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Channelopathies in Heart Disease 1
Introduction and Book Overview

Carol Ann Remme and Dierk Thomas

Abstract
The book “Channelopathies in Heart Disease” provides a translational overview
of current state-of-the art research on ion channel (dys)function, cardiac
channelopathies, and inherited arrhythmia syndromes. The latest insight on the
structure and function of cardiac ion channels and the pro-arrhythmic
consequences of their dysfunction is presented. Clinical and genetic
characteristics of various inherited channelopathies and arrhythmia syndromes
are discussed, in addition to new technologies available to this translational
research field.

1.1 Channelopathies in Heart Disease: Background and Book
Overview

The majority of cardiac arrhythmias occur in the setting of common (acquired)
cardiovascular pathologies associated with structural cardiac abnormalities and/or
metabolic dysregulation. In a subset of patients, however, cardiac arrhythmias are
the consequence of an inherited arrhythmia syndrome. Mutations in genes encoding

C. A. Remme (*)
Dept. of Clinical & Experimental Cardiology, Academic Medical Center, University of Amsterdam,
Amsterdam, The Netherlands
e-mail: c.a.remme@amc.uva.nl

D. Thomas
Department of Cardiology and HCR (Heidelberg Center for Heart Rhythm Disorders), University
Hospital Heidelberg, Heidelberg, Germany

DZHK (German Centre for Cardiovascular Research), partner site Heidelberg/Mannheim,
Heidelberg, Germany
e-mail: dierk.thomas@med.uni-heidelberg.de

# Springer International Publishing AG, part of Springer Nature 2018
D. Thomas, C. A. Remme (eds.), Channelopathies in Heart Disease, Cardiac and
Vascular Biology 6, https://doi.org/10.1007/978-3-319-77812-9_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77812-9_1&domain=pdf
mailto:c.a.remme@amc.uva.nl
mailto:dierk.thomas@med.uni-heidelberg.de


ion channels, transporters, interacting proteins, or regulatory pathways may lead to
potentially life-threatening arrhythmias in relatively young and otherwise healthy
individuals. During the last two decades, significant progress has been made in the
identification of genetic defects underlying inherited channelopathies, which has
provided some benefit through elucidation of gene-specific arrhythmia triggers and
treatment. However, for many arrhythmia syndromes, clinical management is still
hindered by insufficient knowledge of the functional consequences of the mutation
in question, the pro-arrhythmic mechanisms involved, and hence the most optimal
treatment strategy. In this book, we present the latest insight on the structure and
function of cardiac ion channels and the pro-arrhythmic consequences of their
dysfunction. Clinical and genetic characteristics of various inherited channelopathies
and arrhythmia syndromes are discussed, in addition to new technologies available
to this translational research field.

1.2 (Dys)Function of Cardiac Ion Channels

Cardiac electrical activity is a summation of sequential action potentials throughout the
heart. The action potential (AP) is the consequence of an orchestrated interplay between
various ion channels. Each AP is initiated by a large, rapid influx of sodium (Na+)
through Na+ channels (INa), resulting in fast depolarization of the cell membrane and the
AP upstroke (Fig. 1.1). Following this phase 0 of the AP, there is a brief repolarizing
phase (phase 1), resulting from efflux of potassium (K+) caused by activation of the
transient outward potassium current (Ito1). Next, inward flow of calcium (Ca2+) through
L-type calcium channels (ICa,L) leads to the plateau phase (phase 2). Finally, the
membrane repolarizes to its original state due to activation of the rapid and slow delayed
rectifier K+ channels (conducting the IKr and IKs currents, respectively) in phase 3 of the

Fig. 1.1 Overview: Primary ionic currents underlying ventricular and atrial action potentials
(AP) in the heart (reproduced with permission from Shah et al. 2005)
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AP. Adult ventricular and atrial cardiomyocytes (but not nodal cells) also exhibit phase
4 in which the resting membrane potential remains constant due to the presence of the
rectifying K+ current IK1. Due to their close interrelationship, alterations in a particular
ion channel (affecting one phase of the AP) will also impact on the function of other ion
currents and AP phases. In Chaps. 2–4 of this book, the molecular composition,
structure, and function of Na+, K+, and Ca2+ channels are described. In addition, their
regulation, their role in cardiac electrophysiology, and the conditions and consequences
associated with their dysfunction are discussed in these chapters. Furthermore, in
Chap. 5 the funny current (If) is presented, which is the primary contributor of the
diastolic pacemaker phase responsible for the automaticity of the conduction system.
The chapter will detail the biophysical andmodulatory properties of If and its potential as
a target for pharmacological modulation of heart rate. Ion channel function is tightly
interrelated with intracellular ion homeostasis, with Ca2+ influx through ICa,L eliciting
the intracellular Ca2+ transient which underlies myocyte contraction. The subsequent
decline of Ca2+ (required for diastolic relaxation) occurs through reuptake into the
sarcoplasmic reticulum and extrusion of Ca2+ via the Na+-Ca2+ exchanger. Chapter 6
reviews the interrelation between intracellular K+, Na+, and Ca2+ and discusses the
consequences of alterations in their homeostasis for cardiac electrophysiology and
arrhythmogenesis.

1.3 Cardiac Channelopathies: Clinical and Genetic Findings

Genetic defects in ion channels and their interacting proteins are associated with
various types of clinical arrhythmia syndromes, with mutations in specific ion
channels related to different clinical symptoms. Moreover, different types or
locations of mutations may be associated with different phenotypes, severity of
disease, and treatment strategy and efficacy. During the last two decades, significant
progress has been made in genetic studies, which has facilitated the identification of
family members and patients at risk. Research on ion channel mutations have also
provided essential molecular and biophysical insight into (normal) ion channel
function. Furthermore, in some cases elucidation of gene-specific arrhythmia
triggers and pharmacology has guided patient treatment and management. However,
reduced penetrance and variable disease severity and expressivity among mutation
carriers remain problematic. In Chaps. 7–12, the most prevalent inherited cardiac
channelopathies and arrhythmia syndromes are reviewed, i.e., long QT syndrome,
Brugada syndrome, sinus node disease, Lev-Lenègre syndrome, progressive cardiac
conduction disease, catecholaminergic polymorphic ventricular tachycardia, idio-
pathic ventricular fibrillation, early repolarization syndrome, and atrial fibrillation.
For each syndrome, current knowledge on their genetic basis, clinical presentation,
diagnosis, risk stratification, and therapy is discussed. Chapter 13 presents an
overview of genetic testing and familial clinical screening in patients with
(suspected) inherited arrhythmia syndrome in addition to a proposed screening
hierarchy according to phenotype. Furthermore, the impact of new sequencing
technologies is discussed.

1 Channelopathies in Heart Disease 3



1.4 Research into Cardiac Channelopathies: New Avenues

In recent years, a number of new technologies and innovations have provided
essential novel insight into ion channel function and the mechanisms involved in
cardiac channelopathies. On the molecular level, novel imaging techniques are
significantly improving our knowledge on cardiac nanoscale architecture, ion chan-
nel distribution, and function. The methodologies and advantages of one of these
techniques, super-resolution fluorescence microscopy, are discussed in Chap. 14, in
addition to its application and future potential in cardiac research in general and ion
channel (dys)function in particular. Functionally, studies employing transgenic
mouse models have demonstrated that heterologous expression systems, tradition-
ally employed for investigating the consequences of ion channel mutations, are not
necessarily representative of the situation within the cardiomyocyte environment. As
discussed in Chap. 15, transgenic mice allow the investigation of mutation effects in
different regions and cell types of the heart, as well as investigation of disease
progression. More recently, cardiomyocytes derived from human-induced pluripo-
tent stem cells (hiPSC) have been employed to study mutations in a more physio-
logical environment. These hiPSC, which are reviewed in Chap. 16, appear suitable
for the investigation of patient- and disease-specific pharmacology and may provide
a tool for studying the role of genetic background.

1.5 Concluding Remark

The current book provides a translational overview of current state-of-the art
research on ion channel (dys)function, cardiac channelopathies, and inherited
arrhythmia syndromes, bringing together clinical, genetic, and basic science experts.
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Part I

(Dys)Function of Cardiac Ion Channels



Cardiac Sodium Channel (Dys)Function
and Inherited Arrhythmia Syndromes 2
Carol Ann Remme

Abstract
Normal cardiac sodium channel function is essential for ensuring excitability of
myocardial cells and proper conduction of the electrical impulse within the heart.
Cardiac sodium channel dysfunction is associated with an increased risk of
arrhythmias and sudden cardiac death. Over the last 20 years, (combined) genetic,
electrophysiological, and molecular studies have provided insight into the (dys)
function and (dys)regulation of the cardiac sodium channel under physiological
circumstances and in the setting of SCN5A mutations identified in patients with
inherited arrhythmia syndromes. Although our understanding of these sodium
channelopathies has increased substantially, important issues remain incom-
pletely understood. It has become increasingly clear that sodium channel distri-
bution, function, and regulation are more complicated than traditionally assumed.
Moreover, recent evidence suggests that the sodium channel may play additional,
as of yet unrecognized, roles in cardiomyocyte function, which in turn may
ultimately also impact on arrhythmogenesis. In this chapter, an overview is
provided of the structure and function of the cardiac sodium channel and the
clinical and biophysical characteristics of inherited sodium channel dysfunction.
In addition, more recent insights into the electrophysiological and molecular
aspects of sodium channel dysregulation and dysfunction in the setting of
SCN5A mutations are discussed.
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2.1 Introduction

Influx of sodium ions through voltage-gated sodium channels in cardiomyocytes
leads to depolarization of the membrane, thereby initiating the cardiac action
potential and triggering the initiation and propagation of action potentials throughout
the myocardium. Normal cardiac sodium channel function is therefore essential for
ensuring excitability of myocardial cells and proper conduction of the electrical
impulse within the heart. The importance of sodium channels for normal cardiac
electrical activity is emphasized by the occurrence of potentially lethal arrhythmias
in the setting of inherited and acquired sodium channel disease. During common
pathological conditions such as myocardial ischemia and heart failure, altered
sodium channel function causes conduction disturbances and ventricular
arrhythmias. In addition, sodium channel dysfunction caused by mutations in the
SCN5A gene, encoding the major sodium channel in the heart, is associated with a
number of arrhythmia syndromes, including long QT syndrome type 3 (LQT3),
cardiac conduction disease, and Brugada syndrome. Over the last 20 years, (com-
bined) genetic, electrophysiological, and molecular studies have provided insight
into the (dys)function and (dys)regulation of the cardiac sodium channel under
physiological circumstances and in the setting of SCN5A mutations identified in
patients with inherited arrhythmia syndromes. Although our understanding of these
sodium channelopathies has increased substantially, important issues remain incom-
pletely understood. It has become increasingly clear that sodium channel distribu-
tion, function, and regulation are more complicated than traditionally assumed.
Moreover, recent evidence suggests that the sodium channel may play additional,
as of yet unrecognized, roles in cardiomyocyte function, which in turn may ulti-
mately also impact on arrhythmogenesis. Increased knowledge of these issues will
be essential for further improvement of diagnosis, risk stratification, and treatment in
patients with sodium channelopathies. In this chapter, an overview is provided of the
structure and function of the cardiac sodium channel, the clinical and biophysical
characteristics of inherited sodium channel dysfunction, and the (limited) therapeutic
options for the treatment of cardiac sodium channel disease. In addition, more recent
insights into the electrophysiological and molecular aspects of sodium channel
dysregulation and dysfunction in the setting of SCN5A mutations are discussed.

2.2 Cardiac Sodium Channels: Structure, Function,
and Distribution in the Heart

2.2.1 The Cardiac Sodium Channel Gene SCN5A

The sodium channel family comprises a total of nine genes (SCN1A-SCN5A,
SCN7A-SCN11A), of which SCN5A is the main sodium channel in the heart. The
SCN5A gene located on human chromosome 3p22 consists of 28 exons and encodes
Nav1.5, the pore-forming alpha subunit of the cardiac sodium channel. At least three
different SCN5A isoforms are known to be expressed in the human heart, of which

10 C. A. Remme



SCN5A-003 is the most abundant transcript in adult tissue (reviewed in Veerman
et al. 2015) (Fig. 2.1). In contrast, during embryonic development, the “neonatal”
SCN5A-001 transcript is most abundant. SCN5A-001 is replaced by SCN5A-003
after birth but may be upregulated during pathophysiological conditions (see Sect.
2.3.1) (Chioni et al. 2005; Schroeter et al. 2010). These two isoforms differ in exon
6 (exon 6b in SCN5A-003 and exon 6a in SCN5A-001), which results in a difference
of seven amino acids between the respective proteins (Onkal et al. 2008; Schroeter
et al. 2010). As a result, distinct differences in electrophysiological properties exist
between both isoforms, in particular kinetics (Onkal et al. 2008). In addition, the
SCN5A-014 isoform is also expressed in the human adult heart albeit less abundantly
than SCN5A-003 (Makielski et al. 2003; Schroeter et al. 2010). This isoform results
in an additional glutamine at position 1077 at the boundary of exon 18 (1077Q) and
encodes Nav1.5 channels that exhibit a smaller sodium current as compared to
SCN5A-003 (see Sect. 2.3.1) (Makielski et al. 2003).

2.2.2 Expression and Distribution of SCN5A/Nav1.5 in the Heart

SCN5A is highly expressed in the heart, but its expression has also been found in
other tissue types, including smooth muscle cells of the intestines (Holm et al. 2002).
Within the heart, SCN5A/Nav1.5 expression is high in atrial and ventricular myocar-
dium. Nav1.5 protein expression is low to absent in the sinoatrial and atrioventricu-
lar nodes but abundant in the His bundle, bundle branches, and Purkinje fibers
(Fig. 2.2a,b) (Yoo et al. 2006; Remme et al. 2009a). More specifically, Nav1.5
expression is found in the periphery of the sinoatrial node but not in its central part
(Lei et al. 2004). Furthermore, a transmural gradient is observed in the left and right
ventricles, with lower SCN5A and Nav1.5 abundance in the subepicardium as
compared to the subendocardium (Fig. 2.2c) (Remme et al. 2009a). Moreover,
evidence is emerging that Nav1.5 is differentially distributed within distinct subcel-
lular microdomains of the cardiomyocyte (discussed in more detail in Sect. 2.8.1).

2.2.3 Sodium Channel Structure and Function

Functional sodium channels are formed by the association of the transmembrane
pore-forming α-subunit protein Nav1.5 (220 kDa) with a small (30–40 kDa)

Fig. 2.1 Illustrative scheme of adult and neonatal splice variants of SCN5A
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ancillary modulatory β-subunit and several regulatory proteins. The α-subunit pro-
tein Nav1.5 is made up of a cytoplasmic N terminus, four internally homologous
domains (DI–DIV) interconnected by cytoplasmic linkers, and a cytoplasmic
C-terminal domain (Fig. 2.3). The protein furthermore contains a number of sites
relevant for interaction with other proteins, as well as potential phosphorylation sites
(see Sects. 2.3.2 and 2.3.3). The DI–DIV domains each consist of six transmembrane
α-helical segments (S1–S6), which in turn are interconnected by extracellular and
cytoplasmic loops. The four domains fold around an ion-conducting pore, which is

Fig. 2.2 (a) Nav1.5 expression is absent from the central sinoatrial node (SAN). (b) Nav1.5 is
highly expressed in the atrioventricular/His bundle and bundle branches. (c) Nav1.5 displays a
transmural distribution pattern, with low expression in the subepicardium (indicated by
arrowheads). Reproduced from Remme et al. (2009a) with permission

Fig. 2.3 The topology and structure of Nav1.5 and the ancillary modulatory β-subunit. Locations
are indicated where interacting proteins bind to the various regions of the channel. Redrawn from
Shy et al. (2013), with permission
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lined by the extracellular loops (P-loops) between S5 and S6 segments; the P-loops
are considered to contain the channels’ selectivity filter for sodium ions (see Kass
2006). The fourth transmembrane segment, S4, is highly charged and acts as the
voltage sensor responsible for increased channel permeability (channel activation)
during membrane depolarization (Balser 2001). As the membrane depolarizes,
outward movement of the positively charged S4 segments results in the opening of
the channel pore. As a result, sodium channels become activated within a time span
of 1 ms, allowing for sodium influx to commence along the electrochemical gradient.
As a result, the membrane is further depolarized (reflecting phase 0 of the cardiac
action potential), ultimately enabling activation of L-type calcium channels, calcium
influx, and myocardial contraction. Simultaneously, the processes of fast and slow
inactivation are initiated leading to closure of the channel pore. Channels remain in
closed state until the cell membrane is repolarized, allowing them to recover from
inactivation and becoming available for activation again. Fast inactivation occurs
within approximately 10 ms and involves an inactivation gate formed by a cluster of
three hydrophobic amino acids (isoleucine, phenylalanine, and methionine or IFM
motif; see Fig. 2.3) in the intracellular DIII–DIV linker, together with two docking
sites located on the intracellular linkers between S4 and S5 of DIII and DIV (West
et al. 1992; Kass 2006). The carboxy (COOH-) terminal domain is also involved in
the inactivation process and acts through stabilization of the closed gate, thus
minimizing channel reopening (Motoike et al. 2004). During prolonged periods of
depolarization, the sodium channel enters the state of intermediate and slow inacti-
vation, which require much longer recovery times than fast inactivation (�50 ms and
>5 s, respectively). Slow inactivation is an important determinant of sodium channel
availability and likely involves conformational changes in the S5–S6 P-loops,
although the DIII S4–S5 linker may also be of importance (Kass 2006; Casini
et al. 2007). Activation and inactivation properties of sodium channels are tightly
regulated during physiological conditions but may be altered in the setting of genetic
and acquired sodium channel dysfunction. These alterations in sodium channel
function may have profound consequences for cardiac electrophysiology and
arrhythmogenesis (see further below in Sect. 2.4).

