudy 2004). Early modeling work concluded
that CaMKII in postsynaptic densities could theoretically store information in
a stable manner required for long-term memory (Lisman 1985; Lisman and
Goldring 1988). Hanson and colleagues later developed a set of differential
equations describing CaMKII activity in response to a train of square-pulse
calcium signals (Hanson et al. 1994). Since then, more advanced state-based
models of CaMKII activity have been developed. Notably, Zhabotinsky has
used one such model to examine the role of phosphatases in regulating CaMKII
activity (Zhabotinsky 2000). Recently, we have incorporated CaMKII and its
participation in rate-dependent cellular processes into a mathematical model
of the canine epicardial action potential (Hund and Rudy 2004; Fig. 2). Whole-
cell cardiac myocyte models have been used successfully to study myocardial
ischemia (Shaw and Rudy 1997; Ch’en et al. 1998), heart failure (Winslow
et al. 1999), and the molecular basis of congenital syndromes linked to sudden
cardiac death (Clancy and Rudy 1999; Viswanathan and Rudy 2000).

3.2
CaMKII Function in Neurons

CaMKII is highly concentrated in the forebrain including the hippocampus,
where it constitutes 2% of total protein (Erondu and Kennedy 1985). Excitatory
pathways in the hippocampus and other regions show sustained enhancement
of synaptic transmission in response to high-frequency stimulation, a property
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known as LTP and thought to underlie some forms of memory (see reviews:
Bliss and Collingridge 1993; Lynch 2004). It is now generally accepted that
CaMKII activation in postsynaptic densities is important for LTP induction
(Malenka et al. 1989; Malinow et al. 1989; Silva et al. 1992a,b; Fukunaga et al.
1993; Pettit et al. 1994; Lledo et al. 1995). Early modeling studies concluded
that the switch-like nature of CaMKII could theoretically encode long-term
memory (Lisman and Goldring 1988). Experimental evidence for this first
came from the fact that CaMKII inhibitors impair LTP in CA1 hippocampal
cells (Malenka et al. 1989; Malinow et al. 1989). Subsequently, it was found that
both LTP and spatial learning are severely impaired in mutant mice lacking
CaMKIIα (Silva et al. 1992a,b). In fact, eliminating autophosphorylation by
point mutation is enough to eliminate spatial learning (Cho et al. 1998; Giese
et al. 1998).

The ability of CaMKII to encode LTP and memory depends on the enzyme’s
sensitivity to calcium/calmodulin and its unique regulatory properties, most
notably autophosphorylation. Computer modeling and experimental studies
alike have shown that the unique properties of CaMKII allow the enzyme to
detect the frequency of calcium oscillations (Hanson et al. 1994; Michelson
and Schulman 1994; De Koninck and Schulman 1998).

3.3
CaMKII Function in Cardiomyocytes

Calcium is an important second messenger in cardiac cells. Upon membrane
depolarization during the cardiac action potential, calcium enters the cy-
tosol primarily through L-type calcium channels, which are concentrated
in T-tubules in close proximity to SR ryanodine receptor (RyR) calcium
release channels. Local elevation of calcium concentration triggers a much
greater calcium release from SR stores via RyR channels, giving rise to the
calcium transient and ultimately myofibril contraction. In addition to being
the primary signal for myocardial contraction, intracellular calcium regulates
the transduction of electrical activation to mechanical function (excitation–
contraction coupling) (see Bers 2001 for review). Over a century ago, it was
discovered that myocardial contraction is stronger at faster pacing rates (stair-
case phenomenon or positive force-frequency relationship; Bowditch 1992).
It has also been observed that the rate of muscle relaxation increases with
pacing rate (frequency-dependent acceleration of relaxation, FDAR). In the
heart, a role for CaMKII in regulating intracellular calcium cycling has been
identified. It has been hypothesized that CaMKII underlies FDAR (Schouten
1990). Consistent with this hypothesis, CaMKII inhibitors have a dramatic ef-
fect on frequency-dependent acceleration of relaxation (Bassani et al. 1994)
and excitation-contraction (EC) coupling (Li et al. 1997). Recently, we have
used a computational approach to show that increased CaMKII activity at
fast pacing rates enhances EC coupling gain and promotes a positive calcium
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transient-frequency relationship observed in normal myocytes (Hund and
Rudy 2004; Fig. 2). Consistent with this simulation, CaMKII activity increases
with pacing rate in isolated perfused rabbit hearts (Wehrens et al. 2004); the
parallel increase in myocardial contractility with pacing rate is blocked by the
CaMKII inhibitor KN-93.

The L-type Ca2+ current is important for phase 4 depolarization and auto-
maticity of pacemaker cells from the sinoatrial (SA) node. Due to its facilitation
of ICa(L), CaMKII has been hypothesized to regulate SA node pacemaker activ-
ity and heart rate (Vinogradova et al. 2000). Support for this hypothesis comes
from the fact that the CaMKII inhibitors AIP and KN-93 arrest spontaneous
activity of cells isolated from rabbit SA node (Vinogradova et al. 2000).

4
Role of CaMKII in Cardiac Disease

Changes in CaMKII activity and/or expression have been documented in sev-
eral animal models of cardiac disease. Hypertrophy, heart failure, myocardial
ischemia, and infarction have all been associated with either an upregulation
or downregulation of CaMKII activity (summarized in Table 1). In this section,
we discuss the experimental findings regarding CaMKII alteration in cardiac
disease and how changes in CaMKII may compromise cardiac function and
promote the initiation of potentially fatal cardiac arrhythmias.

Table 1 CaMKII regulation in cardiac disease

Condition Model CaMKII change Reference(s)

Hypertrophy Transient aortic constriction in
mice

Upregulation Colomer et al. 2003

Spontaneously hypertensive rat Upregulation Boknik et al. 2001;
Hagemann et al. 2001;
Hempel et al. 2002

Heart failure Coronary artery ligation in
rabbit

Upregulation Currie and Smith
1999a,b

Human Upregulation Hoch et al. 1999

Microembolization in dog Downregulation Mishra et al. 2003

Coronary artery occlusion in rat Downregulation Netticadan et al. 2000

Myocardial
ischemia

Perfused rat heart Downregulation Osada et al. 1998;
Netticadan et al. 1999

Reduced auto-
phosphorylation

Uemura et al. 2002

No change Vittone et al. 2002



210 T.J. Hund · Y. Rudy

4.1
Hypertrophy and Heart Failure

CaMKII upregulation in ventricular hypertrophy and heart failure has been ob-
served by several groups. Myocytes isolated from hypertrophied myocardium
8 weeks after coronary artery ligation show increased levels of PLB phosphory-
lation and CaMKIIδ upregulation in a rabbit model of heart failure (Currie and
Smith 1999a,b). Cardiac hypertrophy induced by transverse aortic constric-
tion is associated with upregulated CaMKII activity, attributable to increased
mRNA and protein levels (Colomer et al. 2003). Hypertensive rats show in-
creased expression of the fetal δ4 isoform compared to control (Hagemann
et al. 2001; Hempel et al. 2002). Upregulation of δ3 (or δB) has been identi-
fied in failing human myocardium (Hoch et al. 1999) and overexpression of
CaMKIIδB induces hypertrophy with decreased cardiac function in transgenic
mice (Zhang et al. 2002). It has also been shown that mice overexpressing
the cytosolic splice variant of cardiac CaMKII, δC, develop hypertrophy and
heart failure (Zhang et al. 2003). Pressure overload may be a signal for al-
tered CaMKII expression (Colomer et al. 2003), although the exact mechanism
remains unknown.

A downregulation in CaMKII activity has been measured in other models
of heart failure (Netticadan et al. 2000; Mishra et al. 2003). Intracoronary
microembolization in the dog produces heart failure and decreased CaMKII
activity (Mishra et al. 2003). Similarly, heart failure after myocardial infarction
in the rat leads to CaMKII downregulation and reduced phosphorylation of SR
substrates (Netticadan et al. 2000).

4.2
Ischemia-Reperfusion and Preconditioning

Transient global ischemia has been shown to decrease CaMKII activity in the
brain (Aronowski et al. 1992; Churn et al. 1992; Hiestand et al. 1992; Westgate
et al. 1994; Shackelford et al. 1995), which may be the result of a posttrans-
lational modification in ATP binding to the kinase (Churn et al. 1992). Cal-
cium channel blockers and the calmodulin antagonist, trifluoperazine, prevent
CaMKII inactivation during ischemia in guinea pigs (Hiestand et al. 1992).

Myocardial ischemia results in abnormal contractile function and cardiac
arrhythmia within minutes (Wit and Janse 1992; Mubagwa 1995). Paradox-
ically, reperfusion of the ischemic heart leads to further myocardial dam-
age, which may be prevented by brief preconditioning cycles of ischemia-
reperfusion before the onset of sustained ischemia. Ischemia-reperfusion has
been shown to decrease cardiac function, SR Ca2+ uptake, and CaMKII-
dependent phosphorylation of RyR, SERCA2a, and PLB in isolated perfused rat
hearts (Osada et al. 1998; Netticadan et al. 1999). In the same preparation, pre-
conditioningprotects themyocardiumfromdamageandeliminatesdifferences
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in CaMKII activity before and after ischemia and CaMKII-mediated phospho-
rylation of the SR (Osada et al. 1998). The protective effects of preconditioning
are greatly reduced by pretreatment with KN-93 (Osada et al. 2000). Reduced
CaMKII phosphorylation of the SR is observed up to 4 weeks after myocardial
infarction in a rat model of heart failure (Netticadan et al. 2000). Consistent
with these findings, another group has measured translocation and reduced
autophosphorylation of CaMKII in ischemic rat heart compared to control
(Uemura et al. 2002). Others have observed no change in PLB phosphorylation
at Threonine17 after ischemia-reperfusion compared to pre-ischemic levels
(Vittone et al. 2002). However, rats pretreated with KN-93 showed slowed re-
covery as did PLBT17A mutant mice (Said et al. 2003), suggesting an important
role for CaMKII-mediated phosphorylation in recovery after ischemia.

Ischemia-reperfusion involves a number of physiological changes includ-
ing hyperkalemia, acidosis, anoxia, and calcium overload. Reperfusion after
prolonged ischemia results in severe calcium overload (Lee et al. 1987; Mar-
ban et al. 1987; Steenbergen et al. 1987), which has been found to inhibit
CaMKII activity in cardiac cells (Netticadan et al. 2002). Therefore, calcium
overload during ischemia may be one mechanism by which ischemia leads
to altered CaMKII activity. In contrast, acidosis has been shown to activate
CaMKII (Komukai et al. 2001; Nomura et al. 2002). It is not clear which effect,
Ca2+ overload or acidosis, has a greater impact on CaMKII in vivo. Further
investigation is necessary to fully understand the time course, mechanism,
and impact of CaMKII changes during ischemia-reperfusion and ischemic
preconditioning.

4.3
Cardiac Arrhythmia

Of the roughly 500,000 people that die from coronary heart disease each year,
ventricular fibrillation is the immediate cause of death in the majority of cases
(American Heart Association 2004). While a host of therapeutic strategies,
including pharmaceuticals and medical devices, are available to prevent fibril-
lation and sudden cardiac death, clearly the need is great for a better under-
standing of what happens at the cellular level to predispose an ailing heart to
life-threatening arrhythmias. Recently, several groups have examined the role
of CaMKII in promoting cardiac arrhythmia. Early afterdepolarizations (EAD)
are secondary depolarizations during the plateau or repolarization phase of
the action potential that may serve as a triggering events for cardiac arrhyth-
mia (see review: Volders et al. 2000). The CaMKII inhibitor KN-93 diminishes
the inducibility of EADs by clofilium in isolated Langendorff-perfused rab-
bit hearts (Anderson et al. 1998). The calmodulin antagonist W-7 reduces
the inducibility of torsades de pointes in an in vivo rabbit model (Mazur
et al. 1999).
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More recently, CaMKII-dependent arrhythmias have been identified in
transgenic mouse models of cardiac hypertrophy (Wu et al. 2002; Kirchhof
et al. 2004). Transgenic mice overexpressing constitutively active CaMKIV
show reduced systolic function, enhanced CaMKII activity, and a greater
number of arrhythmias compared to wild-type littermates at baseline and
after isoproterenol, which were prevented by treatment with KN-93 (Wu et al.
2002). Cells isolated from transgenic mouse hearts showed a greater number
of EADs, which were eliminated by the CaMKII inhibitory peptide, AC3-I (Wu
et al. 2002). Knockout mice lacking the gene for the atrial natriuretic peptide
receptor also show cardiac hypertrophy, increased CaMKII expression, and
increased incidence of polymorphic ventricular tachycardia preceded by trig-
gered activity (Kirchhof et al. 2004). Both W-7 and KN-93 greatly reduced the
incidence of arrhythmia, as did the L-type Ca2+ channel blocker, verapamil.
These experimental data support the hypothesis that CaMKII overexpression
promotes arrhythmia by enhancing the inducibility of EADs.

EADs are generated by reactivation of the L-type Ca2+ current during the
action potential (January and Riddle 1989; Zeng and Rudy 1995). Phosphory-
lation of L-type Ca2+ channels by CaMKII increases open channel probability
and facilitates the current (discussed in Sect. 2.3), which may provide a mech-
anistic link between CaMKII overexpression and the induction of EADs and
arrhythmias. Consistent with this hypothesis, Kirchhof and colleagues mea-
sured increased L-type open channel probability and CaMKII activity in their
mouse model of cardiac hypertrophy (Kirchhof et al. 2004).

5
Summary and Conclusions

The importance of CaMKII as a ubiquitous “memory” macromolecule is be-
coming increasingly clear. Its sensitivity to the widespread second messenger
calcium and its autophosphorylating capability make CaMKII ideally suited
for mediating a number of important tasks in the body. Notably, its unique
biophysical properties enable CaMKII to detect the frequency of calcium os-
cillations, making the enzyme a biochemical transducer of cell activity. While
CaMKII has been thoroughly investigated in the nervous system, its impor-
tance in regulating cell function has only recently been appreciated in the
heart. Several groups have established altered CaMKII activity and/or expres-
sion in heart failure, myocardial ischemia, and infarction. However, the data
are incomplete and many questions remain to be answered. Clearly, more in-
formation is needed on the role of CaMKII in cardiac disease, the triggering
events for alterations in CaMKII expression, and the relative importance of the
different CaMKII targets in transducing the enzyme activity and its alteration
by disease. This knowledge may lead to anti-arrhythmic therapeutic strategies
to treat patients suffering from coronary heart disease.
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Abstract Phosphorylation of ion channels plays a critical role in the modulation and ampli-
fication of biophysical signals. Kinases and phosphatases have broad substrate recognition
sequences. Therefore, the targeting of kinases and phosphatases to specific sites enhances
the regulation of diverse signaling events. Ion channel macromolecular complexes can be
formedby theassociationofA-kinase anchoringproteins (AKAPs)orother adaptorproteins
directly with the channel. The discovery that leucine/isoleucine zippers play an important
role in the recruitment of phosphorylation-modulatory proteins to certain ion channels has
permitted the elucidation of specific ion channel macromolecular complexes. Disruption of
signaling complexes by genetic defects can lead to abnormal physiological function. This
chapter will focus on evidence supporting the concept that ion channel macromolecular
complex formation plays an important role in regulating channel function in normal and
diseased states. Moreover, we demonstrate that abnormal complex formation may directly
lead to abnormal channel regulation by cellular signaling pathways, potentially leading to
arrhythmogenesis and cardiac dysfunction.
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1
Introduction

Phosphorylation of ion channels plays a critical role in the modulation and
amplification of biological signals. The specific activation and deactivation of
signaling pathways by hormonal stimuli is enabled, in part, by phosphoryla-
tion. Kinases and phosphatases have broad substrate recognition sequences.
Therefore, compartmentalization or targeting of signaling molecules repre-
sents an important modality to bring about specificity (Pawson and Scott
1997). Approximately 25 years ago, compartmentalization of cardiac cyclic
AMP (cAMP)/protein kinase A (PKA) signaling was first proposed (Corbin
et al. 1977). Recently, there have been significant advances in the elucidation of
the mechanisms imparting specificity, providing supporting evidence for this
hypothesis (Marx et al. 2000, 2001b, 2002; Zaccolo et al. 2002). This chapter will
focus on evidence supporting the concept that ion channel macromolecular
complex formation plays an important role in regulating channel function in
normal and diseased states.

2
Protein Kinase A and A-Kinase Anchoring Proteins

PKA, a serine/threonine kinase, is a tetramer holoenzyme, comprising two
catalytic (C) subunits and two regulatory (R) subunits (Corbin et al. 1977;
Michel and Scott 2002). The association of the PKA catalytic subunit (PKAc)
with the R subunits maintains the holoenzyme in an inactive state. cAMP
binding to the regulatory subunit permits dissociation of the catalytic subunits,
relieving the inhibitory contact and thus brings about the phosphorylation of
the appropriate target (Scott 1991; Theurkauf and Vallee 1982). A significant
advance in the understanding of the modulation of PKA was the discovery
of the role of A-kinase anchoring proteins (AKAPs), which anchor PKAc to
specific sites through binding to the R subunits (Feliciello et al. 2001; Pawson
and Scott 1997). The catalytic subunits are encoded by three different genes
(Cα, Cβ, and Cγ), whereas the regulatory subunits are encoded by four genes
(RIα, RIβ, RIIα, RIIβ; Michel and Scott 2002; Scott 1991). PKA holoenzymes
exist in two forms: type I (RIα and RIβ) are primarily cytoplasmic and are
more sensitive to cAMP than type II (RIIα, RIIβ), which predominantly are
associated with specific cellular proteins or structures (Michel and Scott 2002).

3
Scaffold Proteins

Microtubule-associated protein (MAP2) and AKAP75 were initially found to
bind PKA (Sarkar et al. 1984; Theurkauf and Vallee 1982) through gel overlay,
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interaction cloning, yeast two hybrid screens and proteomic approaches. By
classical definition, AKAPs associate with PKA because they contain an am-
phipathic helix that binds to the amino-terminus of the RII subunit (Carr et al.
1991). Recent evidence indicates that a few AKAPs also associate with the RI
subunit (Michel and Scott 2002). AKAPs are localized to cellular compartments
by specific sequences. Because of PKAc association with the regulatory sub-
unit, the PKA that is targeted by the AKAP is inactive, but can be activated in
response to cAMP. In addition to PKA, AKAPs can also help to recruit a larger
macromolecular complex. For instance, certain AKAPs associate with phos-
phodiesterases, protein phosphatases (PP), or both (Scott 1997). Muscle AKAP
(mAKAP), which associates with ryanodine receptors (RyR)1 and RyR2, can
recruit the PDE4D3 phosphodiesterase at the perinuclear region in rat car-
diomyocytes (Dodge et al. 2001). Yotiao (AKAP9) can recruit PP1 in addition
to PKA to the KCNQ1/KCNE1 ion channel (see Sect. 5). AKAPs serve as a mul-
tivalent scaffold to target kinases and phosphatases to specific compartments
and play a major role in cardiovascular ion channel function in normal and
diseased hearts. A recent study provided evidence that Yotiao also may serve
as an effector in regulating the IKs channel (Kurokawa et al. 2004).

4
Ryanodine Receptor

The RyRs are the largest ion channels described to date (2.4 million daltons).
They are tetrameric structures comprising four subunits, each approximately
600,000 Da. RyRs are ligand gated and are activated by micromolar Ca2+ and
inhibited at millimolar Ca2+. In cardiac muscle, RyR2 is activated by Cav1.2 (L-
type Ca2+ channel)-mediated Ca2+ influx (Ca2+-induced Ca2+ release; Fabiato
and Fabiato 1979; Nabauer et al. 1989). The FK506-binding protein (FKBP12.6),
a cis–trans peptidyl-prolyl isomerase, is associated with cardiac RyR2 and
modulates its function by enhancing the cooperativity of the four subunits
(Brillantes et al. 1994; Kaftan et al. 1996; Timerman et al. 1996). FKBP12.6 also
influences neighboring channels through a process known as coupled gating
(Marx et al. 1998, 2001a). Coupled gating provides a mechanism in which two
or more physically connected channels gate simultaneously (Marx et al. 1998,
2001a).

FKBP12.6 binding to RyR2 can be physiologically regulated by PKA phos-
phorylation (Marx et al. 2000). In response to sympathetic stimulation, activa-
tion of the PKA pathway leads to dissociation of FKBP12.6 from the RyR2 com-
plex. In failing hearts, PKA hyperphosphorylation of RyR leads to FKBP12.6
dissociation and abnormal channel function marked by increased Ca2+ sen-
sitivity for activation, and elevated channel activity (probability of opening)
associated with the appearance of subconductance states (Marx et al. 2000).
Administration of metoprolol reverses the hyperphosphorylation, restoring
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the normal stoichiometry of the RyR macromolecular complex and normal
channel function (Reiken et al. 2001; Reiken et al. 2003). The loss of FKBP12.6
(by genetic manipulation; FKBP12.6-null mice) leads to the development of
exercise-induced arrhythmias and sudden cardiac death, due to aberrant Ca2+

release from the RyR (Wehrens et al. 2003). Heterozygous FKBP12.6-deficient
mice also develop exercise-induced arrhythmias, due to a relative reduction in
FKBP12.6, which is corrected by administration of the drug JTV-519 (Wehrens
et al. 2004). These findings establish the critical role of the regulation of cardiac
RyR phosphorylation.

The RyR contains a large cytosolic domain that regulates channel gat-
ing and serves as a scaffold for regulatory protein binding. RyRs contain
leucine/isoleucine zippers (LIZ) that serve to recruit specific regulatory pro-
teins. LIZs are α-helical structures that form coiled coils. They were originally
found to mediate the binding of transcription factors to DNA (Landschulz et al.
1988). The sequence of coiled coils has been shown to contain heptad repeats
(abcdefg)n in which hydrophobic residues occur at positions “a” and “d” and
form the helix interface, while “b,c,e,f ” and “g” are hydrophilic and form the
solvent-exposed part of the coiled coil (Lupas 1996).

Prior to the discovery that LIZs play an important role in the recruitment of
phosphorylation-modulatory proteins, they were found to be present in several
ion channels including the human potassium channel hSK4 (hypothesized
to play a role in the transduction of charge movement in Shaker potassium
channel; McCormack et al. 1991) and in tetramer formation of the inositol
triphosphate receptor (IP3R) (Galvan et al. 1999). Moreover, the LIZ motif was
shown to play an important role in the oligomerization of phospholamban,
the phosphoprotein that regulates the SR Ca2+ ATPase (Arkin et al. 1994;
Simmerman et al. 1996). We found LIZs in several ion channels including the
RyR, IP3R, Cav1.2 (L-type Ca2+ channel), and KCNQ1 (Hulme et al. 2002, 2003;
Marx et al. 2000, 2001b, 2002; Tu et al. 2004).

The cardiac RyR2 contains three LIZs that serve to co-localize PP1, PP2A,
and PKA to the channel (Marx et al. 2000, 2001b). The LIZs of RyR2 bind
to LIZ in the targeting proteins spinophilin, PR130, and mAKAP (Fig. 1).
By identifying the role of LIZs in mediating the formation of the RyR channel
macromolecular complex, the isolation of the targeting proteins for the kinases
and phosphatases was possible. mAKAP had been previously shown to co-
localize with RyR based upon elegant immunostaining experiments (Yang
et al. 1998) and was shown to bind to RyR2 based upon immunoprecipitation
assays (Marx et al. 2000). A putative LIZ motif on RyR2 binds to a LIZ motif
in mAKAP to mediate the association (Marx et al. 2001b). Disruption of the
association of mAKAP/RII/PKA with the channel prevents cAMP-mediated
phosphorylation of the channel and dissociation of FKBP12.6 (Marx et al.
2001b). Interestingly, mAKAP also binds to PDE4D3, potentially regulating
the local concentration of cAMP around the cardiac RyR in vivo (Dodge et al.
2001). Control of local cAMP levels by an anchored PDE in the vicinity of
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Fig. 1a,b Schematic representation of the RyR2 macromolecular complex. a PKA, PP1, and
PP2A are targeted to the RyR by three anchoring proteins, mAKAP, spinophilin (spino),
and PR130 (PR), respectively, via LIZ-mediated interactions betweens the anchoring pro-
teins and the channel (Marx et al. 2001b). For illustrative purposes, only one scaffold
protein is shown for each subunit, although each channel has four binding sites for mAKAP,
spinophilin, and PR130. b Phosphorylation of S2809 on RyR2 (indicated by S) by PKA leads
to increased channel open probability and increased Ca2+ release from SR

the RyR could potentially explain the differential regulation of PKA substrates
seen in heart failure (phospholamban is hypophosphorylated whereas RyR is
hyperphosphorylated; Huang et al. 1999; Mishra et al. 2002; Reiken et al. 2001;
Schwinger et al. 1999).

In heart failure, the number of PP1 and PP2A catalytic subunits associ-
ated with the channel is reduced (Marx et al. 2000), potentially leading to
pathological channel hyperphosphorylation. Like PKA, the localization of PP1
to subcellular targets has been shown to be mediated by anchoring proteins
(Chisholm and Cohen 1988; Herzig and Neumann 2000; Stralfors et al. 1985).
For instance, spinophilin/neurabin enables the binding of PP1 to post-synaptic
density in neurons and RyR2 (Allen et al. 1997; Marx et al. 2000; McAvoy et al.
1999), and yotiao (AKAP9) enables the binding of PP1 to N-methyl-d-aspartate
(NMDA) receptor and KCNQ1 (Lin et al. 1998; Marx et al. 2002). AKAP9 also
binds to PKA, bringing both PKA and PP1 in close proximity to the ion channel.

5
IKs Channel

IKs, the slowly activating component of the human cardiac delayed rectifier K+

current is a major contributor to repolarization of the cardiac action potential
(AP) (Clancy et al. 2003; Kurokawa et al. 2001). Moreover, IKs is a dominant
determinant of the physiological heart rate-dependent shortening of duration
of AP (APD) (Zeng et al. 1995). The contribution of IKs to regulation of APD
is augmented by the sympathetic nervous system (SNS). Stimulation of β-
adrenergic receptor (β-AR) acts to increase the heart rate, and also results
in a rate-dependent shortening of the APD (Kass and Wiegers 1982). The
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IKs channel is one of several targets of PKA that occurs subsequent to β-
AR stimulation. PKA-dependent phosphorylation of IKs channels results in
increased IKs current amplitude and faster cardiac repolarization (Kurokawa
et al. 2003). This increase in repolarization currents is essential to counter
the stimulatory effects of PKA on L-type Ca2+ channels (Kass and Wiegers
1982). The result is that a balance of inward and outward membrane currents
regulates the duration of ventricular APD, and consequently the Q-T interval,
in response to SNS stimulation.

IKs results from the co-assembly of two subunits KCNQ1 (KvLQT1) and
KCNE1 (minK) (Barhanin et al. 1996; Sanguinetti et al. 1996). The genes that
encode the subunit components of the IKs channel, KCNQ1 and KCNE1, have
been shown to harbor mutations linked to the congenital long QT syndrome
(LQTS). Mutations in KCNQ1 cause LQT-1, and mutations in KCNE1 channel
cause LQT-5 (Splawski et al. 2000). In affected patients, triggers of arrhythmias
are gene-specific, and those with mutations in either KCNQ1 or KCNE1 are at
greatest risk of experiencing a fatal cardiac arrhythmia in the face of elevated
SNS activity (Keating and Sanguinetti 2001; Priori et al. 1999; Schwartz et al.
2001). Unraveling the molecular links between the SNS and regulation of
the KCNQ1/KCNE1 channel has direct implications for understanding the
mechanistic basis of triggers of arrhythmias in LQTS.

The KCNQ1/KCNE1 channel forms a macromolecular signaling complex
that is coordinated by binding of a targeting protein, yotiao (AKAP9) (Lin et al.
1998) via a LIZ motif in the C-terminus of KCNQ1, which in turn binds to and
recruits PKA and PP1 to the channel (Marx et al. 2002). The complex then
regulates the phosphorylation of Ser27 in the N-terminus of KCNQ1 (Marx
et al. 2002; Fig. 2a). Reconstitution of PKA and PP1-mediated regulation of
the KCNQ1/KCNE1 current in Chinese hamster ovary (CHO) cells requires
co-expression of KCNQ1/KCNE1 and yotiao, and is ablated by mutation of the
KCNQ1 LIZ which prevents yotiao binding to the channel, resulting in ablation
of PKA phosphorylation of Ser27 (Marx et al. 2002).

Just as artificial mutations disrupt the LIZ motif, the naturally occurring
G589D mutation at an “e” position in the LIZ motif of hKCNQ1 disrupts
targeting of yotiao to hKCNQ1 (Fig. 2b; Marx et al. 2002). The inherited G589D
mutation has been linked to LQT-1 in Finnish families (Piippo et al. 2001).
Moreover, the KCNQ1-G589D mutation, by virtue of the fact that it disrupts
the LIZ motif in the C-terminus of KCNQ1 nullifies β-adrenergic-mediated
regulation of the channel. The G589D mutation causes a defect in regulation
of the channel by preventing assembly of the macromolecular complex that
targets PKA and PP1 to the C-terminus of the channel. Affected LQTS patients
suffer fromdysfunctional regulationofQTdurationduringmental andphysical
stress (Paavonen et al. 2001) and are at risk of arrhythmia and sudden cardiac
death during exercise (Piippo et al. 2001).