2.3 Regulation of Cardiac Sodium Channel Expression
and Function

2.3.1 (Post-)Transcriptional Regulation

On the transcriptional level, SCN5A mRNA expression is regulated by transcription
factors that bind to various enhancer and repressor sequences close to or within the
promoter region of the gene (Arnolds et al. 2012; van den Boogaard et al. 2012). Of
these, Foxo1 and NF-kappaB are involved in gene regulation upon oxidative stress:
following production of reactive oxygen species, these transcription factors are
translocated to the nucleus and consequently inhibit transcription of SCN5A by
directly binding the promoter region. The transcription factor TBX5, which plays
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an important role during cardiac development, stimulates SCN5A expression in the
adult cardiac conduction system through its binding to enhancer elements (Arnolds
et al. 2012; Van den Boogaard et al. 2012). Furthermore, a circadian expression
pattern of cardiac Scn5a mRNA under control of the molecular clock transcription
factor Bmal1 has been demonstrated in mice (Schroder et al. 2013).
Posttranscriptionally, alternative splicing of the SCN5A gene produces transcript
variants with different functional characteristics (see Sect. 2.2.1), which may be of
significant functional relevance for disease expressivity in sodium channelopathy.
For instance, these variants have been reported to produce differential effects on
reduced sodium channel membrane expression in the setting of the Brugada syn-
drome mutation SCN5A-G1406R associated with defective trafficking (Tan et al.
2006). Moreover, as noted in Sect. 2.2.1., SCN5A splicing is also developmentally
regulated, with the neonatal splice isoform being downregulated after birth (Chioni
et al. 2005; Schroeter et al. 2010). Since the sodium current (INa) generated by the
neonatal isoform exhibits alterations in kinetics, including a slower rate of activation
and inactivation and a depolarized shift in voltage dependence of activation (Onkal
et al. 2008), functional consequences of SCN5Amutations may differ significantly in
the setting of this isoform. Indeed, this was observed for a mutation identified in a
fetus with severe LQTS, where functional analysis demonstrated more severe
biophysical defects in the presence of the neonatal isoform, including an increased
late INa (Murphy et al. 2012). Furthermore, during pathophysiological conditions
such as heart failure, increased expression of abnormal C-terminal SCN5A splicing
variants may result in the formation of truncated, nonfunctional sodium channels,
thereby predisposing to cardiac conduction slowing and arrhythmogenesis (Shang
et al. 2007). Finally, posttranscriptional regulation of SCN5A by microRNAs has
been demonstrated, in particular miR-219 (Daimi et al. 2015).

2.3.2 Trafficking and Posttranslational Regulation

Like most ion channels, intracellular trafficking of sodium channels involves a
complex process starting with assembly in the endoplasmic reticulum (ER),
followed by transport to the Golgi apparatus and targeting to and incorporation
into the membrane (reviewed by Balse et al. 2012). Once assembled and properly
folded, sodium channels are transported to various sarcolemma membrane locations
via microtubules in close association with the actin cytoskeleton (Balse et al. 2012).
Alterations of the functional properties of microtubules and/or cytoskeletal
components have been shown to modulate trafficking of ion channels, including
Nav1.5. For instance, the anticancer drug Taxol, which changes the properties of the
cytoskeletal component tubulin, affects INa density and gating in vitro and is
associated with increased occurrence of cardiac conduction disorders and
arrhythmias in vivo (Rowinsky et al. 1991; Casini et al. 2010). Other posttransla-
tional modifications of Nav1.5 include phosphorylation, glycosylation,
S-nitrosylation, ubiquitination, and methylation (reviewed by Rook et al. 2012;
Marionneau and Abriel 2015). Conserved amino acid motifs for N-glycosylation
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are found in the extracellular domain of Nav1.5, and glycosylation may affect
sodium channel gating (Zhang et al. 1999; Rook et al. 2012). Ubiquitylation is a
well-described process responsible for regulating the number of plasma membrane
proteins at the cell surface and is mediated by the binding of Nedd4-2 to the PYmotif
in the C-terminal domain of Nav1.5 (see Abriel and Staub 2005). Ubiquitylated
membrane proteins are internalized and then either subjected to proteasomal or
lysosomal degradation or recycled (Abriel and Staub 2005). Phosphorylation of
Nav1.5 by PKA, PKC, and calcium-/calmodulin-dependent protein kinase II
(CamKII) has been shown to have multiple regulatory effects on sodium channel
trafficking and current magnitude, and CamKII may also be relevant for modulating
late INa magnitude during pathophysiological conditions (Marionneau and Abriel
2015; Herren et al. 2013). Finally, sodium channel density and kinetics are further-
more regulated by intracellular calcium levels (Casini et al. 2009), extracellular
protons and pH (Jones et al. 2011), reactive oxygen species (Liu et al. 2005),
temperature (Amin et al. 2005), and stretch (Beyder et al. 2010).

2.3.3 Regulation of Cardiac Sodium Channels by Interacting
Proteins

Sodium channels are not isolated units within the myocyte membrane but are
functional components of a macromolecular complex through which they associate
with proteins that participate in cell adhesion, signal transduction, and cytoskeleton
anchoring (see Abriel 2010). These Nav1.5 interacting proteins in turn regulate
sodium channel expression, trafficking, and/or function (Table 2.1). For many of
these regulatory proteins, the interaction site within Nav1.5 has been established
(Fig. 2.3). The accessory β-subunits (β1–β4 encoded by the SCN1B-SCN4B genes)
likely bind to the extracellular connecting loops between S5 and S6, allowing them
to modulate sodium channel density and kinetics (Malhotra et al. 2001; Ko et al.
2005; Meadows and Isom 2005; Medeiros-Domingo et al. 2007). In the intracellular
C-terminal part of Nav1.5, several protein–protein interaction sites have been
identified, including the IQ motif, the PY motif, and the PDZ domain-binding
motif. Proteins such as PTPH1, SAP97, and syntrophins interact with the PDZ
domain-binding motif (Jespersen et al. 2006; Petitprez et al. 2011; Gavillet et al.
2006). The ubiquitin-protein ligase, Nedd4-2, binds to the PY motif, thereby
regulating Nav1.5 turnover by ubiquitylating the channel (van Bemmelen et al.
2004). The IQ motif constitutes a binding site for calmodulin (CaM), a ubiquitous
calcium-binding protein which is thought to confer sensitivity to intracellular cal-
cium levels on Nav1.5 (see Shy et al. 2013). Fibroblast growth factor homologous
factor (FHF) family members can also interact with the C-terminus of Nav1.5, with
fibroblast growth factor homologous factor 13 (FGF13) regulating sodium channels
and conduction velocity in murine hearts (Wang et al. 2011). The cytosolic adaptor
protein 14-3-3η interacts with the DI–DII linker region and modulates steady-state
inactivation of the channel (Allouis et al. 2006). The DI–DII linker region further-
more contains multiple PKA and PKC phosphorylation sites in addition to an
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Table 2.1 Clinical cardiac phenotypes of the cardiac sodium channel and its interacting proteins

Sodium channel

Gene Protein Clinical cardiac phenotypes

SCN5A Nav1.5 Long QT syndrome type 3 (LQT3), Brugada
syndrome, cardiac conduction disease, sick sinus
disease, overlap syndrome, atrial standstill, dilated
cardiomyopathy, atrial fibrillation,
arrhythmogenic right ventricular cardiomyopathy
(ARVC)

Interacting proteins

Gene Protein Clinical cardiac phenotypes

SCN1B β1 Brugada syndrome, conduction disease, atrial
fibrillation

SCN2B β2 Atrial fibrillation

SCN3B β3 Brugada syndrome, conduction disease, atrial
fibrillation, idiopathic ventricular fibrillation

SCN4B β4 Long QT syndrome type 10 (LQT10)

SNTA α-1-syntrophin Long QT syndrome type 12 (LQT12)

MOG1 MOG1 Brugada syndrome

PTPH1 Protein tyrosine phosphatase
H1

–

NEDD4L Nedd4-2/Nedd4-like –

CALM Calmodulin –

SAP97 SAP97 –

YWHAH 14-3-3η –

FGF13 Fibroblast growth factor
13 (FGF13)

–

CAMK2D CamkIId –

ANK3 Ankyrin-G –

ACTN2 α-Actinin-2 –

CAV3 Caveolin-3 Long QT syndrome type 9 (LQT9)

GPD1L Glycerol-3-Phosphate
Dehydrogenase 1 Like

Brugada syndrome

PKP2 Plakophilin-2 Arrhythmogenic right ventricular cardiomyopathy
(ARVC)

DSG2 Desmoglein-2 Arrhythmogenic right ventricular cardiomyopathy
(ARVC)

TCAP Telethonin –

ZASP Z-band alternatively spliced
PDZ motif protein

–

SAP97 Synapse-associated protein
97

–

CXADR Coxsackie and adenovirus
receptor (CAR)

–

CASK Calcium-/calmodulin-
dependent serine protein
kinase

–
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interaction site for CAMKII (see Sect. 2.3.2). Ankyrin-G and MOG1 interact with
the II–III linker segment of Nav1.5, and both proteins regulate cell surface expres-
sion of sodium channels (Lemaillet et al. 2003; Mohler et al. 2004; Kattygnarath
et al. 2011). A member of the superfamily of F-actin cross-linking proteins,
α-actinin-2, interacts with the cytoplasmic loop connecting domains III and IV,
thereby increasing INa density without affecting gating properties (Ziane et al.
2010). Other proteins that may directly or indirectly interact with Nav1.5 and
functionally regulate the channel include caveolin-3 (Vatta et al. 2006), glycerol-3-
phosphate dehydrogenase-like protein (GPD1L) (London et al. 2007), plakophilin-
2 (Sato et al. 2009), desmoglein-2 (Rizzo et al. 2012), telethonin (Mazzone et al.
2008), Z-band alternatively spliced PDZ motif protein (ZASP) (Li et al. 2010), the
MAGUK proteins SAP97 and calcium-/calmodulin-dependent serine protein kinase
(CASK) (Eichel et al. 2016; Petitprez et al. 2011), and coxsackie and adenovirus
receptor (CAR) (Marsman et al. 2014) (Table 2.1). The functional relevance of the
sodium channel macromolecular complex is underscored by the fact that mutations
in genes encoding Nav1.5 interacting proteins are associated with arrhythmia
syndromes (see also Sect. 2.5.8) (Kyle and Makielski 2014).

2.4 Biophysical Effects of Sodium Channel Dysfunction
and Pro-arrhythmic Consequences

From a biophysical point of view, distinct alterations in gating and other functional
properties of the sodium channel may lead to multiple rhythm disturbances
(Viswanathan and Balser 2004; Remme et al. 2008). These alterations may be
grossly divided into those leading to a loss of sodium channel function and conse-
quent depolarization disturbances and those causing an enhanced late INa or window
current leading to repolarization disturbances. Their electrophysiological and
homeostatic consequences may set the stage for potentially life-threatening ventric-
ular arrhythmias (see Fig. 2.4).

2.4.1 Causes and Consequences of Reduced Sodium Channel
Availability

Reduced sodium channel availability may occur in the setting of both inherited and
acquired pathological conditions, potentially leading to conduction disturbances and
ventricular arrhythmias. During myocardial ischemia, local metabolic changes
within the myocardium lead to inactivation of the INa and consequent repression of
cardiac excitability and slowing of conduction (Janse and Wit 1989; Fozzard and
Makielski 1985). Reduced excitability of ischemic tissue may protect against ven-
tricular arrhythmias, but conduction slowing in the infarcted heart may set the stage
for ventricular mechanisms based on reentrant mechanisms (Janse and Wit 1989).
Similarly, loss of sodium channel function is also observed during heart failure,
leading to conduction slowing and ventricular arrhythmias. The reduced sodium
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channel availability in failing hearts may be due to alterations in sodium channel
mRNA transcript levels and posttranslational regulation (Ufret-Vincenty et al. 2001;
Shang et al. 2007). In inherited arrhythmia syndromes, INa may be reduced as a result
of different mechanisms (Fig. 2.5a–c) (Tan et al. 2003; Viswanathan and Balser
2004; Kapplinger et al. 2010). Loss-of-function mutations in SCN5A can lead to a
decreased number of functional channels on the membrane due to misfolding of the
channel and/or altered trafficking. Alternatively, sodium channels may be present on
the membrane albeit less functional secondary to reduced conductivity or a shift in
the voltage dependence of (in)activation. Moreover, sodium channel trafficking
and/or kinetics may be similarly affected consequent to (genetic) alterations in
proteins interacting with Nav1.5 (see also Sect. 2.5.8).

2.4.2 Causes and Consequences of Increased Late INa
and/or Window Current

The initial large inward INa (peak INa) is for the most part rapidly inactivated, but a
small fraction of the current (designated the persistent or late INa) persists throughout
the duration of the action potential (AP) plateau phase. This late INa is typically small
during physiological conditions but may be enhanced in the setting of acquired

Fig. 2.4 Schematic representation of the arrhythmogenic consequences of reduced peak INa (left)
and increased late INa (right). EADs, early after depolarizations; DADs, delayed after
depolarizations; AP, action potential; diast., diastolic; NCX, sodium–calcium exchanger.
Reproduced from Remme and Wilde (2014), with permission
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(ischemia, hypertrophy, and heart failure) and inherited (LQT3) disease (see Remme
and Bezzina 2010). Independent of the underlying cause, delayed repolarization and
action potential prolongation occur, and early after depolarizations may subse-
quently trigger torsades de pointes arrhythmias and sudden death. Moreover,
enhanced late INa may alter intracellular sodium and calcium homeostasis, further
predisposing to arrhythmias as well as mechanical disturbances such as diastolic
dysfunction (see Remme and Wilde 2013). It has been shown that during heart
failure, an increased fraction of sodium channels fail to enter the inactivated state
resulting in an increased late INa (Valdivia et al. 2005). The underlying mechanisms
are not completely clear, but posttranslational modulation of sodium channels by
calcium-dependent pathways (including CamKII) is thought to be involved (Wagner
et al. 2006). In the setting of inherited disorders, gain-of-function SCN5A mutations
may disrupt fast inactivation, thereby allowing for sodium channels to reopen
(Bennett et al. 1995) (Fig. 2.5d–f). SCN5A mutations may also lead to incomplete
or slowed inactivation (resulting in channel openings of longer duration) or a shift in
voltage dependence of inactivation with a consequent increased voltage range of
incomplete current inactivation (resulting in an increase in window current). These
alterations all lead to a persistent inward current (or late INa) and consequent
increased sodium influx during the action potential plateau phase. Alternatively,
faster recovery from inactivation (causing increased sodium channel availability) or
increased peak INa density may occur (Wedekind et al. 2001; Rivolta et al. 2001;
Clancy et al. 2003). Finally, enhanced late INa has also been observed secondary to
mutations in proteins interacting with Nav1.5 (see also Sect. 2.5.8).

2.5 Inherited Arrhythmia Syndromes Associated with SCN5A
Mutations

Mutations in SCN5A have been implicated in multiple inherited arrhythmia
syndromes (Table 2.1). Although caused by mutations in the same ion channel,
these clinical syndromes each display distinct phenotypical characteristics, as is
discussed below. Moreover, mutations in proteins interacting with Nav1.5 have
been associated with different biophysical and clinical arrhythmogenic phenotypes.

2.5.1 Long QT Syndrome Type 3 (LQT3)

Mutations in SCN5A can lead to long QT syndrome type 3 (LQT3), which is
characterized by prolonged QT intervals on the ECG and increased risk for sudden
death due to ventricular tachyarrhythmias, in particular torsades de pointes (see also
Chap. 7). LQT3 patients are often bradycardic and display ventricular arrhythmias
predominantly during rest or sleep (at slow heart rates) (Schwartz et al. 2001;
Schwartz 2006). Compared to other LQTS subtypes, LQT3 patients are particularly
at risk for sudden death, and cardiac arrest (rather than syncope) is often the first
clinical event (Zareba et al. 2001; Schwartz et al. 2001). Biophysical alterations
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typically observed secondary to SCN5A mutations associated with LQT3 predomi-
nantly disrupt fast inactivation of the INa, allowing for sodium channels to reopen,
resulting in a persistent (late) inward current during the action potential plateau
phase (Bennett et al. 1995). SCN5A mutations less commonly cause LQT3 through
slowed inactivation, faster recovery from inactivation, increased window current,
and increased peak INa density (Wedekind et al. 2001; Rivolta et al. 2001; Clancy
et al. 2003). At present, standard therapy includes beta-blockers, ICD treatment in
patients at high risk of arrhythmias, and pacemaker implantation in selected cases.
Additional strategies aimed at inhibiting late INa are currently under investigation
(see Sect. 2.7) (Wilde and Remme 2017).

2.5.2 Brugada Syndrome

Brugada syndrome (BrS) is characterized by an increased risk for ventricular
arrhythmias and sudden death occurringmostly during rest or sleep, with an increased
incidence in males than females (Antzelevitch 2006). The typical Brugada ECG
pattern of ST-segment elevation in the right-precordial leads may be variably present
and can be unmasked or increased after administration of Class 1A or 1C anti-
arrhythmic sodium channel blocking drugs (ajmaline, flecainide) or during exercise
(seeMeregalli et al. 2005) (see also Chap. 8). Cardiac conduction disease is often also
observed in BrS patients, evidenced by prolonged PQ and QRS duration on the ECG
(Wilde and Brugada 2011). In approximately 20% of BrS patients, SCN5Amutations
are identified. The latter are typically “loss-of-function”mutations leading to reduced
sodium channel availability, either through decreased trafficking and membrane
surface channel expression or through altered channel gating properties including
disruption of activation, accelerated inactivation, and impaired recovery from inacti-
vation (Tan et al. 2003; Viswanathan and Balser 2004; Kapplinger et al. 2010). The
consequent decreased action potential upstroke velocity underlies the prolongation of
PR and QRS intervals often observed in BrS patients, but the right-precordial
ST-segment elevation and its relation to arrhythmogenesis are less well understood.
Here, two major hypotheses have been proposed, i.e., the repolarization disorder
hypothesis involving increased (transmural) heterogeneity in action potential dura-
tion versus the depolarization disorder hypothesis encompassing preferential conduc-
tion slowing in the right ventricle and/or right ventricular outflow tract (for more
details, see also Chap. 8) (Hoogendijk et al. 2010). Structural discontinuities in the
subepicardium of the right ventricle may further contribute to the typical BrS ECG
pattern as well as the onset of ventricular arrhythmias (Hoogendijk et al. 2010).
Treatment options for BrS include implantation of an ICD together with measures
aimed at preventing known arrhythmia-provoking factors (for instance, fever)
(Antzelevitch et al. 2005). In addition, quinidine (which also blocks Ito) may be
used as an adjunct to device therapy to decrease the incidence of ventricular
arrhythmias (Belhassen and Viskin 2004).
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2.5.3 Progressive Cardiac Conduction Defect (PCCD) and Sick Sinus
Syndrome

PCCD, also called Lenègre or Lev disease, is characterized by progressive conduc-
tion slowing through the His-Purkinje system, with a right and/or left bundle branch
block and QRS widening, leading to complete AV block, syncope, and sudden death
(see also Chap. 9). In some cases, inherited PCCD is associated with mutations in
SCN5A leading to reduced sodium channel availability (Schott et al. 1999; Wolf and
Berul 2006; Kyndt et al. 2001). Loss-of-function mutations in SCN5A have also been
associated with inherited sick sinus syndrome (Benson et al. 2003; Smits et al. 2005).
Here, decreased sodium channel availability may cause bradycardia by slowing or
blocking conduction from the central sinoatrial region to the surrounding atrial
tissue, in addition to a (modest) reduction in automaticity of sinoatrial pacemaking
tissue (see Lei et al. 2008). Furthermore, sinus bradycardia and/or arrest may also
occur in LQT3 patients with SCN5A gain-of-function mutations, where an increased
late INa may cause action potential prolongation (Veldkamp et al. 2003).

2.5.4 Atrial Fibrillation

Atrial fibrillation (AF) is commonly observed in mostly elderly patients with under-
lying structural cardiac abnormalities, but it may also occur as a hereditary disease in
young patients with structurally normal hearts (see also Chap. 12). Both loss-of-
function and gain-of-function mutations in SCN5A have been described in this
familial form, which are thought to induce AF through decreased atrial conduction
velocity and increased atrial action potential duration and excitability, respectively
(Darbar et al. 2008; Ellinor et al. 2008; Makiyama et al. 2008; Li et al. 2009). In
addition, structural remodeling of the atria secondary to sodium channel dysfunction
may play a role. Mutations in accessory β-subunits leading to INa reduction have also
been associated with AF (Watanabe et al. 2009; Olesen et al. 2011).

2.5.5 Dilated Cardiomyopathy

Familial forms of dilated cardiomyopathy (DCM) are mostly associated with
mutations in cytoskeletal proteins. In rare cases, familial forms of DCM are reported
in patients with SCN5A mutations (Bezzina et al. 2003; McNair et al. 2004), often
presenting in combination with atrial arrhythmias and/or fibrillation (Olson et al.
2005). Interestingly, biophysical properties consistent with both loss and gain of
sodium channel function have been observed in SCN5A mutations associated with
DCM (McNair et al. 2004; Ge et al. 2008; Nguyen et al. 2008; Bezzina and Remme
2008). The mechanisms underlying DCM secondary to SCN5A mutations remain
unclear and may involve a complex interplay of altered sodium channel current,
(preexistent) myocardial structural abnormalities, and occurrence of long-standing
(atrial) arrhythmias. In addition, DCM-related mutations (such as SCN5A-R219H)
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may cause a proton leak current, suggesting that intracellular acidification may
contribute to the DCM (and arrhythmias) observed in mutation carriers (Gosselin-
Badaroudine et al. 2012).

2.5.6 Sodium Channel Overlap Syndrome

In some instances, one single SCN5A mutation can result in multiple disease
phenotypes even within one affected family, referred to as “sodium channel overlap
syndrome.” In 1999, our group identified the first such mutation, SCN5A-1795insD,
in a large Dutch family presenting with extensive variability in type and severity of
symptoms, including ECG features of sinus node dysfunction, bradycardia, conduc-
tion disease, BrS (ST-segment elevation), and LQT3 (QT-interval prolongation), in
addition to nocturnal sudden death (Bezzina et al. 1999; van den Berg et al. 2001).
Other SCN5A mutations with similar clinical overlap of LQT3, BrS, and conduction
disease have since then been reported, including delK1500, D1114N, delF1617,
E1784K, and L1786Q (Splawski et al. 2000; Priori et al. 2000; Chen et al. 2005;
Makita et al. 2008; Kanters et al. 2014). In addition, combined clinical features of
LQT3 and conduction disease have been described in addition to familial DCM
combined with conduction disease, atrial arrhythmias, and/or fibrillation (McNair
et al. 2004, 2011; Olson et al. 2005; Ge et al. 2008; Nguyen et al. 2008). The
simultaneous presence of LQT3 (i.e., gain of function) and BrS or conduction
disease (i.e., loss of function) due to one single SCN5A mutation may seem unlikely
given the apparent opposing biophysical alterations underlying both clinical entities.
Indeed, patch-clamp studies of the SCN5A-1795insD mutation in two separate
expression systems initially revealed opposing and inconclusive effects on INa
density and kinetics (Bezzina et al. 1999; Veldkamp et al. 2000). To assess the
biophysical properties of this mutation in native myocytes, we generated transgenic
mice carrying the heterozygous Scn5a-1798insD/+ mutation, equivalent to human
SCN5A-1795insD (Remme et al. 2006). Scn5a-1798insD/+ mice displayed similar
overlap clinical phenotypes as human 1795insD carriers, including bradycardia; PR,
QRS, and QTc prolongation; and right ventricular conduction slowing (a feature of
BrS) (Fig. 2.6a). Patch-clamp analysis of action potential characteristics in Scn5a-
1798insD/+ isolated myocytes demonstrated prolongation of cardiac repolarization,
predominantly at slow rates and decreased sodium channel availability, especially at
high frequencies (Veldkamp et al. 2000; Clancy and Rudy 2002). The mutation
caused a drastic reduction in peak INa density, a delayed time course of fast inacti-
vation, and a small persistent INa, explaining the observed multiple phenotypes
(Fig. 2.6b–c) (Remme et al. 2006). Similarly, both SCN5A-E1784K and SCN5A-
delK1500 (mutations associated with LQT3, BrS, and conduction disease) enhance
channel inactivation and reduce peak current density but also significantly increase
late INa magnitude (Grant et al. 2002; Makita et al. 2008). The delF1617 mutation
(observed in LQT3 and BrS) displays reduced peak INa density and impaired
recovery from inactivation (loss of function) versus delayed inactivation and
increased late INa (gain of function) (Benson et al. 2003; Chen et al. 2005).
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SCN5A mutations associated with both Brugada syndrome and conduction disease
(and/or sick sinus syndrome) invariably lead to decreased peak INa density when
studied in heterologous expression systems (Smits et al. 2005; Kyndt et al. 2001;
Rossenbacker et al. 2004; Makiyama et al. 2005; Cordeiro et al. 2006). However, for
other overlap syndromes, a clear parallel between the mixed clinical phenotype of a
certain SCN5A mutation and its biophysical properties is not observed (see Wilde
and Remme 2017). It must be noted, however, that heterologous expression systems
may be limited in their capability of correctly assessing biophysical consequences of
a particular SCN5A mutation (in particular one associated with a mixed clinical
phenotype).

2.5.7 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited disease
associated with cardiomyopathic changes (predominantly but not exclusively affect-
ing the right ventricle), ventricular arrhythmias, and sudden death. In most ARVC
patients, mutations in desmosomal proteins are identified, including plakoglobin,
plakophilin-2, and desmoglein-2 (Calkins et al. 2017). Desmosomal proteins have
been shown to interact with Nav1.5, and reduced INa reduction is a common feature
in ARVC disease models (Rizzo et al. 2012; Cerrone et al. 2014; Sato et al. 2009).
Recently, rare variants in SCN5A were found in ARVC patients that did not carry
mutations in ARVC-related desmosomal proteins (Yu et al. 2014; Te Riele et al.
2017). Studies in human iPS-derived cardiomyocytes showed a reduction in INa and
a potential detrimental effect on cell adhesion secondary to one of these

Fig. 2.6 The Scn5a-1798insD/+ overlap syndrome mouse model shows (a) right ventricular
conduction slowing, (b) reduced peak INa, and (c) enhanced late INa. Reproduced in part from
Remme et al. (2006), with permission
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ARVC-related SCN5A mutations (Te Riele et al. 2017). Interestingly, ARVC and
BrS are both considered to affect predominantly the right ventricle and are both
associated with reduced INa; hence, an increasing overlap between these entities has
been suggested (Agullo-Pascual et al. 2014).

2.5.8 Mutations in Genes Encoding Nav1.5-Interacting Proteins

As discussed in Sect. 2.3.3, sodium channels interact with other proteins within the
macromolecular complex. The functional relevance of such interactions is evidenced
by the fact that mutations in these modulatory proteins are associated with sodium
channel dysfunction and arrhythmia (Table 2.1). Mutations in the sodium channel
accessory β-subunits have been identified in patients with BrS and/or conduction
disease (β1 and β3), atrial fibrillation (β1, β2, and β3), LQTS (β4), and idiopathic
ventricular fibrillation (IVF; β3) (Watanabe et al. 2008, 2009; Hu et al. 2009;
Medeiros-Domingo et al. 2007; Valdivia et al. 2010; Olesen et al. 2011, 2012). As
mentioned above, mutations in desmosomal proteins plakophilin-2 and desmoglein-
2 (which interact with Nav1.5) are associated with ARVC, in addition to reduced INa
and conduction abnormalities. Furthermore, the sodium channel-interacting proteins
caveolin-3 and alpha1-syntrophin have been implicated in LQTS (Vatta et al. 2006;
Wu et al. 2008), whereas mutations in GPD1L and MOG1 have been associated with
BrS (London et al. 2007; Kattygnarath et al. 2011; Abriel 2010).

2.6 Variable Expressivity in Cardiac Sodium Channelopathy

2.6.1 Disease Variability in SCN5A Mutation Carriers

Significant variability in disease expression has been documented in patients har-
boring mutations in SCN5A (Probst et al. 2009), which may in part depend on the
underlying biophysical defect. For instance, truncating loss-of-function mutations in
SCN5A have been shown to be associated with more severe conduction disease than
missense mutations (Meregalli et al. 2009). However, variability in disease expres-
sivity and severity is also observed among family members carrying the same
mutation. For example, some SCN5A-1795insD mutation carriers display pro-
nounced ECG abnormalities, whereas other family members carrying the same
mutation appear unaffected (Bezzina et al. 1999) (Fig. 2.7a). Furthermore, among
those presenting with clear ECG alterations, some mutation carriers suffer from
arrhythmias and/or sudden death, while others remain symptom-free throughout life.
Interestingly, certain SCN5A-1795insD mutation carriers display predominantly
signs of BrS and/or conduction disease (i.e., a loss-of-function phenotype), whereas
other affected family members show mostly QT prolongation (gain-of-function
phenotype) (Postema et al. 2009). Similar variability in type and severity of clinical
symptoms has been demonstrated in carriers of the overlap mutation SCN5A-
E1784K (Makita 2009). Thus, both mutation-specific and individual-specific factors
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appear to play an important role in determining disease expressivity and severity in
sodium channelopathy.

2.6.2 Factors Modulating Disease Expression

Gender has been suggested as a modifier of disease severity in sodium
channelopathy. Indeed, this is exemplified by the preponderance of Brugada syn-
drome in males. Moreover, gender may also affect the expressivity of SCN5A
mutations, as shown by the observation that in a family carrying the SCN5A-
G1406R mutation, females displayed predominantly with conduction defects,
whereas males presented mostly with clinical features pertaining to the Brugada
syndrome (Kyndt et al. 2001). Comorbidities are expected to modulate disease
severity, but these remain largely unexplored. Age may constitute another clinical
determinant of both disease severity and expressivity. In patients with progressive
cardiac conduction disease, age-related fibrosis is thought to play a major role in
exacerbating cardiac conduction with advancing age (Probst et al. 2003). Impor-
tantly, transgenic mice haplo-insufficient for the cardiac sodium channel Scn5a
display similar age-dependent structural abnormalities (Royer et al. 2005). Some
SCN5A mutations have been shown to induce symptoms of BrS specifically during
episodes of fever, with channel gating properties affected by increasing temperature
(Mok et al. 2003; Keller et al. 2005). Furthermore, membrane expression of certain
trafficking-deficient loss-of-function SCN5A mutations may be improved by drugs

Fig. 2.7 (a) Extensive disease variability in SCN5A-1795insD mutation carriers; (b) severity of
conduction (QRS) and repolarization (QTc) disorder differs significantly between two separate
inbred mouse strains carrying the Scn5a-1798insD/+ mutation. Reproduced in part from Remme
et al. (2009a, b), with permission
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such as the sodium channel blocker mexiletine and the potassium channel blocker
cisapride (Valdivia et al. 2004; Liu et al. 2005).