Kurokawa et al. (2003) demonstrated that cAMP-mediated functional regu-
lation of KCNQ1/KCNE1 channels via PKA phosphorylation of the KCNQ1 N-
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Fig.2a–c Schematic diagrams of cardiac myocytes indicating signaling microdomains for IKs
and ICaL underSNSstimulation.aNormal (wildtype). In left, PKAandPP1are targeted to the
IKs (KCNQ1/KCNE1) channel by yotiao. In right, PKA is targeted to the L-type Ca2+ channel
by AKAP15. In wildtype cells, elevated intracellular cAMP via β-AR stimulation leads to
PKA-dependent phosphorylation of both K+ and Ca2+ channels, resulting in enhancement
of both channel currents. b LQT-1 mutation. Uncoupling yotiao via the LQT-1 G589D
mutation (disruption of the LIZ motif) precludes IKs, but not ICaL, channels from β-AR-
mediated phosphorylation. c LQT-5 mutation. The LQT-5 D76N mutation does not uncouple
IKs channels from PKA-mediated phosphorylation but ablates the functional response to
β-AR stimulation. L-type Ca2+ channels are not affected by this mutation

terminus requires the expression of KCNQ1 with its auxiliary subunit KCNE1,
although KCNE1 is not required for phosphorylation of KCNQ1 (Kurokawa
et al. 2003). In other words, KCNQ1 phosphorylation is independent of co-
assembly with KCNE1, but transduction of the phosphorylated channel into
the physiologically essential increase in reserve channel activity requires the
presence of KCNE1. In the absence of KCNE1, there is no significant effect of
KCNQ1 phosphorylation on expressed channel activity.
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The importance of KCNE1 association was revealed in a recent study that
showed a point mutation in KCNE1 linked to LQT-5, D76N, can severely dis-
rupt the functional consequences of KCNQ1 phosphorylation (Kurokawa et al.
2003). This mutation reduces basal current density and would be expected
to reduce repolarizing current, prolong cellular action potentials, and con-
tribute to prolonged Q-T intervals in those expressing the mutation even in
the absence of SNS stimulation (Bianchi et al. 1999). The D76N mutation also
ablates functional regulation of the channels by cAMP (Fig. 2c; Kurokawa et al.
2003). The presumed consequence of the mutation is that in the face of SNS
stimulation, there will be an insufficient reserve of K+ channels to allow for
appropriate shortening of the APD that is required at faster heart rates to allow
for sufficiently long diastolic intervals required for ventricular filling.

Because PKA-dependent regulation of at least three key ion channels in
the heart (RyR2, L-type Ca2+ channels, and KCNQ1/KCNE1 channels) requires
assemblywithAKAP-mediatedmacromolecular signaling complexes, it is clear
that disruption of a subset of these complexes can lead to an imbalanced
response to SNS stimulation. The LQT-1 mutation, G589D, is the first example
of disease-associated disruption of a microdomain-signaling complex (Fig. 2b;
Marx et al. 2002). The D76N mutation of KCNE1 represents a second, and
additionally novel, mechanism of disrupting regulation of a local targeted
ion channel (Fig. 2c; Kurokawa et al. 2003). In the latter case, however, it is
functional uncoupling, and not biochemical uncoupling, that occurs.

6
Other Channels and Receptors in Heart

Activation of β-ARs and consequent phosphorylation by PKA increases the
cardiac L-type Ca2+ current through CaV1.2 channels. Recently, AKAP15 has
been reported to target PKA to the CaV 1.2 channel in cardiac muscle via a LIZ
motif (Hulme et al. 2003) as well as to the CaV 1.1 channel in skeletal muscle
(Hulme et al. 2002).

Interaction between β2-AR and gravin (AKAP250) (Fan et al. 2001; Tao et al.
2003) and between Na+–Ca2+ exchanger and mAKAP (Schulze et al. 2003) have
also been reported.

7
Summary

It is now well established that macromolecular signaling complexes, coordi-
nated by the binding of adaptor proteins to target proteins, are essential in
creating micro signaling environments of many proteins, including ion chan-
nels (Marx et al. 2001, 2002; Tu et al. 2004; Hulme et al. 2002, 2003; Colledge
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et al. 2000; Hoshi et al. 2003; Westphal et al. 1999) and exchangers (Schulze
et al. 2003). The identification of LIZ motifs in ion channels has provided a road
map to elucidate new signaling pathways that modulate cardiac ion channels.
Understanding how ion channels are modulated should represent a major fo-
cus, since phosphorylation can significantly modulate channel function and
the cardiac action potential. Altered channel phosphorylation and function in
disease states can lead to heart failure and arrhythmogenesis/sudden cardiac
death. Disruption of signaling complexes by genetic defects can lead to sudden
cardiac death (Paavonen et al. 2001; Piippo et al. 2001), kidney disease (Orel-
lana et al. 2003), and cystic fibrosis (Sun et al. 2000), and genetic variation
in AKAPs may raise the risk of susceptibility in complex diseases (Kammerer
et al. 2003). Local signaling domains, coordinated by AKAPs, thus become
important to our understanding of both the genesis of cardiac arrhythmias
and of novel targets to treat and prevent them at the molecular level.
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Abstract Drugs that suppress β-adrenergic signaling by competitively inhibiting agonist
binding to β-adrenergic receptors (“β-blockers”) have important antiarrhythmic proper-
ties. They differ from most other antiarrhythmic agents by not directly modifying ion
channel function; rather, they prevent the arrhythmia-promoting actions of β-adrenergic
stimulation. β-Blockers areparticularlyuseful inpreventing suddendeathdue toventricular
tachyarrhythmiasassociatedwithacutemyocardial ischemia, congenital longQTsyndrome,
and congestive heart failure. They are also quite valuable in controlling the ventricular rate
in patients with atrial fibrillation. This chapter reviews the properties of β-adrenoceptor
signaling, the basic mechanisms of cardiac arrhythmias on which β-blockers act, the ion
channel mediators of β-adrenergic responses, the evidence for clinical antiarrhythmic in-
dications for β-blocker therapy and the specific pharmacodynamic and pharmacokinetic
properties of β-blockers that differentiate the various agents of this class.

Keywords β-Adrenoceptor antagonists · β-Adrenergic receptors · Sudden cardiac death ·
G protein-coupled receptors · Long QT syndrome

1
Introduction

Cardiovascular disease (CVD) remains the predominant cause of mortality in
the world, with over 60 million people affected by some type of CVD in the
USA alone (Heart Disease and Stroke—Statistics Update 2003, American Heart
Association).Arrhythmias are an important contributor toCVDmorbidity and
mortality. The autonomic nervous system is an important regulator of cardiac
electrical activity, and its function may be altered in CVD. The β-adrenergic
signaling system is a crucial component of the autonomic control of cardiac
electrical function. For these reasons, agents that alter β-adrenergic control of
the heart by inhibiting β-adrenoceptor (AR) binding (known colloquially as
“β-blockers”) are an important component of the pharmacological treatment
of arrhythmia.

Drugs that affect ionic currents directly by blocking voltage-gated ion chan-
nels includeVaughanWilliamsclasses I (Na+ channelblockers), III (K+ channel
blockers), and IV (Ca2+ channel blockers). The Cardiac Arrhythmia Suppres-
sion Trial (CAST) demonstrated in 1989 (CAST Investigators 1989) that block-
ing INa may increase, rather than decrease, arrhythmic mortality in patients at
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risk of sudden cardiac death due to ventricular tachyarrhythmias. The value
of pure class III K+ channel blockers has also been questioned with the re-
alization that excessive prolongation of the cardiac action potential (AP) can
lead to torsades de pointes (TdP) ventricular tachyarrhythmias, and with the
publication of the Survival with Oral D-Sotalol (SWORD) trial (Waldo et al.
1996), which showed that class III agents may also increase mortality in at-risk
patients.

β-Blocking agents were first discovered in 1958, with the identification of
the β-blocking properties of the partial agonist dichloroisoproterenol, and the
demonstration that dichloroisoproterenol could block adrenergic effects on
the heart (Dresel 1960). The antiarrhythmic actions of β-blockers were charac-
terized as “class II” antiarrhythmic properties by Singh and Vaughan Williams
in 1970 (Singh and Vaughan Williams 1970). Class II antiarrhythmic agents
are currently widely used for treating cardiac arrhythmias. Recent large trials
on β-blocking agents such as the USCP (United States Carvedilol Program;
Packer et al. 1996), CIBIS II (Cardiac Insufficiency Bisoprolol Study; Anony-
mous 1999b), MERIT-HF (Metoprolol CR/XL Randomised Intervention Trial
in Heart Failure; Anonymous 1999a), and COPERNICUS (Carvedilol Prospec-
tive Randomized Cumulative Survival Trial; Eichhorn and Bristow 2001) all
demonstrated that β-blockade prevents sudden death related to malignant
arrhythmias in patients with congestive heart failure (CHF). In addition, β-
blockers prevent lethal arrhythmias in patients with congenital long QT syn-
drome (LQTS), cardiac arrest survivors, some cases of ventricular tachycardia,
and survivors of myocardial infarction. Inhibition of the effects of β-adrenergic
stimulation contributes to the efficacy of drugs such as amiodarone or sotalol,
which have β-blocking properties in addition to K+ channel blocking capabil-
ities. These observations highlight the importance of the β-adrenergic system
in cardiac arrhythmias and the potentially important antiarrhythmic benefit
from β-blockade.

2
β-Adrenergic Receptors in the Heart

The heart is under the influence of both the sympathetic and parasympa-
thetic branches of the autonomic nervous system. The sympathetic nervous
system (SNS) functions to increase heart rate and the force of contraction
via adrenergic stimulation. SNS effects are usually balanced by those of the
parasympathetic system, which decreases heart rate via muscarinic cholin-
ergic receptors. Adrenergic effects were discovered in 1896 when Oliver and
Shafer found that injected crude adrenal gland extracts could increase arterial
pressure (Barcroft and Talbot 1968). Adrenaline was isolated as the active com-
pound in 1900 by Farbwerke Hoechst and was marketed as a vasoconstrictor to
stop bleeding and raise blood pressure in patients experiencing surgical shock
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and, more importantly, for the treatment of acute asthma (Sneader 2001). Over
time, adrenaline was found to cause varied effects, including both vasocon-
striction and vasodilation, but it wasn’t until Ahlquist’s discovery of α- and
β-ARs in 1948 that these varying actions were understood (Ahlquist 1948).
A principal target of cardiac sympathetic regulation is the sinoatrial node
(SAN), which governs normal cardiac rate and is richly innervated by the SNS.
However, all other regions of the heart receive sympathetic innervation, which
can profoundly influence their electrical function.

2.1
Adrenergic Receptor Subtypes

Adrenergic receptors canbedivided into αandβ typesbasedon their responses
to antagonists and agonists such as noradrenaline, adrenaline, and isopro-
terenol (a synthetic derivative of adrenaline). β-Type ARs are more responsive
to isoproterenol, while adrenaline acts more potently on α-type ARs. β-ARs
are by far more prominent in the heart as compared to α-ARs, as demonstrated
by a much greater inotropic effect of isoproterenol on cardiac tissue (Bohm
et al. 1988; Brodde et al. 1998; Steinfath et al. 1992). This chapter will focus on
β-adrenergic receptors, since α-receptor modulation is not used clinically as
an antiarrhythmic intervention. α-ARs and β-ARs can be further divided into
different subtypes based on their response to subtype-selective agonists and
antagonists. To date, three subtypes of β-receptor have been identified in the
heart: β1, β2, and β3.

2.1.1
β1 Adrenoceptors in the Heart

The β1 subtype is the most prominent AR in the heart as determined by mRNA
and protein quantification (Bristow et al. 1993; Bylund et al. 1994; Engelhardt
et al. 1996; Ihl-Vahl et al. 1996; Ungerer et al. 1993). The ratio of β1/β2 recep-
tors in the human heart is approximately 60/40 in the atrium and as high as
80/20 in the ventricle (Brodde 1991). β1-ARs are stimulated by agonists such
as dobutamine (Williams and Bishop 1981) and xamoterol (Nuttall and Snow
1982) and inhibited by selective antagonists such as practolol and metoprolol.
The endogenous adrenergic neurotransmitter norepinephrine exerts its effects
primarily through β1 ARs (Kaumann et al. 1989; Motomura et al. 1990). The im-
portant inotropic (increased force of contraction) and chronotropic (increased
heart rate) effects of norepinephrine are due to the stimulation of β1-ARs, as
demonstrated experimentally by the exogenous injection of norepinephrine
or the release of endogenous norepinephrine by tyramine in healthy human
subjects (Schafers et al. 1997) and in recent heart transplant patients who lack
parasympathetic signaling (Leenen et al. 1998). The ability of β1-AR signaling
to initiate arrhythmia is illustrated by exercise-induced tachyarrhythmias re-
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lated to norepinephrine release from sympathetic nerve endings (Brodde 1991;
McDevitt 1989).

2.1.2
β2-Adrenoreceptors in the Heart

The β2-AR subtype is also found in the human heart (Brodde 1991), albeit to
a lesser extent than β1 ARs. Agonists for β2-ARs include salbutamol (Kelman
et al. 1969), terbutaline (Burnell and Maxwell 1971), and salmeterol (Ullman
and Svedmyr 1988). β2-ARs are more responsive to isoproterenol as compared
to norepinephrine. When heart transplant patients are given isoproterenol,
an increase in heart rate is observed, even in the presence of the highly se-
lective β1 antagonist bisoprolol (Hakim et al. 1997). Since the transplanted
heart is not innervated, these observations cannot be due to reflex mecha-
nisms. Interestingly, the greatest densities of β2 ARs are found in the SAN
(Rodefeld et al. 1996), which suggests a particularly important role in me-
diating adrenergic influences on heart rate. This has been demonstrated by
in vivo studies: Despite the overall lesser amount of β2-ARs in the heart, β1
and β2 AR-stimulation increases heart rate to an equal degree (Brodde 1991;
McDevitt 1989). One of the concerns in designing β-blockers for the treat-
ment of CVD is their deleterious effects on bronchial smooth muscle due
to blockade of β2-AR-mediated bronchodilation. Many early non-selective β-
blockers caused bronchoconstriction, especially in asthmatic patients. Newer
β-blockers have been designed to be more β1 specific in order to avoid such
complications.

The role of cardiac β3 or β4 ARs remains uncertain, although some recent
evidence with the β1/β2 antagonist and β3 agonist CGP 12177 does point to
functional β3-ARs in the heart (Arch and Kaumann 1993; Kaumann 1996).

2.2
β-Adrenoceptor Molecular Biology and Signaling in the Heart

All the β-adrenergic receptors are G protein-coupled receptors (GPCRs) with
seven α-helix transmembrane spanning domains in the predominant α-sub-
unit. GPCRs constitute the largest group of targets for pharmacological inter-
ventions on the market today. The β-AR was the first AR GPCR to be cloned
(Dixonet al. 1986).GPCRshave ahighly conserved structure,with themaindif-
ferences occurring at the intracellular C-terminal, the extracellular N-terminal,
and the G protein-binding long third cytoplasmic loop. G proteins are com-
posed of three subunits, α, β, and γ. The α-subunit is capable of binding to
guanine nucleotides (GTP) and catalyzing enzymatic conversion to guanosine
diphosphate (GDP). In their inactive state, G proteins are found as an αβγ
trimer bound to GDP. When an agonist binds to the receptor, the trimer is
recruited to the intracellular loop region, resulting in the dissociation of GDP
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Fig. 1 Classic β1 adrenoceptor-mediated signaling in a cardiomyocyte. After agonist binding
(isoproterenol or noradrenaline), Gαs is activated and allows adenylate cyclase to convert
ATP to the secondary messenger cAMP. In turn, cAMP activates protein kinase A (PKA),
which can phosphorylate other proteins, including voltage-gated ion channels. The phos-
phorylation of ion channels alters their kinetic properties and can ultimately result in
pathological changes to the action potential

and the subsequent binding of GTP. The G protein trimer then breaks up into
its active α-GTP and βγ-subunit forms which diffuse into the cytosol to activate
(or inactivate) enzymes or channel proteins. The β-subtypes differ in terms of
the second messengers that transmit the adrenergic signal (see Dzimiri for an
excellent review on β-AR signaling: Dzimiri 1999). The classic β-AR signal-
ing pathway involves coupling to Gαs, which in turn activates adenylyl cyclase
that converts intracellular ATP to cyclic AMP (cAMP). This secondary effector
activates the protein kinase A (PKA) pathway, which phosphorylates many
proteins involved in ion channel and cellular contractile function (Fig. 1).

3
Normal Conduction to Arrhythmia:
What Changes Are Happening in the Heart?

Normal electrical functioning of the heart requires an appropriate balance of
inward and outward currents during the cardiac AP. An imbalance between
inward and outward currents can lead to susceptibility to arrhythmia.
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3.1
The Cardiac Action Potential

The phenomena underlying cardiac electrical activity are best appreciated at
the cellular level by understanding the cardiac AP. Figure 2 shows a typical
AP with the five different phases indicated. Inward (depolarizing) currents are
shown in red and outward currents (bringing the cell back towards the resting
potential) are shown in blue.

Phase 0 consists of a rapid depolarization from the resting membrane po-
tential of approximately −80 to −90 mV to the “overshoot” of +40 mV and is
caused by the opening of cardiac Na+ channels, which carry a large Na+ current
(INa). Phase 0 depolarization is followed by the activation of various outward
K+ currents during phase 1, such as the transient outward current (Ito) and
the ultra-rapid delayed rectifier (IKur). This early rapid repolarization phase is
followed by the activation of phase 2 currents, which constitute fairly balanced
inward and outward currents resulting in a phase of relatively constant trans-
membrane potential, the so-called “plateau” of the cardiac AP. During this
phase, inward currents such as the L-type calcium current (ICaL) and the late
component of the sodium current (INa,L) balance outward currents such as IKur
and the rapidly activating and slowly activating components of the delayed rec-
tifier current, IKr and IKs. Ca2+ influx during the plateau phase is essential for
electromechanical coupling, as Ca2+ ions trigger movement of the contractile
filaments causing cardiac contraction. Phase 3 is the final rapid repolariza-

Fig.2 Schematicof a typical cardiacactionpotential (AP),which is a recordingof intracellular
voltage as a function of time. The four phases are indicated, along with the ionic currents
responsible for shaping theAP.Currentdirection isdefinedby themovementofpositive ions.
Ions that are at higher concentration in the extracellular space (like Na+ and Ca2+) move into
the cell when the membrane allows them through, carrying depolarizing (inward) current.
K+, which is more concentrated inside the cell, tends to move out, carrying repolarizing
(outward) current. NCX, Na+,Ca2+-exchanger current
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tion phase of the AP and is dominated by the outward K+ currents IKr and
IKs. After repolarization is complete, maintenance of the resting membrane
potential during phase 4 is controlled by the inward rectifier current (IK1).
In regions with pacemaker activity, such as the SAN, the hyperpolarization-
activated current If is able to depolarize cells during phase 4, reaching the
threshold for firing and producing pacemaker activity. The AP morphology
varies in different regions of the heart because of heterogeneity in ion-current
expression (Feng et al. 1998; Li et al. 2001; Wang et al. 1998). In addition to
the currents mentioned above, other membrane currents such as IKATP, IClCa,
and the Na+,Ca2+-exchanger current (NCX) play a role. Disease states that
predispose the myocardium to arrhythmia are often linked to changes in the
expression of these currents (Nattel and Li 2000).

3.2
Basic Mechanisms of Arrhythmias

As mentioned previously, a disruption in the inward/outward current balance
can lead to an arrhythmogenic state. CVDs that render the myocardium sus-
ceptible to arrhythmia include coronary artery disease, pericarditis, congenital
heart disease, mitral valve disease, hypertension, ischemic heart disease, and
congestive heart failure. Cardiac arrhythmias are believed to arise by four
primary mechanisms: early afterdepolarizations (EADs), delayed afterdepo-
larizations (DADs), enhanced automaticity, and reentry.

3.2.1
Early Afterdepolarizations

Triggered activity that occurs before full repolarization of the AP is termed an
EAD. This activity is the result of a spontaneous depolarization during a pro-
longed AP with increased duration (APD) and occurs more readily in Purkinje
fibers (Nattel and Quantz 1988) and in ventricular mid-myocardial (M) cells
(Sicouri and Antzelevitch 1995) than in other atrial or ventricular tissues. EADs
can take place during the plateau (phase 2) or during phase 3 of the AP. The
imbalance is most often the result of a decrease in outward currents; IKr and
IKs are most directly implicated, but reductions in IK1 and Ito may also con-
tribute (Beuckelmann et al. 1993; Han et al. 2001a; Kleiman and Houser 1989).
APD prolongation accompanied by decreased outward currents allows inward
currents such as ICa (for phase 2 EADs; De Ferrari et al. 1995; January and
Riddle 1989; Luo and Rudy 1994; Nattel and Quantz 1988), reactivated fast INa,
and the NCX for phase 3 EADs (Luo and Rudy 1994) to trigger depolarization.
These afterdepolarizations may depolarize adjacent, repolarized cells to the
threshold potential, triggering another depolarization (Cranefield 1977) and
potentially initiating transmural reentry (Antzelevitch 2003).

EADs are central to arrhythmogenesis in patients exhibiting LQTS. Congen-
ital LQTS patients may have a mutation in K+ subunit genes including KvLQT1
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(LQT1), HERG (LQT2), minK (LQT5) and MiRP1 (LQT6). In addition to loss-
of-function K+ channel mutations, an inactivating defect in the Na+ channel
subunit Nav1.5 (LQT3) and the membrane adaptor protein ankyrin-B (LQT4)
have also been implicated in LQTS (for a review see Antzelevitch 2003). The
result of these mutations is a prolongation of the APD and a disruption in the
net current balance, predisposing the tissue to EADs. Pharmacological agents
can also cause EADs by inducing “acquired” LQTS (Nattel 2000). Class III
anti-arrhythmic agents which prolong APD by blocking delayed rectifier cur-
rents predispose patients to TdP arrhythmias (Hohnloser 1997; Roden 2004)
by mimicking the functional defects of congenital LQTS. By increasing plateau
Ca2+ current, β-adrenergic stimulation tends to prolong APD and promote
EADs. This action is offset by activation of K+ currents, especially IKs (see
Sect. 4.1.1). When IKs is reduced by mutations in the DNA-encoding channel
subunits or by cardiac disease, the tendency of β-adrenergic stimulation to pro-
mote EAD-related arrhythmias is enhanced and β-blockers may be beneficial
in preventing arrhythmogenesis.

3.2.2
DADs

Delayed afterdepolarizations, another cause of abnormal impulse formation,
occur after AP repolarization. DADs can occur in the ventricles, Purkinje
fibers, and the atria and are typically caused by Ca2+ overload. When there is
an increase in intracellular Ca2+, a secondary diastolic release of Ca2+ from
sarcoplasmic reticulum stores can occur after AP repolarization (Fabiato and
Fabiato 1975; Lakatta 1992; Pogwizd and Bers 2004). This spontaneous release
of Ca2+ results in extrusion of Ca2+ by NCX. The NCX exchanges one Ca2+ ion
for three Na+ ions, resulting in a net inward current in the direction of Na+

transport, which depolarizes the cell. If these depolarizations reach threshold,
an extrasystolic AP can be triggered. ICa is enhanced by β-adrenergic signaling,
is the main source of cellular Ca2+ loading and plays a key role in the generation
of DADs. Sympathetic nervous system activation in diseased myocardium
leads to increased ICa, which can precipitate Ca2+ overloading (Belardinelli
and Isenberg 1983; Malfatto et al. 1988; Wit and Cranefield 1976; Wit and
Cranefield 1977). Arrhythmias due to digitalis toxicity are also frequently
related to DADs (Vos et al. 1990; Zipes et al. 1974), since cardiac glycosides
increase intracellular Ca2+ by inhibiting the Na+/K+ pump (Bigger 1985; Lee
et al. 1980), causing DADs when Ca2+ loading becomes excessive.

3.2.3
Abnormal Automaticity

Under normal conditions, the SAN controls cardiac rate because of its faster in-
trinsic firing rate compared to other regions; however, regions like the AVN and
theHis-Purkinje systemarecapableofdepolarizingspontaneouslyanddisplay-
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ing automaticity. Sympathetic over-stimulation of Purkinje fibers (Hauswirth
et al. 1968) or cardiac pathology in other regions (including working atrium
and ventricle; Lazzara and Scherlag 1988) can increase automatic discharge
rates and generate cardiac arrhythmias. Resting membrane potential can be-
come depolarized in diseased tissue (Cameron et al. 1983; Gelband and Bassett
1973; Nordin et al. 1989; Rossner and Sachs 1978; Wiederhold and Nilius 1986),
possibly because of decreased inward rectifier current IK1 (Beuckelmann et al.
1993). In regions that do not normally exhibit automaticity, more positive
resting membrane potential facilitates the initiation of an AP because less
depolarization is needed to reach threshold voltage for firing (Janse and Wit
1989; Katzung and Morgenstern 1977), and contributes to the development of
abnormal automaticity. In addition, the rate of phase 4 depolarization can be
enhanced by reduced IK1, increased If, or both.

3.2.4
Reentry

Reentry is a disorder of impulse conduction that is believed to cause many
important clinical tachyarrhythmias (Cranefield et al. 1973). Once normal tis-
sue is excited, the Na+ channels become inactivated and another AP cannot
be initiated until they recover from inactivation—a period of time termed
the refractory period (RP). There are three main requirements for initiation
of reentry: (1) two distinct pathways for AP propagation joined proximally
and distally; (2) different RPs in the two pathways; and (3) development of
unidirectional block, generally by premature activations exposing the RP dif-
ferences. If a premature impulse encounters one pathway when it is refractory
but the other can conduct, it can travel “antegradely” (in the normal direction)
down the shorter-RP path and reach the distal end of the previously blocked
pathway to a point at which excitability has been regained. It can then travel
in the retrograde direction up this longer RP pathway and, if conditions are
correct, re-excite the shorter RP pathway in the antegrade direction. This can
lead to repetitive excitation that travels antegradely down the shorter RP path
and retrogradely up the longer RP pathway.

The ability to maintain reentry depends on the relationship between circuit
time (equivalent to tachycardia cycle length) and RP. For reentry to be sus-
tained, circuit time has to be greater than RP—otherwise, the impulse will hit
refractory tissue and extinguish. Thus, short RPs promote sustained reentry
and long RPs prevent it. Circuit time is given by the length of the reentry circuit
divided by conduction velocity, so slow conduction (which increases circuit
time) favors reentry. Disrupting the balance of currents in the AP, especially
during phase 2, has a profound effect on APD and therefore RP. For example,
the downregulation of ICa, which can help prevent calcium overloading in the
cell, also shortens APD and RP and promotes the maintenance of reentry (Nat-
tel 2002). During fast atrial rates, as seen in atrial fibrillation (AF), ICa may
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decrease, reducing the RP and favoring arrhythmia perpetuation (Nattel 2002).
In addition, AF is sometimes associated with decreased INa, which can lead to
a decrease in atrial conduction velocity and also promote reentry (Gaspo et al.
1997). Increasing RP by increasing inward Ca2+ and Na+ currents or reducing
outward K+ currents will have the opposite effect and suppress reentry.

4
Mechanisms of β-Blocker Action on Arrhythmias

Although the beneficial effects of β-blocker therapy have been known for quite
a while (Singh and Vaughan Williams 1970), their exact mechanisms of action
are still incompletely understood. The following sections will examine effects
on ionic currents, as well as other fundamental properties of β-blockers that
can contribute to antiarrhythmic actions.

4.1
Ionic Currents Affected by β-Adrenergic Signaling
and β-Adrenoceptor Blockade

Many ionic currents are affected by β-adrenergic stimulation, resulting in
complex effects on the AP. Generally, β-adrenergic stimulation results in rate-
dependent APD shortening (Walsh and Kass 1991). Below is a summary of
principal actions (Table 1).

Table 1 Currents affected by β-adrenergic signaling

Current Effect of
β-AR
stimulation

Effect on AP Mechanism
of
arrhythmia

IKs ↑ Shorten APD and refractory period Reentry

IKr ↓ Prolong APD EAD

If ↑ Increase the chance of premature depolariza-
tion

Automaticity

IK1 ↑ Restingmembranepotential ismorenegative Reentry

IKur ↑ Shorten the APD

INCX ↑ Cause phase 4 depolarizations DAD

ICFTR, cardiac ↑ Depolarize resting membrane potential Automaticity

ICa,L ↑ Prolong APD, contributes to Ca2+ overload-
ing of the cell

DAD
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4.1.1
The Slowly Activating Delayed Rectifier, IKs

The delayed rectifier currents regulate final repolarization of the AP, and both
IKs and IKr components are influenced by adrenergic stimulation. IKs is a typ-
ical tetrameric voltage-gated K+ channel composed of the KvLQT1 α-subunit
and minK β-subunits encoded by KCNQ1 and KCNE1, respectively (Barhanin
et al. 1996; Sanguinetti et al. 1996). IKs expression is heterogeneous in the heart,
especially across the left ventricular wall. Midmyocardial cells have a signifi-
cantly longer APD, which is attributable in part to decreased IKs expression (Liu
and Antzelevitch 1995), and IKs expression is greater in the right ventricle as
compared to the left (Volders et al. 1999). β-Adrenergic stimulation increases
IKs density three- to fivefold. This action prevents excessive APD prolongation
in the face of sympathetic ICa augmentation (Han et al. 2001b). Incomplete
deactivation of IKs may contribute to rate-dependent APD shortening (Stengl
et al. 2003; Volders et al. 2003). Aside from gating effects of β-adrenergic stimu-
lation that move IKs activation voltage negatively (towards plateau potentials),
β-receptor stimulation has direct effects on IKs via the cAMP/PKA cascade.
KvLQT1 is phosphorylated by PKA, which forms part of a macromolecular
signaling complex with the protein yotiao (Marx et al. 2002). IKs phospho-
rylation increases current amplitude by increasing the rate of activation and
decreasing the rate of deactivation. Because IKs stimulation by β-adrenergic
activation is important to offset ICa augmentation and prevent excessive APD
prolongation, in situations in which IKs is reduced, such as congenital LQTS
types 1 and 5 (Priori and Napolitano 2004) and possibly acquired channelopa-
thy due to cardiac remodeling (Li et al. 2002), β-adrenergic stimulation can
lead to EADs and potentially malignant ventricular tachyarrhythmias. In such
settings, β-AR antagonists may be particularly beneficial.