2.6.3 Genetic Modifiers of Sodium Channelopathy

The variable disease expressivity and/or severity often observed among patients (and
families) carrying the same sodium channel mutation suggest a potential role for
genetic modifiers (Kyndt et al. 2001; van den Berg et al. 2001; Kolder et al. 2012).
Identification of disease modifiers is however hindered by the substantial genetic
heterogeneity across patients, as different mutations may be associated with different
effects and thus also contribute to interindividual variability (Shimizu et al. 2009).
We have previously investigated the effects of genetic factors on disease severity by
comparing the phenotype in two distinct strains of mice carrying the Scn5a-
1798insD/+ mutation equivalent to SCN5A-1795insD in humans. We found that
phenotype severity was more pronounced in 129P2 mice as compared to FVBN/J
mice and subsequently identified potential modifiers of conduction disease severity,
providing the first conclusive evidence that genetic modifiers may determine disease
expressivity in cardiac sodium channelopathy (Fig. 2.7b) (Remme et al. 2009b;
Scicluna et al. 2011; Lodder et al. 2012). Genetic variation between individuals is
derived from the presence of single nucleotide polymorphisms (SNPs) which are
frequently observed in the general population. H558R is the most common amino
acid-changing polymorphism in SCN5A and has a reported prevalence of 9–36%,
with a specific distribution among different ethnic populations (Ackerman et al.
2004). A number of studies have demonstrated that an interaction between this
polymorphism and SCN5A mutations may exert relevant (albeit varying) effects on
the functional consequences of mutant sodium channels, including gating properties,
plasma membrane targeting, and current density (Viswanathan et al. 2003; Ye et al.
2003; Poelzing et al. 2006; Gui et al. 2010; Marangoni et al. 2011;
Shinlapawittayatorn et al. 2011). Clinically, the H558R variant also impacts on
ECG parameters and symptoms in BrS patients (Lizotte et al. 2009). A combination
of certain polymorphisms (haplotype) within the regulatory (promoter) region of
SCN5A (commonly observed in Asians) has also been shown to modulate ECG
conduction parameters in BrS patients (Bezzina et al. 2006). Further genetic varia-
tion is introduced by the presence and relative expression of two main SCN5A
alternatively spliced variants in cardiac tissue of each individual. The most abundant
variant (65% of all SCN5A transcripts) is 2015-amino acids long and lacks a
glutamine at position 1077 (SCN5A-Q1077del), in comparison with the less promi-
nent 2016-amino acid variant SCN5A-Q1077 (35% of all transcripts) (Makielski
et al. 2003). Phenotype severity of the BrS mutation SCN5A-G1406R was found to
be dependent on the background splice variant in which it was expressed, with
G1406R in combination with the Q1077 variant displaying more severe biophysical
alterations (Tan et al. 2006). Similarly, the presence of Q1077del had significant
effect on INa density and kinetics of mutant channels associated with DCM (Cheng
et al. 2010).
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2.7 Targeting Cardiac Sodium Channels

In sodium channel disease secondary to loss-of-function SCN5A mutations, thera-
peutic options are limited. No genotype-specific treatment strategies are available for
Brugada syndrome or conduction disease (Shimizu et al. 2005). Although studies
have shown that certain sodium channel blockers can actually restore membrane
expression of trafficking defective sodium channels, this does not constitute an
attractive therapeutic approach for clinical practice due to the potential deleterious
effects of INa reduction. In the case of gain-of-function SCN5A mutations, pharma-
cological inhibition of the enhanced late INa is an attractive therapeutic target. While
most agents with general sodium channel blocking effects also reduce late INa, the
inhibiting effects of these agents on peak INa may set the stage for conduction
slowing and ventricular arrhythmias, in particular during conditions where sodium
channel function is already compromised (i.e., myocardial ischemia) (Echt et al.
1991; Lu et al. 2010). Furthermore, these “classical” sodium channel inhibitors may
also impact on other ion channels, in particular potassium channels, potentially
limiting their clinical applicability (Wang et al. 1996; Paul et al. 2002; Shimizu
and Antzelevitch 1997). Overall, treatment efficacy is variable and mutation-specific
(and likely also individual-specific) and as yet impossible to predict based on in vitro
findings obtained in heterologous expression systems (see Wilde and Remme 2017).
The most specific late INa inhibitor currently available is ranolazine, a piperazine
derivative which is used for the treatment of chronic angina pectoris. Ranolazine
may be up to 30- to 40-fold more potent in inhibiting late INa compared to peak INa,
and small studies have shown potential clinical benefit in LQT3 patients (Moss et al.
2008; Chorin et al. 2016; van den Berg et al. 2014). However, its potency varies
between species, cell type, and conditions (see Antzelevitch et al. 2011), and as with
other nonselective sodium channel blockers, ranolazine also inhibits the repolarizing
potassium current IKr (Antzelevitch et al. 2004; Schram et al. 2004). Recently, a
novel highly selective inhibitor of late INa, GS-458967, has been identified
(Belardinelli et al. 2013), which showed beneficial (anti-arrhythmic) effects in
Scn5a-1798insD/+ cardiomyocytes and human iPS-derived cardiomyocytes from a
patient carrying the SCN5A-1795insD mutation (Portero et al. 2017). In addition, the
analogue compound Eleclazine was recently reported to significantly shorten QTc in
LQT3 patients (Zareba et al. 2016), further strengthening the potential clinical
applicability of this therapeutic approach.
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2.8 Expanding Horizons: Unraveling the Complexity
of Cardiac Sodium Channel Function

2.8.1 Distinct Pools of Sodium Channels Within Subcellular
Cardiomyocyte Microdomains

As mentioned in Sect. 2.2.2, cardiac sodium channels show inhomogeneous expres-
sion within the cardiac conduction system and across the ventricular wall. Addition-
ally, distinct subcellular pools of Nav1.5-based sodium channels within the
cardiomyocyte have been demonstrated, in particular at the intercalated disc and
lateral membrane regions (Fig. 2.8a) (Verkerk et al. 2007; Lin et al. 2011; Marsman
et al. 2014; Shy et al. 2014; Rivaud et al. 2017). Differences in peak INa amplitude
and kinetics between channels located at these two sites have been observed
(Fig. 2.8a), although species-specific differences likely exist (Verkerk et al. 2007;
Lin et al. 2011; Rivaud et al. 2017). In addition, at the lateral membrane, sodium
channels are located both at the cell crest and at the t-tubules, albeit at a lower density
in the latter (Bhargava et al. 2013; Rivaud et al. 2017). Within these domains,
Nav1.5 channels are not homogeneously distributed but rather grouped in clusters
of various sizes and densities (Bhargava et al. 2013; Rivaud et al. 2017). Further-
more, different interacting proteins associate with Nav1.5 at these distinct subcellu-
lar domains and are thought to contribute to the differences in channel density and/or
kinetics observed between these areas (Fig. 2.8b) (Petitprez et al. 2011; Shy et al.

Fig. 2.8 (a) Macropatch measurements in mouse ventricular myocytes show significant
differences in peak INa magnitude between the intercalated disc region and the lateral membrane.
(b) Nav1.5 resides in distinct macromolecular complexes at two different subcellular domains of the
cardiac cell: (top) at the lateral membrane where it interacts with the dystrophin–syntrophin
complex and (bottom) at the intercalated discs with the MAGUK protein SAP97 (reproduced
from Shy et al. (2013), with permission)
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2013). Sodium channels located at the lateral membrane are associated with the
syntrophin–dystrophin complex, and dystrophin-deficient mdx mice display reduced
Nav1.5 expression levels predominantly at the lateral membrane (Petitprez et al.
2011). Similarly, mice lacking the last three amino acids of Nav1.5 essential for the
interaction with the syntrophin–dystrophin complex show INa reduction exclusively
at the lateral membrane (Shy et al. 2014). More recently, the MAGUK protein
CASK (calcium-/calmodulin-dependent serine protein kinase), which localizes at
the lateral membrane in association with dystrophin, was shown to interact with
Nav1.5 and control its surface expression specifically at the lateral membrane
(Eichel et al. 2016).

Nav1.5 channels in the intercalated disc region (which is devoid of syntrophin)
interact with synapse-associated protein 97 (SAP97), plakophilin-2, desmoglein-2,
and coxsackie and adenovirus receptor (CAR) (Petitprez et al. 2011; Sato et al. 2009;
Rizzo et al. 2012; Marsman et al. 2014) (see also Sect. 2.3.3). Milstein and
colleagues showed that SAP97 allows Nav1.5 to interact with the Kir2.1 potassium
channel and demonstrated a reciprocal modulation between these two channels
(Milstein et al. 2012). Intriguingly, ablation of SAP97 in the mouse heart was
found to mainly affect potassium channels but did not alter sodium channel function
(Gillet et al. 2015). In mouse models of ARVC, loss of plakophilin-2 and a mutation
in desmoglein-2 have both been shown to reduce INa even prior to the development
of gross structural abnormalities (Cerrone et al. 2012; Rizzo et al. 2012). Moreover,
mice with reduced expression of the coxsackie and adenovirus receptor (CAR, a cell
adhesion protein enriched at the intercalated disc) showed preferential INa reduction
in the intercalated disc region associated with increased arrhythmia inducibility
during myocardial ischemia (Marsman et al. 2014). Overall, these findings underline
the functional relevance of the sodium channel macromolecular complex and their
differential regulation at various subcellular regions within the cardiomyocyte
(Mohler and Hund 2011). However, little is known about the specific roles for
these separate pools of channels or their functional relevance during (patho)physio-
logical conditions. Moreover, the consequences of subcellular diversity in sodium
channel composition and function for disease severity and expressivity of SCN5A
mutations associated with sodium channelopathy and overlap syndrome are as yet
unclear but form a challenging topic for future investigations.

2.8.2 Structural Abnormalities Secondary to SCN5A Mutations:
Relevance for Arrhythmias

Cardiac sodium channelopathies were originally considered pure electrical entities
occurring in the absence of structural heart disease, but it is now increasingly
recognized that sodium channelopathy can also be associated with the development
of cardiac fibrosis, dilatation, and hypertrophy. Indeed, (progressive) cardiac struc-
tural abnormalities have been observed in patients with SCN5A mutations (Bezzina
et al. 2003; Coronel et al. 2005; Frustaci et al. 2005) and in Scn5a mouse models
(Royer et al. 2005; Zhang et al. 2011; Jeevaratnam et al. 2012). Although it is as yet
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unclear how a mutation in a cardiac ion channel may ultimately lead to structural
changes in the myocardium, a number of mechanisms have been proposed. The
sodium channel interacts with many cytoskeletal proteins and components of the
extracellular matrix, and one may hypothesize that sodium channel dysfunction may
destabilize cytoskeletal integrity. Indeed, studies in mouse embryos and zebrafish
demonstrated that a lack or dysfunction of Scn5a causes abnormal cardiac structure
during development (Papadatos et al. 2002; Nuyens et al. 2001; Chopra et al. 2010).
A role for Nav1.5 in cell adhesion has also been proposed, with decreased sodium
channel function leading to impaired adhesion and consequent cardiomyopathy (see
Sect. 2.5.7) (Te Riele et al. 2017). Moreover, electrical activity-dependent stimula-
tion of pro-fibrotic factors of the transforming growth factor-β (TGFβ) pathway may
occur in the setting of sodium channel dysfunction (Leask 2007). Finally, increased
late INa associated with gain-of-function Scn5a mutations can disrupt intracellular
calcium homeostasis, not only providing a pro-arrhythmic substrate but also
predisposing to the development of fibrosis and/or hypertrophy (Lindegger et al.
2009; Remme et al. 2010). As a result, pharmacological late INa inhibition may prove
beneficial by preventing more long-term detrimental effects of intracellular calcium
overload (see Remme and Wilde 2013). Taken together, these observations are
intriguing since they imply that sodium channels not only determine electrophysio-
logical characteristics of the myocardium but also exert as yet unknown regulatory
effects on myocardial structure and function. While different types of SCN5A
mutations (gain- versus loss-of-function) may lead to structural abnormalities
through various mechanisms, the end result is similar, i.e., an increased propensity
for cardiac arrhythmias.

2.8.3 Functional Relevance of “Neuronal” Sodium Channels
in the Heart

It is now increasingly recognized that other sodium channel isoforms besides
SCN5A/Nav1.5 are also expressed in the heart and/or cardiomyocytes. These
isoforms (SCN1A/Nav1.1, SCN2A/Nav1.2, SCN3A/Nav1.3, SCN8A/Nav1.6,
SCN9A/Nav1.7, and SCN10A/Nav1.8) are often designated “neuronal” sodium
channels due to their enrichment in central and peripheral neuronal tissues. The
majority of these channels display different current kinetics and increased TTX
sensitivity compared to Nav1.5 and have been shown to be differentially regulated
during pressure overload (Brette and Orchard 2006; Xi et al. 2009). TTX-sensitive,
neuronal-type sodium channels comprise approximately 10% of total INa in
cardiomyocytes (Brette and Orchard 2006; Haufe et al. 2005) and are mostly
found at the lateral membrane region within t-tubuli (Verkerk et al. 2007; Lin
et al. 2011). The functional relevance of these neuronal channels in cardiomyocytes
is not yet fully understood, but they are thought to be involved in t-tubular transmis-
sion of the action potential to the myocyte interior, intracellular calcium homeosta-
sis, and excitation–contraction coupling (Maier et al. 2002; Noujaim et al. 2012;
Torres et al. 2010; Westenbroek et al. 2013). Furthermore, TTX-sensitive sodium
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channels may underlie, at least in part, the increased late INa observed during
pathophysiological conditions (Xi et al. 2009; Mishra et al. 2015). A recent study
furthermore demonstrated that Nav1.6 upregulation was associated with
pro-arrhythmic intracellular sodium–calcium dysregulation and that pharmacologi-
cal Nav1.6 inhibition had anti-arrhythmic effects (Radwański et al. 2016). Clinically,
mutations in neuronal sodium channels are associated with epilepsy, but cardiac
arrhythmias have only been infrequently reported in disease models (Frasier et al.
2016; Kalume et al. 2013). Hence, the relevance of these channels in inherited
arrhythmia syndromes is still largely unclear.

2.9 Conclusions and Future Directions

The last two decades has seen a tremendous increase in our knowledge on inherited
sodium channel (dys)function and its consequences for cardiac electrophysiology
and arrhythmogenesis, in part driven by the advancement of available technologies.
Traditionally, heterologous expression systems have been used to study the biophys-
ical properties of SCN5A mutations and correlate them to the clinical disease
phenotype. However, results obtained in such cell lines may not always be represen-
tative of the situation in the cardiomyocyte environment, as evidenced by findings
from a number of transgenic mouse studies (Remme et al. 2006; Watanabe et al.
2011). Additionally, cardiomyocytes derived from human-induced pluripotent stem
cells (hiPSC) have proven useful for studying the consequences of mutations in a
more physiological environment (see also Chap. 15) (Casini et al. 2017). We and
others have shown that hiPSC-derived cardiomyocytes from human SCN5A muta-
tion carriers and Scn5a transgenic mice recapitulate the disease phenotype (Davis
et al. 2012; Malan et al. 2011; Terrenoire et al. 2013). Moreover, they appear suitable
for the investigation of patient- and disease-specific pharmacology and provide a
tool for studying the role of genetic background (Portero et al. 2017; Casini et al.
2017). Nevertheless, in vivo, ex vivo, and in vitro studies in transgenic mouse
models will remain important for the assessment of the differential effects of sodium
channel defects in different regions and cell types of the heart, as well as investiga-
tion of disease progression and development of structural abnormalities with age
(see also Chap. 16). Ongoing and future studies, aimed at identifying novel
components and functions of the sodium channel macromolecular complex, will
benefit greatly from new molecular, imaging, and patch-clamp techniques which
have recently become available to the field (see also Chap. 14). Such studies are
expected to provide new targets for genetic screening and/or future development of
therapeutic strategies for sodium channel (dys)function. Continued identification of
mutations in known and novel genes in patients with inherited arrhythmia
syndromes remains crucial (Bezzina et al. 2013; Veerman et al. 2017). Here,
combining genetic and population studies such as GWAS with molecular and
functional studies in animals and cell systems will help identify and prioritize
novel genes and pathways potentially relevant for cardiac electrophysiology
(Scicluna et al. 2011; Kolder et al. 2012; Lodder et al. 2012). In addition, identifying
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genetic variants modulating cardiac conduction and/or repolarization will ultimately
facilitate risk stratification in patients. As such, combined clinical, genetic, and
translational studies should ultimately improve diagnosis, treatment, and outcome
in patients with cardiac sodium channelopathy.
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Potassium Channels in the Heart 3
Morten B. Thomsen

Abstract
Ionic currents over the plasma membrane through channels are the cornerstone of
excitable cells. Human cardiomyocytes are excitable and continuously cycle
between a depolarized and a repolarized state every second throughout human
life, initiating and coordinating cardiac pump function. Ion channels selective for
potassium (K+) critically participate in cellular repolarization and contribute to
stabilizing the diastolic membrane potential, thus shaping the cardiac action
potential. Four different subfamilies of potassium channels are present in the
heart: small conductance, calcium-activated potassium channels (SK or KCa2),
inwardly rectifying potassium channels (Kir), two-pore-domain potassium
channels (K2P), and voltage-gated potassium channels (KV). In the present
review, the structure and biophysical function of these cardiac potassium ion
channels are reviewed. Moreover, rectification, inactivation, and current depen-
dency on the extracellular potassium concentration are explained.

3.1 Introduction

The largest subfamily of ion channels comprises the potassium (K+) channels. They
modulate cellular excitability and action potential morphology throughout the body
controlling diverse functions like endocrine, neuronal, and muscular activity.
Depending on the membrane potential and the chemical concentration gradient of
potassium, the ions will flow into or out of the cell. In the heart, potassium currents
are predominantly outward, thus contributing to cardiac repolarization. There are
four main classes of potassium channels, based on structure and function. Channels
from all these four classes are expressed in the heart (Table 3.1).

M. B. Thomsen (*)
Department of Biomedical Sciences, University of Copenhagen, Copenhagen, Denmark
e-mail: mbthom@sund.ku.dk

# Springer International Publishing AG, part of Springer Nature 2018
D. Thomas, C. A. Remme (eds.), Channelopathies in Heart Disease, Cardiac and
Vascular Biology 6, https://doi.org/10.1007/978-3-319-77812-9_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77812-9_3&domain=pdf
mailto:mbthom@sund.ku.dk


The calcium-activated potassium channels (KCa) open upon a rise in the intracel-
lular calcium. In humans, they are divided into three groups based on the conduc-
tance of the single, isolated channel: big, intermediate, and small conductance
calcium-activated potassium channels. Only the small conductance potassium
currents (SK) are found in the plasma membrane of cardiomyocytes.