4.1.2
The Rapidly Activating Delayed Rectifier, IKr

IKkr repolarizes the cardiac AP during phase 3 and is particularly important
in determining APD. IKr channels are made up of the α-subunit HERG and
possibly MiRP1 β-subunits (Abbott et al. 1999). In LQTS type 2, HERG mu-
tations decrease IKr, produce excess QT-prolongation and potentially lethal
EAD-related arrhythmias. HERG has four PKA phosphorylation consensus
sites, S238 (N-terminus), S890, S895, and S1137 (all C-terminus). The cAMP-
mediated PKA phosphorylation of these sites reduces HERG current by 19%–
40%. This reduction is due not only to a direct reduction in current, but also
to a positive shift in the activation curve by 12–14 mV (Thomas et al. 1999)
and to accelerated current deactivation. cAMP itself is also capable of mod-
ulating HERG function without PKA phosphorylation (Cui et al. 2000). The
carboxyl terminus of HERG is homologous to cyclic nucleotide binding pro-
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teins, resulting in cAMP binding that mediates this direct action. This effect
of β-adrenergic stimulation to inhibit IKr may contribute to its ability to delay
repolarization and promote EAD-related arrhythmias in LQTS patients, and is
counteracted by β-blockade.

4.1.3
The Funny Current, If

Thehyperpolarization-activated, cyclicnucleotide-gatedcurrent, or funnycur-
rent, is so termed because it has many unusual features. These include acti-
vation by hyperpolarization and the ability to carry both Na+ and K+ ions,
resulting in a reversal potential positive to the resting potential of cardiac cells
(DiFrancesco 1993). These properties confer the ability to induce spontaneous
diastolic depolarization and pacemaker activity. If is most strongly expressed
in the SAN, the dominant pacemaker in normal tissue. If is encoded by HCN
subunit genes, predominantly HCN1, HCN2, and HCN4 in the heart (Moroni
et al. 2001), with greatest HCN subunit expression in the SAN. If gating is
regulated by cyclic nucleotides, with β-adrenergic stimulation augmenting If
via cAMP-mediated increases in current amplitude due primarily to depolar-
izing activation-curve shifts. A cyclic nucleotide-binding domain is located in
the C-terminus of all HCN subunits. This domain inhibits channel gating, but
when cAMP is bound, a conformational shift occurs, leaving channel gating
unimpeded (Wainger et al. 2001). Increased If may underlie ectopic tachy-
cardias, particularly in situations of increased adrenergic drive. β-Adrenergic
blockade antagonizes adrenergically induced If augmentation and can thereby
suppress ectopic tachycardias.

4.1.4
The Inward Rectifier Current, IK1

IK1 channels are formed by two transmembrane-domain Kir2.x subunits as-
sembling as tetramers. While effects of β-adrenergic stimulation, cAMP, and
PKA have been observed, they are unclear. Currents carried by heterologously
expressed Kir2.1 subunits have been found to increase or decrease in different
studies (Fakler et al. 1994; Wischmeyer and Karschin 1996). Most experiments
on native IK1 in cardiomyocytes have shown increases in current as a result
of PKA phosphorylation (Koumi et al. 1995b; Koumi et al. 1995a; Tromba and
Cohen 1990; Xiao and McArdle 1995).

4.1.5
The Ultra-Rapid Delayed Rectifier Current, IKur

Kv1.5 α-subunits underlie IKur in human cardiomyocytes (Feng et al. 1997;
Wang et al. 1993). IKur is selectively expressed in the human atrium, making
it an interesting target for the development of AF therapies. Kv1.5 contains
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both PKA and PKC phosphorylation sites, and is therefore a potentially impor-
tant adrenergic effector in the heart (Fedida et al. 1993). Indeed, experiments
with isoproterenol and the β-blocking agent propranolol have demonstrated
that IKur is affected by PKA phosphorylation (Li et al. 1996a). By increasing
IKur density, β-adrenergic stimulation can shorten APD, thus facilitating the
occurrence of AF.

4.1.6
The Transient Outward Current, Ito

Expression of Ito follows a transmural gradient across the left ventricular wall
(Litovsky and Antzelevitch 1988; Wettwer et al. 1994), therefore alterations in
its expression can affect APD and lead to arrhythmia. Kv4.3 and Kv1.4 are
the principal Ito pore-forming subunits, along with KChIP2 as an accessory
subunit (Rosati et al. 2003). Ito is often downregulated in cardiac disease states
(Kaab et al. 1996; Li et al. 2002). Adrenergic effects on Ito are complex and
the resulting changes unclear (Nakayama and Fozzard 1988). In addition,
there is evidence that chronic β-adrenergic blockade may alter cardiac ion-
channel function in man, reducing Ito and increasing APD (Workman et al.
2003). Such actions would be expected to prevent reentrant arrhythmia to
the extent that Ito inhibition delays repolarization. However, the precise APD
changes caused by Ito downregulation are not completely obvious because Ito is
involved principally in early repolarization, raising the plateau and potentially
accelerating later repolarization by activating IK (Courtemanche et al. 1999).

4.1.7
The Sodium-Calcium Exchanger Current, INCX

The cardiac sodium-calcium exchanger is encoded by NCX1 and exchanges
three Na+ ions for one Ca2+ ion. NCX carries a net positive charge in the di-
rection of Na+ movement and is therefore electrogenic. After Ca2+ influx via
L-type ICa triggers calcium release from the sarcoplasmic reticulum via the
ryanodine receptor, the excess intracellular Ca2+ must be removed by the sar-
coplasmic reticulum Ca2+ pump (SERCA) (70%), and by NCX (30%). A greater
expression level or activity of NCX protein will increase the magnitude of the
otherwise small INCX transient inward current and contribute to the formation
of DADs. Increased NCX activity occurs in CHF, possibly to compensate for
SERCA downregulation, and can lead to DAD promotion (Pogwizd and Bers
2004). β-Blocker treatment of subjects with CHF increases the cardiac levels of
SERCA mRNA and protein, while decreasing NCX protein levels (Plank et al.
2003; Yasumura et al. 2003). This reversal of CHF-related remodeling would be
expected to prevent DADs related to NCX upregulation.



β-Blockers as Antiarrhythmic Agents 249

4.1.8
The cAMP-Activated Chloride Current

The cardiac cAMP-activated chloride current (ICl.cAMP) is a cardiac variant
of the cystic fibrosis transmembrane conductance regulator protein, CFTR.
Its discovery followed the observation that in some systems, isoproterenol
depolarizes resting membrane depolarization to the point that spontaneous
automaticity occurs, an effect that depends on transmembrane Cl− ion move-
ment (Bahinski et al. 1989; Egan et al. 1988; Harvey and Hume 1989; Matsuoka
et al. 1990). ICl.cAMP is more readily demonstrated in the ventricles than the
atria (Li et al. 1996b; Warth et al. 1996). Phosphorylation of the channel by PKA
is necessary for activation (Hwang et al. 1992). Recent experiments have been
unable to provide evidence for ICl.cAMP in the human myocardium (Li et al.
1996b). This may be the result of downregulation due to cardiovascular dis-
ease, suppression of the current by cell isolation, or true absence in the human
heart. While ICl.cAMP could contribute to a variety of arrhythmia mechanisms
and is strongly enhanced by β-adrenergic stimulation (Hume et al. 2000), its
precise role in arrhythmogenesis in vivo is unclear, largely because of a lack of
specific blockers.

4.1.9
The L-Type Calcium Channel, ICa,L

The cardiac AP plateau is maintained predominantly by the inward current,
ICa,L. In the SAN, L-type Ca2+ channels are also involved in pacemaker func-
tion as the main phase 0 depolarizing current. The main ICa,L pore-forming
subunit in the heart is Cav1.2, or α1C, which is very sensitive to class IV
antiarrythmetic agents such as nifedipine, diltiazem, and verapamil. Heart
failure, ischemic heart disease, and AF may be associated with decreases in
the expression of ICa,L and an accompanying decrease in Cav1.2 protein and
mRNA expression. This may cause APD and refractory period shortening and
contribute to reentrant arrhythmias, particularly in AF (Nattel 2002). β-AR
stimulation increases ICa,L conductance via the cAMP-dependant PKA path-
way. Several phosphorylation sites are present on the ICa β subunit, and an
important PKA phosphorylation site exists at serine 1928 on the intracellular
C-terminus of the α-subunit. Phosphorylation increases channel activity, lead-
ing to increased cellular Ca2+ loading and potentially contributing to cellular
Ca2+ overload. β-Blocker therapy suppresses sympathetic signaling, tending
to prevent Ca2+ overload.

4.2
β-Blocker Actions Mediated by Effects Other Than on Ion Channels

The β-blocker actions on ion channels discussed above produce a variety
of important effects on experimental and clinical arrhythmias. In addition,
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effects due to actions on targets other than ion channels may have important
consequences for arrhythmias.

4.2.1
Role of Anti-ischemic Actions

β-Blockade reduces theSANratebydecreasingboth ICa,L (theprincipal phase 0
current in SAN) and If. This heart-rate reducing action appears to contribute
importantly to mortality reduction by β-blockers in post-myocardial infarc-
tion patients, possibly because of anti-ischemic effects (Kjekshus 1986). Based
on their lack of direct action on determinants of automaticity in atria and
ventricles, β-blockers have little direct effect on atrial and ventricular ectopic
beat frequencies. However, β-blockers may be quite effective in preventing
ventricular tachyarrhythmias caused by acute ischemia in experimental mod-
els (Khan et al. 1972) and are the most effective drugs available for preventing
arrhythmic sudden death in patients with active coronary artery disease (Nat-
tel and Waters 1990; Reiter 2002). These properties are much more likely due
to anti-ischemic than direct electrophysiological actions.

4.2.2
Role in Remodeling

Neurohumoral stimulation plays a major role in the myocardial deteriora-
tion associated with CHF (Katz 2003). A variety of cardiac ion channels is
remodeled by β-adrenergic stimulation (Zhang et al. 2002). Circulating nore-
pinephrine concentrations are an important predictor of arrhythmic death in
CHF patients, and β-blockers are effective in preventing sudden death in the
CHF population (Reiter 2002). Abnormal Ca2+ handling, likely central to the
arrhythmic diathesis in CHF patients, is normalized by chronic exposure to
a β-blocker (Plank et al. 2003).

5
Types of Arrhythmia Treated by β-Blockers

The major factor mediating the salutary effect of β-adrenergic blockers in
cardiac arrhythmias is counteraction of the arrhythmogenic actions of cate-
cholamine that facilitate (1) triggered activity due to intracellular Ca2+ over-
load-induced delayed afterdepolarizations, (2) automaticity in the conduction
system and abnormal automaticity in diseased myocardium, (3) reentry due
to increased heterogeneities of depolarization and repolarization in diseased
myocardium, and (4) repolarization impairments caused by abnormalities in
repolarizing K+-currents. Therefore, β-blockers are useful in the treatment
and prevention of various disorders of rhythms, as discussed below.
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5.1
Prophylactic Use of β-Blockers in Myocardial Infarction

Randomized, controlled clinical trials have demonstrated that β-adrenergic
blockadedecreasesnotonly the incidenceofventricularfibrillation(VF)within
the first few days of acute myocardial infarction (ISIS Collaborative Group
1988; Ryden et al. 1983), but also late sudden arrhythmic death mortality up to
1–3 years after infarction primarily (Anonymous 1981; Anonymous 1982). In
pooled data from 18,000 patients treated over long-term post-infarct periods
with several different β-blockers, sudden death was reduced 32%–50% (Yusuf
et al. 1985).Moreover, a recent report showed that inpooleddata fromtwopost-
myocardial infarction trials (Cairns et al. 1997; Julianet al. 1997), totalmortality
rate reduction was greater when β-blockers were administered along with
the broad-spectrum antiarrhythmic amiodarone compared with amiodarone
alone (Boutitie et al. 1999). This result indicates that amiodarone, which has
non-competitive β-antagonist properties, does not replace β-blockers, and it
underlines the significance of the use of β-blockers.

5.2
Prophylactic Use of β-Blockers in Congestive Heart Failure

There have been four large randomized, controlled trials of β-blockers in pa-
tients with CHF, demonstrating reductions in mortality and sudden death,
compared to placebo controls (Anonymous 1999a,b; Packer et al. 1996, 2001).
Pooled results from three clinical trials show that the reduction in sudden
death is equal to or greater than the reduction in all-cause death (37%, 35%,
respectively) and the reduction rate of death due to progression of CHF is
not statistically significant (Cleophas and Zwinderman 2001). These findings
indicate that a major benefit of β-blockers in CHF is the prevention of sud-
den arrhythmic death (Cleophas and Zwinderman 2001). Such benefits may
be due to the prevention of proarrhythmic effects of β-adrenergic stimula-
tion due to changes in ion-channel function, as discussed above, as well as
to the prevention of deleterious β-adrenergic effects to promote ventricular
remodeling.

5.3
β-Blockers in Patients with Other Structural Heart Diseases
and Ventricular Arrhythmias

Patients who survive life-threatening ventricular tachyarrhythmias, such as
sustained monomorphic ventricular tachycardia (VT), polymorphic VT or
VF, are at high risk for recurrent arrhythmias. When these tachyarrhythmias
occur in the setting of structural heart disease, they can usually be provoked
by programmed electrical stimulation. In most patients, β-blockers have little
effect in preventing inducibility of the arrhythmia or in terminating VT.
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The anti-fibrillatory mechanisms by which β-blockers reduce sudden death
in ischemic heart disease and CHF are not understood completely. However, in
experimental and clinical studies, β-blockers increase VF threshold and reduce
dispersion of repolarization in the ischemic myocardium (Reiter and Reiffel
1998). Moreover, β-blockers attenuate ventricular remodeling (Eichhorn and
Bristow 1996; St John and Ferrari 2002), indicating the role of modification of
development of the substrate for lethal ventricular arrhythmias.

Other structural heart diseases in which β-blockers are considered for the
treatment of ventricular tachyarrhythmias are dilated cardiomyopathy (DCM)
and hypertrophic cardiomyopathy (HCM). Sudden, unexpected death can be
the first presentation of these diseases and there is a close relationship between
the occurrence of ventricular tachyarrhythmias and sudden death. The Meto-
prolol in Dilated Cardiomyopathy (MDC) trial (Waagstein et al. 1993) showed
a 34% decrease in mortality and need for heart transplantation. VT occurs in
patients with arrhythmogenic right ventricular dysplasia, which may be very
difficult to control medically. Although implantable cardioverter-defibrillators
are the intervention of choice in such individuals, ventricular tachyarrhyth-
mias tend to occur in a setting of enhanced sympathetic drive and β-blockers
are believed to be of value.

5.4
Long QT Syndrome

Congenital LQTS is characterized by prolonged ventricular repolarization and
increased susceptibility to TdP leading to sudden cardiac death, with EADs
likely playing a central role in arrhythmogenesis (Ackerman and Clapham
1997). Several LQTS-related genes are involved in the molecular pathogen-
esis (Curran et al. 1995; Keating and Sanguinetti 2001). Recent genotype–
phenotype correlation studies have demonstrated genotype-specific differ-
ences in response to catecholamines, triggers for cardiac events, and responses
to β-blockers as therapeutic agents (Moss et al. 2000; Schwartz et al. 2001;
Shimizu et al. 2003). LQT1 patients (with a mutation in the IKs α-subunit
KvLQT1) have a greater QT prolongation response to the adrenergic agonist
epinephrine than LQT2 patients (with a mutation in the IKr α-subunit gene
HERG; Shimizu et al. 2003). This difference is likely due to the important role of
IKs in offsetting adrenergic enhancement of ICa,L. Cardiac events occur during
exercise in LQT1 patients, whereas LQT2 patients experience episodes during
emotion or at rest, and LQT3 patients are at greatest risk at rest or while asleep
(Schwartz et al. 2001; Wilde and Roden 2000). The recurrence rate of cardiac
events in LQT1 patients during β-blocker treatment is lower than for LQT2
and LQT3 patients (Schwartz et al. 2001). Moreover, the incidence of cardiac
arrest or sudden death among LQT1 patients treated with β-blockers is very
low when compared to previous studies (Schwartz et al 2001). Therefore, β-
blockers are particularly recommended for LQT1 patients, but may also be
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useful for other patients with LQTS, possibly because of inhibitory effects of
β-adrenergic stimulation on IKr.

5.5
Catecholaminergic Polymorphic Ventricular Tachycardia

This is a rare arrhythmogenic disorder characterized by exercise-induced bidi-
rectional or polymorphic VT. This disorder may cause sudden death and has
been linked to mutations in cardiac ryanodine receptor genes, which are re-
sponsible for sarcoplasmic reticulum Ca2+ release upon systolic Ca2+ entry
through L-type Ca2+ channels (Priori et al. 2001). The resulting ryanodine
receptor dysfunction promotes DAD formation (Viatchenko-Karpinski et al.
2004), and increased Ca2+ entry through ICa,L under β-adrenergic stimulation
likely triggers DADs and tachyarrhythmias in such patients. In one case report,
intravenous propranolol terminated VT immediately and long-term nadolol
therapyeffectivelyprevented furtherarrhythmias (DeRosaetal. 2004),buta re-
cent study demonstrated that β-blockers completely controlled catecholamin-
ergic VT in only 41% of cases, and 22% died during follow up (Sumitomo
et al. 2003).

5.6
Idiopathic Ventricular Tachycardia

Several discrete forms of VT without structural heart disease have been iden-
tified. The most common type is adenosine-sensitive monomorphic VT orig-
inating from the right ventricular outflow tract with a left bundle branch
block ECG pattern and an inferior axis. This tachyarrhythmia is typically cat-
echolamine sensitive and responds to β-blockade. However, these adenosine-
sensitive outflow tachycardias are now commonly cured by radiofrequency
catheter ablation, and therefore long-term use of β-blockers is uncommon.
Verapamil-sensitive reentrant VT originates in the region of the left posterior
fascicle and has a characteristic right bundle branch block and leftward axis
morphology. β-Blockers are not effective for this arrhythmia. Some forms of
VT appear to be induced by exercise, presumably at least in part because of
adrenergic dependence, and may respond well to β-blocker therapy (Woelfel
et al. 1984).

5.7
Supraventricular Tachycardias

Reentry involving the AV node can be suppressed by β-blockade to the extent
that background adrenergic ICa,L enhancement is necessary to sustain conduc-
tion in the reentry circuit. Although β-blockers were once used fairly widely
for this type of arrhythmia, they have been largely supplanted by more effec-
tive drugs (direct inhibitors of ICa,L such as verapamil and purinergic agonists



254 S. Zicha et al.

such as adenosine) for acute termination and by radiofrequency ablation for
prevention of recurrence. Atrial tachycardias (ATs) are categorized as either
focal or macroreentrant. Focal ATs are caused by automatic, triggered, or mi-
croreentrant mechanisms (Chen et al. 1994). β-Blockers may have some value
for the automatic or triggered forms. However, because of the great efficacy of
radiofrequency ablation, this is usually the treatment of choice for recurrent
arrhythmias. Macroreentrant AT is not affected by β-blockade, because of the
limited role of β-adrenergic tone in maintaining conduction in the reentrant
circuit, which is usually determined by Na+-channel availability and the re-
fractory period of atrial tissue. Similar considerations apply for atrial flutter,
which is caused by a form of atrial macroreentry.

5.8
Atrial Fibrillation (AF)

AF is characterized by irregular and chaotic atrial fibrillatory waves at a rate
of 350 to 600 beats per minute (bpm) and the ventricular response is irregular,
typically at a rate of 120–160 bpm. The ventricular response is determined
by the filtering action of the AV node. Many of the clinical manifestations
are determined by the ventricular response, and if the ventricular response is
kept physiological with the use of drugs that affect AV nodal function patients
may be kept asymptomatic. The mechanisms of AF are complex and may in-
clude a variety of types of reentry, as well as rapid activity from ectopic foci,
particularly in the pulmonary veins (Nattel 2002). Two general approaches
are available for AF therapy: (1) stopping AF and maintaining sinus rhythm
(“rhythm control” strategy) and (2) allowing the patient to remain in AF but
controlling the ventricular response (“rate control” strategy) and preventing
thromboembolic complications with anticoagulation. Although sinus rhythm
maintenance is the most attractive approach, it is often difficult to achieve and
controlled trials have shown that the control of ventricular rate may achieve
as good or better clinical results (Nattel 2003). β-Blockers have some efficacy
in preventing AF (Kuhlkamp et al. 2000). They may be particularly useful in
preventing AF in the elderly (Psaty et al. 1997). β-Blockers are particularly
effective in preventing AF in patients undergoing cardiac surgery. AF occurs
in about 30% of patients after open heart surgery. Postoperative AF prolongs
significantly the duration of hospitalization and increases hospital cost (Reddy
2001). In a meta-analysis of randomized trials of pharmacological interven-
tions for prevention of AF, β-blockers significantly reduced the incidence of
postoperative AF (Crystal et al. 2002). However, despite preventing AF occur-
rence, β-blockers have not been shown to significantly reduce length of hospital
stay or hospital costs (Connolly et al. 2003).

Recently, the important role of pulmonary vein (PV) focal activity in AF was
demonstrated (Haissaguerre et al. 1998). Ablation of arrhythmogenic PV foci
orPVisolationcancureAF inasignificantproportionofpatients (Haissaguerre
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et al. 1998; Pappone et al. 2000). Chen et al. evaluated the effects of various anti-
arrhythmic drugs on ectopic activity arising from the pulmonary veins and
found that propranolol reduces the density of such ectopy (Chen et al. 1999). PV
isolation seems very effective in patients with paroxysmal AF occurring during
states associated with increased adrenergic activity (so-called adrenergic PAF;
Oral et al. 2004). Thus, increased sympathetic activity may play an important
role in ectopic impulse formation initiating AF. In addition, an anti-ischemic
action may be involved in the efficacy of β-blockers for AF, in view of the ability
of acute myocardial ischemia to promote AF maintenance (Sinno et al. 2003).
Overall, however, the efficacy of β-blockade in preventing AF is relatively low.

Recent randomized controlled trials have demonstrated that there are no
differences in symptoms, morbidity or quality-of-life between rhythm versus
rate control strategies for AF therapy (Van Gelder et al. 2002; Wyse et al. 2002).
However, rate control has advantages of less serious and common adverse
effects—because the drugs used are more innocuous—and a potentially re-
duced risk of stroke because of the wider use of anticoagulation therapy. There
has therefore been increased emphasis on therapy aimed, not at preventing
AF, but at keeping the ventricular rate as physiological as possible. By reducing
the effect of adrenergic tone to promote AV nodal conduction, β-blockers are
valuable drugs for ventricular rate control. They have advantages over alterna-
tives like digoxin in that rate is controlled during exercise as well as rest, and
are in wide use for this indication (Nattel et al. 2002).

6
Pharmacokinetic and Pharmacological Properties
of β-Blockers Relative to Choice of Agent

A variety of properties differentiate the various drugs available for therapeutic
use as β-blockers (for review, see Shand 1983). The available agents differ in
their selectivity for β1 versus β2-AR blockade, with atenolol and metoprolol
being among the more β1-selective agents available. β1-Selectivity may help
to avoid adverse effects (such as bronchospasm) in at-risk patients; however,
selectivity is never absolute and caution must still be used. Lipophilic agents
are more readily able to cross the blood–brain barrier, potentially more likely
to produce central nerve system (CNS) adverse effects but possibly having
greater beneficial actions related to inhibition of CNS β-adrenergic neuro-
transmission. Lipophilic agents also tend to be eliminated more rapidly by
hepatic biotransformation and to have shorter half-lives. Some β-blockers,
such as propranolol and sotalol, may have direct membrane actions on car-
diac ion channels that are independent of β-blockade. In the case of sotalol,
this results in class III antiarrhythmic action due to K+ channel inhibition,
with attendant additional antiarrhythmic effects, but also attendant risks of
causing TdP arrhythmias. Finally, some agents, like practolol and acebutolol,
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are partial agonists with intrinsic sympathomimetic activity (ISA). ISA may
be used to advantage when the objective is β-blockade only in situations of
enhanced adrenergic tone and not at rest (e.g., patients with adverse effects
from β-blockade at rest). In practice, this may be difficult to exploit, because
ISA may not be sufficient to prevent effective β-blockade at rest, on one hand,
and may negate beneficial effects resulting from resting β-blockade, on the
other.

It remains unclear whether all β-blockers have comparable antiarrhythmic
efficacy.Clearly, sotalolhasadditional antiarrhythmicactionsdue to its class III
properties. However, there may be differences in efficacy for certain indications
among β-blockers without membrane action. Perhaps because slowing resting
heart rate may be very important for mortality prevention by β-blockers in
post-myocardial infarction patients (Hjalmarson et al. 1990; Kjekshus 1986),
drugs with ISA appear to be relatively ineffective in reducing mortality in
post-MI patients (Freemantle et al. 1999). The drugs that have been shown
consistently effective in preventing sudden death rate in coronary artery dis-
ease patients (timolol, propranolol, and metoprolol) have no ISA and are all
lipophilic, whereas there is much less evidence for benefit from the hydrophilic
β-blocker atenolol (ISIS Collaborative Group 1986). Thus, a component of the
β-blocker-induced reductionof suddendeath in coronary-disease patients may
be mediated via CNS effects. In a meta-analysis of 71 secondary and primary
prevention trials after MI, β1-selectivity, lipophilicity, absence of membrane
stabilizing properties, and absence of ISA appeared to be associated with
a greater risk reduction for ischemic sudden death compared with β-blockers
without these properties (Soriano et al. 1997).

Among the β-blockers shown to benefit patients with CHF, metoprolol and
bisoprolol are relatively β1 selective, and carvedilol is a nonselective β1/β2/α1
blocking agent. All of these are lipophilic, suggesting a possible role for CNS ef-
fects. The recently reported Carvedilol Or Metoprolol EuropeanTrial (COMET)
represents an attempt to study the relative merits of carvedilol versus meto-
prolol (Poole-Wilson et al. 2003). The COMET investigators concluded that
carvedilol extended survival compared with intermediate-release metoprolol.
This difference may be because carvedilol has actions beyond β-blockade, such
as vasodilating properties (related to α-blockade) and antioxidant actions. In
patients with CHF, vasodilating β-blockers have a greater effect in reducing
overall mortality than non-vasodilating agents, particularly in patients with
non-ischemic heart disease (Bonet et al. 2000). However, questions about the
interpretation of these findings remain, in view of the fact that the COMET trial
did not use the dose or formulation of metoprolol that was shown to prolong
life in a previous placebo-controlled trial (Goldstein and Hjalmarson 1999).
Further studies are needed to define the role of specific β-blocker properties
on outcomes in CHF patients.
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7
Conclusions

β-Blocking agents have traditionally been viewed as weak antiarrhythmic
drugs because of their limited effect on ectopic beat frequency and recur-
rent tachyarrhythmia incidence. However, they have proved to be the most
useful pharmaceutical agents in preventing sudden death in patients with is-
chemic heart disease, CHF, and congenital LQTS. Because of the wide role of
β-adrenergic stimulation in modulating the function of a broad range of car-
diac ion channels and in determining the natural history of diseases like CHF
and ischemic heart disease, β-blockers are an important group of compounds
for the prevention of cardiac arrhythmias. Furthermore, compared to Na+ and
K+ channel blocking drugs, β-blockers are relatively free of proarrhythmic
risk and are therefore much safer to use in clinical practice. With further in-
sights into the role of the adrenergic nervous system and the mechanisms of
G protein-coupled receptor signal transduction and function, the clinical use
of β-blocking drugs is likely to expand and become more effective.
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Abstract The integration between molecular biology and clinical practice requires the
achievement of fundamental steps to link basic science to diagnosis and management of
patients. In the last decade, the study of genetic bases of human diseases has achieved several
milestones, and it is now possible to apply the knowledge that stems from the identification
of the genetic substrate of diseases to clinical practice. The first step along the process
of linking molecular biology to clinical medicine is the identification of the genetic bases
of inherited diseases. After this important goal is achieved, it becomes possible to extend
research to understand the functional impairments of mutant protein(s) and to link them
to clinical manifestations (genotype–phenotype correlation). In genetically heterogeneous
diseases, it may be possible to identify locus-specific risk stratification and management
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algorithms. Finally, the most ambitious step in the study of genetic disease is to discover
a novel pharmacological therapy targeted at correcting the inborn defect (locus-specific
therapy) or even to “cure” the DNA abnormality by replacing the defective gene with gene
therapy. At present, this curative goal has been successful only for very few diseases. In the
field of inherited arrhythmogenic diseases, several genes have been discovered, and genetics
is now emerging as a source of information contributing not only to a better diagnosis but
also to risk stratification and management of patients. The functional characterization of
mutant proteins has opened new perspectives about the possibility of performing gene-
specific or mutation-specific therapy. In this chapter, we will briefly summarize the genetic
bases of inherited arrhythmogenic conditions and we will point out how the information
derived from molecular genetics has influenced the “optimal use of traditional therapies”
and has paved the way to the development of gene-specific therapy.

Keywords Cardiac arrhythmias · Sudden death · Genetic ·
Genotype-phenotype correlation · Gene specific therapy

1
Long QT Syndrome

1.1
Clinical Presentation and Molecular Bases

The long QT syndrome (LQTS) is an inherited disease characterized by an ab-
normally prolonged ventricular repolarization that creates a vulnerable sub-
strate for the development of life-threatening arrhythmias (Schwartz et al.
2000b).Twophenotypicvariantshavebeendescribed: theautosomal-dominant
Romano-Ward Syndrome (RW) and the autosomal-recessive Jervell–Lange-
Nielsen syndrome (JLN); in the latter, the cardiac phenotype is associated with
sensorineural deafness.

In the early 1990s, Keating and colleagues published the first evidence
that LQTS is caused by mutations in genes encoding subunits of cardiac ion
channels (Curran et al. 1995; Wang et al. 1995, 1996). Other reports followed
and eight different genes responsible for abnormally prolonged ventricular
repolarization have now been identified (Abbott et al. 1999; Curran et al. 1995;
Mohler et al. 2003; Sanguinetti et al. 1996; Splawski et al. 2004; Tristani-Firouzi
et al. 2002; Wang et al. 1995, 1996).

The RW syndrome includes six genetic subtypes: LQT1 caused by mutations
in the KCNQ1 gene (Wang et al. 1996), encoding the α-subunit of the IKs
channel.LQT2causedbymutations in theKCNH2gene, encoding theα-subunit
of the IKr channel (Curran et al. 1995). LQT3 is caused by mutations in the
SCN5A gene that encodes for the cardiac sodium channel (Wang et al. 1995).
LQT4 is caused by mutations in the ankyrin B gene (Mohler et al. 2003) that
encodes a chaperon-like protein that regulates the localization of ion channels
in the membrane of the cardiac myocytes. This latter gene has been reported
only recently and only a few families have been genotyped worldwide. LQT5,
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due to mutations in KCNE1, the β-subunit of the IKs channel (Sanguinetti et al.
1996), and LQT6, due to mutations in KCNE2, the β-subunit of the IKr channel
(Abbott et al. 1999), are relatively uncommon and account for less than 5% of
genotyped patients. Indeed, more than 90% of genotyped patients belong to
the LQT1, LQT2, and LQT3 variants of LQTS.

Overall, the molecular screening of the open reading frame of these genes
allows successful genotyping in 60%–70% of genetically affected individuals,
suggesting that additional LQTS-related genes have yet to be discovered.

The JLN syndrome is a recessive disease allelic to LQT1 and LQT5, in which
homozygous or compound heterozygous mutations recapitulate the pheno-
type: prolonged Q-T interval, cardiac arrhythmias, and deafness (Neyroud
et al. 1997; Schulze-Bahr et al. 1997).

Functional characterizationof severalmutants identified inLQTShashelped
defininga tight linkbetweenQTprolongationandDNAabnormalities by show-
ing that mutations of the α- or β-subunits of the IKs or the IKr potassium chan-
nels found in LQT1, LQT2, LQT5, and LQT6 patients impair the repolarization
processby reducingoutwardcurrents conducted through these channels. Inter-
estingly,multiplemechanismsof functional failurehavebeenreported. Insome
instances, thedefectiveprotein loses theability to tetramerize, causinghaploin-
sufficiency, i.e. a reductionof 50%of thepotassiumcurrent,while inother cases
defective proteins co-assemble with wildtype subunits exerting a dominant-
negative effect. Furthermore, mutations could impair the transport of proteins
from the Golgi apparatus to the cell membrane (trafficking). At variance with
all the other LQTS loci, mutations identified in LQT3 patients cause a gain of
function, with an increased inward INa current (Bennett et al. 1995).

1.2
Traditional Therapies and the Need for Locus-Specific Treatments

1.2.1
Antiadrenergic Therapy and ICD

β-Blockers are the standard treatment for LQTS. The efficacy of these drugs
has been documented since the early studies (Schwartz 1985), and it has been
confirmed in the large group of patients enrolled in the International LQTS
Registry (Moss et al. 2000) and in our LQTS Italian Registry (Priori et al. 2004).

The increasing availability of a large series of patients genotyped as LQT1,
LQT2, and LQT3 has demonstrated that the genetic substrate influences the
response to therapy (Priori et al. 2004). In the largest study completed so
far to investigate the genotype-specific efficacy of β-blockers, we showed that
LQT1 patients have a better response than LQT2 and LQT3 (Priori et al. 2004).
The latter two groups of patients remain at risk of symptoms and cardiac
arrest despite therapy with a relative risk of 2.8 and 4.0, respectively (Priori
et al. 2004). The incomplete efficacy of β-blockers in LQT2 and LQT3 provides
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a strong rationale to search for locus-specific treatments that may allow better
prevention of arrhythmic events.

1.2.2
Locus-Specific Modulation of Transmembrane Currents

The hints to develop a locus-specific therapy for LQT2 came from the exper-
imental evidence demonstrating that the conductance of IKr is increased in
the presence of high extracellular K+ (Sanguinetti and Jurkiewicz 1991). The
hypothesis was therefore put forth that an increase in [K+]° would enhance IKr
to compensate for the presence of the mutation. Accordingly, Compton et al.
(1996) were the first to propose and to show that exogenous administration of
potassium supplements (reaching levels ≥1.5 mEq/l above baseline) effectively
shortens Q-T interval among LQT2 patients (Compton et al. 1996). A controlled
clinical trial is ongoing that is expected to provide further information on the
value of this locus-specific treatment not only on QT duration but also on the
occurrence of cardiac events.

Since mutations associated to LQT3 phenotype lead to a gain of function of
the sodium channel, the use of sodium channels blockers appeared as a reason-
able locus-specific approach to treat these patients. Based upon experimental
evidence obtained in our lab (Priori et al. 1996; Fig. 1), we provided the initial
evidence that mexiletine effectively shortens the Q-T interval in LQT3 patients

Fig. 1 Effect of mexiletine in an LQT3. Left panel: action potential duration (APD) in
response to mexiletine in an LQT3 model in isolated guinea pig cardiac myocytes. Super-
imposed action potentials recorded at baseline (A), and during exposure to anthopleurin
(B), and anthopleurin plus mexiletine (C). Right panel: summary of experiments in a phar-
macological model of LQT2 (mimicked by dofetilide—dotted line) and LQT3 (mimicked
by anthopleurin—continuous line) show a significant APD shortening upon mexiletine (C)
exposure only in the LQT3 model; . **p<0.001 vs control; *p<0.001 vs dofetilide. (Modified
from Priori et al. 1996)
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(Schwartz et al. 1995). Shortly after, we also demonstrated the short-term ef-
ficacy of mexiletine to prevent lethal events (Schwartz et al. 2000a; Fig. 2).
However, as of today there are no long-term prospective data demonstrating
that mexiletine improves survival in LQT3 patients. Interestingly, we (Schwartz
et al. 2000a) and others (Kehl et al. 2004) have successfully used mexiletine in
LQT3 newborns patients with functional AV block in whom the QT shortening
obtained with this drug has been able to restore 1:1 AV conduction.

Recent observations have introduced the concept that the efficacy of mex-
iletine in preventing cardiac events may be predicted by the biophysical prop-
erties of the mutations (Rivolta et al. 2004). In this study, we showed that in

Fig. 2a–c Clinical use of mexiletine in a LQT3 patient. Electrocardiograms at the time
of admission to the hospital (a and b), and during mexiletine treatment (c). At hospital
admission, the44-day-old infanthadventricularfibrillation (a).After the restorationof sinus
rhythm, the corrected Q-T interval was found to be markedly prolonged (648 ms, b). Oral
mexiletine was administered and the child’s corrected Q-T interval, albeit still prolonged,
was significantly reduced (510 ms, c). (Modified from Schwartz et al. 2000a)
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vitro testing of mexiletine on two mutants (P1332L, Y1795C) allowed a reliable
“prediction” of the response to the drug of the mutation carriers.

A further development in the use of sodium channel blockers in LQT3 was
provided by Benhorin et al. (2000) and Windle et al. (2001) who investigated
the response to flecainide in two LQT3 families, harboring the D1790G and
the ∆KPQ mutations. They demonstrated that, similarly to mexiletine, fle-
cainide may shorten Q-T interval duration. In vitro experiments on D1790G
showed a unique pharmacological response, consisting in a selective block
by flecainide but not by lidocaine of the heterologously expressed mutant
channels during repetitive stimulations (use-dependent block; Abriel et al.
2000). In general, flecainide should be used with caution in unselected LQT3
patients. Indeed, when we tested flecainide in 13 unselected LQT3 patients
(Priori et al. 2000c), we observed ST-segment elevation, resembling a Brugada
syndrome (BrS) ECG in 6 of them (Fig. 3). These data are not surprising as
it is known that prolongation of Q-T interval and ST segment elevation in
right precordial leads may co-exist in some patients who are usually described
as having “overlapping phenotypes” (Bezzina et al. 1999; Grant et al. 2002).
Since ST-segment elevation in right precordial leads is regarded as a marker

Fig. 3 Clinical use of flecainide in LQT3. Examples of ST segment elevation observed in two
LQT3 patients upon intravenous administration of 2 mg/kg of flecainide. (Modified from
Priori et al. 2000c)
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of electrical instability, the use of flecainide in LQT3 should be used only in
selected patients when it is demonstrated that they do not develop ST segment
elevation.

In summary, it appears evident that sodium channel blockade is a promising
approach for the treatment of LQT3 patients. However, the experimental data
(Abriel et al. 2000; Rivolta et al. 2004) strongly suggest that not all INa blockers
may be equally effective and that mutation-specific, more than locus-specific,
treatmentswill be required inorder to achieve thebest possible clinical efficacy.

1.2.3
Rescue of Defective Proteins

Experimental investigations (Zhou et al. 1998) have led to the appreciation that
defective intracellular processing of mutant channels is an important patho-
physiological mechanism in LQTS. While Zhou and co-workers focused on
defective trafficking of KCNH2 (HERG) mutants, other authors suggested that
also KCNQ1 mutants may be retained intracellularly and fail to reach the plas-
malemma (Bianchi et al. 1999; Gouas et al. 2004). Based on this evidence,
several groups have initiated a very challenging set of investigations aimed at
restoring protein trafficking. Preliminary experiments on the N470D KCNH2
mutation demonstrated that if cells are cultured at lower temperature (27 °C
instead of 37 °C) or in the presence of compounds such E4031 (a class III an-
tiarrhythmic agent), astemizole, or cisapride, the trafficking into the plasma
membrane is restored (Zhou et al. 1999). Unfortunately, rescue of trafficking
occurred only at drug concentrations that also block the channel (Zhou et al.
1999). Therefore, these drugs are unable to normalize the duration of repolar-
ization. Other drugs have been tested in an attempt to separate the effect on
trafficking from IKr blockade. When cultured with fexofenadine, a metabolite
of terfenadine, with a weak IKr blocking effect, two different KCNH2 mutants
recovered their function at a concentration that could not block the channel
(Rajamani et al. 2002). Along the same line, thapsigargin, an inhibitor of sarco-
endoplasmic reticulum calcium-ATPase (SERCA) transporter, has been shown
to rescue other trafficking-defective KCNH2 mutants (Delisle et al. 2003). Over-
all, the most recent findings demonstrate that it is possible to dissociate the
blocking activity on the channel from the ability to restore normal trafficking;
as a consequence, this therapeutic strategy is now regarded as being closer to
the bedside.

In summary, gene-specific therapy of LQTS is still in a preliminary phase.
The most robust evidence of efficacy concerns the use of mexiletine for LQT3
patients; at present, however, mexiletine should still be regarded only as an
adjunctive treatment to β-blockade or to the implantable cardioverter defib-
rillator to prevent cardiac events in high-risk LQT3 patients.
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2
Brugada Syndrome

2.1
Clinical Aspects

BrS is a primary electrical disease associated with ventricular arrhythmias and
sudden cardiac death (SCD) in young individuals with a typical ECG pattern of
ST-segment elevation in the right precordial leads with or without right bundle
branch block (Brugada and Brugada 1992).

SCD usually occurs during sleep and in the early morning hours (Matsuo
et al. 1999). The initiating mechanism of arrhythmias is a short-coupled ex-
trasystolic beat triggering polymorphic VT that degenerates into ventricular
fibrillation (VF). Even if some pediatric cases have been reported (Priori et al.
2000b), most commonly the onset of symptoms is in the third to fourth decade
of life (Suzuki et al. 2000), and males are at higher risk of arrhythmic events
than females (Brugada et al. 2000; Priori et al. 2002b; Wilde et al. 2002).

2.2
Genetic Bases and Pathophysiology

BrS is transmitted as an autosomal-dominant trait. In 1998, Chen et al. (1998)
reported BrS patients and families harboring mutations in the SCN5A gene,
thus suggesting that one form of BrS is allelic to LQT3. Unfortunately, no other
gene has been linked to BrS, and SCN5A accounts only for 20% of clinically
affected patients; consequently, the genetic substrate can be identified only in
a minority of clinically affected individuals.

More than50BrSSCN5Amutationshavebeenreportedso far, and functional
expression studies showed a spectrum of biophysical abnormalities all leading
to a loss of function (Priori et al. 2003a): (1) a failure of the channel to express
(haploinsufficiency); (2) a shift of voltage- and time-dependent channel acti-
vation, inactivation, or re-activation; (3) entry of the INa into an intermediate,
slowly recovering, state of inactivation; (4) accelerated inactivation.

In order to recapitulate the consequences of the different mutations in a hy-
pothesis that accounts for the distinguishing electrocardiographic pattern of
the syndrome, Antzelevitch proposed that the electrophysiological mechanism
of BrS is an outward shift of net transmembrane current at the end of phase 1
of the action potential in the right ventricular epicardium (Antzelevitch 2001).
This effect may be related to the differential transmural and left-to-right ex-
pression level of ITo, which is highest in epicardial cells and particularly those
of the right ventricle. Accelerated inactivation or reduction of INa in BrS may
leave ITo unopposed during phase 1 of the action potential. The ITo -mediated
spike-and-dome morphology in the right ventricular epicardium, but not in
the endocardium, could generate a prominent J-point, and the typical BrS
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ECG (Antzelevitch 2001). This hypothesis is so far the only one put forward
that accounts for the BrS phenotype, and it has inspired the development of
gene-specific therapies.

2.3
Traditional Therapies and the Need for Locus-Specific Treatments

2.3.1
Therapy: ICD Indications and Efficacy

At present, there is no effective pharmacological treatment to prevent arrhyth-
mic events in BrS. Therefore, the implantable cardioverter–defibrillator (ICD)
is the only option for high-risk individuals. There is agreement on the use of
ICD for secondary prevention (Priori et al. 2001) and in all high-risk indi-
viduals, i.e., those with a history of syncope and a spontaneously abnormal
ECG (Priori et al. 2001; Priori et al. 2002b). The management of asymptomatic
patients and of those in whom diagnosis is possible only upon provocative
test with sodium channel blockers, is still debated, as no conclusive evidence
exists for risk stratification of these subjects. The risk of experiencing a cardiac
event in a lifetime is estimated around 8% (Priori et al. 2001). The predic-
tive value of inducibility [induction of a VF during programmed electrical
stimulation (PES)], in asymptomatic patients is still under debate and fur-
ther data are needed before the use of a prophylactic ICD in these subjects
is recommended (Brugada et al. 2003a,b; Eckardt et al. 2002, 2005; Gasparini
et al. 2002; Priori et al. 2000a, 2002b). In this scenario, it is clear that the
identification of a pharmacological therapy that could counteract the elec-
trophysiological abnormalities and reduce the risk of arrhythmias would be
extremely welcome.

2.3.2
Novel Therapies Based on Pathophysiology

Based on Antzelevitch’s hypothesis to account for the phenotype of the disease,
most studies have tried to identify strategies for blocking the ITo current. Since
selective ITo blockers are not available, a variety of drugs with less specific
blocking properties has been used in experimental models and in preliminary
clinical trials. In vitro studies suggested that quinidine normalizes the ITo-
induced ST-segment elevation (Yan and Antzelevitch 1999) and preliminary
clinical evidence shows that this drug may prevent arrhythmia inducibility at
PES (Belhassen et al. 1999). These results have been recently confirmed by
Hermida et al. (2004) in a larger cohort of asymptomatic patients in whom
quinidinepreventedVT/VF inducibility in76%of treatedpatients. Furtherdata
from the Belhassen’s group (Belhassen et al. 2004) confirmed the long-term
efficacy of quinidine in preventing VF induction at PES and the occurrence of
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spontaneous arrhythmias. However, a 36% incidence of side effects leading to
drug discontinuation was recorded, limiting the success rate of this treatment.
Cilostazol, an oral phosphodiesterase III inhibitor marketed as an antiplatelet
agent, can normalize the ST-segment in BrS patients. It increases ICa by inhibit-
ing phosphodiesterase activity in ventricular myocytes and it decreases ITo by
accelerating heart rate; this latter effect is secondary to the increase of ICa in
the sinus node. Cilostazol has been used in only one patient (Tsuchiya et al.
2002), and further investigations are needed to confirm its efficacy in BrS. Fi-
nally, tedisamil, an anti-arrhythmic agent that blocks ITo and other potassium
currents, has been proposed as an alternative to quinidine for in BrS patients
(Freestone and Lip 2004), but at present this drug is still in the pre-marketing
evaluation phase.

2.3.3
Mutation-Specific Therapy

Mutations leading to impairment of protein trafficking have been identified
in SCN5A and associated with BrS (Valdivia et al. 2002, 2004) Interestingly,
mexiletine was able to restore INa by rescuing the proper localization of the
protein (Valdivia et al. 2004). Whether mexiletine could achieve the same
result in vivo is still unknown, but these data provide interesting insight for
a mutation-specific treatment for BrS patients.

3
Short QT Syndrome

3.1
Clinical Features and Genetic Bases

The short QT syndrome (SQTS) has been described as an autosomal-dominant
disease characterized by an abbreviated repolarization that fails to show dy-
namic changes during heart rate variations (Gussak et al. 2000). In analogy
with other inherited diseases, SQTS has been reported as a cause of syncope,
SCD, and atrial arrhythmias in a structurally intact heart (Gaita et al. 2003).
Electrophysiological study in SQTS patients showed short refractory periods in
ventricles and atria, and a high rate of inducibility of ventricular arrhythmias
(Gaita et al. 2003).

Three genes have been associated to SQTS: KNCQ1 (Bellocq et al. 2004),
KCNH2 (Brugada et al. 2004) and KCNJ2 (Priori et al. 2005). Since a loss-of-
function mutation in these two genes causes LQTS, as expected SQTS mutations
produce a “gain of function,” thus accelerating the ventricular repolarization
rate (shortening of action potential) in cardiac myocytes.
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3.2
Therapy Based on Pathophysiology

Preliminary studies evaluated the effect of antiarrhythmic drugs targeted to
counteract the specific effects of mutations identified in SQTS patients (Gaita
et al. 2004).

Carriers of gain of function KCNH2 mutations were initially treated with IKr
blocking agents, such as sotalol and ibutilide (Gaita et al. 2004). Unexpectedly,
both drugs did not increase significantly the Q-T interval. A possible explana-
tion for this result was provided by Brugada et al. (2004), who showed that in
vitro, sotalol blocks IKr conducted by wildtype channels (as expected) but it
fails to suppress the current in mutant channels. These authors identified, in
the lack of rectification of the SQTS mutant channel, the likely cause of such
reduced affinity for class III antiarrhythmic agents.

Gaita et al. (2004) showed that quinidine normalizes Q-T interval duration
and abolishes inducibility at PES. Quinidine has several electrophysiological
properties: It blocks fast-inward sodium current (INa), IKr, IKs, the inward
rectifier (IK1), the ITo, and the ATP-sensitive potassium currents (IKATP), and
all these effects concur to prolong the cardiac action potential. Furthermore,
quinidine has a greater affinity for the open state of the IKr channel, possibly ac-
counting for itshigher efficacy inSTQSas compared toclass III anti-arrhythmic
agents.

Long-term follow up in larger populations of SQTS patients is needed to
define if treatment with quinidine can affect mortality and whether this drug
represents a treatment for all SQTS patients or it is specifically indicated for
those with mutations in the KCNH2 gene.

4
Catecholaminergic Polymorphic Ventricular Tachycardia

4.1
Clinical Features and Molecular Bases

Coumel and colleagues (Coumel et al. 1978) in 1978 and Leenhardt and col-
leagues (Leenhardt et al. 1995) in 1995 initially described the catecholaminer-
gic polymorphic ventricular tachycardia (CPVT) as a peculiar clinical entity
that could lead to stress-induced syncope or SCD in young people with an
autosomal-dominant pattern of transmission in some cases. The character-
izing pattern of arrhythmias in CPVT patients is the so-called bi-directional
tachycardia, a ventricular arrhythmia presenting a 180 ° alternans of the QRS
axis on a beat-to-beat basis. More recent observations have pointed to the fact
that CPVT patients may also show irregular polymorphic VT without a “sta-
ble”QRSvector alternans.At variancewith theother inheritedarrhythmogenic
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syndromes, the baseline ECG is unremarkable. Therefore, diagnosis is uniquely
based on the demonstration of ventricular tachycardia elicited during exercise
or emotional stress. Symptoms typically manifest during childhood with most
of SCD occurring before age 20 (Leenhardt et al. 1995; Priori et al. 2002a).

In 1999, Swan et al. (1999) mapped a CPVT locus to chromosome 1q42-q43,
and in 2001 our group (Priori et al. 2001b) identified the cardiac ryanodine
receptor gene RyR2 as the gene involved in the pathogenesis of CPVT. This
evidence was subsequently confirmed (Laitinen et al. 2001).

The ryanodine receptor is localized across the membrane of the sarcoplas-
mic reticulum (SR) and it releases Ca2+ from SR in response to the calcium
entry through the L-type channels, during phase 2 of the cardiac action poten-
tial.

All RyR2 mutations reported so far are missense (single amino acid sub-
stitutions) located in functionally important regions of the protein: the trans-
membrane domain, the Ca2+ binding sites, and the FKBP12.6 (calstabin 2)
binding domain. Experimental data suggest that CPVT mutations destabilize
the protein with consequent Ca2+ overload during repolarization and elec-
tric diastole, thus facilitating the occurrence of delayed afterdepolarizations
(DADs) (Marks et al. 2002). Functional characterization of the mutants (Jiang
et al. 2002; Wehrens et al. 2003) confirmed that they all produce abnormal Ca2+

release in response to adrenergic stimulation.
In 2001, Lahat et al. (2001) described the autosomal recessive variant of

CPVT and linked it to a mutation in the CASQ2 gene on chromosome 1p11-p13
that encodes for calsequestrin. Autosomal-dominant and autosomal-recessive
CPVT have very similar clinical presentation.

Calsequestrin is another protein involved in Ca2+ homeostasis by serving
the major Ca2+ buffering protein into the SR cisternae. Therefore, CASQ2 has
a direct role in the modulation of the excitation–contraction coupling. Func-
tional studies (Viatchenko-Karpinski et al. 2004) showed that mutant CASQ2
proteins displays altered Ca2+ binding and reduced buffering properties. Fur-
thermore, the interplay between calsequestrin and ryanodine receptor may
also be affected, resulting in uncoordinated release. Thus, the mechanism of
CASQ2 and RyR2 mutations share the presence of abnormal intracellular Ca2+

handling, possibly leading to DADs and triggered activity upon adrenergic
stimulation.

4.2
Therapy

Since its initial description (Coumel et al. 1978; Leenhardt et al. 1995), anti-
adrenergic treatment appeared as the most effective and appropriate therapy
in CPVT to limit the detrimental consequences of adrenergic activation on
heart rhythm. β-Blockers achieve a satisfactory control of arrhythmias, and
they are effective both for prophylaxis of arrhythmias and for the suppression
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of incessant arrhythmias during the acute phase (De Rosa et al. 2004; Leen-
hardt et al. 1995; Priori et al. 2001b, 2002a). However, not all patients have
a satisfactory response to these drugs. Leenhardt et al. (1995) described SCD
and syncope in 10% of patients (2 out of 21). In our series, 30% of patients on β-
blockers required an ICD and about 50% of them received appropriate shocks
during a 2-year follow-up (Cerrone et al. 2004; Priori et al. 2002a). Other an-
tiarrhythmic drugs have been used anecdotally but with unsatisfactory results
(Sumitomo et al. 2003).

4.2.1
Stabilization of RyR2 Channel: A Novel Direction for Therapy

Based on the consideration that several RyR2 mutations occur in the FKBP12.6
binding domain, the role of calstabin 2 (also known as FKBP12.6) in the
pathophysiology of CPVT has been thoroughly investigated. Calstabin 2 is
a RyR2 regulatory subunit that stabilizes the channel in the closed state, thus
preventing abnormal diastolic Ca2+ release. Several missense mutations found
in CPVT appear to decrease the calstabin 2 affinity for RyR2, eventually leading
to leaky channels that contribute to the occurrence of DADs and triggered
arrhythmias (Lehnart et al. 2004a).

Abnormal Ca2+ release and decreased affinity for binding of calstabin 2 are
also involved in the pathogenesis of ventricular dysfunction and possibly SCD
during heart failure (Lehnart et al. 2004a; Yano et al. 2003). The experimental
agent JTV519 is a 1,4-benzothiazepine derivative that was shown to inhibit
progression of heart failure in a canine model, probably by increasing the
binding of calstabin 2 to RyR2 (Yano et al. 2003).

Basedontheseobservations, JTV519hasbeen tested inexperimentalmodels
of abnormal Ca2+ handling and CPVT, to investigate whether it could prevent
ventricular arrhythmias. In knock-out calstabin 2 (−/−) mice, JTV519 did not
prevent the occurrence of ventricular arrhythmias, while it was effective in
calstabin 2 haploinsufficient (−/+) mice, suggesting that the anti-arrhythmic
potential of the drug resides in the recover of the binding of calstabin to
RyR2 channels (Wehrens et al. 2004). Further experiments on a RyR2 mutant
(Lehnart et al. 2004b) showed that JTV519 restores the normal activity of the
channel. These findings suggest that RyR stabilization in the closed state, by
recovering calstabin 2 affinity, could represent a novel therapeutic strategy to
prevent the occurrence of life-threatening arrhythmias in affected patients.

5
Conclusions

In the past decade, molecular biology has allowed to elucidate the genetic
background of several inherited diseases predisposing to cardiac arrhythmias
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Table 1 Proposed gene-specific therapies in inherited arrhythmogenic diseases (see text for
details)

Disease Gene Effect Treatment

LQT2 KCNH2 Reduced IKr Increase IKr: potassium supplements

Rescue of trafficking: fexofenadine,
thapsigargin

LQT3 SCN5A Increase of INa Block of INa: mexiletine

BrS SCN5A Reduction of INa Block of ITo: quinidine, tedisamil, cilostazol

Rescue of trafficking-defective mutants:
mexiletine

SQTS KNCH2 Increased IKr Block of IKr: quinidine

CPVT
(autosomal
dominant)

RYR2 Intracellular
Ca2+ overload

Recover of FKBP12.6 binding: JTV519

and SCD. Functional characterization of mutant proteins has provided fas-
cinating insights about the electrophysiological derangements that account
for the phenotypes. Now that genetics has already entered clinical cardiol-
ogy, playing a role for diagnosis and for novel risk-stratification strategies,
fundamental research has already set its next goal, and several groups are
turning their attention toward the development of locus-specific therapies.
Preliminary experimental studies have been successful and a few clinical pilot
projects are indicating how to direct further research (Table 1). The availability
of new models used in basic research, such as expression of mutant proteins
in cardiac myocytes and the use of transgenic animals, opens very promising
perspectives for the development of novel treatments tailored to the correction
of genetically determined electrophysiological abnormalities.
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Abstract The congenital long QT syndrome is a rare disease in which inherited mutations of
genes coding for ion channel subunits, or channel interacting proteins, delay repolarization
of the human ventricle and predispose mutation carriers to the risk of serious or fatal
arrhythmias. Though a rare disorder, the long QT syndrome has provided invaluable insight
from studies that have bridged clinical and pre-clinical (basic science) medicine. In this brief
review, we summarize some of the key clinical and genetic characteristics of this disease and
highlight novel findings about ion channel structure, function, and the causal relationship
between channel dysfunction and human disease, that have come from investigations of
this disorder.
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1
Background

The common form of long QT syndrome (LQTS), Romano–Ward syndrome
(RWS), is a heterogeneous, autosomal-dominant genetic disease caused by mu-
tations of genes coding for ion channels expressed in the heart. These channels
regulate cardiac rhythm by controlling electrical activity of the cardiac cycle.
Dysfunction in channels expressed in ventricular (and presumably Purkinje
fiber) cells delays cellular repolarization, causing the disease phenotype: pro-
longed QT intervals of the ECG. This channelopathy is clinically manifest by
syncope and sudden death from ventricular arrhythmias, notably torsades de
pointes (TdP) (Moss et al. 1991). Clinically, LQTS is identified by abnormal Q-
T interval prolongation on the ECG. The QT prolongation reflects prolonged
cellular action potentials and may arise from either a decrease in repolarizing
cardiac membrane currents or an increase in depolarizing cardiac currents.
These altered currents must occur late in the cardiac cycle to account for the
prolonged Q-T interval. Most commonly, QT prolongation is produced by de-
layed repolarization due to reductions in either the rapidly or slowly activating
delayed repolarizing cardiac potassium (K+) currents, IKr or IKs (Sanguinetti
and Spector 1997). Less commonly, QT prolongation results from prolonged
depolarization due to a small persistent inward “leak” in cardiac sodium (Na+)
current INa (Bennett et al. 1995). Most recently, mutations in genes coding for
important cardiac calcium channels, the so-called L-type calcium channels,
have also been shown to dramatically prolong the Q-T interval and cause LQTS
(Splawski et al. 2004).

Patients with LQTS are usually identified by QT prolongation on the ECG
during clinical evaluation of unexplained syncope, as part of a family study
when one family member has been identified with the syndrome, or in the
investigation of patients with congenital neural deafness. The first family with
LQTS was reported in 1957 by Jervell and Lange-Nielsen and was thought to be
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an autosomal recessive disorder (Jervell and Lange-Nielsen 1957), but in 1997
it was shown to result from a double-dominant, homozygous mutation involv-
ing the KvLQT1 gene (Splawski et al. 1997a), now called the KCNQ1 gene. The
more common autosomal dominant RWS was described in 1963–1964, and
over 300 different mutations involving seven different genes (LQT1–7) have
now been reported (Splawski et al. 2000). Most of the clinical information
currently available regarding LQTS relates to the RWS. There is considerable
variability in the clinical presentation of LQTS due to the different genotypes,
different mutations, variable penetrance of the mutations, and possible genetic
and environmental modifying factors. Clinical criteria have been developed
to determine the probability of having LQTS, and genotype screening of sus-
pect LQTS individuals and of family members from known LQTS families
has progressively increased the number of subjects with genetically confirmed
LQTS. The genes associated with LQTS have been numerically ordered by
the chronology of their discovery (LQT1, LQT2, LQT3, ... LQT7), with 95% of
the known mutations located in the first three of the seven identified LQTS
genes. Current prophylactic and preventive therapy for LQTS to reduce the in-
cidence of syncope and sudden death has involved left cervico-thoracic sympa-
thetic ganglionectomy, β-blockers, pacemakers, implanted defibrillators, and
gene/mutation-specific pharmacologic therapy (Moss 2003).