The inwardly rectifying potassium channels (Kir) govern three important currents
in the heart: the constitutively active, inward rectifier current (IK1), the G-protein
activated potassium current modulated by acetylcholine (IK,ACh), and the
ATP-sensitive potassium current (IK,ATP). Common among them is the inward
rectification, which is a strong voltage-dependent reduction in channel conductance
upon membrane depolarization. The inward current at membrane potentials negative
to the reversal potential dominates the current traces, and this is why the family of
ion channels has been named inward rectifiers. Notwithstanding, it is the
repolarizing, outward current in a narrow window of membrane potentials positive
to the reversal potential that is important in adjusting action potential waveform in
the heart.

We are only beginning to understand the physiological functions of the cardiac
two-pore-domain potassium channels (K2P). Heterologous expression produces

Table 3.1 Overview of the cardiac potassium channels based on the classifications of the
International Union of Basic and Clinical Pharmacology (IUPHAR)

Pore-
forming
protein Gene

Other
names Current Recommended reviews

Calcium-activated potassium channels Wei et al. (2005) and Dong et al.
(2016)

KCa2.1–2.3 KCNN1–3 SK1–3 IKCa
Inwardly rectifying potassium channels Anumonwo and Lopatin (2010) and

Kubo et al. (2005)

Kir2.1–2.3 KCNJ2,
KCNJ12 and
KCNJ4

IK1

Kir3.1 and
3.4

KCNJ3
and�5

GIRK1
and�4

IK,ach

Kir6.2 KCNJ11 IK,ATP Zhang et al. (2010)

Two-pore-domain potassium channels Schmidt et al. (2014), Goldstein et al.
(2001, 2005) and Decher et al. (2015)

K2P2.1 KCNK2 TREK-1

K2P3.1 KCNK3 TASK-1

Voltage-gated potassium channels Gutman et al. (2005)

KV1.4 KCNA4 Ito,slow Patel and Campbell (2005)

KV1.5 KCNA5 IKur Ravens and Wettwer (2011)

KV4.3 KCND3 Ito,fast Niwa and Nerbonne (2010)

KV7.1 KCNQ1 KvLQT1 IKs Liin et al. (2015)

KV11.1 KCNH2 HERG IKr Vandenberg et al. (2012)
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instantaneous, non-inactivating potassium currents with little to no voltage depen-
dence. Thus, these currents are often regarded as background or leak currents;
however, together with the KCa cannels, they may be tomorrow’s targets in antiar-
rhythmic drug therapy.

By far the largest body of electrophysiological studies has been performed on the
voltage-gated potassium channels (KV), which encompass at least five species in the
heart. These channels activate upon membrane depolarization and with different
current kinetics modulate the amplitude and the duration of the cardiac action
potential. Two broad classes of voltage-gated potassium channels can be distin-
guished in the heart: the transient outward currents and delayed, outward rectifying
potassium channels. The transient currents activate rapidly and underlie the notch of
the human action potential, whereas the delayed currents contribute significantly to
the repolarization phase.

Many expression studies have shown the presence of a given potassium channel
gene product in cardiac tissue and continued to describe the current in heterologous
expression systems. This type of study carries the inherent caveat that the potassium
channel may display very different function in the natural environment of the heart.
The native current in the cardiomyocyte is not only a function of the α-subunit but
also depends on whether the native channels are formed by four identical α-subunits
(homotetramers) or several different α-subunits (heterotetramers). Moreover, post-
translational modification of the ion channel and molecular interaction partners, in
particular, auxiliary or accessory “β”-subunits, significantly affects the current.
Hence, Table 3.1 is clearly a simplification: the native current generated by a
given α-subunit may have different characteristics in the heart dependent on
modifications and molecular partners, which result in a large variation in current
appearance based on location within the heart and on potential cardiac remodeling
(Nerbonne and Kass 2005). Consequently, this review will include description of
auxiliary subunits only to a small degree. Rather, the following will be an overview
of the four classes of potassium channels, their structure, and function in relation to
the heart. Excellent reviews in this series will cover diseases related to potassium
channelopathies, which will thus only be touched upon here when the association to
clinical arrhythmia is strong.

3.2 Calcium-Activated Potassium Channels

Small conductance, calcium-activated potassium channels (KCa2.1–2.3) are located
in the plasma membrane of the cardiomyocytes. The channel is composed of homo-
or heterotetramers of KCa2 proteins, each having six transmembrane domains and a
pore region (Fig. 3.1; Berkefeld et al. 2010). Moreover, reports of big conductance,
calcium-activated potassium channels (KCa1.1 encoded by KCNMA1) in the cardiac
mitochondrial membranes are available (Xu et al. 2002), and they may be important
during recovery from ischemic episodes (Soltysinska et al. 2014).

Despite sharing the six transmembrane domain topology with the voltage-gated
potassium channels, the KCa2 protein completely lacks a voltage sensor. Consequently,
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the small conductance, calcium-activated potassium channels are voltage independent,
and channel gating is solely regulated by intracellular calcium. Upon cellular depolari-
zation, the L-type calcium channel activates and increases the calcium concentration in
the intracellular, subsarcolemmal microdomain. The nearby KCa2 channel constitu-
tively binds to the calcium-binding protein calmodulin, and the increased calcium
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Fig. 3.1 KCa2. A. Membrane topology of KCa2 with six transmembrane domains and one pore-
lining segment. The blue dumbbell structure represents the calcium-sensing subunit, calmodulin.
Four KCa2 proteins assemble to form a functional channel. Green areas symbolize the plasma
membrane; extracellular side is upward. B. Stylized current responses to a square voltage command
(left) as used in many experimental settings and during an action potential [right (Berkefeld et al.
2010)]. The current is very small in the absence of calcium (blue and green traces) but becomes
significant when the calcium concentration raises above ~0.2 μM. C. Stylized graph showing the
relationship between membrane voltage and the current amplitude after activation. In these
examples, the graphs have reversal potential (when the current is zero) at 0 mV, indicating that
the experiments were performed under conditions where internal and external potassium
concentrations are identical (Grunnet et al. 2001)
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concentration opens the KCa2 channel and allows a potassium efflux, which contributes
to repolarization of the cardiomyocyte. This repolarization feeds back to the calcium
channel that inactivates in a voltage-dependent manner. Accordingly, KCa2 channels
limit the calcium transient and thereby modulate the excitation-contraction coupling
(Berkefeld et al. 2010). It appears that the calcium channel and the KCa2 channels may
even be physically coupled in the cardiomyocytes (Lu et al. 2007; Wang et al. 1999a).

KCa2 channels are predominantly expressed in atrial cardiomyocytes, and it was
suggested that ligands for these channels might offer a unique therapeutic opportu-
nity to modify atrial cells without interfering with ventricular myocytes (Tuteja et al.
2005). KCa2.2 knockout in mice prolongs action potentials in atrial cardiomyocytes
and increases the vulnerability to atrial arrhythmias (Li et al. 2009), and KCa2
channels were shown to be involved in pro-arrhythmic remodeling in myocardial
sleeves in rabbit pulmonary veins, a frequent site for triggering atrial fibrillation
(Ozgen et al. 2007). Moreover, KCa2.2 and KCa2.3 are present in human atria, their
function is reduced in chronic atrial fibrillation (Skibsbye et al. 2014), and they
become upregulated in the ventricles during heart failure (Chang et al. 2013; Bonilla
et al. 2014). Notwithstanding, it is still debated whether KCa2 channels significantly
affect the morphology of the action potential, as reviewed elsewhere (Ravens and
Odening 2017).

3.3 Inwardly Rectifying Potassium Channels

The inwardly rectifying potassium channels are tetramers of α-subunits each with
only two transmembrane domains. Four Kir2.1 subunits assemble to form the
important IK1 that contributes to final repolarization of the ventricular action poten-
tial and is important in ensuring a stable resting membrane potential. Kir3.1 and 3.4
constitute IK,ACh, another strong inward rectifier, exclusively found in atrial tissue
including the sinus node. The current is activated by acetylcholine, which makes the
activity of the channel closely coupled to the activity of the parasympathetic branch
of the autonomic nervous system. Kir6.2 is the ATP-sensitive potassium channel that
shows weaker rectification compared to the other two Kir channels (Anumonwo and
Lopatin 2010).

These channels are potassium selective, but do not have a voltage sensor. Kir2.1 is
open at all times, whereas Kir3 opens after stimulation with acetylcholine and Kir6.2
is modulated by adenosine mono- and triphosphates (AMP and ATP). The inward
rectification is very clear for Kir2 and Kir3, where large potassium current flows into
the cell at membrane potentials negative of the equilibrium potential; however often
overlooked is the smaller but physiologically very significant repolarizing current
flowing at potentials directly positive to the reversal potential. Cells with large
activity of Kir channels are expected to have a resting membrane potential close to
the reversal potential of potassium and show very few spontaneous action potentials
(Hibino et al. 2010).
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3.3.1 Kir2

The Kir2 family consists of Kir2.1–2.4, and it appears that Kir2.1 is the main component
of ventricular IK1, whereas Kir2.3 is predominant in the atria (Melnyk et al. 2002).
There is no voltage-sensitive gating of the channel. More inward current flows in a
voltage-dependent manner, when membrane potentials are below the equilibrium
potential for potassium (Fig. 3.2), but this is solely due to increased driving force
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Fig. 3.2 Kir2. A.Membrane topology of Kir2 with two transmembrane domains and one pore-lining
segment. Four Kir2 proteins assemble to form a functional channel. Green areas symbolize the
plasma membrane; extracellular side is upward. B. Stylized current responses to a square voltage
command (left) as used in many experimental settings and during an action potential [right
(Anumonwo and Lopatin 2010; Thomsen et al. 2009a)]. Changing the membrane potential, e.g.,
from 0 mV to�100 mV, generates a large inward current via Kir2 (blue trace). During the last phases
of the action potential, Kir2 contributes to repolarization when the membrane potential is negative. At
the resting membrane potential, no net current flows through the channel, because the electrochemi-
cal gradients for potassium are in equilibrium. However, the channel is open. C. Stylized graph
showing the relationship between membrane voltage and the current amplitude after activation.
Block of outward current, predominantly by intracellular spermine, causes inward rectification: a
strong voltage-dependent reduction in channel conductance upon membrane depolarization
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pulling potassium ions down its electrochemical gradient (Kubo et al. 1993). The
channel is only partly selective to potassium ions, and outward current is
“contaminated” by magnesium ions and spermine that will block the channel inside
the pore (Fakler et al. 1995). This is the mechanism behind the inward rectification—a
large voltage-dependent reduction in channel conductance when the membrane
becomes more positive: inward current flows freely, but outward current causes channel
block (Anumonwo and Lopatin 2010). The physiological consequence is that when the
membrane potential is positive to about �20 mV, which is during most of the action
potential, there is no IK1. When the cell repolarizes and the membrane potential reaches
about �40 mV, Kir2.1 is released from spermine/Mg2+ block, and IK1 contributes to
final repolarization.

Kir2.1 is open during diastole and keeps a constant resting membrane potential. It
follows that IK1 is very small during diastole, when the membrane potential is close
to the equilibrium potential of potassium (Nichols et al. 1996). The sinus node of the
heart has very little expression of Kir2.1, which is in part reflected on the unstable
diastolic membrane potential in the nodal cells. IK1 is suppressed by adrenergic
stimulation, especially the inward component (Koumi et al. 1995a, b). Barium ions
effectively block the channel reducing both inward and outward current amplitudes
(Tamargo et al. 2004).

Congenital loss-of-function mutations in Kir2.1 cause Andersen’s syndrome.
These families with reduced or no Kir2.1 have delayed cardiac repolarization,
extrasystoles, tachycardia, syncopes, and torsades de pointes arrhythmias, alongside
dysmorphic features and periodic paralysis (Plaster et al. 2001). Gain-of-function
mutations cause accelerated repolarization manifested as augmented outward current
amplitude and short T waves on the electrocardiogram (Priori et al. 2005).

3.3.2 Kir3.1 and Kir3.4

The channel governing IK,ACh is a heteromeric assembly of Kir3.1 and Kir3.4 [Fig. 3.3
(Anumonwo and Lopatin 2010)]. The channel complex shows a weaker rectification
than Kir2.1, and its localization in the heart is almost opposite of Kir2.1: Kir3 is highly
expressed in the atria (Calloe et al. 2013), including the sinoatrial and atrioventricular
nodes (Sakmann et al. 1983). Significant IK,ACh is produced only when the parasympa-
thetic branch of the autonomic nervous system is activated and releases the neurotrans-
mitter acetylcholine from postsynaptic nerve terminals in the atrial wall, including the
sinoatrial and atrioventricular nodes. Acetylcholine binds to muscarinic receptors
(type 2), and this causes dissociation of G proteins at the intracellular side of the plasma
membrane. The β-γ-subunits of the G protein activate the Kir3.1/4 heteromer via direct
biochemical association (Logothetis et al. 1987). This increased IK,ACh contributes to
repolarization of the nodal action potential reducing the speed of spontaneous depolari-
zation in phase 4 and making the maximal diastolic potential more negative. This
reduces heart rate and increases atrioventricular conduction time. In the non-nodal atrial
cardiomyocyte, acetylcholine abbreviates the action potential. The mechanism of
rectification is comparable to that of Kir2 (Hibino et al. 2010).
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3.3.3 Kir6.2

Assembly of four Kir6.2 and four accessory ATP-binding sulfonylurea receptor
proteins (SUR2A) makes the ATP-sensitive potassium channel. The resulting cur-
rent (IK,ATP) is inhibited by intracellular ATP and activated by AMP and ADP in a
rather complex manner that is presently not completely understood (Zhang et al.
2010); however, it is clear that this current provides a link to cellular metabolism in
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Fig. 3.3 Kir3. A. Membrane topology of Kir3 with two transmembrane domains and one pore-
lining segment. Four Kir3 proteins assemble to form a functional channel. Green areas symbolize
the plasma membrane; extracellular side is upward. B. Stylized current responses to a square
voltage command (left) as used in many experimental settings and during an action potential
[right (Calloe et al. 2013)]. In the absence of acetylcholine (ACh), the current is very small;
however, it increases upon stimulation of muscarinic receptors. A depolarizing square pulse, e.g.,
from 0 mV to �100 mV, in the presence of acetylcholine, gives a large inward potassium current
through Kir3 (orange trace). During an action potential, the acetylcholine-activated repolarizing
outward current is more prominent, and this contributes to faster repolarization of the membrane
(red trace), which will shorten the action potential. C. Stylized graph showing the relationship
between membrane voltage and the current amplitude. In the presence of acetylcholine, the current
amplitude is significant and shows strong inward rectification
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many cell types, including vascular smooth muscle, skeletal muscle, and the heart.
Under normal conditions, the current is negligible, but under ischemic or hypoxic
conditions, the current is rather large and contributes significantly to action potential
shortening. Kir6 shows weaker inward rectification compared to Kir2 and Kir3. The
single channel conductance of Kir6 is large, compared to Kir2 and KV channels, and
activation of only a few channels is required for markedly augmenting repolarization
(Zhang et al. 2010). Most electrophysiological experiments testing the function of
Kir6.2 use single-channel recordings in conditions where the potassium
concentrations are equal inside and outside the membrane patch. Since the channel
is not voltage gated, potassium ions flow according to the electrical gradient, and
serial application of AMP, ADP, or ATP to open or close the channel, respectively,
is used to describe channel kinetics. Classical drugs that increase IK,ATP include
pinacidil and cromakalim, whereas glibenclamide is a potent channel antagonist
(Tamargo et al. 2004).

3.4 Two-Pore-Domain Potassium Channels

The two-pore-domain potassium channels are dimers of proteins with four trans-
membrane domains each (Fig. 3.4). The subunits are characterized by having two
separate poor-forming loop domains that assemble to form a single transmembrane
pore in the dimer (Schmidt et al. 2014). Hence, one K2P subunit can be viewed as
two fused Kir subunits. The current flowing through the K2P channel is instanta-
neous, non-inactivating, and the channel gating is voltage independent. Thus, the
channel is in its open state before any change in voltage and is ready to pass
potassium ions immediately. At least 15 different K2P channels have been identified
in the genome (Ravens and Odening 2017; Yu and Catterall 2004), but it appears
that only K2P2.1 and K2P3.1 have a physiological relevance in the heart (Schmidt
et al. 2014). The channels are controlled by multiple physiological factors, including
oxygen, pH, arachidonic acid, mechanical stretch, neurotransmitters, G-coupled
proteins, and protein kinases (Goldstein et al. 2001). In addition, the channels are
sensitive to volatile anesthetics (Tamargo et al. 2004; Goldstein et al. 2005). Initially,
the current was termed a “leak” or “background” current; however, it is now clear
that this current is highly regulated, and its ubiquitous expression suggests many
important physiological functions.