2
Arrhythmia Risk Factors Are Mutation/Gene-Specific

The discovery that distinct LQTS variants are associated with genes coding
for different ion channel subunits has had a major impact on the diagnosis
and analysis of LQTS patients. Critical evaluation of clinical data has revealed
that there are distinct risk factors associated with the different LQTS geno-
types, and that these must be taken into account during patient evaluation and
diagnosis. The greatest difference in risk factors becomes apparent in com-
paring LQT3 syndrome patients (SCN5A mutations) and patients with LQT1
syndrome (KCNQ1 mutations) or LQT2 syndrome (hERG mutations). The po-
tential for understanding a mechanistic basis for arrhythmia risk was realized
soon after the first genetic information relating mutations in genes coding
for distinct ion channels became available, (Priori et al. 1997) but is still the
focus of extensive clinical and basic investigation. In one such study, which
focused on patients with KCNQ1 (LQT1), hERG (LQT2), and SCN5A (LQT3)
mutations, a clear difference in arrhythmia risk emerged, and this difference
appeared in a gene-specific manner. In the case of SCN5A mutation carriers
(LQT3), risk of cardiac events was greatest during rest, (bradycardia) when
sympathetic nerve activity is expected to be low. In contrast, cardiac events
in LQT2 syndrome patients were associated with arousal and/or conditions in
which patients were startled, whereas LQT1 syndrome patients were found to
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be at greatest risk of experiencing cardiac events during exercise or conditions
associated with elevated sympathetic nerve activity (Schwartz et al. 2001).

Additional evidencehas continued to support theview thatunderconditions
in which sympathetic nerve activity is likely to be high, such as during periods
of exercise, patients harboring LQT1 mutations (Ackerman et al. 1999; Paavo-
nen et al. 2001; Takenaka et al. 2003) are likely to experience dysfunctional
regulation in cardiac electrical activity and hence an increased arrhythmia
risk. The contrast between the role of adrenergic input and/or heart rate in
the arrhythmia risk of LQT1 and LQT3 patients is clear and has raised the
possibility of distinct therapeutic strategies in the management of patients
with these LQTS variants. In fact β-blocker therapy has been shown to be
most effective in preventing recurrence of cardiac events and lowering the
death rate in LQT1 and LQT2 syndrome patients but is much less effective
in the treatment of LQT3 syndrome patients (Moss et al. 2000; Priori 2004).
β-Blocking drugs have minimal effects on the QTc interval but are associated
with a significant reduction in cardiac events in LQTS patients, probably be-
cause these drugs modulate the stimulation of β-adrenergic receptors (β-ARs)
and hence the regulation of downstream signaling targets during periods of
elevated sympathetic nerve activity. Clinical data for genotyped patients con-
tinues to provide strong support for the hypothesis that the effectiveness of
β-blocking drugs depends critically on the genetic basis of the disease with
recent data providing evidence that there is still a high rate of cardiac events
in LQT2 and LQT3 patients treated with β-blocking drugs (Priori et al. 2004).
Consequently, even β-blockers do not provide absolute protection against fatal
cardiac arrhythmias.

3
Mutation-Specific Pharmacology: Role of the Sodium Channel

The SCN5A gene encodes the α-subunit of the major cardiac voltage-gated
sodium channel (George et al. 1995). Voltage-gated Na+ channels are integral
membrane proteins (Catterall 1995, 1996) that not only underlie excitation in
excitable cells, but determine the vulnerability of the heart to dysfunctional
rhythm by controlling the number of channels available to conduct inward Na+

movement (Rivolta et al. 2001). Na+ channels open in response to membrane
depolarization, allowing a rapid selective influx of Na+ which serves to further
depolarize excitable cells and initiate multiple cellular signals (Catterall 2000).
Within milliseconds of opening, Na+ channels enter a non-conducting inacti-
vated state (Stuhmer et al. 1989; Patton et al. 1992; West et al. 1992; McPhee et al.
1994, 1995, 1998; Kellenberger et al. 1997a,b). Channel inactivation is neces-
sary to limit the duration of excitable cell depolarization. Therefore disruption
of inactivation by inherited mutations, which delays cellular repolarization,
is associated with a diverse range of human diseases including myotonias
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(Yang et al. 1994), epilepsy and seizure disorders (Kearney et al. 2001; Lossin
et al. 2002), autism (Weiss et al. 2003), and sudden cardiac death (Keating and
Sanguinetti 2001; Kass and Moss 2003).

The Na+ channel α-subunit, which forms the ion-conducting pore and con-
tains channel gating components, consists of four homologous domains (I to
IV; Sato et al. 2001). Each domain contains six α-helical transmembrane re-
peats (S1–S6), for which mutagenesis studies have revealed key functional roles
(Catterall 2000). Voltage-dependent inactivation of Na+ channels is a conse-
quence of voltage-dependent activation (Aldrich et al. 1983), and inactivation
is characterized by at least two distinguishable kinetic components: an initial
rapid component (fast inactivation) and a slower component (slow inactiva-
tion). Within milliseconds of opening, Na+ channels enter a non-conducting
inactivated state as the inactivation gate, the cytoplasmic loop linking domains
III and IV of the α-subunit, occludes the open pore (Stuhmer et al. 1989; Pat-
ton et al. 1992; West et al. 1992; McPhee et al. 1994, 1995, 1998; Kellenberger
et al. 1996). Fast Na+ channel inactivation is due to rapid block of the in-
ner mouth of the channel pore by the cytoplasmic linker between domains
III and IV that occurs within milliseconds of membrane depolarization (Vas-
silev et al. 1988; Stuhmer et al. 1989; Vassilev et al. 1989; West et al. 1992).
Nuclear magnetic resonance (NMR) analysis of this inactivation linker (gate)
in solution has revealed a rigid helical structure that is positioned such that
it can block the pore, providing a structural explanation of the functional
studies (Rohl et al. 1999) and a biological mechanism of inhibiting channel
conduction.

The residues that form a hydrophobic triplet (IFM) in the III–IV linker
are involved in inactivation gating (West et al. 1992). The IFM motif has
been suggested to function as a ‘latch’ that holds the inactivation gate shut.
Cysteine scanning of the residues I1485, F1486, and M1487 in the human
cardiac Na+ channel revealed that these amino acids contribute to stabilizing
the fast-inactivation particle (Deschenes et al. 1999) in analogy to the brain
Na+ channel (Stuhmer et al. 1989; Sheets et al. 2000).

4
Na+ Channel Block by Local Anesthetics Is Linked to Channel Inactivation

Blockade of voltage-dependent Na+ channels has long been recognized as a po-
tential therapeutic approach to the management of many cardiac arrhythmias,
but with considerable risk of toxic side effects (Rosen et al. 1975). The dis-
covery that mutant forms of Na+ channels linked to inherited human cardiac
arrhythmias might make distinct targets for Na+ channel blocking drugs (An
et al. 1996; Wang et al. 1997; Dumaine et al. 1996; Dumaine and Kirsch 1998;
Nagatomo et al. 2000; Viswanathan et al. 2001) has stimulated reinvestigation
of the molecular determinants of Na+ channel blockade in the heart.
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Voltage-dependent block of Na+ channels by local anesthetics and related
drugs has been well described within the framework of the modulated receptor
hypothesis, which proposes that allosteric changes in a drug receptor occur
when changes in voltage induce changes in channel conformation states (Hille
1977; Hondeghem and Katzung 1977). Extensive mutagenesis experiments
have been performed with several different drugs in many sodium channel
isoforms in an effort to define the molecular determinants of drug binding.
While a clear consensus has not been reached regarding precisely where drug
binds and there is certainly variability in drugs, isoforms, and how the data
are interpreted, the current evidence strongly suggests that most drugs tested
bind in the pore of the channel on the intracellular side of the selectivity
filter.

Furthermore,mutagenesis studiesby several groupsfindspecificaminoacid
residues that contribute to drug binding on the S6 segment of domains I, III,
and IV. The most dramatic effects on drug binding can be attributed primarily
to two aromatic residues on DIV S6, a phenylalanine at position 11760 (F1760)
and a tyrosine at position 1767 (Y1767) using NaV1.5 numbering, that are
conserved among sodium channel isoforms (Ragsdale et al. 1994 1996; Li et al.
1999; Weiser et al. 1999).

5
LQT-3 Mutations: A Common Phenotype Caused by a Range
of Mutation-Induced Channel Function

Different LQT3 mutations can result in distinct functional changes in the ac-
tivity of the sodium channel, but with similar degrees of QT prolongation and
cardiac arrhythmias (Wang et al. 1995a,b). For example, the nine-base-pair
deletion with loss of three amino acids (∆-KPQ) in the linker between the
third and fourth domains of the α-alpha unit of the sodium channel and three
missense mutations in this gene (N1325S, R1623Q, and R1644H) all promote
sustained and inappropriate sodium entry into the myocardial cell during the
plateau phase of the action potential, resulting in prolonged ventricular repo-
larization and the LQTS phenotype. This mutation occurs in the cytoplasmic
peptide that links two domains of the channel: domain III and domain IV
(see Sect. 9), and, not surprisingly, alters the stability of inactivated, or non-
conducting channels. In contrast, the functional consequences of the D1790G
missense mutation on sodium channel gating are quite different. This mutation
does not promote sustained inward sodium current, but rather causes a neg-
ative shift in steady-state inactivation with a similar LQTS phenotype (Abriel
et al. 2000b). Despite these functional differences in channel activity, the phe-
notypical effect of the mutations is the same: QT prolongation. Interestingly,
in vitro studies have shown that the D1790G mutation alters the response of
the sodium channel to adrenergic stimulation, a finding that may have impli-
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cations for triggers of this unique mutation (Tateyama et al. 2003). It should
be noted that other mutations in the SCN5A gene can result in the Brugada
syndrome and conduction system disorders without QT prolongation. At least
one mutation (1795insD) has been shown to have a dual effect with inappropri-
ate sodium entry at slow heart rates (LQTS ECG pattern) and reduced sodium
entry at fast heart rates (Brugada ECG pattern; Veldkamp et al. 2000).

Mutation-specific pharmacologic therapy has been reported in two specific
SCN5A mutations associated with LQTS. In 1995, Schwartz et al. reported that
a single oral dose of the sodium-channel blocker mexiletine administered to
seven LQT3 patients with the ∆KPQ deletion produced significant shortening
of the QTc interval within 4 h (Schwartz et al. 1995). Similar QTc shortening in
LQT3 patients with the ∆KPQ deletion has been reported with lidocaine and
tocainide (Rosero et al. 1997). Preliminary clinical experience with flecainide
revealed normalization of the QTc interval with low doses of this drug in
patients with the ∆KPQ deletion (Windle et al. 2001). In 2000, Benhorin et al.
reported the effectiveness of open-label oral flecainide in shortening the QTc in
eight asymptomatic subjects with the D1790G mutation (Benhorin et al. 2000).

In the SCN5A-∆KPQ deletion mutation, flecainide has high affinity for the
sodium-channel protein and provides almost complete correction of the im-
paired inactivation (Nagatomo et al. 2000). A recent randomized, double-blind,
placebo-controlled clinical trial in six male LQT3 subjects having the ∆KPQ
deletion, with four 6-month alternating periods of low-dose flecainide (1.5 to
3.0 mg/kg/day) and placebo therapy (A.J. Moss, unpublished data). The average
QTc values during placebo and flecainide therapies were 534 ms and 503 ms,
respectively, with a change in QTc from baseline during 6-month flecainide
therapy of −29 ms (95% confidence interval, −37 ms to −21 ms; p<0.001) at
a mean flecainide blood level of 0.11±0.05 µg/ml. At this low flecainide blood
level, there were minimal prolongations in P-R and QRS duration and no major
adverse cardiac effects.

The SCN5A-D1790G mutation changes the sodium channel’s interaction
with flecainide. This mutation confers a high sensitivity to use-dependent
block by flecainide, due in large part to the marked slowing of the repriming of
the mutant channels in the presence of the drug (Abriel et al. 2000a). Flecainide
tonic block is not affected by the D1790G mutation. These flecainide affects
are different from those occurring with the ∆KPQ mutant channels, and may
underlie the distinct efficacy of this drug in treating LQT3 patients harboring
the D1790G mutation (Liu et al. 2002, 2003).

These flecainide findings in patients with the ∆KPQ and D1790G mutations
provide encouraging evidence in support of mutation-specific pharmacologic
therapy for two specific forms of the LQT3 disorder. Larger clinical trials with
flecainide in patients with these two mutations are needed before this therapy
can be recommended as safe and effective for patients with these genetic
disorders.
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6
Clinical Relevance of Mutations Within Different Regions of the Ion Channel:
Structure/Function

The hERG gene encodes the ion channel involved in the rapid component of
the delayed rectifier repolarization current (IKr), and mutations in this gene
are responsible for the LQT2 form of LQTS (Nagatomo et al. 2000). Mutations
in hERG are associated with diminution in the repolarizing IKr current with
resultant prolongation of ventricular repolarization and lengthening of the
Q-T interval. During the 1990s, it was appreciated that several drugs such as
terfenadine and cisapride caused QT prolongation by reducing IKr current
through the pore region of the hERG channel (Sanguinetti et al. 1996b). These
findings raised the question whether mutations in the pore region of the hERG
channel would be associated with a more virulent form of LQT2 than mutations
in the non-pore region.

In a report from the International LQTS Registry, 44 different hERG muta-
tions were identified in 201 subjects, with 14 mutations in 13 locations in the
pore region (amino acid residues 550 through 650); (Moss et al. 2002; Fig. 1). Of
the subjects, 35 had mutations in the pore region and 166 in non-pore regions.
Using birth as the time origin with follow-up through age 40, subjects with
pore mutations had more severe clinical manifestations of the genetic disor-

Fig. 1 Schematic representation of hERG potassium channel α-subunit involving the N-
terminal portion (NH2), 6 membrane-spanning segments with the pore region extending
fromsegmentsS5 toS6, and theC-terminusportion (C00−).Mutation locationsare indicated
by black dots. Fourteen different mutations were located in 13 locations within the pore
region. (Reprinted with permission from Moss et al. 2002)
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der and experienced a higher frequency of arrhythmia-related cardiac events
at an earlier age than did subjects with non-pore mutations. The cumulative
probability of a first cardiac event before β-blockers were, initiated in subjects
with pore mutations and non-pore mutations in the hERG channel are shown
in Fig. 2, with a hazard ratio in the range of 11 (p<0.0001) at an adjusted QTc
of 0.50 s. This study involved a limited number of different hERG mutations
and only a small number of subjects with each mutation. Missense mutations
made up 94% of the pore mutations, and thus it was not possible to evaluate
risk by the mutation type within the pore region.

These findings indicate that mutations in different regions of the hERG
potassium channel can be associated with different levels of risk for cardiac
arrhythmias in LQT2. An important question is whether similar region-related
risk phenomena exist in the other LQTS channels. Two studies evaluated the
clinical risk of mutations located in different regions of the KCNQ1 (LQT1)
gene and reported contradictory findings. Zareba et al. found no significant
differences in clinical presentation, ECG parameters, and cardiac events among
294 LQT1 patients with KCNQ1 mutations located in the pre-pore region in-
cluding N-terminus (1–278), the pore region (279–354), and the post-pore

Fig. 2 Kaplan–Meier cumulative probability of first cardiac events from birth through age
40 years for subjects with mutations in pore (n = 34), N-terminus (n = 54), and C-terminus
(n = 91) regions of the hERG channel. The curves are significantly different (p < 0.0001,
log-rank), with the difference caused mainly by the high first-event rate in subjects with
pore mutations. (Reprinted with permission from Moss et al. 2002)
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region including C-terminus (>354) (Zareba et al. 2003). In contrast, Shimizu
et al. studied 66 LQT1 patients and found that mutations in the transmembrane
portion of KCNQ1 were associated with a higher risk of LQTS-related cardiac
events and had greater sensitivity to sympathetic stimulation than mutations
located in the C-terminal region (Shimizu et al. 2004). These different find-
ings in the two LQT1 studies may reflect, in part, population-related genetic
heterogeneity, since the Zareba population was almost entirely Caucasian and
the subjects in the Shimizu study were Japanese. Much larger homogeneous
populations need to be studied to resolve this issue.

7
Basic Electrophysiology Revealed Through LQTS Studies

Though a rare congenital disorder, LQTS has provided a wealth of information
about fundamental mechanisms underlying human cardiac electrophysiology
that has come about because of true collaborative interactions between clinical
and basic scientists. Our understanding of the mechanisms that control the
critical plateau and repolarization phases of the human ventricular action
potential has been raised to new levels through these studies which impact
on the manner in which both potassium and sodium channels regulate this
critical period of electrical activity.

8
Identification of Cardiac Delayed Rectifier Channels

It had been known since 1969 that potassium currents with unique kinetic and
voltage-dependent properties were important to the cardiac action potential
plateau (Noble and Tsien 1968; Noble and Tsien 1969). Because of the unique
voltage-dependence, these currents were referred to as delayed rectifiers. In
a pivotal study, Sanguinetti and Jurkiewicz used a pharmacological analysis
to demonstrate two distinct components of the delayed rectifier potassium
current in heart: IKr and IKS (Sanguinetti and Jurkiewicz 1990). The IKS com-
ponent had previously been shown to be under control of the sympathetic
nervous system, providing an increase in repolarization currents in the face of
β-AR agonists in cellular models (Kass and Wiegers 1982), but the molecular
identity and the relevance to human electrophysiology were not only not clear,
but controversial. The clear clinical importance and the genetic basis of these
potassium currents were revealed through LQTS investigations.

The first report linking potassium channel dysfunction to LQTS revealed the
molecular identity of one of the delayed rectifier channels and confirmed the
pharmacological evidence for independent channels underlying these currents
(Sanguinetti et al. 1995). This report revealed that hERG encodes the α (pore
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forming) subunit of the IKr channel and that the rectifying properties of this
channel, identified previously by pharmacological dissection, were indigenous
to the channel protein. Not only did this work provide the first clear evidence
for a role of this channel in the congenital LQTS but also laid the baseline for
future studies which would show that it is the hERG channel that underlies
almost all cases of acquired LQTS (Sanguinetti et al. 1996a).

In 1996 it was discovered that LQTS variant 1 (LQT1) was caused by mu-
tations in a gene (KvLQT1/KCNQ1) coding for an unusual potassium channel
subunit that could be studied in heterologous expression systems (Wang et al.
1996) and the KvLQT1 gene product was found to be the α (pore forming)
subunit of the IKS channel (Barhanin et al. 1996; Sanguinetti et al. 1996b).
Furthermore, these studies indicated that a previously reported, but as-yet
poorly understood gene (mink) formed a key regulatory subunit of this impor-
tant channel. Mutations in mink (later called KCNE1) have subsequently been
linked to LQT5 (Splawski et al. 1997b). Now the molecular identity of the two
cardiac delayed rectifiers had been established.

Clinical studies had provided convincing evidence linking sympathetic
nerve activity and arrhythmia susceptibility in LQTS patients, particularly
in patients harboring LQT1 mutations. These data and previous basic reports
of the robust sensitivity of the slow delayed rectifier component, IKS, to β-AR
agonists (Kass and Wiegers 1982), motivated investigation of the molecular
links between KCNQ1/KCNE1 channels to β-AR stimulation which revealed,
for the first time, that the KCNQ1/KCNE1 channel is part of a macromolecular
signaling complex in human heart (Marx et al. 2002). The channel complexes
with an adaptor protein (AKAP 9 or yotiao) that in turn directly binds key
enzymes in the β-AR signaling cascade [protein kinase A (PKA) and protein
phosphatase 1 (PP1)]. Thus, the binding of yotiao to the KCNQ1 carboxy-
terminus recruits signaling molecules to the channel to form a micro-signaling
environment to control the phosphorylation state of the channel. When the
channel is PKA phosphorylated, there is an increase in repolarizing (potas-
sium channel) current, which provides a repolarization reserve to shorten
action potentials. This must occur with the concomitant increase in heart rate,
which is the fundamental response to sympathetic nerve stimulation, in or-
der to preserve cardiac function during exercise. Mutations either in KCNQ1
(Marx et al. 2002) or KCNE1 (Kurokawa et al. 2003) can disrupt this regulation
and create heterogeneity in the cellular response to β-AR stimulation, a novel
mechanism that may contribute to the triggering of some arrhythmias in LQT1
and LQT5 (Kass et al. 2003). Importantly, disruption of the regulation of only
the potassium channel by these mutations disrupts, at the cellular level, the
coordinated response of one, but not all, channel/pump proteins that are reg-
ulated by PKA. Because many of the target proteins regulate cellular calcium
homeostasis, it is entirely possible that the trigger underlying at least some
forms of exercise-induced arrhythmias in LQT1 may be due to dysfunction in
cellular calcium handling (Kass et al. 2003).
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9
The Cardiac Sodium Channel and the Action Potential Plateau Phase

The report that mutations in SCN5A, the gene coding for the α-subunit of the
major cardiac sodium channel, were associated with LQTS (Wang et al. 1995a)
was surprising because this channel is associated most frequently with impulse
conduction and hence the QRS but not the QT waveforms of the ECG. Sodium
channels are voltage-gated channels that rapidly enter a non-conducting in-
activated state during sustained depolarization such as the cardiac action
potential plateau. Importantly, the first SCN5A mutation, the ∆KPQ mutation,
physically disrupted a cytoplasmic peptide linker in the channel protein that,
in basic biochemical and biophysical studies, had been shown to be a critical
determinant of sodium channel inactivation: the inactivation gate (Stuhmer
et al. 1989; Catterall 1995). This peptide links two domains (III and IV) of
the channel and physically moves to occlude the channel pore upon depolar-
ization. Once again, the combination of basic and clinical investigation has
led to a clear understanding of the molecular basis of this key physiological
parameter in human heart. Further, the demonstration that small changes in
sodium channel inactivation such as those changes that occur in LQT3 muta-
tions, can have life-threatening consequences confirms predictions made more
than 50 years ago by Silvio Weidmann. Demonstrated that the cardiac action
potential plateau was an exquisitely sensitive period of electrical activity that
could adapt, with little energy expenditure, to small changes in ionic currents
(Weidmann 1952).

Subsequent investigations of LQT3 mutations have revealed that not only is
the domain III/IV intracellular linker key to inactivation and maintenance of
the action potential plateau (and hence Q-T interval), but the channel carboxy
terminal (C-T) domain is essential in this process also, and not only is disrup-
tion of the inactivation gate a mechanism by which LQT3 arrhythmias can be
generated, but much more subtle changes in channel gating can also underlie
these arrhythmias. For example, one LQT3 mutation (the I1768V mutation)
speeds the recovery from inactivation in a voltage-dependent manner, and
this leads to augmentation of depolarizing current during the repolarization
phase of the action potential. The consequence is delayed repolarization, which
underlies the clinical phenotype—prolonged QT (Clancy et al. 2003).

10
The Sodium Channel Inactivation Gate as a Molecular Complex

Recent work in which biochemical and functional experiments were combined
directly addressed the question of whether or not the C-terminus may have
a direct structural role in the control of channel inactivation, and, if so, how
the C-T domain affects stabilization of the inactivated Na+ channel. The con-
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clusion from this work is that the cardiac sodium channel inactivation gate is
a molecular complex, providing additional structural insight into the role of
the carboxy-terminal domain in regulating channel activity. Experimental data
support theview that the III–IV linker interactsdirectlywith the carboxy termi-
naldomainof thechannel to stabilize inactivatedchannels (Motoikeet al. 2004).

In these experiments, biochemical evidence was presented for direct phys-
ical interaction between the C-T domain of the channel and the III–IV linker
inactivation gate. These biochemical data are remarkably consistent with a role
of the C-terminal/III–IV linker in stabilization of the inactivated state. Further,
using glutamate scaning of the III–IV linker peptide, a region on the linker
was suggested to be the motif that coordinates III–IV linker/C-T interactions,
and this motif was found to be distinct from the III–IV linker motif previously
identified as the region that coordinates binding of the inactivation gate to the
inner mouth of the channel pore. These data provided strong evidence that the
inactivation gate of the voltage-dependent Na+ channel is a molecular complex
that consists of the III–IV linker and the C-terminal domain of the channel
and that this interaction underlies the stabilization of the inactivated state by
the C-T domain during prolonged depolarization. Uncoupling of this complex
destabilizes inactivation and increases the likelihood of channel re-opening
during prolonged depolarization.

11
Summary and Future Directions

Investigation into the molecular basis of inherited cardiac arrhythmias caused
by mutations of the α-subunit of the principal cardiac sodium channel (Nav1.5)
has led to an appreciation of the role of the carboxy terminal domain of the
channel in regulating channel gating. Theoretical and experimental struc-
tural analysis of the channel C-T domain provides strong evidence for a highly
structured region of the channel and that interactions between the C-T domain
and the channel inactivation gate are necessary to control channel activity that
directly affects actionpotential, andhenceQT,duration in theheart.This struc-
tured region thus provides a novel target against which to develop drugs that
have the potential to regulate the activity of this key cardiac ion channel, not by
blocking the conduction pore, but by regulating, in an allosteric manner, chan-
nel gating. Investigations into the mechanisms underlying the clinical observa-
tions thatLQT1patients are at elevatedarrhythmia riskduringexercisehave led
to the unraveling of the molecular architecture of a critically important cardiac
potassium channel and its interconnection to the sympathetic nervous system.

We have made considerable progress in understanding the importance of
ion channel structure to human physiology since the first ion channel was
cloned in 1982. We now have a better understanding of the molecular genetics,
ion channel structures, and cellular electrophysiology that contribute to the
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genesisof cardiacarrhythmias.Muchof this improved insighthascomedirectly
from investigations of LQTS and other inherited arrhythmias and is being
translated into more effective and more rational therapy for patients with
electrical disorders of the cardiac rhythm. Much remains to be accomplished,
and this will be done thorough continued collaboration of basic and clinical
scientists in many ways based on the foundations laid by studies of LQTS.
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Abstract The Brugada syndrome is a congenital syndrome of sudden cardiac death first de-
scribed as a new clinical entity in 1992. Electrocardiographically characterized by a distinct
coved-type ST segment elevation in the right precordial leads, the syndrome is associated
with a high risk for sudden cardiac death in young and otherwise healthy adults, and less
frequently in infants and children. The ECG manifestations of the Brugada syndrome are
often dynamic or concealed and may be revealed or modulated by sodium channel blockers.
The syndrome may also be unmasked or precipitated by a febrile state, vagotonic agents,
α-adrenergic agonists, β-adrenergic blockers, tricyclic or tetracyclic antidepressants, a com-
bination of glucose and insulin, and hypokalemia, as well as by alcohol and cocaine toxicity.
An implantable cardioverter–defibrillator (ICD) is the most widely accepted approach to
therapy. Pharmacological therapy aimed at rebalancing the currents active during phase 1
of the right ventricular action potential is used to abort electrical storms, as an adjunct to
device therapy, and as an alternative to device therapy when use of an ICD is not possible.
Isoproterenol and cilostazol boost calcium channel current, and drugs like quinidine in-
hibit the transient outward current, acting to diminish the action potential notch and thus
suppress the substrate and trigger for ventricular tachycardia/fibrillation (VT/VF).

Keywords Brugada syndrome · Phase 2 reentry · ST segment elevation · INa · Ito ·
Implantable cardioverter–defibrillator (ICD) · VT · SCN5A mutations · Sudden death ·
Bradycardia
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1
Clinical Characteristics and Diagnostic Criteria

The Brugada syndrome typically manifests in the third or fourth decade of life
(average age of 41±15 years), although patients have been diagnosed with the
syndrome at an age as young as 2 days and as old as 84 years. The prevalence of
the disease is estimated to be at least 5 per 10,000 inhabitants in Southeast Asia,
where the syndrome is endemic (Nademanee et al. 1997). In Japan, a Brugada
syndrome ECG (type 1) is observed in 12 per 10,000 inhabitants; type 2 and
type 3 ECGs, which are not diagnostic of Brugada syndrome, are much more
prevalent, appearing in 58 per 10,000 inhabitants (Miyasaka et al. 2001). The
true prevalence of the disease in the general population is difficult to estimate
because the ECG pattern is often concealed (Brugada et al. 2003). Sudden
unexplained nocturnal death syndrome (SUNDS also known as SUDS) and
Brugada syndrome have been shown to be phenotypically, genetically, and
functionally the same disorder (Vatta et al. 2002).

Although syncope and sudden death are a consequence of ventricular tachy-
cardia/fibrillation (VT/VF), approximately 20% of Brugada syndrome patients
also develop supraventricular arrhythmias (Morita et al. 2002). Atrial fibril-
lation (AF) is reported in approximately 10%–20% of cases. Atrio-ventricular
(AV) nodal reentrant tachycardia (AVNRT) and Wolf–Parkinson–White
(WPW) syndrome have been described as well (Eckardt et al. 2001). Prolonged
sinus node recovery time and sino-atrial conduction time (Morita et al. 2004)
as well as slowed atrial conduction and atrial standstill have been reported in
association with the syndrome (Takehara et al. 2004). A recent study reports
that ventricular inducibility is positively correlated with a history of atrial ar-
rhythmias (Bordachar et al. 2004). The incidence of atrial arrhythmias is 27%
in Brugada syndrome patients with an indication for ICD vs 13% in patients
without an indication for ICD, suggesting a more advanced disease process in
patients with spontaneous atrial arrhythmias (Bordachar et al. 2004).

The Brugada syndrome is characterized by an ST segment elevation in the
right precordial leads. Three types of ST segment elevation are generally recog-
nized (Wilde et al. 2002a,b). Type 1 is diagnostic of Brugada syndrome and is
characterized by a coved ST segment elevation exceeding or at 2 mm (0.2 mV)
followed by a negative T wave (Fig. 1). Brugada syndrome is definitively di-
agnosed when a type 1 ST segment elevation is observed in more than one
right-precordial lead (V1–V3), in the presence or absence of sodium channel
blocking agent, and in conjunction with one of the following: documented ven-
tricular fibrillation, polymorphic ventricular tachycardia, a family history of
sudden cardiac death (SCD) (<45 years old), coved type ECGs in family mem-
bers, inducibility of VT with programmed electrical stimulation, syncope,
or nocturnal agonal respiration. The electrocardiographic manifestations of
the Brugada syndrome, when concealed, can be unmasked by sodium chan-
nel blockers, but also during febrile state or with vagotonic agents (Brugada
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Fig. 1 Twelve-lead electrocardiogram (ECG) tracings in an asymptomatic 26-year-old
man with the Brugada syndrome. Left: Baseline: type 2 ECG (not diagnostic) display-
ing a “saddleback-type” ST segment elevation is observed in V2. Center: After intravenous
administration of 750 mg procainamide, the type 2 ECG is converted to the diagnostic
type 1 ECG consisting of a “coved-type” ST segment elevation. Right: A few days after oral
administration of quinidine bisulfate (1,500 mg/day, serum quinidine level 2.6 mg/l), ST
segment elevation is attenuated, displaying a nonspecific abnormal pattern in the right
precordial leads. VF could be induced during control and procainamide infusion, but not
after quinidine. (Modified from Belhassen et al. 2002, with permission)

et al. 2000b,c; Miyazaki et al. 1996; Antzelevitch and Brugada 2002). Sodium
channel blockers, including flecainide, ajmaline, procainamide, disopyramide,
propafenone, and pilsicainide are used to aid in a differential diagnosis when
ST segment elevation is not diagnostic under baseline conditions (Brugada
et al. 2000c; Shimizu et al. 2000a; Priori et al. 2000).

Type 2 ST segment elevation has a saddleback appearance with an ST seg-
ment elevation of ≥2 mm followed by a trough displaying ≥1-mm ST elevation
followed by either a positive or biphasic T wave (Fig. 1). Type 3 has either a sad-
dleback or coved appearance with an ST segment elevation of less than 1 mm.
Type 2 and type 3 ECG are not diagnostic of the Brugada syndrome. These
three patterns may be observed spontaneously in serial ECG tracings from the
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same patient or following the introduction of specific drugs. The diagnosis
of Brugada syndrome is also considered positive when a type 2 (saddleback
pattern) or type 3 ST segment elevation is observed in more than one right pre-
cordial lead under baseline conditions and conversion to the diagnostic type 1
pattern occurs after sodium channel blocker administration (ST segment ele-
vation should be ≥2 mm). One or more of the clinical criteria described above
need also be present.

Placementof the rightprecordial leads ina superiorposition (two intercostal
spaces above normal) can increase the sensitivity of the ECG for detecting the
Brugada phenotype in some patients, both in the presence and absence of
a drug challenge (Shimizu et al. 2000b; Sangwatanaroj et al. 2001).

While most cases of Brugada syndrome display right precordial ST segment
elevation, isolated cases of inferior lead (Kalla et al. 2000) or left precordial lead
(Horigome et al. 2003) ST segment elevation have been reported in Brugada-
like syndromes, in some cases associated with SCN5A mutations (Potet et al.
2003).

Minor prolongation of the QT interval may accompany ST segment elevation
in the Brugada syndrome (Alings and Wilde 1999; Bezzina et al. 1999; Priori
et al. 2000). The QT-interval is prolonged more in the right vs left precordial
leads, probably due to a preferential prolongation of action potential duration
(APD) in right ventricular (RV) epicardium secondary to accentuation of the
action potential notch (Pitzalis et al. 2003). Depolarization abnormalities in-
cluding prolongation of P wave duration, PR and QRS intervals are frequently
observed, particularly in patients linked to SCN5A mutations (Smits et al.
2002). PR prolongation likely reflects HV conduction delay (Alings and Wilde
1999a).

2
Genetic Basis

The only gene thus far linked to the Brugada syndrome is SCN5A, the gene
encoding for the α-subunit of the cardiac sodium channel gene (Chen et al.
1998). SCN5A mutations account for 18%–30% of Brugada syndrome cases.
Nearly 100 mutations in SCN5A have been linked to the syndrome over the
past 4 years (see Antzelevitch 2001a; Priori et al. 2002; Balser 2001; Tan et al.
2003 for references; also see http://pc4.fsm.it:81/cardmoc/). Approximately 30
of these mutations have been studied in expression systems and shown to
result in loss of function due to: (1) failure of the sodium channel to express;
(2) a shift in the voltage- and time-dependence of sodium channel current (INa)
activation, inactivation or reactivation; (3) entry of the sodium channel into
an intermediate state of inactivation from which it recovers more slowly; or
(4) accelerated inactivation of the sodium channel. Inheritance of the Brugada
syndrome is via an autosomal-dominant mode of transmission. A second locus
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on chromosome 3, close to but apart from the SCN5A locus, has recently been
linked to the syndrome (Weiss et al. 2002).

3
Cellular and Ionic Basis

The ability of the RV action potential to lose its dome, giving rise to phase 2
reentry and other characteristics of the Brugada syndrome, were identified in
the early 1990s and evolved in parallel with the clinical syndrome (Antzelevitch
et al. 1991, 2002; Krishnan and Antzelevitch 1991; Krishnan and Antzelevitch
1993).

The ST segment elevation in the Brugada syndrome is thought to be sec-
ondary to a rebalancing of the currents active at the end of phase 1, leading to
accentuation of the action potential notch in RV epicardium (see Antzelevitch
2001a for references). A transient outward current (Ito)-mediated spike and
dome morphology, or notch, in ventricular epicardium, but not endocardium,
generates a voltage gradient responsible for the inscription of the electrocar-
diographic J wave in larger mammals and in man (Yan and Antzelevitch 1996).
ST segment is normally isoelectric because of the absence of transmural voltage
gradients at the level of the action potential plateau. Under pathophysiologic
conditions, accentuation of the RV notch leads to exaggeration of transmural
voltage gradients and thus to accentuation of the J wave, causing an apparent
ST segment elevation (Antzelevitch 2001a). The repolarization waves take on
a saddleback or coved appearance depending on the timing of repolarization of
epicardium relative to endocardium. A delay in epicardial activation and repo-
larization time leads to progressive inversion of the T wave. The down-sloping
ST segment elevation, or accentuated J wave, observed in the experimental
wedge models often appears as an R′, suggesting that the appearance of a right
bundle branch block (RBBB) morphology in Brugada patients may be due at
least in part to early repolarization of RV epicardium, rather than to marked
impulse delay or conduction block in the right bundle. Indeed, RBBB criteria
are not fully met in many cases of Brugada syndrome (Gussak et al. 1999).

Accentuation of the RV action potential notch can give rise to the typical
Brugada ECG without creating an arrhythmogenic substrate (Fig. 2). The ar-
rhythmogenic substrate arises when a further shift in the balance of currents
leads to loss of the action potential dome at some epicardial sites but not
others. Loss of the action potential dome in epicardium but not endocardium
results in the development of a marked transmural dispersion of repolarization
and refractoriness, responsible for the development of a vulnerable window.
A closely coupled extrasystole can then capture this vulnerable window and
induce a reentrant arrhythmia. Loss of the epicardial action potential dome is
usually heterogeneous, leading to the development of epicardial dispersion of
repolarization. Conduction of the action potential dome from sites at which it
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Fig. 2a–d Terfenadine-induced ST segment elevation, T wave inversion, transmural and epi-
cardial dispersion of repolarization, and phase 2 reentry. Each panel shows transmembrane
action potentials from one endocardial (top) and two epicardial sites together with a trans-
mural ECG recorded from a canine arterially perfused right ventricular wedge preparation.
a Control (BCL 400 ms). b Terfenadine (5 µM) accentuated the epicardial action potential
notch creating a transmural voltage gradient that manifests as an ST segment elevation or
exaggerated J wave in the ECG. First beat recorded after changing from BCL 800 ms to BCL
400 ms. c Continued pacing at BCL 400 ms results in all-or-none repolarization at the end
of phase 1 at some epicardial sites but not others, creating a local epicardial dispersion of
repolarization (EDR) as well as a transmural dispersion of repolarization (TDR). d Phase 2
reentry occurs when the epicardial action potential dome propagates from a site where it
is maintained to regions where it has been lost. (Note: d was recorded from a different
preparation.) (From Fish and Antzelevitch 2004, with permission)

is maintained to sites at which it is lost causes local re-excitation via a phase 2
reentry mechanism, leading to the development of the very closely coupled
extrasystole, which triggers a circus movement reentry in the form of VT/VF
(Lukas and Antzelevitch 1996; Yan and Antzelevitch 1999). The phase 2 reen-
trant beat fuses with the negative T wave of the basic response. Because the
extrasystole originates in epicardium, the QRS complex is largely composed
of a negative Q wave, which serves to accentuate the inverted T wave, giving
the ECG a more symmetrical appearance, a morphology commonly observed
in the clinic preceding the onset of polymorphic VT. Support for these hy-
potheses derives from experiments involving the arterially perfused RV wedge
preparation (Yan and Antzelevitch 1999). Further evidence in support of these
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mechanisms derives from the recent studies of Kurita et al. in which monopha-
sic action potential (MAP) electrodes where positioned on the epicardial and
endocardial surfaces of the RV outflow tract (RVOT) in patients with the Bru-
gada syndrome (Kurita et al. 2002; Antzelevitch et al. 2002).

Figure 3 shows the ability of terfenadine-induced phase 2 reentry to generate
an extrasystole, couplet, and polymorphic VT/VF. Figure 3d illustrates an
example of programmed electrical stimulation-induced VT/VF under similar
conditions.

Fig. 3a–d Spontaneous and programmed electrical stimulation-induced polymorphic VT
in RV wedge preparations pretreated with terfenadine (5–10 µM). a Phase 2 reentry in
epicardium gives rise to a closely coupled extrasystole. b Phase 2 reentrant extrasystole
triggers a brief episode of polymorphic VT. c Phase 2 reentrant extrasystole triggers brief
reentry. d Same impalements and pacing conditions as c, however an extra stimulus (S1–
S2 = 250 ms) applied to epicardium triggers a polymorphic VT. (From Fish and Antzelevitch
2004, with permission)
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Although the genetic mutation is equally distributed between the sexes, the
clinical phenotype is 8 to 10 times more prevalent in males than in females. The
basis for this sex-related distinction was recently shown to be due to a more
prominent Ito-mediated action potential notch in the RV epicardium of males
vs females (Di Diego et al. 2002). The more prominent Ito causes the end of
phase 1 of the RV epicardial action potential to repolarize to more negative
potentials in tissue and arterially perfused wedge preparations from males,
facilitating loss of the action potential dome and the development of phase 2
reentry and polymorphic VT. The gender distinction is not seen in all families;
a recent report describes a family without a male predominance of the Brugada
phenotype (Hong et al. 2004).

The available information supports the hypothesis that the Brugada syn-
drome is the result of amplification of heterogeneities intrinsic to the early
phases of the action potential among the different transmural cell types. The
amplification is secondary to a rebalancing of currents active during phase 1,
including a decrease in INa or ICa or augmentation of any one of a number of
outward currents including IKr, IKs, ICl(Ca), or Ito (Fig. 4). ST segment elevation

Fig. 4 Proposed mechanism for the Brugada syndrome. A shift in the balance of currents
serves to amplify existing heterogeneities by causing loss of the action potential dome at
some epicardial, but not endocardial sites. A vulnerable window develops as a result of
the dispersion of repolarization and refractoriness within epicardium as well as across the
wall. Epicardial dispersion leads to the development of phase 2 reentry, which provides the
extrasystole that captures the vulnerable window and initiates VT/VF via a circus movement
reentry mechanism. (Modified from Antzelevitch 2001b, with permission)
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occurs as a consequence of the accentuation of the action potential notch, even-
tually leading to loss of the action potential dome in RV epicardium, where
Ito is most prominent. Loss of the dome gives rise to both a transmural as
well as epicardial dispersion of repolarization. The transmural dispersion is
responsible for the development of ST segment elevation and the creation of
a vulnerable window across the ventricular wall, whereas the epicardial dis-
persion leads to phase 2 reentry, which provides the extrasystole that captures
the vulnerable window, thus precipitating VT/VF. The VT generated is usually
polymorphic, resembling a very rapid form of torsade de pointes (TdP) (Fig. 4).

4
Factors That Modulate ECG and Arrhythmic Manifestations
of the Brugada Syndrome

ST segment elevation in the Brugada syndrome is often dynamic. The Brugada
ECG is often concealed and can be unmasked or modulated by sodium channel
blockers, a febrile state, vagotonic agents, α-adrenergic agonists, β-adrenergic
blockers, tricyclic or tetracyclic antidepressants, a combination of glucose
and insulin, hyperkalemia, hypokalemia, hypercalcemia, and by alcohol and
cocaine toxicity (Brugada et al. 2000bc; Miyazaki et al. 1996; Babaliaros and
Hurst 2002; Goldgran-Toledano et al. 2002; Tada et al. 2001; Pastor et al. 2001;
Ortega-Carnicer et al. 2001; Nogami et al. 2003; Araki et al. 2003). These agents
may also induce acquired forms of the Brugada syndrome (Table 1). Until
a definitive list of drugs to avoid in the Brugada syndrome is formulated, the
list of agents in Table 1 may provide some guidance.

Acute ischemia or myocardial infarction due to vasospasm involving the
RVOT mimics ST segment elevation similar to that in Brugada syndrome. This
effect is secondary to the depression of ICa and the activation of IK-ATP during
ischemia, and suggests that patients with congenital and possibly acquired
forms of Brugada syndrome may be at a higher risk for ischemia-related SCD
(Noda et al. 2002).

VF and sudden death in the Brugada syndrome usually occur at rest and
at night. Circadian variation of sympatho-vagal balance, hormones, and other
metabolic factors likely contribute this circadian pattern. Bradycardia, due to
altered symaptho-vagal balance or other factors, may contribute to arrhythmia
initiation (Kasanuki et al. 1997; Proclemer et al. 1993; Mizumaki et al. 2004).
Abnormal 123I-MIBG uptake in 8 (17%) of the 17 Brugada syndrome patients
but none in the control group was demonstrated by Wichter et al. (2002). There
was segmental reduction of 123I-MIBG in the inferior and the septal left ventric-
ular wall, indicating presynaptic sympathetic dysfunction. Of note, imaging
of the right ventricle, particularly the RVOT, is difficult with this technique, so
insufficient information is available concerning sympathetic function in the
regions known to harbor the arrhythmogenic substrate. Moreover, it remains
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Table 1 Drug-induced Brugada-like ECG patterns

I. Antiarrhythmic drugs

1. Na+ channel blockers

Class IC drugs [Flecainide (Krishnan and Josephson 1998; Fujiki et al. 1999; Shimizu

et al. 2000a; Brugada et al. 2000c; Gasparini et al. 2003), Pilsicainide (Takenaka

et al. 1999; Shimizu et al. 2001), Propafenone (Matana et al. 2000)]

Class IA drugs [Ajmaline (Brugada et al. 2000c; Rolf et al. 2003), Procainamide

(Miyazaki et al. 1996; Brugada et al. 2000c), Disopyramide (Miyazaki et al. 1996;

Wilde et al. 2002a), Cibenzoline (Tada et al. 2000)]

2. Ca2+ channel blockers

Verapamil

II. Antianginal drugs

1. Ca2+ channel blockers

Nifedipine, diltiazem

2. Nitrate

Isosorbide dinitrate, nitroglycerine (Matsuo et al. 1998)

3. K+ channel openers

Nicorandil

III. Psychotropic drugs

1. Tricyclic antidepressants

Amitriptyline (Bolognesi et al. 1997; Rouleau et al. 2001), Nortriptyline (Tada

et al. 2001), desipramine (Babaliaros and Hurst 2002), clomipramine

(Goldgran-Toledano et al. 2002)

2. Tetracyclic antidepressants

Maprotiline (Bolognesi et al. 1997)

3. Phenothiazine

Perphenazine (Bolognesi et al. 1997), cyamemazine

4. Selective serotonin reuptake inhibitors

Fluoxetine (Rouleau et al. 2001)

IV. Other drugs

1. Histaminic H1 receptor antagonists

Dimenhydrinate (Pastor et al. 2001)

2. Cocaine intoxication (Ortega-Carnicer et al. 2001; Littmann et al. 2000)

3. Alcohol intoxication

Modified from Shimizu (2004) with permission

unclear what role the reduced uptake function plays in the arrhythmogenesis of
the Brugada syndrome. If indeed the RVOT is similarly affected, this defect may
alter the symaptho-vagal balance in favor of the development of an arrhythmo-
genic substrate (Litovsky and Antzelevitch 1990; Yan and Antzelevitch 1999).
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More recently, Kies and coworkers (Kies et al. 2004) assessed autonomic ner-
vous system function noninvasively in patients with the Brugada syndrome,
quantifying myocardial presynaptic and postsynaptic sympathetic function
by means of positron emission tomography with the norepinephrine analog
11C-Hydroxyephedrine (11C-HED) and the nonselective β-blocker 11C-CGP
12177 (11C-CGP).Presynaptic sympatheticnorepinephrine recycling, assessed
by 11C-HED, was found to be globally increased in patients with Brugada
syndrome compared with a group of age-matched healthy control subjects,
whereas postsynaptic β-adrenoceptor density, assessed by 11C-CGP, was sim-
ilar in patients and controls. This study provides further evidence in support
of an autonomic dysfunction in Brugada syndrome.

Hypokalemia has been implicated as a contributing cause for the high
prevalence of SUDS in the northeastern region of Thailand, where potas-
sium deficiency is endemic (Nimmannit et al. 1991; Araki et al. 2003). Serum
potassium in the northeastern population is significantly lower than that of
the population in Bangkok, which lies in the central part of Thailand, where
potassium is abundant in the food. A recent case report highlights the ability
of hypokalemia to induce VF in a 60-year-old man who had asymptomatic
Brugada syndrome, without a family history of sudden cardiac death (Araki
et al. 2003). This patient was initially treated for asthma by steroids, which
lowered serum potassium from 3.8 mmol/l on admission to 3.4 and 2.9 mmol/l
on the seventh day and eighth day of admission, respectively. Both were as-
sociated with unconsciousness. VF was documented during the last episode,
which reverted spontaneously to sinus rhythm.

Accelerated inactivation of the sodium channel in SCN5A mutations as-
sociated with the Brugada syndrome has been shown to be accentuated at
higher temperatures (Dumaine et al. 1999), suggesting that a febrile state may
unmask the Brugada syndrome by causing loss of function secondary to pre-
mature inactivation of INa. Indeed, numerous case reports have emerged since
1999 demonstrating that febrile illness could reveal the Brugada ECG and pre-
cipitate VF (Gonzalez Rebollo et al. 2000; Madle et al. 2002; Saura et al. 2002;
Porres et al. 2002; Kum et al. 2002; Antzelevitch and Brugada 2002; Ortega-
Carnicer et al. 2003; Dzielinska et al. 2004). Anecdotal reports point to hot
baths as a possible precipitating factor. Of note, the northeastern part of Thai-
land, where the Brugada syndrome is most prevalent, is known for its very hot
climate.

5
Approach to Therapy

Table 2 lists the device and pharmacologic therapies evaluated clinically or
suggested on the basis of experimental evidence.



316 C. Antzelevitch · J.M. Fish

Table 2 Device and pharmacologic approach to therapy of the Brugada syndrome

Devices and Ablation

ICD (Brugada et al. 2000a)

? Ablation or Cryosurgery (Haissaguerre et al. 2003)

? Pacemaker (van Den Berg et al. 2001)

Pharmacologic Approach to Therapy

Ineffective

Amiodarone (Brugada et al. 1998)

β-Blockers (Brugada et al. 1998)

Class IC antiarrhythmics

Flecainide (Shimizu et al. 2000a)

Propafenone (Matana et al. 2000)

? Disopyramide (Chinushi et al. 1997)

Class IA antiarrhythmics

Procainamide (Brugada et al. 2000c)

Effective for treatment of electrical storms

β-Adrenergic agonists—isoproterenol (Miyazaki et al. 1996; Shimizu et al. 2000b)

Phosphodiesterase III inhibitors—cilostazol (Tsuchiya et al. 2002)

Effective general therapy

Class IA antiarrhythmics

Quinidine (Belhassen and Viskin 2004; Alings et al. 2001; Belhassen et al. 1999, 2002;

Yan and Antzelevitch 1999; Hermida et al. 2004; Mok et al. 2004)

Experimental therapy

Ito blockers—cardioselective and ion channel specific

Quinidine (Yan and Antzelevitch 1999)

4-Aminopyridine (Yan and Antzelevitch 1999)

Tedisamil (Fish et al. 2004b)

AVE0118 (Fish et al. 2004a)

5.1
Device Therapy

An implantable cardioverter–defibrillator (ICD) is the only proven effective
device treatment for thedisease (Brugadaetal. 1999, 2000a).Recommendations
of the Second Brugada Syndrome Consensus Conference (Antzelevitch et al.
2005) for ICD implantation are illustrated in Fig. 5 and summarized as follows:

– Symptomatic patients displaying the type 1 Brugada ECG (either spon-
taneously or after sodium channel blockade) who present with aborted
sudden death should receive an ICD without additional need for electro-
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Fig. 5 Indications for ICD implantation in patients with the Brugada syndrome
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physiologic study (EPS). Similar patients presenting with related symptoms
such as syncope, seizure, or nocturnal agonal respiration should also un-
dergo ICD implantation after non-cardiac causes of these symptoms have
been carefully ruled out. EPS is recommended in symptomatic patients only
for the assessment of supraventricular arrhythmia.

– Asymptomatic patients displaying a type 1 Brugada ECG (spontaneously or
after sodium channel block) should undergo EPS if there is a family history
of SCD suspected to be due to Brugada syndrome. EPS may be justified when
the familyhistory is negative for SCD if the type1ECGoccurs spontaneously.
If inducible for ventricular arrhythmia, the patient should receive an ICD.
Asymptomatic patients who have no family history and who develop a type 1
ECG only after sodium channel blockade should be closely followed-up. As
additional data become available, these recommendations will no doubt
require further fine-tuning.

The effectiveness of ICD in reverting VF and preventing sudden cardiac
death was 100% in a recent multicenter trial in which 258 patients diagnosed
with Brugada syndrome received an ICD (Brugada et al. 2004). Appropriate
shocks were delivered in 14% 20%, 29%, 38%, and 52% of cases at 1, 2, 3, 4,
and 5 years of follow-up, respectively. In the case of initially asymptomatic
patients, appropriate ICD discharge was delivered 4%, 6%, 9%, 17%, and 37%
at 1, 2, 3, 4, and 5 years of follow-up, respectively.

A recent report highlights the need for therapy other than with ICD. The
case involves a patient with the Brugada syndrome who experienced multi-
ple electrical storms, leading to numerous inappropriate ICD discharges. The
patient was eventually given a heart transplant (Ayerza et al. 2002).

5.2
Pharmacologic Approach to Therapy

ICD implantation is not an appropriate solution for infants and young chil-
dren or for patients residing in regions of the world where an ICD is out of
reach because of economic factors. Although arrhythmias and sudden cardiac
death generally occur during sleep or at rest and have been associated with
slow heart rates, a potential therapeutic role for cardiac pacing remains largely
unexplored. A recent interesting report by Haissaguerre and coworkers (Hais-
saguerre et al. 2003) points to focal radiofrequency ablation as a potentially
valuable tool in controlling arrhythmogenesis by focal ablation of the ventric-
ular premature beats that trigger VT/VF in the Brugada syndrome. However,
data relative to a cryosurgical approach or the use of ablation therapy are very
limited at this point in time.

A pharmacologic approach to therapy, based on a rebalancing of currents
active during the early phases of the epicardial action potential in the right
ventricle so as to reduce the magnitude of the action potential notch and/or
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restore the action potential dome, has been a focus of basic and clinical re-
search in recent years. Table 2 lists the various pharmacologic agents thus far
investigated. Antiarrhythmic agents such as amiodarone and β-blockers have
been shown to be ineffective (Brugada et al. 1998). Class IC antiarrhythmic
drugs (such as flecainide and propafenone) and class IA agents, such as pro-
cainamide, are contraindicated because of their effects to unmask the Brugada
syndrome and induce arrhythmogenesis. Disopyramide is a class IA antiar-
rhythmic that has been demonstrated to normalize ST segment elevation in
some Brugada patients but to unmask the syndrome in others (Chinushi et al.
1997).

Because the presence of a prominent transient outward current, Ito, is cen-
tral to the mechanism underlying the Brugada syndrome, the most rational
approach to therapy, regardless of the ionic or genetic basis for the disease, is to
partially inhibit Ito. Cardioselective and Ito-specific blockers are not currently
available. 4-Aminopyridine (4-AP) is an agent that is ion-channel specific at
low concentrations, but is not cardioselective in that it inhibits Ito present in
the nervous system. Although it is effective in suppressing arrhythmogenesis
in wedge models of the Brugada syndrome (Yan and Antzelevitch 1999; Fig. 6),
it is unlikely to be of clinical benefit because of neural-mediated and other side
effects.

The only agent on the market in the United States with significant Ito block-
ing properties is quinidine. It is for this reason that we suggested several years
ago that this agent might be of therapeutic value in the Brugada syndrome
(Antzelevitch et al. 1999a). Experimental studies have since shown quinidine
to be effective in restoring the epicardial action potential dome, thus normal-
izing the ST segment and preventing phase 2 reentry and polymorphic VT in
experimental models of the Brugada syndrome (Fig. 6; Yan and Antzelevitch
1999). Clinical evidence of the effectiveness of quinidine in normalizing ST
segment elevation in patients with the Brugada syndrome has been reported
(Figs. 1 and 7; Belhassen et al. 2002; Alings et al. 2001; Belhassen and Viskin
2004).

The effects of quinidine to prevent inducible and spontaneous VF was re-
cently reported by Belhassen and coworkers (Belhassen and Viskin 2004) in
a prospective study of 25 Brugada syndrome patients (24 men, 1 woman;
19 to 80 years of age) orally administered 1,483±240 mg quinidine bisulfate.
There were 15 symptomatic patients (7 cardiac arrest survivors and 7 with
unexplained syncope) and 10 asymptomatic patients. All 25 patients had in-
ducible VF at baseline electrophysiological study. Quinidine prevented VF
induction in 22 of the 25 patients (88%). After a follow-up period of 6 months
to 22.2 years, all patients were alive. Of 19 patients treated with oral quinidine
for 6 to 219 months (56±67 months), none developed arrhythmic events. Ad-
ministration of quinidine was associated with a 36% incidence of side effects,
principally diarrhea, that resolved after drug discontinuation. The authors
concluded that quinidine effectively suppresses VF induction as well as spon-
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Fig. 6a,b Effects of Ito blockers 4-AP and quinidine on pinacidil-induced phase 2 reentry and
VT in the arterially perfused RV wedge preparation. In both examples, 2.5 mmol/l pinacidil
produced heterogeneous loss of AP dome in epicardium, resulting in ST segment elevation,
phase 2 reentry, and VT (left); 4-AP (a) and quinidine (b) restored epicardial AP dome,
reduced both transmural and epicardial dispersion of repolarization, normalized the ST
segment, and prevented phase 2 reentry and VT in continued presence of pinacidil. (From
Yan and Antzelevitch 1999, with permission)

taneous arrhythmias in patients with Brugada syndrome and may be useful
as an adjunct to ICD therapy or as an alternative to ICD in cases in which an
ICD is refused, unaffordable, or not feasible for any reason. These results are
consistent with those reported the same group in prior years (Belhassen et al.
1999, 2002) and more recently by other investigators (Hermida et al. 2004; Mok
et al. 2004). The data highlight the need for randomized clinical trials to assess
the effectiveness of quinidine, preferably in patients with frequent events who
have already received an ICD.

The development of a more cardioselective and Ito-specific blocker would be
a most welcome addition to the limited therapeutic armamentarium currently
available to combat this disease. Another agent being considered for this pur-
pose is the drug tedisamil, currently being evaluated for the treatment of atrial
fibrillation. Tedisamil may be more potent than quinidine because it lacks the
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Fig.7 Precordial leads recorded from a Brugada syndrome patient before and after quinidine
(1,500 mg/day). (Modified from Alings et al. 2001, with permission)

inward current blocking actions of quinidine, while potently blocking Ito. The
effectiveness of tedisamil to suppress phase 2 reentry and VT in a wedge model
of the Brugada syndrome is illustrated in Fig. 8 (Fish et al. 2004b).

Quinidine and tedisamil can suppress the substrate and trigger for the Bru-
gada syndrome due to inhibition of Ito. Both, however, have the potential to
induce an acquired form of the long QT syndrome, secondary to inhibition
of the rapidly activating delayed rectifier current, IKr. Thus, the drugs may
substitute one form polymorphic VT for another, particularly under condi-
tions that promote TdP, such as bradycardia and hypokalemia. This effect of
quinidine is minimized at high plasma levels because, at these concentrations,
quinidine block of INa counters the effect of IKr block to increase transmural
dispersion of repolarization, the substrate for the development of TdP arrhyth-
mias (Antzelevitch et al. 1999b; Antzelevitch and Shimizu 2002; Belardinelli
et al. 2003). Relatively high doses of quinidine (1,000–1,500 mg/day) are rec-
ommended in order to effect Ito block, but prevent TdP.

Another potential candidate is an agent recently reported to be a relatively
selective Ito and IKur blocker, AVE0118 (Fish et al. 2004a). Figure 9 shows
the effect of AVE0118 to normalize the ECG and suppress phase 2 reentry in
a wedge model of the Brugada syndrome. This drug has the advantage that
it does not block IKr, and therefore does not prolong the QT-interval or have
the potential to induce TdP. The disadvantage of this particular drug is that
it undergoes first-pass hepatic metabolism and is therefore not effective with
oral administration.
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Fig.8a–c Effectsof Ito blockwith tedisamil to suppressphase2 reentry inducedby terfenadine
in an arterially perfused canine RV wedge preparation.a Control, BCL 800 ms.b Terfenadine
(5 µM) induces ST segment elevation as a result of heterogeneous loss of the epicardial
action potential dome, leading to phase 2 reentry, which triggers an episode of poly VT
(BCL = 800 ms). c Addition of tedisamil (2 µM) normalizes the ST segment and prevents loss
of the epicardial action potential dome and suppresses phase 2 reentry induced polymorphic
VT (BCL = 800 ms)

Appropriate clinical trials are needed to establish the effectiveness of all of
the above pharmacologic agents as well as the possible role of pacemakers.