Under physiological conditions with a high intracellular potassium concentration,
the K2P channels pass currents only in the outward direction; however, in experi-
mental settings of symmetric potassium concentration inside and outside of the cell,
there is a linear current-voltage relationship. This characteristic is called open,
outward rectification and is different from the modes of Kir and KV-channel rectifi-
cation. The open, outward rectification derives from the unequal potassium concen-
tration across the cell membrane, which makes outward current flow more likely
(Goldstein et al. 2001). A background conductance of potassium implies that the
channels contribute to stabilizing the resting membrane potential close the equilib-
rium potential of potassium. Moreover, open channels will shorten the action
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Fig. 3.4 K2P2.1 and K2P3.1. A. Membrane topology of K2P2.1 or K2P3.1 with four transmembrane
domains and two pore-lining segments. Two K2P2.1 and K2P3.1 proteins assemble to form a
functional channel. Green areas symbolize the plasma membrane; extracellular side is upward.
B. Stylized current responses to a square voltage command [left, from Goldstein et al. (2001)] as
used in many experimental settings and during an action potential (right). The current flowing
through the K2P channel is instantaneous, non-inactivating, and the channel gating is voltage
independent. As membrane voltage is changed, the electrochemical gradient for potassium ions is
altered, which causes an instantaneous change in the recorded current. C. Stylized graph showing
the relationship between membrane voltage and the current amplitude. As the channel does not have
any gating (activation, rectification, etc.), the current-voltage relationship is linear. If the internal
and external potassium concentrations were identical, the graph would cross the voltage axis at a
reversal potential of 0 mV (e.g., Fig. 3.1). Here, the changes in ionic current as a function of
membrane voltage is illustrated with more physiological potassium concentrations inside and
outside the membrane, and the voltage of no current will be more negative (Goldstein et al. 2001)
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potential, potentially suppress afterdepolarizations, and improve the availability of
voltage-gated sodium channels (Goldstein et al. 2001).

The K2P channels should not be confused with the “two-pore channels” that are
cation-selective ion channels, which appear not to be expressed in the heart
(Ishibashi et al. 2000). The protein is made up of two KV-like six transmembrane
domain proteins arranged in series in a single amino acid chain that assembles as
dimers in the plasma membrane. Regardless of the name, these channels do not have
two separate ion-conducting pores (Ishibashi et al. 2000).

3.4.1 K2P2.1

The K2P2.1 protein is expressed in both human atria and ventricle (Ellinghaus et al.
2005; Gaborit et al. 2007) and was originally named after the “tandem of pore
domains in a weak inward rectifying potassium channel (TWIK)” as “TWIK-related
channel 1 (TREK-1).” The expression of the KCNK2 gene encoding K2P2.1 is
reduced in humans and animal models with atrial fibrillation, and overexpression
of K2P2.1 appears to keep animals in sinus rhythm despite aggressive pacing to
induce atrial fibrillation (Lugenbiel et al. 2017). K2P2.1

�/� mice are resistant to
anesthesia by volatile anesthetics and appear to have increased sensitivity to brain
and spinal cord ischemic injuries (Heurteaux et al. 2004). Cardiac-specific deletion
of K2P2.1 results in moderate bradycardia and abnormal sinus node excitability
during exercise and stress (Unudurthi et al. 2016).

3.4.2 K2P3.1

The K2P3.1 channel appears to be more expressed in the human atria than ventricle
(Ellinghaus et al. 2005; Gaborit et al. 2007), which has led to suggestions of using this
channel as a target for the treatment of atrial arrhythmias (Schmidt et al. 2014).
Formerly named “TWIK-related acid-sensitive potassium channel 1 (TASK-1),” the
K2P3.1 channel is blocked by extracellular protons (Lopes et al. 2000). Block of K2P3.1
would theoretically prolong action potential duration and refractoriness primarily in the
atria, which provides a safe and reasonably effective manner of converting atrial
fibrillation to sinus rhythm. K2P3.1 is expressed in both atria and ventricles in rodents,
and genetic deletion of K2P3.1 results in delayed repolarization in mice (Donner et al.
2011; Decher et al. 2011). Atrial fibrillation is associated with an upregulation of
K2P3.1 expression, which would contribute to the shortened action potential seen in
this disease and thus present us with a potential drug target (Schmidt et al. 2015;
Wiedmann et al. 2016). K2P9.1 proteins (encoded by KCNK9) form TASK-3 channels,
and K2P3.1 and K2P9.1 may form heterodimers with unique electrophysiological
properties in vivo (Ravens and Odening 2017; Rinne et al. 2015).
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3.5 Voltage-Gated Potassium Channels

The voltage-gated potassium channels (KV) make up a large and diverse class of ion
channels with 12 subgroups identified to date (Gutman et al. 2005). The KV’s are
tetramers of α-subunits each with six transmembrane domains and cytosolic C- and
N-termini (Snyders 1999). The cardiac action potential is influenced by KV1.4,
KV1.5, KV4.3, KV7.1, and KV11.1, whereas the cardiac expression and function of
the KV2 and KV3 families are presently debated.

The first four transmembrane segments (S1–4) of the KV form the voltage sensor.
Basic residues in the fourth segment hold a number of positive charges, which make
the segment move outward upon membrane depolarization. This causes a conforma-
tional change of the S1–4 segments that opens the central pore. This process is
termed channel activation. Movement of the S4 can be detected electrically as the
gating current (Freites et al. 2012), whereas the channel current is flow of potassium
through the pore. Key amino acids lining the pore of the channel constitute the
selectivity filter, where interactions between potassium ions and water are broken in
a process that allows only potassium to be carried through the channel (Kurata and
Fedida 2006).

The kinetic properties of the individual KV channels and the membrane voltage
determine the likelihood of having the channel in an activated (open), inactivated
(closed), or deactivated (closed) state. The activated channel allows potassium ions
to flow through its central pore according to the electrochemical gradient of potas-
sium. After initial activation, some KV channels inactivate. This is a nonconducting
conformational state of the protein that is predominant at prolonged depolarization
(Gutman et al. 2005; Snyders 1999), and it is clearly distinct from a deactivated
channel (Kurata and Fedida 2006). If a channel has reached a state of inactivation, it
takes time and membrane repolarization before the channel can recover and enter a
closed or open state. Transitions between channel states are a matter of probability,
influenced by membrane voltage and time. For example, 50% of the channels
carrying the transient outward currents in murine ventricular cardiomyocytes are
inactivated after depolarization to about �30 mV for 2 s (Grubb et al. 2014). The
vast majority of the remaining 50% of the channels are open, with only a very small
fraction being closed. There are at least two distinct mechanisms of KV channel
inactivation. N-type inactivation is also termed the “ball-and-chain” inactivation,
where an N-terminal inactivation domain can access the inner cavity of the pore after
channel activation and block current flow. Mostly, the “ball” hangs on the pore-
forming subunit, but examples of ball domains on auxiliary subunits are reported
[e.g., Morales et al. (1996)]. C-type inactivation is a “collapse” of the extracellular
entrance to the channel pore near the selectivity filter, which also abruptly ends the
flow of potassium ions (Kurata and Fedida 2006). Some potassium channels have
both N- and C-type inactivation. N-type inactivation was described first, involved
the NH2 terminus of the channel protein, and hence termed “N-type”; whereas the
later-described C-type inactivation was thought to involve a particular sequence near
the COOH terminus (Rasmusson et al. 1998). Later, it was clear that C-type inacti-
vation involved many parts of the pore-forming subunit and that it was sensitive to
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the concentration of extracellular potassium (Lopez-Barneo et al. 1993). Notwith-
standing, the term “C-type” is still used to describe this type of channel inactivation.

KV-channel deactivation occurs when the membrane potential is again
repolarized. It can be a rather slow process (e.g., KV11.1) or fast (e.g., KV4.2).
The deactivated channel is ready for activation upon membrane depolarization.

The function of some KV channels is dependent on the extracellular potassium
concentration via different mechanisms. This is part of the explanation for action
potential shortening and prolongation during hyperkalemia and hypokalemia,
respectively (Weiss et al. 2017). Generally, a potassium current will increase when
the extracellular potassium concentration is reduced because the driving force for
potassium increases. Paradoxically, this is not the case for KV1, KV4, KV11, and
Kir2. Hypokalemia slows recovery from inactivation of KV1 and KV4, so less
potassium current is available during the action potential (Weiss et al. 2017; Firek
and Giles 1995). Hypokalemia also decreases KV11.1 current when the extracellular
potassium concentration decreases (Sanguinetti and Jurkiewicz 1992), because
channel inactivation is faster (Yang et al. 1997). Finally, the outward potassium
current through Kir2 is blocked by magnesium ions and spermine (see above), but
extracellular potassium ions destabilize the pore occlusion by magnesium and
spermine, which can restore outward potassium current (Nichols et al. 1996).
Hyperkalemia depolarizes the resting membrane potential because the reversal
potential of potassium becomes less negative. The shortening of the action potential
is caused primarily by increased KV11.1 and Kir currents, despite a reduced driving
force of potassium (Weiss et al. 2017).

KV channels give rise to two broad classes of currents: the transient outward
potassium currents (Ito) and the delayed, rectifying potassium currents (IK). The
channels governing the transient outward currents (KV1.4, KV1.5, KV4.3) activate
rapidly and inactivate quite rapidly. They are important early in the cardiac action
potential, and due to their rapid activation and subsequent inactivation, they are
known as transient currents. The speed of recovery from inactivation after mem-
brane repolarization is quite different among the different Ito’s: KV4.3 has a rapid
recovery compared to, e.g., KV1.4. This property is often the best way to discrimi-
nate between the many KV currents in native cardiomyocytes that express many
different potassium channels (Grubb et al. 2014). The delayed, rectifying potassium
channels (KV7.1, KV11.1) have various activation and inactivation kinetics depen-
dent on the channel. The name “inward rectifier” was given at the time when the
two current components were not yet distinguished; however, we now know that
only KV11.1 shows this characteristic. Via different molecular mechanisms, the
largest KV7.1 and KV11.1 currents appear late in the action potential—hence
“delayed currents.”

3.5.1 KV1.4

The kinetic characteristic of KV1.4 is fast activation and fast inactivation (Fig. 3.5);
however, in comparison to KV4 channels, recovery from inactivation after
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depolarization is slow. For this reason, the current generated by KV1.4 is likely Ito,slow
or simply Ito,s (Nerbonne and Kass 2005; London et al. 1998; Guo et al. 1999).
Cardiomyocytes disaggregated from human ventricular epicardium show an Ito that
recovers rapidly from inactivation, whereas myocytes from the endocardial layers have
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Fig. 3.5 KV1.4 and KV1.5. A. Membrane topology of KV1.4 or KV1.5 with six transmembrane
domains and one pore-lining segment. The voltage-sensing domain is indicated by plusses. Four
KV1.4 or KV1.5 proteins assemble to form a functional channel. Green areas symbolize the plasma
membrane; extracellular side is upward. B. Stylized current responses to a square voltage command
(left) as used in many experimental settings and during an action potential (right). The channels will
activate upon a depolarizing change in membrane voltage and begin to inactivate, if the membrane
is kept depolarized. When the membrane is repolarized, the channel deactivates. The main differ-
ence between KV1 and KV4 (Fig. 3.6) is the slow recovery from inactivation for KV1, which is not
illustrated on this schematic representation. C. Stylized graph showing the relationship between
membrane voltage and the peak current amplitude (arrow in panel B). The channels are voltage
gated, so they activate (i.e., open) at membrane potentials positive to around ��20 mV. At
potentials negative to ��20 mV, the channels are deactivated (i.e., closed)
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smaller and predominantly a slower recovering Ito (Wettwer et al. 1994; Nabauer et al.
1996), suggesting that KV1.4 provides the transient outward potassium current in the
endocardium (Niwa and Nerbonne 2010). In support, there is a transmural gradient of
KV1.4 mRNA and protein with large expression endocardially (Gaborit et al. 2010),
which is in opposite direction of the Ito,f gradient which is largest epicardially (see
below). KV1.4 does not appear to hold a role in human atrial electrophysiology (Wang
et al. 1999b). Currents from septal cardiomyocytes fromKV1.4

�/�mice lack the slowly
inactivating component of Ito, providing further support that KV1.4 underlies Ito,s (Guo
et al. 1999). Moreover, KV1.4 and Ito,s are both upregulated in transgenic mice
expressing a dominant negative isoform of that KV4.2, and when the transgene is
expressed in KV1.4

�/� mice, both Ito,f and Ito,s are eliminated (Guo et al. 2000). Based
on these experiments, it seems reasonable to suggest that KV1.4 underlies Ito,s; however
there are no specific pharmacological blockers available, limiting the basis of these
conclusions to extrapolations from transgenic mice.

3.5.2 KV1.5

The human ultrarapidly activating potassium current IKur has received considerable
interest since it contributes to atrial but not to ventricular repolarization. By blocking
this current, atrial-selective pharmacological treatment of atrial fibrillation may be
achieved. The murine IK,slow1 appears indistinguishable from human IKur; however,
the murine current is not restricted to the atria. It seems reasonable to accept that both
IK,slow1 and IKur are governed by KV1.5 (Feng et al. 1997). The first description of the
KV1.5 was a current that activated very rapidly at positive membrane potentials and
that only inactivated partially (Snyders et al. 1993). In cardiomyocytes at physiolog-
ical temperatures, IKur inactivates more completely, but activation is still fast
(Fig. 3.5) (Ravens and Wettwer 2011).

Congenital loss-of-KV1.5 function leads to action potential prolongation and
triggered activity of the atria and presumably to atrial fibrillation (Olson et al.
2006). From a mechanistic point of view, this seems at odds with a general
acceptance of action potential shortening leading to atrial fibrillation (Chen et al.
2003; Wijffels et al. 1995). Moreover, several pharmaceutical companies have
pursued development of selective IKur blockers for treatment of atrial fibrillation,
which would be without the potential of ventricular pro-arrhythmia associated with
drugs that block currents that are expressed in both atria and ventricles. Nevertheless,
atrial fibrillation causes an electrical remodeling of the atria that includes a
downregulation of KV1.5 and a different action potential morphology, which
could explain the unsuccessful clinical trials using these drugs for treatment for
atrial fibrillation (Ravens and Wettwer 2011).

3.5.3 KV4.2 and KV4.3

The pore-forming subunit of Ito,f is either KV4.2 or KV4.3, dependent on species. In
rodents, both proteins contribute to native Ito,f in cardiomyocytes (Niwa and
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Nerbonne 2010), whereas KV4.3 seems to be the only isoform in human hearts
(Bertaso et al. 2002). Both KV4.2 and KV4.3 interact with several subunits like
KChIP2 and DPP6 or DDP10, and these auxiliary proteins are necessary for
generating the native current (Grubb et al. 2014, 2015; Thomsen et al. 2009a;
Radicke et al. 2005). KV4.2 and KV4.3 are characterized by a fast recovery from
inactivation, in addition to their fast activation and fast inactivation (Fig. 3.6). KV4.2
appears to have slightly faster inactivation and recovery from inactivation than
KV4.3 (Guo et al. 2002; Liu et al. 2015).

The importance of the KV4 channel-interacting protein 2 (KChIP2) in generating
Ito,f is evident from the several independent reports of loss of Ito,f after genetic
deletion of KChIP2 in mice (Grubb et al. 2014; Thomsen et al. 2009a; Foeger
et al. 2013; Kuo et al. 2001). KChIP2 increases KV4.2 and KV4.3 current density
by facilitating molecular trafficking of the pore-forming subunit to the plasma
membrane, and once there, KChIP2 slows inactivation and accelerates recovery
from inactivation (An et al. 2000; Lundby et al. 2010; Grubb et al. 2012). There
are four isoforms of KChIPs in the brain (KChIP1–4), but only KChIP2 is expressed
in the heart. It is a calcium-sensing protein (An et al. 2000; Grubb et al. 2012);
however, calcium binding does not appear to be required for dynamic regulation of
the KV4 channel (An et al. 2000). KChIP2 does not affect other KV channels, but
modulation of CaV1.2, the cardiac calcium channel, has been shown (Grubb et al.
2015; Foeger et al. 2013; Thomsen et al. 2009b, c). KChIP3 is a transcriptional
repressor in the brain, where it translocates from the cytosol to the nucleus upon a
raise in cytosolic calcium levels (Ronkainen et al. 2011; Carrion et al. 1999);
however, this transcriptional activity is not preserved by KChIP2 in the heart
(Winther et al. 2016).

Diaminopeptidyl transferase-like proteins (DPP) are large transmembrane,
heavily glucosylated accessory subunits of the KV4 channels that modulate the
voltage dependence of channel kinetics (Radicke et al. 2005). Interestingly, it has
been suggested that DPP6 has an important role in generating Ito,f in Purkinje cells
and that KChIP2 has a smaller role here. Instead, a neuronal calcium sensor was
found pivotal for DPP6 modulation in Purkinje cells (Xiao et al. 2013).