Agents that boost the calcium current, such as β-adrenergic agents like
isoproterenol, are useful as well (Antzelevitch 2001a; Yan and Antzelevitch
1999; Tsuchiya et al. 2002). Isoproterenol, sometimes in combination with
quinidine, has been shown to be effective in normalizing ST segment elevation
in patients with the Brugada syndrome and in controlling electrical storms,
particularly in children (Alings et al. 2001; Shimizu et al. 2000b; Suzuki et al.
2000; Tanaka et al. 2001; Belhassen et al. 2002; Mok et al. 2004).

A recent addition to the pharmacological armamentarium is the phospho-
diesterase III inhibitor, cilostazol (Tsuchiya et al. 2002), which normalizes the
ST segment, most likely by augmenting calcium current (ICa) as well as by
reducing Ito secondary to an increase in heart rate.

Finally, another potential pharmacologic approach to therapy is to augment
INa active during phase 1 of the epicardial action potential. This theoretical
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Fig. 9a–c Effects of Ito blockade with AVE0118 to suppress phase 2 reentry induced by
terfenadine in an arterially perfused canine RV wedge preparation. a Control, BCL 800 ms.
b Terfenadine (5 µM) induces ST segment elevation as a result of heterogeneous loss of
the epicardial action potential dome, leading to phase 2 reentry, which triggers a closely
coupled extrasystole (BCL = 800 ms). c Addition of AVE0118 (7 µM) prevents loss of the
epicardial action potential dome and phase 2 reentry-induced arrhythmias (BCL = 800 ms)

approach will oppose Ito and should prevent the development of both the sub-
strate (transmural dispersion of repolarization) and trigger (phase 2 reentry)
for the Brugada syndrome.
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Abstract Cardiac conduction disorders are among the most common rhythm disturbances
causing disability in millions of people worldwide and necessitating pacemaker implan-
tation. Isolated cardiac conduction disease (ICCD) can affect various regions within the
heart, and therefore the clinical features also vary from case to case. Typically, it is charac-
terized by progressive alteration of cardiac conduction through the atrioventricular node,
His–Purkinje system, with right or left bundle branch block and QRS widening. In some
instances, the disorder may progress to complete atrioventricular block, with syncope and
even death. While the role of genetic factors in conduction disease has been suggested as
early as the 1970s, it was only recently that specific genetic loci have been reported. Multiple
mutations in the gene encoding for the cardiac voltage-gated sodium channel (SCN5A),
which plays a fundamental role in the initiation, propagation, and maintenance of normal
cardiac rhythm, have been linked to conduction disease, allowing for genotype–phenotype
correlation. The electrophysiological characterization of heterologously expressed mutant
Na+ channels has revealed gating defects that consistently lead to a loss of channel function.
However, studies have also revealed significant overlap between aberrant rhythm pheno-
types, and single mutations have been identified that evoke multiple distinct rhythm disor-
ders with common gating lesions. These new insights highlight the complexities involved in
linking single mutations, ion-channel behavior, and cardiac rhythm but suggest that inter-
play between multiple factors could underlie the manifestation of the disease phenotype.

Keywords Na+ channel · Mutation · Channelopathies · Polymorphism ·
Structural determinants · Antiarrhythmic · Proarrhythmic · NaV1.5 · SCN5A · Activation ·
Inactivation · Recovery from inactivation · Long QT syndrome · Brugada syndrome ·
Conduction disorders · Arrhythmia · conduction system
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1
Introduction

The challenge in describing the role of molecular mechanisms in cardiac con-
duction derives partly from the many tissues and structures that assemble to
form the conduction pathway. The cardiac impulse originates in the sinoatrial
(SA) node and spreads rapidly over the atria, converging on the atrioven-
tricular (AV) node (Fig. 1). From the AV node the impulse travels through
the specific ventricular conduction system that includes the His bundle, the
right and left bundle branch and Purkinje fibers, and finally both ventricles to
produce a synchronized excitation of the myocardium. While depolarization
(or activation) of the atria forms the P wave in the electrocardiogram, depo-
larization of the ventricles forms the QRS complex in the electrocardiogram
(Fig. 1). Repolarization of the atria coincides with ventricular depolarization
and is therefore masked by the QRS complex. However, ventricular repolar-
ization produces the T wave on the electrocardiogram. The time involved for
the impulse to travel from the SA node to the AV node is referred to as the AV
conduction time (PR interval on the electrocardiogram).

The basic biophysical properties underlying impulse propagation are com-
mon to nerve tissue, skeletal muscle, and cardiac muscle, and derive largely
from the ionic channels that underlie cellular excitation and govern conduction
throughout the heart. Cardiac conduction defects are among the most com-

Fig. 1 Schematic of the electrical activity in the normal myocardium. Representative action
potentials are shown from the atrium and ventricles with the corresponding body surface
electrocardiogram. The P wave corresponds to atrial depolarization, the QRS complex corre-
sponds to ventricular depolarization, and the T wave represents ventricular repolarization.
(Reprinted with permission from Nattel 2002)
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mon cardiac rhythm disturbances and are often characterized by progressive
alteration of cardiac conduction through the His–Purkinje system with right or
left bundle branch block and widening of the QRS complex. The disorder may
progress to complete AV block, with syncope and in some cases sudden death.
Figure 2 shows representative electrocardiograms of isolated cardiac conduc-
tion disease. Note the marked QRS widening and P-Q interval prolongation in
panel A, while panel B illustrates a typical second-degree conduction block,
but with normal QT and QRS duration. Changes in ion channel properties that
govern excitability with or between cells are often invoked to explain slow or
abnormal conduction of the cardiac impulse in discrete areas of the heart, as
is the case during ischemia and hypoxia. As such, ischemia and hypoxia have
been shown to change not only cellular excitability (Shaw and Rudy 1997) but
have also been associated with changes in cell-to-cell coupling (Kleber et al.
1987).

With the advancement of molecular biology techniques, the identification
and subsequent cloning of genes that encode various proteins, including pore-
forming subunits of key ion channels that play a role in cardiac excitation,
has progressed by leaps and bounds. Conduction disease was first genetically
mapped to a group of four linked loci on chromosome 19q13.2–13.3 (Brink
et al. 1995; de Meeus et al. 1995). While no gene has yet been identified in this
region, this locus seems to be particularly rich in genes with known cardiac
functions. For example, the proximity of this locus to one encoding myotonin

Fig.2a,b Representative ECG traces from two patients with isolated conduction disease. Note
the marked QRS widening and PQ interval prolongation ina, and second-degree conduction
block (as indicated by the arrow) but normal QT and QRS durations in b
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protein kinase (Gharehbaghi-Schnell et al. 1998), implicated in myotonic dys-
trophy (Phillips and Harper 1997), a disease with cardiac complications that
include bundle branch blocks and intraventricular conduction disturbances,
suggests a causal relationship. Subsequently, numerous studies have identified
mutations in the gene encoding for cardiac voltage-gated sodium channel,
SCN5A, on chromosome 3p21 (hNaV1.5) (Schott et al. 1999).

In atrial and ventricular myocardium, and in the specific ventricular con-
duction system, the main current responsible for the initial phase of the action
potential (AP) is carried by Na+ ions through voltage-gated sodium channels.
Therefore, Na+ channels are molecular determinants of cardiac excitability
and impulse propagation. Exceptions include the sinoatrial and antrioventric-
ular nodal cells, where depolarization is a consequence of slow inward calcium
currents. The cardiac sodium channel is a transmembrane protein composed
of the main pore forming α-subunit (hNaV1.5), and one or more subsidiary
β-subunits (Catterall 2000; Balser 2001). The human β1-subunit encoded by the
SCN1B gene located on chromosome 19q13.1 is highly expressed in the heart,
skeletal muscle, and brain. Coexpression of the α-subunit with the β1-subunit
recapitulates the characteristics of channels observed in vivo by modulating
their gating and increasing the efficiency of their expression. Considering that
Na+ channels play a fundamental role in the initiation and maintenance of
normal cardiac rhythm, association of inherited mutations in the Na+ channel
to isolated conduction diseases is not surprising. However, mutations in the
SCN5A gene have also been associated with multiple life-threatening cardiac
diseases ranging from tachyarrhythmias to bradyarrhythmias (Moric et al.
2003; Tan et al. 2003). The diseases include the congenital long QT syndrome
(LQT3) (Wang et al. 1995), Brugada syndrome (BS) (Brugada and Brugada
1992; Alings and Wilde 1999), isolated cardiac conduction disease (ICCD)
(Schott et al. 1999), sudden unexpected nocturnal death syndrome (SUNDS)
(Vatta et al. 2002), and sudden infant death syndrome (SIDS) (Ackerman et al.
2001; Wedekind et al. 2001), constituting a spectrum of disease entities termed
“sodium channelopathies.” Although patients with SCN5A mutations linked
to LQT3, BS, SUNDS, and SIDS may experience sudden, life-threatening ar-
rhythmias, patients with isolated conduction disease exhibit heart rate slowing
(bradycardia) thatmanifests clinically as syncope,orperhapsonlyas lighthead-
edness (Tan et al. 2001).

Electrophysiologic characterization of heterologously expressed mutant
Na+ channels have revealed functional defects that, in many cases, can ex-
plain the distinct phenotype associated with the rhythm disorders. However,
recent studies have revealed significant overlap between aberrant rhythm phe-
notypes, and single mutations have been identified that evoke multiple rhythm
disorders with a single lesion. These new insights enhance understanding of
the structure–function relationships of Na+ channels, and also highlight the
complexities involved in linking single mutations, ion-channel behavior, and
cardiac rhythm.
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2
Sodium Channel Gating States: Linking Structure to Function

The α-subunit of the tetrodotoxin “insensitive” human cardiac Na+ chan-
nel (hH1) is composed of four homologous domains, attached to one an-
other by cytoplasmic linker sequences (Fig. 3a). Each domain consists of six
transmembrane spanning segments connected by intracellular or extracellular
sequences. Na+ channels are dynamic molecules that undergo rapid struc-
tural rearrangements in response to changes in the transmembrane electric
field, a process termed “gating.” Over the last decade, site-directed mutage-
nesis, as well as spontaneous disease-causing mutations, have been used in

a

b

Fig. 3 a Predicted transmembrane topology of the α-subunit of the human cardiac Na+

channel displaying locations of known disease-causing mutations. b Simplified scheme of
the Na+ channel conformational changes in response to membrane depolarization
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concert with patch-clamp electrophysiologic measurements to define specific
amino acids and structural elements involved in voltage-dependent gating
function.

Upon membrane depolarization, Na+ channels rapidly undergo conforma-
tional changes that lead to opening of the channel pore to allow Na+ influx,
a process termed “activation” (Fig. 3b). Simultaneously, depolarization triggers
initiation of “fast inactivation” (Ifast) that terminates Na+ influx. Inactivation
differs qualitatively from channel closure in that inactivated channels do not
normally open unless the membrane potential is hyperpolarized, often for
a sustained period. In addition, Na+ channels may inactivate without ever
opening (so-called “closed-state” inactivation; Horn et al. 1981). With pro-
longed depolarizations, Na+ channels progressively enter “slow inactivated”
states (Islow) with diverse lifetimes ranging from hundreds of milliseconds to
many seconds (Cannon 1996; Balser 2001). Slow inactivation reduces cellular
excitability, particularly in pathophysiologic conditions associated with pro-
longed membrane depolarization, such as epilepsy, neuromuscular diseases,
or cardiac arrhythmias. It is clear that a great many single amino acid substitu-
tions within the SCN5A coding region can evoke a broad spectrum of cardiac
rhythm behavior by modulating these gating processes (Fig. 3a). At the same
time, common sequence variants (“polymorphisms”) in the Na+ channel gene
have also been implicated as risk factors in cardiac diseases (Viswanathan et al.
2003), as well as determinants of drug sensitivity (Splawski et al. 2002). Recent
studies have shown that polymorphisms in the Na+ channel gene can confer en-
hanced drug sensitivity promoting arrhythmias (Splawski et al. 2002), or even
modulate the biophysical effects of disease-causing mutations (Viswanathan
et al. 2003; Ye et al. 2003). Functional studies of mutations associated with
cardiac diseases have provided us with a wealth of information that highlights
the exquisite sensitivity of cardiac rhythm to Na+ channel function.

Na+ channel activation involves the concerted outward movement of all
four charged S4 segments that leads to opening of the channel pore (Catterall
1988). Fast inactivation, like activation, is tied to the outward movement of
the S4 sensors, but primarily those in domains III and IV. Consistent with
this dual role for the S4-voltage sensor is the observation that activation and
fast inactivation gating are tightly coupled and proceed almost simultaneously.
Fast inactivation also critically involves the domain III–IV cytoplasmic linker,
which may function as a lid that occludes the pore by binding to sites situated
on or near the inner vestibule. Slow inactivation involves structural elements
near the pore, particularly the P segments, external linker sequences between
S5 and S6 segments in each domain that bend back into the membrane and
line the outer pore. Hence, the mechanisms underlying slow inactivation in
Na+ channels might resemble slow, C-type inactivation in potassium channels.
However, identification of mutations in other regions of the α-subunit of the
channel, as well as site-directed mutations of externally directed residues that
influence both fast and slow inactivation, suggests that both gating processes
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cannot be mapped to a single piece of the channel structure, but instead depend
upon coupled interactions among several domains.

3
Electrophysiological Effects of Na+ Channel Mutations

Progressive cardiac conduction defect (PCCD), also called Lenègre or Lev’s dis-
ease, is one of the most common cardiac conduction diseases. PCCD is char-
acterized by progressive alteration of conduction through the His–Purkinje
system with right or left bundle branch block (LBBB or RBBB) and widen-
ing of the QRS complex, leading to complete AV block. Schott et al. (1999)
first associated isolated conduction disease due to PCCD with mutations in
SCN5A. Based on the sequence analysis, it was predicted that the resulting
“sodium channel” would have large deleted segments, and would be entirely
non-functional. Since the first report, multiple mutations have been identified
in the cardiac sodium channel gene and linked to isolated conduction disease
(Fig. 3a).

Electrophysiological characterization of SCN5A mutations in heterologous
expression systems has provided us with a wealth of information that has
allowed us to relate altered channel function to the observed phenotype. Func-
tional studies of mutations associated with conduction disease have consis-
tently revealed a loss of Na+ channel function. Mutations in the gene have
been found to affect key gating components that determine Na+ current, such
as activation, fast inactivation, closed-state inactivation, and even slow inac-
tivation. While it would be reasonable to expect that any gating defect that
causes reduced channel availability would evoke a conduction disturbance, in
practice mutations often evoke multiple gating effects that, when considered
together, may not reduce Na+ current. For example, a positive shift of the volt-
age dependence of activation would increase the voltage difference between the
resting membrane potential and the activation threshold, leading to reduced
Na+ current. At the same time, a positive shift in the voltage dependence of
inactivation would tend to increase Na+ channel availability, and thus increase
Na+ current. Therefore, a parallel shift in activation and inactivation (either
positive or negative) may evoke little overall change in Na+ channel activity.
This was demonstrated recently when five members of a Dutch family carrying
a mutation in the Na+ channel I–II linker (G514C) exhibited isolated cardiac
conduction disease requiring pacemaker therapy (Tan et al. 2001). Biophysi-
cal characterization of the G514C mutation revealed balanced changes in Na+

channel gating function, with both activation and inactivation gating requiring
stronger depolarizing membrane potentials (Fig. 4a, b). A parallel depolarizing
shift in activation (loss of function) and inactivation (gain of function) might
evoke little overall net change in Na+ channel activity. However, in this case
the activation shift predominated (by ∼3 mV), yielding a slight net decrease
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Fig. 4a–c Balanced gating effects resulting from G514C mutation. a The voltage dependence
of channel inactivation assessed using the protocol in the inset. b The voltage-dependence of
channel activation as evaluated using the protocol in the inset. A positive shift in inactivation
would suggest an increase in the number of channels available to open at any given potential.
In contrast, a positive shift in activation would suggest that channels are less likely to open
at any given potential. c Simulated endocardial and epicardial action potentials using the
Luo-Rudy cable model. Incorporation of gating defects associated with G514C into the
model show a reduction in the upstroke velocity of the action potential (inset in panel C)
without any change in action potential morphology. (Reprinted with permission from Tan
et al. 2001)

in Na+ channel function. In a computational model of cardiac conduction
(Luo and Rudy 1994; Viswanathan and Rudy 1999), this loss of function was
not sufficient to induce premature epicardial AP repolarization and Brugada
syndrome (Fig. 4c), but did reduce AP upstroke velocity by 20%, an effect that
slowed conduction and explained the observed phenotype (Table 1).

Although excessive slow inactivation leading to reduced Na+ channel avail-
ability was previously associated with tachyarrhythmias and Brugada syn-
drome, recent studies have linked excessive slow inactivation to isolated con-
duction disease as well. A 2-year-old, with second-degree AV block carries
a mutation, T512I, in the DI–DII cytoplasmic linker, and is also homozygous
for a common polymorphism (H558R) present in the Na+ channel DI–DII
linker with a frequency of 20% (Yang et al. 2002). Studies showed that the
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Table 1 Transverse conduction velocity (cm/s)

Wild-type G514C

Endocardial 22.8 20.0 (12%)

Epicardial 20.4 17.3 (15%)

Fig.5a,b Attenuation of the gating defects of a mutation (T512I) by a common polymorphism
(H558R). A Voltage-dependence of activation and inactivation of wild-type, T512I, and
H558R-T512I evaluated using the protocol shown in the inset. The polymorphism restores
the hyperpolarizing shifts caused by the mutation. b Slow inactivation as evaluated using
the protocol shown in the inset. Once again H558R attenuates the extent of slow inactivation
caused by the mutation, T512I
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polymorphism alone had no effect on the channel, but had a modulatory effect
on the gating lesions caused by the T512I mutation. Functional studies of the
T512I mutation alone revealed shifts in the voltage-dependence of activation
and inactivation and, more importantly, a significant enhancement of slow
inactivation. However, in channels that carry both H558R and T512I, these
defects are mitigated, although still maintain reduced function compared to
normal channels (Fig. 5). In this case, it would seem that even a slight increase
in slow inactivation may produce a cumulative loss of function, leading to
conduction slowing.

4
Reduction in Na+ Current: A Common Mechanism Underlying
Brugada Syndrome and Conduction Disease

Electrophysiological analysis of mutations linked to Brugada syndrome or
isolated conduction disease has revealed defects that consistently lead to a re-
duction in Na+ current (Veldkamp et al. 2000; Wang et al. 2000; Herfst et al.
2003; Probst et al. 2003). Whereas even a single change in gating function,
considered alone, could drastically increase or decrease the Na+ current, com-
putational models of cardiac excitability equipped to consider the ensemble of
these gating effects may predict only a mild “net” increase or decrease in Na+

current (i.e., G514C, Fig. 4) (Tan et al. 2001). Furthermore, with the identifica-
tion of several Na+ channel mutations that alone can evoke multiple rhythm
disturbances, such as 1795insD (Brugada and LQT3; Bezzina et al. 1999; Veld-
kamp et al. 2000), ∆K1500 (Brugada, LQT3, and conduction disease; Grant et al.
2002), it is becoming clear that the manifestation of a particular phenotype
is the result of the complex interplay between gating defects, as well as other
“unseen” regulatory factors.

Single nucleotide polymorphisms (SNPs), DNA sequence variations that are
common in the population, have been implicated in phenotypic variability in
physiology, pharmacology, and pathophysiology by altering gene function and
susceptibility to disease. Studies have linked gene polymorphisms to elevated
risk for cystic fibrosis (Hull and Thomson 1998), Alzheimer’s disease (Roses
1998), certain forms of cancer (El-Omar et al. 2000) or even heart disease (Roses
2000). In addition to their role in disease, polymorphisms are also thought to
confer sensitivity or resistance to drug therapy, as well as proarrhythmic risk
from drug therapy (Splawski et al. 2002). Recently, a polymorphism in SCN5A
(S1102Y) was identified in individuals with African descent and implicated in
an elevated risk for proarrhythmia with drug therapy (Splawski et al. 2002).
Electrophysiological and computational analyses predict negligible effects on
AP properties as a result of the polymorphism. But surprisingly, the poly-
morphism increased AP duration and the susceptibility to the development of
arrhythmogenic early afterdepolarizations in the background of reduced out-
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ward potassium current as a result of drug block. Other studies have identified
a more common polymorphism, H558R, in the I–II linker of the Na+ channel
(20% allelic frequency; Yang et al. 2002). As discussed above, the H558R poly-
morphism had no effect of wild-type Na+ channel current, but attenuated the
gating defects caused by an intragenic mutation identified in a patient with
isolated conduction defect. Another study also reported a modulatory role of
this polymorphism when present in tandem with a mutation linked to the long
QT syndrome (Ye et al. 2003).

Functional studies of disease-causing mutations have identified gating
themes common to Brugada syndrome and isolated conduction disease. Re-
duction in Na+ current, irrespective of the underlying mechanism, evokes BS,
conduction disease, or both. Widening of the QRS and an increased P-R inter-
val, indicative of conduction slowing, has indeed been observed in the original
report describing BS (Brugada and Brugada 1992), and in other Brugada kin-
dreds (Kyndt et al. 2001; Potet et al. 2003). However, predictable effects related
to reduced Na+ channel function may be more the exception than the rule.
For example, a 50% reduction in Na+ current in an SCN5A+/− mouse leads
to only minor conduction abnormalities (Papadatos et al. 2002), while certain
mutations evoke complete loss of Na+ channel function, yet the phenotype is
only mild (Smits et al. 2002; Herfst et al. 2003; Probst et al. 2003). Hence, the
phenotypic predominance of BS or conduction disease cannot be predicted
by the degree of reduction in Na+ channel current alone. It is important to
note that the electrophysiological characterization of SCN5A mutations asso-
ciated with BS or conduction disease have been carried out in heterologous
expression systems that do not necessarily recapitulate in vivo conditions. As
such, while the severity of the Na+ channel functional defect may parallel the
ECG phenotype in some cases, other unrecognized factors are certain to play
a role in vivo. Such factors may include humoral regulation, auxiliary subunits,
chaperone proteins, anchoring proteins, and transcriptional regulation. A re-
cent study identified a new BS locus, distinct from SCN5A, and associated with
progressive conduction disease (Weiss et al. 2002). While this locus has not yet
been associated with any ion channel or protein, the finding supports the no-
tion that non-SCN5A gene products are likely to play a role in the manifestation
of the conduction phenotype.

5
Loss of Na+ Channel Function: Phenotypic Variability in Conduction Disease?

Cardiac conduction defects are characterized by progressive alteration of car-
diac conduction through the His–Purkinje system with right or left bundle
branch block and widening of the QRS complex. The disorder may progress to
complete AV block, with syncope and in some cases sudden death. Inherited
mutations in the Na+ channel have been associated with isolated AV conduc-
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tion slowing in some cases, and with “pan-conduction” slowing throughout
the atria and ventricles, including right or left bundle branch block, in other
cases. Although functional studies have consistently shown that these muta-
tions reduce Na+ current, in most cases it is still unclear as to how this links to
distinct phenotypes. Additional studies will be required to clarify the causality
between conduction block phenotypes and channel gating lesions. Heteroge-
neous AP properties in the myocardium could be a major factor in linking the
biophysical observations and the distinct conduction phenotypes.

Nonetheless, some general patterns have emerged. Mutations identified in
patientswithconductiondefectshave revealed threedistinct functional lesions:
shifts in voltage-dependence of activation and inactivation, enhanced slow in-
activation, and entirely non-functional channels. Mutations causing enhanced
slow inactivation have generally been associated with AV conduction slowing
(prolonged PR intervals), but no intraventricular or intra-atrial conduction
defect (normal P wave and QRS duration). In contrast, mutations leading to
shifts in voltage dependence of activation and inactivation have often been
associated with slow AV conduction, as well as delayed conduction throughout
the atria and ventricles—including broad P waves, P-R interval prolongation,
and widening of the QRS complex. Mutations that preferentially delay recovery
from inactivation (via enhancing slow inactivation) could disproportionately
affect cells with longer inherent AP duration (Purkinje cells).

Hence, it is possible that excess slow inactivation, which would cause mutant
Na+ channels to recover from inactivation more slowly than normal during
diastole, could slow AV conduction without altering atrial or ventricular con-
duction. In contrast, as in the case of G514C, mutations targeting the channel
activation process would have similar effects regardless of AP duration, and
may thus affect the myocardium more uniformly, as was observed. Consistent
with this idea, it is noteworthy that H558R entirely eliminated the T512I effect
on activation gating, but only partly corrected the slow inactivation defect.
As such, greater accumulation of Na+ channel slow inactivation upon suc-
cessive stimuli in Purkinje cells, with their longer AP duration and smaller
consequent diastolic interval, could lead to proportionally greater loss of Na+

channel function in these cells and thereby produce the isolated AV conduction
delay observed. Moreover, a premature stimulus could also further compro-
mise the Purkinje diastolic interval and lead to a dramatic loss of Na+ current,
and even result in early repolarization and conduction block.

This is illustrated in Fig. 6, which shows superimposed APs computed using
the Luo-Rudy mathematical AP model. Panel a shows APs computed from
aventricular cell (in this caseanepicardial cell)during three conditions: control
(thin line), enhanced slow inactivation (thick line), and a positive shift in the
voltage-dependence of activation (dotted line). Panel b shows APs computed
from a Purkinje cell during the same three conditions. To simulate the longer
AP characteristic of the Purkinje cell, the expression of the outward delayed
rectifier potassium currents and the inward calcium currents was reduced.
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Fig.6a,b Simulated action potentials obtained using the Luo-Rudy model of action potential.
a Train of epicardial cell action potentials computed during three conditions (control,
positive shift in activation, and enhanced slow inactivation). All three conditions had
minimal effect on the shape or duration of the action potential. b Train of Purkinje cell
action potentials during the three conditions. While activation shift had minimal effect (APs
overlap with control), enhanced slow inactivation resulted in abnormal AP prolongation
and skipped beats

While enhanced slow inactivation prolonged the action potential duration
(APD) modestly, the other two interventions did not have any effect on the
ventricular cell AP (thin line and dotted line are almost indistinguishable in
panel a). In contrast, Purkinje cell APs became irregular during conditions
of enhanced slow inactivation (thick line in panel b), occasionally exhibiting
complete loss of the AP dome (skipped beats as indicated by the arrow), but
not during a positive shift in activation (dotted trace is again indistinguishable
from control in panel b).

6
Therapeutic Intervention: Pharmacologic Versus Implantable Devices

Although major advances have been made in the prevention, diagnosis, and
treatment of cardiovascular diseases, 62 million people in the United States cur-
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rently have these diseases. Furthermore, cardiac conduction disorders cause
disability in millions of people worldwide. However, major advances have
been made in device-based therapy of cardiac rhythm and conduction (Schron
and Domanski 2003). In fact, progressive cardiac conduction disease repre-
sents the major worldwide cause for pacemaker implantation. Pacemakers and
implantable cardioverter–defibrillators continue to be the mainstay therapy
for not only a variety of primary conduction disorders, but also to decrease
mortality and morbidity related to secondary conduction disturbances and
arrhythmias in patients with coronary heart disease.

Since a recurrent theme in sodium channel-linked ICCD is a loss of channel
function, it maybe logical to expect that sodium channel “openers” might have
a therapeutic benefit by accelerating conduction throughout the myocardium.
Based on the examples presented, it would also be logical to expect drugs
that target voltage dependence of activation and/or inactivation might have
a beneficial effect on sodium channel availability. In this regard, in vitro stud-
ies have shown that glucocorticoid steroids can reverse some of the gating
defects caused by G514C in vitro, while analysis of ECGs of G514C carriers
indicate that steroid therapy using prednisolone improves not only atrial, but
also ventricular conduction (Tan et al. 2001). Whether steroids target either
directly or indirectly, particular features of channel function require further
study.

Conduction of impulses in the myocardium is also dependent on cable
properties, that is, the degree of “connectivity” between cardiac myocytes and
other conduction elements, such as the Purkinje fibers. Electrical cell-to-cell
coupling through gap junctions is an important determinant of AP propa-
gation, and alterations in gap-junction properties can significantly modulate
conduction velocity in the myocardium (Saffitz et al. 1995). Recent studies
have shown significant heterogeneities in the distribution of connexin 43,
the principal ventricular gap-junction protein, leading to reduced conduction
velocities and altered excitability due to changes in the upstroke velocity of
the AP (Poelzing et al. 2004). Studies have also identified SCN5A mutations
co-segregating with a rare connexin 40 genotype in familial atrial standstill,
thereby providing yet another locus for conduction disease mutations (Groe-
newegen et al. 2003). While these studies clarify the importance of screening
gap-junction proteins for variants in ICCD, they also suggest that interven-
tions that might enhance coupling between cells could potentially mitigate
conduction slowing in these cases. In this regard, studies have shown that
pharmacological modulation of gap junctions can enhance cardiac conduc-
tion and diminish heterogeneous AP repolarization in experimental models
of slow conduction (Eloff et al. 2003). These studies highlight the possibility
of providing a genotype-specific rationale for particular therapies in patients
with altered conduction.
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Abstract The human ether-a-go-go-related gene (hERG) encodes an ion channel subunit
underlying IKr, a potassium current required for the normal repolarization of ventricular
cells in the human heart. Mutations in hERG cause long QT syndrome (LQTS) by disrupting
IKr, increasing cardiac excitability and, in some cases, triggering catastrophic torsades de
pointes arrhythmias and sudden death. More than 200 putative disease-causing mutations
in hERG have been identified in affected families to date, but the mechanisms by which these
mutations cause disease are not well understood. Of the mutations studied, most disrupt
protein maturation and reduce the numbers of hERG channels at the membrane. Some
trafficking-defective mutants can be rescued by pharmacological agents or temperature.
Here we review evidence for rescue of mutant hERG subunits expressed in heterologous
systems and discuss the potential for therapeutic approaches to correcting IKr defects
associated with LQTS.
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1
Introduction

The human ether-a-go-go related gene (hERG) was first identified in the human
hippocampus based on its similarity to Drosophila ether-a-go-go (Warmke and
Ganetzky 1994), a potassium channel gene regulating membrane excitability
at the neuromuscular junction (Ganetzky and Wu 1983). A candidate-gene
approach led to the identification of mutations in hERG in families with type 2
inherited long QT syndrome (LQTS-2) (Curran et al. 1995), an autosomal-
dominant disease associated with ventricular arrhythmias and sudden death
(Roden 1993). Shortly thereafter, hERG subunits were shown to be primary
constituents of cardiac IKr channels, thus explaining the underlying cause of
disease as a disruption of this repolarizing current (Sanguinetti et al. 1995;
Trudeau et al. 1995). Recent evidence indicates that IKr channels are hetero-
multimers (Jones et al. 2004), comprising the original subunit, now termed
hERG1a, and hERG1b, a subunit encoded by an alternate transcript of the
hERG gene (Lees-Miller et al. 1997; London et al. 1997). The subunits are
identical except for the N-terminal region, which in hERG1b is much shorter
and contains a unique stretch of 36 amino acids. To date, no hERG1b-specific
mutations have been associated with LQTS-2.