The transient outward currents, especially Ito,f, have an important function in the
heart by determining the amplitude of the early phase 1 repolarization. It sets the
membrane potential at which the inward calcium current activates and thus
modulates the timing and the amplitude of the trigger of calcium-induced calcium
release and cardiac contraction (Sah et al. 2003; Cordeiro et al. 2016). In larger
mammals, e.g., humans, gradients in phase 1 repolarization across the heart confer
synchronization, and augmentation of the cellular calcium release events to coordi-
nate a simultaneous contraction. Loss of early repolarization, as occurs in heart
failure, attenuates the sarcolemmal calcium current, desynchronizes cellular calcium
release, and contributes to the inefficient pump function of the ventricle. In rodents
with shorter action potentials, where Ito,f participates in the final repolarization, loss
of Ito,f leads to action potential prolongation, a longer window for cellular calcium
entry and thus a more forceful contraction (Grubb et al. 2015; Sah et al. 2003;
Speerschneider et al. 2013). In canines and humans, there is a KChIP2 gradient
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across the ventricular wall, with largest expression in the epicardial layers,
suggesting that KChIP2 underlies the transmural differences in Ito,f density (Rosati
et al. 2003, 2001; Soltysinska et al. 2009; Calloe et al. 2011). There is only a very
small transmural gradient of KChIP2 in mice, whereas a larger gradient of KV4.2
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Fig. 3.6 KV4.2 and KV4.3. A. Membrane topology of KV4.2 or KV4.3 with six transmembrane
domains and one pore-lining segment. The voltage-sensing domain is indicated by plusses. Four
KV4 proteins assemble to form a functional channel. Green areas symbolize the plasma membrane;
extracellular side is upward. The native subunits, KChIP2 (intercellular) and DPPX (extracellular),
are not included in the drawing (Pongs and Schwarz 2010). B. Stylized current responses to a square
voltage command (left) as used in many experimental settings and during an action potential [right
(Grubb et al. 2014)]. The channels will activate upon a depolarizing change in membrane voltage
and begin to inactivate rapidly, if the membrane is kept depolarized. When the membrane is
repolarized, the channel deactivates. C. Stylized graph showing the relationship between membrane
voltage and the peak current amplitude (arrow in panel B). The channels are voltage gated, so they
activate (i.e., open) at membrane potentials positive to around ~�20 mV. At potentials negative to
~�20 mV, the channels remain deactivated (i.e., closed)
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may explain larger Ito in epicardially derived murine cardiomyocytes (Teutsch et al.
2007; Brunet et al. 2004). In the mouse, left-to-right ventricular or apex-base
gradients are likely to be more important than transmural gradients (Speerschneider
et al. 2017). Nevertheless, different ion channel subunits seem to determine
transmural gradients of Ito,f in large and small mammals.

Congenital KV4.3 gain of function has been associated with atrial fibrillation,
presumably by shortening the atrial action potential and thereby increasing the risk
of reentrant circuits (Olesen et al. 2013). In addition, gain-of-function mutations in
KV4.3 is linked to Brugada syndrome via mechanisms that are not entirely clear
(Giudicessi et al. 2011). 4-Aminopyridine blocks KV4.2 with lower sensitivity
[IC50 ¼ 1–5 mM (Fiset et al. 1997; Brouillette et al. 2004)] than it blocks KV1.4
[IC50 ¼ 126 μM (Zhang et al. 1998)] and KV1.5 [IC50 ¼ 50 μM (Bouchard and
Fedida 1995)], which can be used as a crude manner of pharmacological current
dissection in cardiomyocytes. Heteropoda toxin 2 is a much more selective blocker
of KV4.2 (Sanguinetti et al. 1997) and can be used for determining Ito,f in native
cardiomyocytes (Thomsen et al. 2009a).

3.5.4 KV7.1

In 1990, Sanguinetti and Jurkiewicz were able to separate the two components of the
delayed rectifier potassium current (IK). There is a rapidly activating component, IKr,
that shows prominent inward rectification and a slowly activating component, IKs,
that does not show rectification (Sanguinetti and Jurkiewicz 1990). The pore-
forming protein subunit of IKs was initially named KvLQT1, because loss-of-func-
tion mutations in the gene cause long-QT syndrome type 1 (Sanguinetti et al. 1996;
Barhanin et al. 1996). Simultaneously, minK was identified as an obligatory acces-
sory subunit of the channel (Sanguinetti et al. 1996; Barhanin et al. 1996). Later, the
names for these proteins were changed to KV7.1 and KCNE1, respectively.

KV7.1 alone opens at potentials positive to about �20 mV and activates slowly
and shows little inactivation (Volders et al. 1999a, b). When KV7.1 is associated
with KCNE1, the current is activated at more positive membrane potentials; it
activates and deactivates slower and shows almost no inactivation (Splawski et al.
1997; Seebohm et al. 2003), which resembles the native IKs.

The slow activation in the absence of noteworthy inactivation causes a continuous
buildup of current via KV7.1 during the action potential plateau and makes this
current important during phase 3 repolarization (Fig. 3.7). Initially, controversy
existed regarding the physiological relevance of KV7.1: on one side were the
congenital long-QT syndrome patients with reduced current amplitude, who had
delayed repolarization and who were at increased risk of arrhythmias, and on the
other, cellular studies of KV7.1, where second-long depolarizations to membrane
potentials more positive than the plateau of the action potential were required for
buildup of significant current amplitude (Volders et al. 2003). When the selective
KV7.1 blockers were developed (e.g., HMR 1556 or chromanol 293B), IKs block

64 M. B. Thomsen



resulted in negligible action potential prolongation (Jost et al. 2005), in support of a
small physiological role for this current. It became clear that β-adrenergic receptor
stimulation augments the current and under such circumstances, the physiological
role of KV7.1 is clear.

When heart rate increases as a consequence of augmented sympathetic drive,
β-adrenergic receptor activation causes a phosphorylation of KV7.1, and this
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Fig. 3.7 KV7.1. A. Membrane topology of KV7.1 with six transmembrane domains and one pore-
lining segment. The voltage-sensing domain is indicated by plusses. Four KV7.1 proteins assemble
to form a functional channel. The native subunit, KCNE1, is indicated as a single transmembrane
domain protein. Green areas symbolize the plasma membrane; extracellular side is upward.
B. Stylized current responses to a square voltage command (left) as used in many experimental
settings and during an action potential [right (Volders et al. 2003; Jost et al. 2005)]. The current is
slowly activating after a depolarizing step in membrane voltage and reaches maximal activation
after several seconds [blue arrow (Sanguinetti et al. 1996)]. C. Stylized graph showing the
relationship between membrane voltage and the current amplitude (arrow in panel B). The channels
are voltage gated, so they activate (i.e., open) at membrane potentials positive to around ~�20 mV.
At potentials negative to ~�20 mV, the channels remain deactivated (i.e., closed)
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increases the current in the working cardiomyocytes (Volders et al. 2003;
Speerschneider and Thomsen 2013; Lundby et al. 2013). This in turn abbreviates
the action potential duration, ensuring a diastolic interval that is sufficient for cardiac
filling and coronary perfusion. Thus, under physiological circumstances in the
presence of a functional autonomic nervous system, KV7.1 contributes significantly
to final repolarization of the cardiac action potential.

Loss-of-function mutations in KV7.1 lead to long-QT syndrome type 1, which is
the most frequent type of the long-QT syndromes (Wang et al. 1996). The link to
physiology is exemplary, as patients with long-QT syndrome type 1 most frequently
have arrhythmic events during exercise, where the sympathetic drive increases heart
rate but fails to reduce repolarization because KV7.1 is dysfunctional (Schwartz et al.
2001).

3.5.5 KV11.1

KV11.1 is the official name for the channel governing the rapidly activating, delayed,
rectifying potassium current, IKr. The human ether-a-go-go-related gene (hERG or
ERG1), or now KCNH2, encodes the pore-forming subunit. KV11.1 is particularly
well studied for two main reasons. First, mutations in KCNH2 underlie 30–40% of
the congenital long-QT syndromes (Splawski et al. 2000). Secondly, many cardiac
and non-cardiac drugs can block KV11.1, resulting in acquired long-QT syndrome
and increased risk of lethal cardiac arrhythmias. Consequently, all new drugs have
been tested for KV11.1 block, and development of many potential drugs is
discontinued by the pharmaceutical industry due to KV11.1 affinity (Thomsen
et al. 2006a).

The KV11.1 channel activates faster than KV7.1, and so it is named the rapidly
activating component of IK (Fig. 3.8). Notwithstanding, the C-type inactivation is
much faster than channel activation, and it is voltage dependent to a large degree
(Mitcheson and Sanguinetti 1999). This gives rise to a bell-shaped current-voltage
relationship and apparent inward rectification, because the inactivation is fast and
strong at positive potentials (Perry et al. 2015). Hence, depolarization to positive
potentials opens the channel, but this is followed almost immediately by closure due
to inactivation.

There are apparent similarities between the current-voltage relationship of IK1 and
IKr due to the inward rectification of both channels; however, the mechanisms for
rectification are quite different. The inward rectification is a reduction in channel
conductance when membrane potential approaches positive values. Inward rectifica-
tion of IKr relates to the fast inactivation of the channel (Spector et al. 1996), whereas
rectification of IK1 is due to block of the channel by intracellular spermine and Mg2+

(Fakler et al. 1995).
Toward phase 3 of the action potential, when the depolarizing L-type calcium

current is inactivated and KV7.1 has built up some repolarizing current, the negative
membrane potential brings the channel out of inactivation, via the open state to
deactivation. Because the transition between the open and deactivated state is rather
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Fig. 3.8 KV11.1. A. Membrane topology of KV11.1 with six transmembrane domains and one
pore-lining segment. The voltage-sensing domain is indicated by plusses. Four KV11.1 proteins
assemble to form a functional channel. Green areas symbolize the plasma membrane; extracellular
side is upward. B. Stylized current responses to a square voltage command [left (Sanguinetti and
Jurkiewicz 1990)] as used in many experimental settings and during an action potential [right
(Gintant 2000)]. The current activates after a depolarizing step to a test potential (black arrow), and
the amplitude of the current can be determined (blue arrow). Upon instantaneous repolarization
using a square pulse, the inactivated channels deactivate via an open state that allows a “tail” current
flow that can be larger than that at the test potential. During an action potential depolarization,
KV11.1 activates but rapidly inactivates (green). During the gradual repolarization, inactivated
KV11.1 channels recover and allow current flow. C. Stylized graph showing the relationship
between membrane voltage and the current amplitude after activation. The voltage-dependent
inactivation at positive potentials results in apparent inward rectification: a strong voltage-
dependent reduction in channel conductance upon membrane depolarization
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slow, the channel is open for a considerable time, and the resulting current is large.
Hence, although the channel is activated at the beginning of the action potential, it is
toward the end of the action potential that it really becomes important (Perry et al.
2015; Gintant 2000).

As previously stated, the KV11.1 channel has a rich pharmacology. Classical IKr
blockers, like D-sotalol, dofetilide, and E-4031, potently inhibit current flow
(Tamargo et al. 2004), thereby prolonging the plateau phase of the action potential
and the refractory period. By prolonging the refractory period, the drugs can in
theory prevent ventricular and supraventricular arrhythmias (Kober et al. 2000),
although treatment is often associated with increased mortality presumably due to
ventricular pro-arrhythmia (Waldo et al. 1996). Excessive prolongation of the action
potential can induce early afterdepolarizations and large spatial and temporal
heterogeneities in refractory periods, a combination that makes the heart particularly
vulnerable to torsades de pointes pro-arrhythmia (Thomsen et al. 2004, 2006a, b;
Oosterhoff et al. 2010; Winckels et al. 2007). In parallel to the drug-induced long-
QT syndrome, a congenital loss-of-function mutation of KV11.1 leads to long-QT
syndrome type 2 (Sanguinetti et al. 1996; Barhanin et al. 1996).

3.6 Concluding Remarks

The basic electrophysiological knowledge gathered over the >100 years, since the
first recordings of the electrocardiogram and the cardiac action potential, has led to
many great successes for clinical electrophysiology. The understanding of basic
research provides the basis for clinical therapy but also for drug development and
design of potential treatment strategies that can be evaluated clinically. Here, I have
briefly characterized the biophysical characteristics of four subfamilies of cardiac
potassium channels. Many wide gaps in our knowledge still exist when it comes to
the cardiac potassium channels, and it is clear that many important findings are yet to
surface.
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Voltage-Gated Calcium Channels and Their
Roles in Cardiac Electrophysiology 4
Jordi Heijman, Cristina E. Molina, and Niels Voigt

Abstract
In cardiomyocytes voltage-gated Ca2+ channels are major players in cardiac
cellular electrophysiology and cellular excitation-contraction coupling. Accord-
ingly, Ca2+ channel dysfunction contributes to the development of cardiac
arrhythmias and impaired cardiac contractile function. In addition, Ca2+ entry
through voltage-gated Ca2+ channels is an important regulator of gene transcrip-
tion and cardiac cellular metabolism. In order to fulfil these tasks reliably, Ca2+

channels are highly regulated by specific subunit compositions and various
signaling pathways. This chapter provides an overview of the role of voltage-
gated Ca2+ channels in cardiac cellular electrophysiology and summarizes their
molecular composition, biophysical properties, and regulatory mechanisms, with
a special focus on L-type Ca2+ channels.

4.1 Introduction

Sarcolemmal Ca2+ influx into cardiomyocytes through Ca2+-permeable ion channels
plays a critical role in cellular physiology (Bers 2008). On the one hand, electrogenic
Ca2+ influx results in depolarization of the cellular membrane potential, thereby
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contributing to the action potential (AP) plateau in atrial and ventricular
cardiomyocytes and to cellular automaticity in the sinoatrial and atrioventricular
nodes (Heijman et al. 2016). On the other hand, Ca2+ ions are important intracellular
second-messenger molecules, involved in excitation-contraction (EC) coupling,
regulation of cellular function by phosphorylation, and regulation of gene expression
(Fearnley et al. 2011; Harada et al. 2012a; Yue et al. 2011; Kreusser and Backs 2014;
Rose et al. 2012; Du et al. 2010).

Voltage-activated Ca2+ channels represent the major route of Ca2+ entry into
cardiomyocytes in response to depolarizations of the cellular membrane potential
(Rose and Backx 2014). So far, 10 members of the family of voltage-gated Ca2+

channels have been identified in mammals. Based on their biophysical and pharma-
cological properties, they are further grouped into L-, P/Q-, R-, and T-type Ca2+

channels. However, only L-type and T-type Ca2+ channels (LTCC and TTCC,
respectively) are expressed in cardiomyocytes, whereas the others are most abundant
in neurons (Bers 2008; Catterall 2011; Rose and Backx 2014). LTCC are expressed
in all cardiomyocytes, whereas TTCC are restricted to myocytes in the sinoatrial
(SAN) and atrioventricular (AVN) nodes (Vassort et al. 2006). In addition, TTCC
are expressed in atrial myocytes in a species-dependent manner. Smaller species
(mouse, guinea pig) show higher TTCC current amplitudes compared to larger
species (rabbit, pig), and TTCC appear to be absent in human atrial cardiomyocytes
(Catterall 2011; Ono and Iijima 2010).

In this chapter, we provide an overview of the role of Ca2+ channels in cellular
electrophysiology and intracellular Ca2+ handling. We introduce their molecular
composition followed by their characteristic biophysical properties and an overview
of the most important regulatory mechanisms. We will focus predominantly on the
LTCC given its central role in cardiac pathophysiology but will highlight the major
differences between LTCC and TTCC.

4.2 The Role of L-Type and T-Type Ca2+ Currents in Cardiac
Cellular Electrophysiology

Depending on the cell type, Ca2+ channels are involved in several fundamental
electrophysiological processes in the heart (Bers 2008). In sinoatrial and atrioven-
tricular nodes, depolarizing Ca2+ currents through TTCC and Cav1.3 LTCC have
been suggested to contribute to diastolic depolarization and may thereby play an
important role in pacemaker activity and regulation of heart rate (Capel and Terrar
2015; Bers 2008; Vassort et al. 2006). On the other hand, Cav1.2-mediated L-type
Ca2+ current (ICa,L) is responsible for the AP upstroke in SAN and AVN myocytes.
Inhibition of ICa,L is therefore a commonly used approach to inhibit AV-nodal
conduction to reduce ventricular rate in patients with atrial fibrillation (rate control)
(Kirchhof et al. 2016).