2
hERG Trafficking

Mutations in hERG are thought to cause disease by altering IKr functional prop-
erties (Keating and Sanguinetti 1996) and by reducing channel number at the
surface via “trafficking defects” (Delisle et al. 2004). Although only a fraction
of the more than 200 potential disease-causing mutations in hERG have been
analyzed, most of those studied in heterologous expression systems lead to
reduced surface membrane expression of channels, lower current magnitudes,
and failure of mutant subunits to exit the endoplasmic reticulum (ER) and
become maturely glycosylated (Zhou et al. 1998a, 1999; Furutani et al. 1999;
Ficker et al. 2000a,b; January et al. 2000).

The normal maturation process can be monitored by the appearance of two
glycoforms reflecting progressive glycosylation in HEK-293 cells (Zhou et al.
1998b; Gong et al. 2002). hERG channels are initially core-glycosylated in the
ER, producing a 135-kDa band on Western blots that is reduced in size by
endoglycosidase (Endo) H. Additional glycosylation takes place in the Golgi,
rendering the species that appear as themature, EndoHresistant 155-kDaband
on Western blots. The time course of maturation can be measured by pulse-
chase metabolic labeling using 35S and observing the time course of appearance
of the 155-kDa band captured on a phosphoimager (Gong et al. 2002). At
37°C, channels reach maturity in about 24 h. As virtually all the mature band
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visible on a Western blot is sensitive to degradation by extracellularly applied
proteases, such as proteinase K (Zhou et al. 1998a), transport from the Golgi
to the plasma membrane must be very rapid. Many LQTS-2 mutants expressed
heterologously are characterized by an abundance of the lower, immature band
with little or no protein maturation. In contrast to wildtype channels, which
exhibit prominent immunostaining at the membrane, the mutant channels
accumulate in the ER (Zhou et al. 1998a, 1999; Ficker et al. 2000c).

Although we can measure the maturation that reports the arrival of hERG
subunits to the Golgi apparatus, we know little about the interactions that
characterize their travels along the way. The hERG carboxy terminus carries
an arginine-rich signal (RXR) that causes the subunits to be retained in the
ER, but so far this is known to operate only when downstream sequences are
truncated, thus presumably exposing the RXR to the ER retrieval machinery
(Kupershmidt et al. 1998). How or whether the RXR sequence functions in
normal hERG trafficking is unknown, but it is reasonable to hypothesize that
there is an interaction with the coat protein I (COPI) machinery responsible
for retrieval of misfolded or non-oligomerized subunits escaping from the
ER. In ATP-gated potassium (KATP) channels, the RXR motif together with
a neighboring phosphorylation site serves as a binding site for COPI, and also
for 14-3-3 γ, ζ, and ε isoforms expressed in the heart. The 14-3-3 proteins
compete with COPI proteins for the RXR binding site, but only when the
subunits are phosphorylated and oligomerized (Yuan et al. 2003). By detecting
the multimeric state of the KATP subunits, 14-3-3 thus competes with COPI
for the complex and promotes its exit from the ER. hERG is known to interact
with 14-3-3, though studies to date have focused on interactions mediating
functional effects at the plasma membrane (Kagan et al. 2002).

Upon entry to the Golgi, hERG interacts with the Golgi-resident protein
GM130 (Roti Roti et al. 2002). Anchored to the Golgi membrane by an interac-
tion with GRASP-65, GM130 tethers COPII vesicles arriving from the ER-Golgi
intermediate compartment (ERGIC) via an interaction with p115 (Nakamura
et al. 1997; Marra et al. 2001; Moyer et al. 2001). GM130 co-immunoprecipitates
with both immature and mature hERG, suggesting it may accompany hERG
from the cis to the medial Golgi, where the final glycosylation marking mat-
uration occurs. Overexpression of GM130 in Xenopus oocytes reduces hERG
current amplitude, consistent with a role as a trafficking checkpoint (Roti Roti
et al. 2002). Further characterization of GM130’s role in hERG trafficking is
currently under way.

3
Trafficking Defects and Rescue of Mutant Phenotypes

The defects underlying the failure of LQTS-2 mutants to mature are poorly un-
derstood. LQTS-2 mutations are found throughout the hERG protein, including
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the cytosolic amino terminus, the transmembrane domains, and throughout
the long, cytosolic carboxy terminus (Delisle et al. 2004). Possible mechanisms
preventing maturation include folding or assembly defects, failure to be ap-
propriately processed in the Golgi, loss of checkpoint protein interactions, or
mistargeting to degradative pathways rather than to the plasma membrane
(Ellgaard and Helenius 2003). Mutations with a dominant-negative phenotype
may cause protein misfolding but do not disrupt oligomerization with wildtype
subunits, which are rendered dysfunctional by association with the mutants. In
contrast, loss-of-function mutations, may signal defects in oligomerization, as
wildtype subunits form functional channels unhindered by coexpressed mu-
tant subunits. Both classes of mutant proteins are unlikely to proceed beyond
the ER, following instead an expedited path to degradation.

Perhaps surprisingly, our understanding of these underlying defects may be
illuminated by the even more mysterious phenomenon of rescue. The plasma
membrane expression of some LQTS-2 mutants in heterologous systems can be
restored by reducing temperature or applying hERG channel blockers (Zhou
et al. 1999). Other compounds, such as fexofenadine (Rajamani et al. 2002),
a derivative of the hERG blocker terfenadine (Suessbrich et al. 1996), and
thapsigargin (Delisle et al. 2003), a calcium pump inhibitor that diminishes
calcium-dependent chaperone protein activity, have also been shown to rescue
LQTS-2 mutations. Each of these interventions likely mediates rescue by a dif-
ferent mechanism. Reduced temperature is thought to stabilize folding inter-
mediates, whereas channel blockers, which bind to the internal pore vestibule
where the four subunits interact, may stabilize oligomeric integrity. Thapsigar-
gin inhibits the sarcoplasmic/ER Ca++-ATPase, resulting in a reduced lumenal
Ca++ concentration in the ER (Inesi and Sagara 1992). For mutant cystic fi-
brosis transmembrane regulator (CFTR) channels, it has been proposed that
Ca++-dependent chaperones, which handcuff improperly folded proteins while
they await degradation, lose their grip as Ca++ levels drop and allow the errant
channels to escape to the plasma membrane (Egan et al. 2002; Delisle et al.
2003).

At least four hERG mutations, G601S, N470D, R752W and F805C can be
rescued by reduced temperature, consistent with folding defects (Zhou et al.
1999; Ficker et al. 2000c; Delisle et al. 2003). G601S and R752W subunits exhibit
enhanced binding to the chaperone proteins Hc70 and Hsp90, accompanied
by an increase in degradation, suggesting the mutants cannot be coaxed by the
normal, physiological mechanisms into the correct conformation for export
(Ficker et al. 2003). G601S and F805C can be rescued by thapsigargin but not
other inhibitors of the sarcoplasmic/ER Ca++-ATPase, suggesting a mechanism
distinct from that for CFTR mutant rescue (Delisle et al. 2003).

Interestingly, of these three mutants, G601S is perhaps the most compliant
of all, as it is rescued by all approaches utilized so far. In contrast, F805C is
rescued only by temperature and thapsigargin (Delisle et al. 2003), and N470D
by temperature and pore blockers (Zhou et al. 1999; Rajamani et al. 2002).
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Thus, even among mutants characterized as folding-defective, the molecular
mechanisms of disease must be quite diverse. R752W is unlikely even to form
oligomers, as it exhibits a loss-of-function rather than a dominant-negative
phenotype (Ficker et al. 2003), whereas G601S and N470D oligomerize effec-
tively and respond to the stabilizing effects of reduced temperature on folding
or the binding of drugs to the pore (Zhou et al. 1999; Rajamani et al. 2002),
which may reinforce the oligomeric structure required for ER export.

4
Therapeutic Potential for Rescue

Pharmacological or chemical rescue strategies have a therapeutic potential
only if the rescued IKr channels are sufficiently functional to support normal
cardiac repolarization. Most examples of rescue have occurred with hERG
channel blockers, which carry the risk for acquired LQTS. This is not so for
fexofenadine, a derivative of the hERG blocker terfenadine. Fexofenadine me-
diates rescue of G601S and N470D at an IC50 300-fold lower than that for drug
block, indicating for the first time that rescue and restoration of normal IKr
function can potentially be decoupled from the risk for LQTS and torsades
de pointes (Rajamani et al. 2002). At the surface, rescued G601S and N470D
channels exhibit normal gating and permeation (Furutani et al. 1999; Zhou
et al. 1999).

5
Conclusions

Recent advances indicate that hERG channels with LQTS mutations may be
rescued pharmacologically, opening the door for therapeutic intervention in
the disease process. One compound, fexofenadine, can rescue certain mutants
without the deleterious effects of channel block and associated risk of acquired
LQTS. Mutants with relatively mild folding defects are likely the best candi-
dates for rescue, as they seem to function normally upon reaching the plasma
membrane. These studies underscore the importance of determining the spe-
cific mutation carried by a patient and evaluating the corresponding mutant
phenotype and its receptiveness to rescue in heterologous systems.

There is also a need to understand in greater detail the mechanisms of hERG
subunit folding and assembly, as well as the protein–protein interactions in the
trafficking pathway. Disruption of any of these events may lead to disease, and
all represent potential targets for therapeutic rescue. Heterologous expression
systems used to evaluare LQTS mutants should incorporate wildtype subunits
as well as hERG1b subunits to better mimic native IKr channels. Mutations
introduced into heteromeric hERG1a/1b channels may confer different mutant
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phenotypesandresponses to rescueagents comparedwithhERG1ahomomeric
mutant channels. Ultimately, this information will contribute to a rational
and personalized approach to therapeutic treatment of patients with long QT
syndrome.

References

Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating MT (1995) A molecular
basis for cardiac arrhythmia: HERG mutations cause long QT syndrome. Cell 80:795–803

DelisleBP,AndersonCL,BalijepalliRC,AnsonBD,KampTJ, JanuaryCT(2003)Thapsigargin
selectively rescues the trafficking defective LQT2 channels G601S and F805C. J Biol Chem
278:35749–35754

Delisle BP, Anson BD, Rajamani S, January CT (2004) Biology of cardiac arrhythmias: ion
channel protein trafficking. Circ Res 94:1418–1428

Egan ME, Glockner-Pagel J, Ambrose C, Cahill PA, Pappoe L, Balamuth N, Cho E, Canny S,
Wagner CA, Geibel J, Caplan MJ (2002) Calcium-pump inhibitors induce functional
surface expression of Delta F508-CFTR protein in cystic fibrosis epithelial cells. Nat Med
8:485–492

Ellgaard L, Helenius A (2003) Quality control in the endoplasmic reticulum. Nat Rev Mol
Cell Biol 4:181–191

Ficker E, Dennis AT, Obejero-Paz CA, Castaldo P, Taglialatela M, Brown AM (2000a) Re-
tention in the endoplasmic reticulum as a mechanism of dominant-negative current
suppression in human long QT syndrome. J Mol Cell Cardiol 32:2327–2337

Ficker E, Thomas D, Viswanathan PC, Dennis AT, Priori SG, Napolitano C, Memmi M,
Wible BA, Kaufman ES, Iyengar S, Schwartz PJ, Rudy Y, Brown AM (2000b) Novel
characteristics of a misprocessed mutant HERG channel linked to hereditary long QT
syndrome. Am J Physiol Heart Circ Physiol 279:H1748–1756

Ficker E, Dennis AT, Wang L, Brown AM (2003) Role of the cytosolic chaperones Hsp70 and
Hsp90 in maturation of the cardiac potassium channel HERG. Circ Res 92:e87–100

Ficker EK, Thomas D, Viswanathan P, Rudy Y, Brown AM (2000c) Rescue of a misprocessed
mutant HERG channel linked to hereditary long QT syndrome. Biophys J 78:342A

Furutani M, Trudeau MC, Hagiwara N, Seki A, Gong Q, Zhou Z, Imamura S, Nagashima H,
Kasanuki H, Takao A, Momma K, January CT, Robertson GA, Matsuoka R (1999) Novel
mechanism associated with an inherited cardiac arrhythmia: defective protein traffick-
ing by the mutant HERG (G601S) potassium channel. Circulation 99:2290–2294

Gong Q, Anderson CL, January CT, Zhou Z (2002) Role of glycosylation in cell surface
expression and stability of HERG potassium channels. Am J Physiol Heart Circ Physiol
283:H77–84

Inesi G, Sagara Y (1992) Thapsigargin, a high affinity and global inhibitor of intracellular
Ca2+ transport ATPases. Arch Biochem Biophys 298:313–317

January CT, Gong Q, Zhou Z (2000) Long QT syndrome: cellular basis and arrhythmia
mechanism in LQT2. J Cardiovasc Electrophysiol 11:1413–1418

Jones EM, Roti Roti EC, Wang J, Delfosse SA, Robertson GA (2004) Cardiac IKr channels
minimally comprise hERG 1a and 1b subunits. J Biol Chem 279:44690–44694

Kagan A, Melman YF, Krumerman A, McDonald TV (2002) 14-3-3 amplifies and prolongs
adrenergic stimulation of HERG K+ channel activity. EMBO J 21:1889–1898

Keating MT, Sanguinetti MC (1996) Molecular genetic insights into cardiovascular disease.
Science 272:681–685



hERG Trafficking and Pharmacological Rescue of LQTS-2 Mutant Channels 355

Kupershmidt S, Snyders DJ, Raes A, Roden DM (1998) A K+ channel splice variant common
in human heart lacks a C-terminal domain required for expression of rapidly activating
delayed rectifier current. J Biol Chem 273:27231–27235

Lees-Miller JP, Kondo C, Wang L, Duff HJ (1997) Electrophysiological characterization of an
alternativelyprocessedERGK+ channel inmouse andhumanhearts.CircRes 81:719–726

London B, Trudeau MC, Newton KP, Beyer AK, Copeland NG, Gilbert DJ, Jenkins NA,
Satler CA, Robertson GA (1997) Two isoforms of the mouse ether-a-go-go-related gene
coassemble to form channels with properties similar to the rapidly activating component
of the cardiac delayed rectifier K+ current. Circ Res 81:870–878

Marra P, Maffucci T, Daniele T, Tullio GD, Ikehara Y, Chan EKL, Luini A, Beznoussenko G,
Mironov A, DeMatteis MA (2001) The GM130 and GRASP65 golgi proteins cycle through
and define a subdomain of the intermediate compartment. Nat Cell Biol 3:1101–1114

Moyer BD, Allan BB, Balch WE (2001) Rab1 interaction with a GM130 effector complex
regulates COPII vesicle cis-Golgi tethering. Traffic 2:268–276

Nakamura N, Lowe M, Levine TP, Rabouille C, Warren G (1997) The vesicle docking protein
p115 binds GM130, a cis-Golgi matrix protein, in a mitotically regulated manner. Cell
89:445–455

Rajamani S, Anderson CL, Anson BD, January CT (2002) Pharmacological rescue of human
K(+) channel long-QT2 mutations: human ether-a-go-go-related gene rescue without
block. Circulation 105:2830–2835

Roden DM (1993) Torsade de pointes. Clin Cardiol 16:683–686
Roti Roti EC, Myers CD, Ayers RA, Boatman DE, Delfosse SA, Chan EK, Ackerman MJ,

January CT, Robertson GA (2002) Interaction with GM130 during HERG ion channel
trafficking. Disruption by type 2 congenital long QT syndrome mutations. J Biol Chem
277:47779–47785

Sanguinetti MC, Jiang C, Curran ME, Keating MT (1995) A mechanistic link between an
inheritedandanacquiredcardiacarrhythmia:HERGencodes the IKrpotassiumchannel.
Cell 81:299–307

Suessbrich H, Waldegger S, Lang F, Busch AE (1996) Blockade of HERG channels expressed
in Xenopus oocytes by the histamine receptor antagonists terfenadine and astemizole.
FEBS Lett 385:77–80

TrudeauMC,Warmke JW,GanetzkyB,RobertsonGA(1995)HERG,ahuman inwardrectifier
in the voltage-gated potassium channel family. Science 269:92–95

Warmke JW, Ganetzky B (1994) A family of potassium channel genes related to eag in
Drosophila and mammals. Proc Natl Acad Sci U S A 91:3438–3442

Yuan H, Michelsen K, Schwappach B (2003) 14-3-3 dimers probe the assembly status of
multimeric membrane proteins. Curr Biol 13:638–646

Zhou Z, Gong Q, Epstein ML, January CT (1998a) HERG channel dysfunction in human long
QT syndrome. Intracellular transport and functional defects. J Biol Chem 273:21061–
21066

Zhou Z, Gong Q, January CT (1999) Correction of defective protein trafficking of a mutant
HERG potassium channel in human long QT syndrome. Pharmacological and tempera-
ture effects. J Biol Chem 274:31123–31126



Subject Index

α-adrenergic agonists 313
β-adrenergic blockers 313, 316, 319
β-adrenergic receptor 133
β-adrenoceptor 236
β-blocker pharmacology
– pharmacokinetic 255
β-blocking agents 237
– antiarrhythmic actions 237
β-subunits 100, 116
14-3-3 351
4-aminopyridine (4-AP) 316, 319, 320

ablation 316
abnormal automaticity 243
acidification 134
action potential 100, 102, 105, 115, 163,

169, 176, 241
– modelling 176
– phase 0 241
– phase 1 241
– phase 2 241
– phase 3 241
– phase 4 242
– plateau 241
– repolarization 241
activation 128
activation gate 129
adrenergic receptor 173
adrenergic receptor subtypes
– β-adrenoceptor 238
– β1-adrenoceptor 238
– β2-adrenoceptor 239
– β3-adrenoceptor 239
– β4-adrenoceptor 239
afterdepolarizations
– early 132
– late 132
ajmaline 314
alcohol toxicity 313, 314

Amiloride 182
amiodarone 316, 319
amitriptyline 314
anti-sense oligonucleotide 127
antiarrhythmic drugs 80
antidepressants 313
antrioventricular 334
arrhythmia 289
– symptomatic 124
arterially perfused ventricular wedge

preparation 310
atrial fibrillation 175, 186, 188, 254, 306
– β-blockers in 254
– pulmonary veins 175
– rate control 254
– rhythm control 254
atrial natriuretic factor 204
atrio-ventricular nodal reentrant

tachycardia (AVNRT) 306
atrioventricular 332
automaticity 137
autonomic nervous system 236
AVE0118 316, 321, 323

bepridil 182
bipolar electrogram 7–9
bisoprolol 256
block see channel block
bradyarrhythmias 334
Brugada syndrome 293
Brugada syndrome (BrS) 103, 107

c-fos 204
Ca2+ homeostasis 278, 279
Ca2+ overload 278
Ca2+/calmodulin 204
calcium
– channel 164
– channel blockers 175
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– oscillations 165, 175
– overload 181, 182
– removal 164, 167
– waves 173, 181
calcium current (ICa) 312, 313, 322
calcium/calmodulin-dependent protein

kinase II (CaMKII) 202
caldesmon 204
CaMKI 202
CaMKII
– autophosphorylation 204
– kinetics 204
– regulation of gene expression 204
– states 204
– structure 202
– substrates 204
CaMKIV 202
cAMP 45, 47
cardiac arrhythmias 269, 276, 278
cardiac glycosides 184
cardiac glycosides (ouabain) 178
carvedilol 256
CAST 161
catecholaminergic VT 253
– β-blockers in 253
channel block
– pH, and 107–109, 111–114
– recovery from 102, 111–113
– tonic block (TB) 102, 109, 111,

115, 116
– use-dependent block (UDB) 102,

110–116
channelopathies 288, 334
chaperone 352
chemical reperfusion 188
chloride channels 204
chloride current
– cAMP-activated chloride current 249
chloroquine 130
cibenzoline 314
cilostazol 316, 322
cisapride 145
Class II antiarrhythmic agents 237
clomipramine 314
cocaine toxicity 313, 314
computational 338, 340
conduction disorders 103, 293
congestive heart failure 251
– β-blockers in 251
connexin 344

cyamemazine 314
cyclic AMP 44
cyclic nucleotide-binding domain 133
cytochrome P450 (CYP) 104

deactivation 127, 128
delayed afterdepolarization (DAD)

173, 178, 180, 188
delayed afterdepolarizations 243
delayed rectifier 48, 50
delayed rectifier currents
– rapid delayed rectifier 246
– slowly delayed rectifier 246
desipramine 314
diastolic depolarization 43, 44
diethylpyrocarbonate 135
diltiazem 314
dimenhydrinate 314
disopyramide 316, 319
dispersion 132, 139
dofetilide 128

E-4031 128
early afterdepolarization (EAD) 174,

178, 180, 188
early afterdepolarizations 242
eEf2 kinase (CaMKIII) 202
effective refractory period 142
endothelin 140
epicardial action potential 323
ether-a-go-go-related gene 126

febrile state 313
fenamate 139
fexofenadine 352
flecainide 102–104, 107, 109, 111–114,

293, 314, 316, 319
fluoxetine 314
fluvoxamine 132

G protein-coupled receptors 239
gap junctions 204
gastroesophageal reflux disease 145
gating 335–337, 340–342
gene-specific therapy 273
glucose 313
glutamate receptors 204
glycosylation 350
GM130 351

HCN 45, 51, 52
heart failure 176, 183, 186
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His bundle 332, 337, 341
human ether-a-go-go related gene 350
hypercalcemia 313
hyperkalemia 313
hyperpolarization activated

see pacemaker current
hypertension 143
hypertrophy 143, 176
– biventricular 143
hypokalemia 313, 315
hypoxia 333

ibutilide 129
ICa,L see L-type Ca2+ current
ICa,T see T-type Ca2+ current
ICD 161, 269, 275, 279
idiopathic VT 253
If see pacemaker current, 45, 47, 51,

52, 247
– kinetics of activation 52
IK,Ach 44, 48
IK see delay rectifier
IK1 52, 247
IKs 246
IKur 247
implantable cardioverter defibrillator

(ICD) 306, 316, 317, 320
implantable cardioverter/defibrillator

142
INa 44, 47, 48
inactivation
– C-type 129
– N-type 129
inhibitory segment 204
insulin 313
interleukin-2 204
intragenic 341
intrinsic sympathomimetic activa (ISA)

256
inward rectification 129
inward rectifier current 247
inward rectifier current, IK1 48
ion channel 222
– IKs (KCNQ1/KCNE1) 222
– ryanodine receptors (RyR) 222
ion channels 268, 273, 277
– ryanodine receptor 223
ionchannel 83
ionic currents 245
IKr 246

ischaemia/reperfusion 173, 174, 184
ischemia 333
ischemia, acute 313
isoforms specificity 292
isoproterenol 139, 316, 322
isosorbide dinitrate 314
ItoIto 248

J wave 309

KB-R7943 181, 183
Kent bundle 14

L-type 45–47, 50
L-type (ICa,L) 44
L-type calcium channel 249
leading circle re-entry 19
lethal arrhythmias, prevention of
– cardiac arrest survivors 237
– congenital long QT syndrome 237
– myocardial infarction 237
leucine zipper motif 136
lidocaine 102, 107, 108, 111, 112, 114–

116, 293
linkage analysis 135
local anesthetic (LA) 102, 108, 109,

114–116
local anesthetics 291
locus-specific therapy 270, 273
locus-specific treatment 270
long QT syndrom (LQT) 103, 107, 110
long QT syndrome 141, 252, 288
– β-blockers in 252
– congenital 124
– dequired 124
– drug-induced 124
– genotype-phenotype correlation 252
long QT syndrome (LQTS) 180
LQTS-2 350

M cell 138
macromolecular complex 222, 226
– AKAP 222, 226
– AKAP75 222
– leucine/isoleucine zippers (LIZ) 226
– microtubule-associated protein

(MAP2) 222
– muscle AKAP (mAKAP) 222
– PKA 226
– Yotiao (AKAP) 222



360 Subject Index

macromolecular signaling complex
136

maprotiline 314
methanesulfonanilide antiarrhythmic

127
metoprolol 256
mexiletine 102, 103, 107, 116
mibefradil 46
mitosis 204
MK-499 129
MLCK 204
modulated receptor hypothesis 112
modulated receptor hypothesis (MRH)

108
molecular determinants 291
monophasic action potentials 3
multiple wavelet hypothesis 24, 30
mutation 288
– inherited 124
myocardial infarction 175, 251
– β-blockers in 251
– acute 139
– sudden death 251
myocardial ischemia 250
myosin light chain kinase (MLCK) 202
myosin-V 204
myotonin 333

Na (sodium) channel 184
Na or sodium 178
– intracellular 166, 177, 182, 184, 186
Na/Ca exchange
– action potential 163, 169
– calcium removal 164–166
– expression 176
– knockout 169
– regulation 166
– stoichiometry 162
– XIP 182
Na/H exchanger 177
Na+ channel blocker 290
NaV1.1 100, 101, 106
NaV1.2 114
NaV1.5 100, 101, 105, 292
NCX 167
nicorandil 314
nifedipine 314
nitric oxide synthase 204
nitroglycerine 314
nortriptyline 314

pacemaker 42, 43, 49–51, 316, 337, 344
pacemaker current (If) 44
Per-Arnt-Sim (PAS) motif 128
perphenazine 314
pharmacodynamics 105
pharmacogenetics 73
pharmacokinetics 104
phase 2 reentry 309–312, 319–323
– pinacidil induced 320
– terfenadine induced 310, 311, 322,

323
– terfenadine-induced 311
phenothiazine 314
phospholamban (PLB) 204
phosphorylase kinase 202
phosphorylation 124, 222, 224
– A-kinase anchoring protein (AKAP)

222
– leucine/isoleucine zippers (LIZ) 224
– muscle AKAP 223
– protein phosphatase (PP1) 225
– protein phosphatase 2A (PP2A) 225
– protenin kinase A (PKA) 222
– Yotiao (AKAP9) 223
pilsicainide 314
polymorphic ventricular tachycardia

306, 310, 311, 319, 321
polymorphism 104–106, 124, 340
– single nucleotide 142
polymorphisms 336, 338, 340, 341
pore-loop 126
postoperative AF 254
potassium (K) channels 186
– delayed rectifier 184
– inward rectifier 176, 178, 184
potassium current delay rectifier 312
PR prolongation 308
proarrhythmia 73, 289
proarrhythmic 103, 104
procainamide 314, 316, 319
propafenone 314, 316, 319
psychosis 145
Purkinje 42, 43, 49–51, 332, 337,

341–343
putassium current, ATP sensitive(IK-ATP)

313

Q-T interval 124, 269, 270, 272, 277
QT prolongation 308
quinidine 316, 319–321
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radiofrequency ablation 318
reentrant excitation 126
reentry 132, 244
remodeling 250
repolarization 268, 269, 276
right bundle branch block 309
right ventricular epicardium 309
ryanodine 46
ryanodine receptor 164, 180

SA node 43–45, 48, 49, 51
sarcoplasmic reticulum 164
sarcoplasmic reticulum (SR) 204
SCN5A 289
SCN5A mutation 308, 315
SEA-0400 186
selectivity filter 126
SERCA 248
short QT syndrome 141
Sicilian Gambit 102
Singh-Vaughan Williams 102
single channel conductance 127
sino-atrial (SA) node 42
sinoatrial 332, 334
sodium channel blockers 270, 272, 273
sodium channel current (INa) 308, 312,

315, 321, 322
sodium-calcium exchanger current

248
sotalol 256
spiral wave re-entry 20
splice variant 128
SR Ca2+-ATPase (SERCA2a) 204
ST segment elevation 272, 306, 309,

310, 322, 323
– type 1 306, 308
– type 2 307, 308
– type 3 307, 308
ST-segment elevation 274, 275
steroids 344
– prednisolone 344
stilbene 139
stoichiometry 135
structural heart disease 251
sudden cardiac death 124

sudden unexpected natural death
syndrom (SUDS or SUDs) 315

sudden unexplained nocturnal death
syndrome (SUNDS or SUDS) 306

SWORD 161
sympathetic nervous system 237
syncope 132, 277, 333, 334, 341

T-type 45, 46, 51, 52
T-type (ICa,T) 44
tachyarrhythmias 334, 338
– supraventricular 144
targeting protein 136
tedisamil 316, 320–322
tetrodotoxin 100, 112, 115, 335
tetrodotoxin (TTX) 46
thapsigargin 352
the vulnerable period 30
tonic block 293
torsade de pointes 132
torsade de pointes (TdP) 321
trafficking 124, 273
transgenic mice 137
transient outward current 248
transient outward current (Ito) 309,

312, 319, 321–323
transmembrane domain 135
transmural dispersion of repolarization

309, 310, 321
TTX 47, 50, 52, see tetrodotoxin
tyrosine hydroxylase 204

ultra-rapid delayed rectifier current
247

unipolar electrogram 7–9
use-dependence
– reverse 133
use-dependent block 293

vagotonic agents 313
ventricular fibrillation 132, 306
verapamil 314
voltage sensor 126

Wolf–Parkinson–White syndrome 306

Xenopus oocytes 127
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