In the working myocardium, LTCC are a major contributor to the AP “plateau” at
which the membrane potential remains at a relatively depolarized level for a few
hundred milliseconds prior to being repolarized (Fig. 4.1) (Heijman et al. 2016; Bers
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2008). This long plateau phase is a hallmark of cardiac cellular electrophysiology.
The Ca2+ entering the cardiomyocyte through LTCC also rapidly triggers a much
greater Ca2+ release from the sarcoplasmic reticulum (SR) through Ca2+-release
channels known as “ryanodine receptor channels” (RyRs, RyR2¼cardiac form), a
process termed Ca2+-induced Ca2+ release (Fig. 4.2) (Voigt et al. 2012a; Grandi et al.
2011; Bers 2008). During the resulting intracellular Ca2+ transient (Voigt et al. 2014;
Voigt et al. 2012b), Ca2+ binds to troponin-C in the myofilaments and initiates
cardiomyocyte contraction, a process referred to as excitation-contraction coupling
(EC coupling) (Bers 2002). During diastole Ca2+ is removed from the cytosol by Ca2+

reuptake into the SR, mediated via the SR Ca2+ ATPase (“SERCA,”
SERCA2a¼predominant cardiac form) and by Ca2+ extrusion into the extracellular
space via forward-mode Na+/Ca2+ exchanger (NCX, NCX1¼cardiac form) (Bers
2008; Voigt et al. 2012b; Hohendanner et al. 2013).

In ventricular cardiomyocytes LTCC are located mainly within membrane
invaginations, so called t-tubules (Fig. 4.2). This organization allows their close interac-
tion with RyR2 on the SR within dyadic junctions throughout the whole volume of the
myocyte. Thus, t-tubules conduct membrane depolarizations to LTCC deep in the cell,
activating RyR2 throughout the cellular volume (Song et al. 2005) and ensuring
simultaneous uniform SR Ca2+ release. In contrast, atrial cardiomyocytes do not have

Fig. 4.1 L-type Ca2+ current
(ICa,L) activity during a
ventricular action potential.
Membrane potential (VM), Ca

2+

transient, and ICa,L during 1 Hz
pacing in the Heijman et al.
canine ventricular
cardiomyocyte model (Heijman
et al. 2011)
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an extensive t-tubule network or may have only rudimentary t-tubular structures. As
such, LTCC are expressed mainly around the periphery of atrial cardiomyocytes
(Bootman et al. 2011; Brandenburg et al. 2016; Richards et al. 2011). Therefore, the
close interaction of RyRs and LTCC occurs only in the immediate subsarcolemmal
space, and the SR Ca2+ release occurs as a centripetal Ca2+ wave: RyR2s close to the
sarcolemma get activated first and sequentially activate neighboring RyR2s toward the
cell-center (Greiser et al. 2009; Wakili et al. 2010). Recently, Brandenburg et al. have
provided evidence for voluminous axial tubules that harbor LTCC with extensive
junctions to RyR2 in the SR in atrial cardiomyocytes. Although less extensive than
the t-tubular system in ventricular cardiomyocytes, these axial tubules may be connected
to the cellular surface membrane by the sparse t-tubule network, thereby partially
synchronizing intracellular Ca2+ release from the SR (Brandenburg et al. 2016). Given
the critical role of LTCC in EC coupling, their inhibition can have profound negative
inotropic effects.
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Fig. 4.2 Distinct L-type Ca2+ channel (LTCC) macromolecular complexes within t-tubules and
caveolae. Ca2+ enters ventricular cardiomyocytes through t-tubular LTCC and triggers Ca2+ release
from the sarcoplasmic reticulum (SR) through Ca2+-release channels known as “ryanodine receptor
channels” (RyRs, RyR2¼cardiac form). The released Ca2+ binds to troponin-C in the myofilaments
and initiates cardiomyocyte contraction. During diastole Ca2+ is removed from the cytosol by Ca2+

reuptake into the SR, mediated via the SR Ca2+ ATPase (“SERCA,” SERCA2a¼predominant
cardiac form) and by Ca2+ extrusion into the extracellular space via forward-mode Na+/Ca2+

exchanger (NCX, NCX1¼cardiac form). LTCC complexes within t-tubules include β1-adrenergic
receptor (β1-AR), adenylyl cyclase (AC), and protein kinase A (PKA). Additional LTCC
subpopulations in caveolae are implicated in signaling to the nucleus to regulate the transcription
of genes. Caveolar LTCC complexes are composed of β2-AR, AC, PKA, and protein phosphatase
2A (PP2A)
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4.3 Molecular Composition of LTCC and TTCC

4.3.1 L-Type Ca2+ Channels

The LTCC consist of a pore forming α1-subunit and the accessory β-, α2-δ-, and
γ-subunits (Catterall 2000, 2011) (Fig. 4.3). Of the four currently known α1-subunits
(Cav1.1, CACNA1S; Cav1.2, CACNA1C; Cav1.3, CACNA1D; and Cav1.4,
CACNA1F), only two are expressed in the heart (Schram et al. 2002). Similar to
cardiac voltage-gated Na+ channels, Cav1.2 and Cav1.3 consist of four domains with
six transmembrane segments each, containing pore-forming loops and the voltage
sensor as well as drug-binding sites. Whereas the Cav1.2-mediated L-type Ca2+

current (ICa,L) represents a major route of Ca2+ entry in all cardiomyocytes, Cav1.3-
mediated Ca2+ currents are predominantly found in the SAN, conduction system,
and atrial cardiomyocytes.

The β-subunits bind to a single site on a loop between domains I and II of the
α-subunit (AID, α interaction domain) (Chen et al. 2004). The β2-isoform (CACNB2)
is the major cardiac isoform. Co-expression of this β-subunit with the Cav1.2 pore-
forming subunit enhances activation and inactivation kinetics, shifts the inactivation
curve to more negative potentials (see below), and enhances affinity to
dihydropyridines (Mitterdorfer et al. 1994). In addition, Cavβ acts as a chaperone
that antagonizes an endoplasmatic reticulum retention signal in the α1-subunit,
thereby supporting the correct folding and membrane targeting of the channel
(Arikkath and Campbell 2003). In agreement, recent work has shown that a
Cavβ2-mimetic peptide can increase LTCC trafficking, overcoming dysregulation
of LTCC density in obesity (Rusconi et al. 2016).

The α2-δ-subunits are encoded by the same genes (CACNAD1–4) (Jay et al.
1991). They are cleaved after transcription and re-linked with disulfide bonds. Of the
four known isoforms, α2-δ1 and α2-δ3 are expressed in the heart. α2-δ-subunits have
been suggested to facilitate the formation of functional sarcolemmal Ca2+ channels
but may also alter channel gating, shifting voltage dependence of activation and
inactivation to more hyperpolarized potentials (see below) (Davies et al. 2007).

αα1 α2

δ

γ

β
inside

outside

Fig. 4.3 Molecular
composition of the L-type Ca2+

channel. See text for further
details
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The Ca2+ channel γ-subunit is encoded by eight genes with γ4-, γ6-, γ7-, and γ8-
subunits expressed in the heart (CACNG4, CACNG6–8). The γ-subunits alter acti-
vation and inactivation properties of the channel in expression systems (Yang et al.
2011). However, their role in cardiac cellular electrophysiology remains unclear.

In addition to these core subunits, the LTCC contain numerous other associated
proteins within its large macromolecular complex. These proteins can regulate
channel function (e.g., through phosphorylation, as discussed below) or channel
trafficking and targeting [e.g., the protein myoscape, which has recently been shown
to interact with LTCC and to influence its surface expression (Eden et al. 2016)].

4.3.2 T-Type Ca2+ Channels

TTCC are mediated by the Cav3 family of Ca2+ channels, consisting of Cav3.1–Cav3.3
(CACNA1G, CACNA1H, and CACNA1I, respectively) (Catterall 2011). Interestingly,
these α1 subunits share only <25% amino acid sequence identity with Cav1 channels
(Catterall 2011), suggesting an early divergence during evolution and potentially
providing a structural basis for the differences in electrophysiological properties
(discussed below). In the heart, TTCC consist predominantly of Cav3.1 and Cav3.2,
whereby the exact balance is species and condition dependent (Perez-Reyes 2003). In
contrast to LTCC, the α2-δ and β subunits do not appear to modulate TTCC gating,
although they may affect trafficking of the α1 subunits (Dubel et al. 2004).

4.4 Voltage-Gated Ca2+ Channels: Biophysical Properties

ICa,L was first described in Purkinje fibers and described as “slow inward current” in
order to distinguish this current from the fast sodium current (Reuter 1967, 1979).
Shortly afterward the presence of ICa,L in all types of cardiomyocytes including
atrial, SAN, and AVN was proven (Vassort et al. 2006). ICa,L is named after its
characteristic slow voltage-dependent inactivation resulting in “long-lasting” activ-
ity of the current, as well as large single-channel conductance and open time.
Furthermore, Cav1.2-carried ICa,L is characterized by high voltage of activation
[V1/2 for activation between �10 mV and �15 mV (Mangoni et al. 2006)], marked
upregulation in response to the activation of cAMP-dependent phosphorylation
pathways, and sensitivity to Ca2+ channel antagonists (1,4-dihydropyridines,
phenylalkylamines, benzothiazepines) (Bers 2002; Catterall 2011; Rose and Backx
2014; Tang et al. 2016). Cav1.3-mediated currents activate at more negative mem-
brane potentials (V1/2 of activation between �40 mV and �30 mV), and their
inactivation curve is also shifted to the left (Mangoni et al. 2006). These biophysical
properties are consistent with the notion that Cav1.3 contributes to the diastolic
depolarization in the SAN and thus is an important determinant of the pacemaker
activity in the heart.

The second family of Ca2+ currents was initially described in dorsal root ganglion
neuron in starfish eggs (Hagiwara et al. 1975). In contrast to ICa,L, these Ca2+
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currents showed rapid voltage-dependent inactivation and were therefore termed
T-type Ca2+ currents (ICa,T) for their “transient” openings and small (“tiny”) single-
channel conductance. In addition, T-type Ca2+ currents are activated at much more
negative membrane potentials and were insensitive to conventional Ca2+ channel
inhibitors (Vassort et al. 2006; Catterall 2011). Because of their relatively negative
activation potential (V1/2 of activation between �60 mV and �50 mV), which is
within the diastolic range, TTCC have been suggested to contribute to diastolic
depolarization in the SAN and AVN (Mangoni et al. 2006; Capel and Terrar 2015;
Vassort et al. 2006). In contrast, because of their small amplitude and their rapid
inactivation, the contribution of TTCC to Ca2+ influx in ventricular cardiomyocytes
is negligible (Catterall 2011; Ono and Iijima 2010).

4.4.1 Activation of Ca2+ Channels

In patch-clamp experiments, ICa,L is activated by a depolarizing step-pulse protocol.
Following depolarization from the resting membrane potential, the current amplitude
reaches a peak value within 5–7 ms followed by inactivation of the current despite
sustained depolarization (Fig. 4.4) (Bers and Perez-Reyes 1999; Voigt et al. 2012b,
2014; Bers 2001; Hadley and Hume 1987). The current reaches its maximal ampli-
tude in response to depolarizations between 0 and +10 mV. Despite maximum
activation of the channel, further depolarizations result in smaller ICa,L amplitudes
as the voltage approaches the reversal potential and the driving force (Em–Erev) for
Ca2+ currents diminishes (Fig. 4.4). The balance between channel activation and
reduced driving force results in the typical bell-shaped ICa,L current-voltage relation-
ship. In order to illustrate the channel activation independent of the driving force, the
conductance of the channel, i.e., the LTCC-mediated current divided by the driving
force, is plotted versus the membrane potential. This results in a typical sigmoidal
activation curve with V1/2 of activation typically seen between �10 and �15 mV
(Fig. 4.5) (Mangoni et al. 2006).

4.4.2 Inactivation of Ca2+ Channels

Following sustained depolarization, ICa,L undergoes a typical decay which depends
on time, voltage, and intracellular Ca2+ (Bers and Perez-Reyes 1999). The contribu-
tion of voltage-dependent inactivation and intracellular Ca2+-dependent inactivation
(VDI and CDI, respectively) can be determined experimentally by replacing Ca2+ as
a charge carrier with Ba2+ or monovalent ions. In absence of divalent cations, the
LTCC-mediated current shows very slow inactivation, which under these conditions
is largely due to voltage-dependent inactivation and from which the name of the
channel (L-type) was derived. Using Ba2+ as a charge carrier results in a faster
inactivation of the current, although the Ba2+-mediated current inactivation is still
much slower than in the presence of Ca2+ as a charge carrier (Bers and Perez-Reyes
1999; Bers 2008; Catterall 2011).
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CDI of LTCC represents a feedback control mechanism to prevent extensive Ca2+

overload by increasing LTCC inactivation, thereby decreasing Ca2+ influx, in the
presence of high intracellular Ca2+. Interestingly, buffering intracellular Ca2+ transients
with ethylene glycol tetra-acetic acid (EGTA) slowed CDI of LTCC-mediated current
but did not completely abolish it. These data indicate that both Ca2+ entering the cell
through LTCC, which is not buffered by the relatively slow buffering properties of
EGTA, and the Ca2+ released from the SR during systolic Ca2+ transients contribute to
the LTCC inactivation (Richard et al. 2006). Calmodulin (CaM) attached to the
C-terminus of the LTCC α-subunit has been identified as the Ca2+ sensor for CDI
(Qin et al. 1999; Sanchez-Alonso et al. 2016). In particular, Ca2+ binding to CaM leads
to a conformational change allowing an intracellular loop of the α-subunit to interact
with the channel pore and induce inactivation.
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Fig. 4.4 L-type Ca2+ current activation and inactivation. (a) Schematic illustration of three gating
states of the L-type Ca2+ channel (LTCC). Following depolarization from the resting membrane
potential, the channel is activated within 5–7 ms followed by inactivation of the current despite
sustained depolarization. (b) LTCC inactivation with Ca2+, Ba2+, or monovalent cations (ns) as the
charge carrier. Currents were measured at 0 mV except for Ins at �30 mV to obtain comparable
activation, and peak currents were normalized. ICa with sarcoplasmic reticulum (SR) Ca2+ release
was recorded using the perforated patch-clamp technique and 2 mM external Ca2+. ICa with no SR
Ca2+ release was recorded in the whole-cell configuration with 10 mM EGTA in the pipette. IBa was
recorded in the whole-cell configuration with 2 mM external Ba2+ and 10 mM EGTA in the pipette.
Ins was measured in divalent cation-free conditions. Reprinted with kind permission from Bers
(2001). (c) Current-voltage relationship of canine ventricular L-type Ca2+ current modeled
according to Heijman et al. (2011)
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The channel availability during a depolarizing pulse depends on the preceding
holding potential and follows a sigmoidal relationship with V1/2 of inactivation
between �35 mV and �45 mV, depending on the molecular channel composition,
which varies from species to species (Fig. 4.5) (Yuan et al. 1996; Benitah et al.
2010). Upon repolarization from a depolarizing voltage pulse, the LTCC recover
from voltage-dependent inactivation, thereby increasing the availability of the chan-
nel. The time course of recovery from inactivation is generally assessed using a
paired pulse protocol with variable inter-pulse duration and in large mammals has a
time constant between 20 and 70 ms (Fulop et al. 2004; Heijman et al. 2011; Li et al.
2000). If there is insufficient time for complete recovery between consecutive
depolarizing pulses during fast rates, LTCC can accumulate in the inactivated
state, resulting in a rate-dependent reduction of ICa,L (Li et al. 2000).

4.5 Phosphorylation-Dependent Regulation of LTCC

The marked upregulation in response to cAMP-dependent protein phosphorylation
pathways is a major characteristic of ICa,L that contributes significantly to the
positive inotropic effect of β-adrenergic receptor (β-AR) stimulation (Catterall
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Fig. 4.5 L-type Ca2+ current may contribute to the development of early afterdepolarizations. (a)
Steady-state activation and inactivation curves of L-type Ca2+ current modeled according to
Heijman et al. (2011). Overlap of both curves (indicated in gray) illustrates the presence of a
window current, which may contribute to the generation of early afterdepolarizations (b, EADs)
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2011; Rose and Backx 2014; Heijman et al. 2011). Moreover, given the central role
of Ca2+ influx through LTCC in cardiomyocyte function, it is not surprising that
LTCC are regulated by multiple local signal transduction cascades. Most of them
involve phosphorylation of the LTCC complex by protein kinases and dephosphor-
ylation by protein phosphatases (Hofmann et al. 2014; Treinys and Jurevicius 2008).

4.5.1 b-Adrenergic Signaling and cAMP-Activated Protein Kinase A

It is well known that stimulation of the sympathetic nervous system leads to an
increase in heart rate and cardiac contractility as part of the so-called “fight or flight”
response (Ripplinger et al. 2016; Reuter 1974). This is mainly mediated by the
release of catecholamines, which stimulate Gs-protein-coupled β-AR, leading to
increased cAMP levels and activation of cAMP-dependent protein kinase A
(PKA). Cardiac LTCC are a major target for PKA-mediated phosphorylation, and
it was shown already in the 1970s that PKA-mediated phosphorylation of LTCC
results in increased ICa,L amplitude, prolonging the AP plateau and increasing
contractility (Reuter 1974). Within the following years, several possible phosphory-
lation sites at the Cav1.2 α-subunit (Ser1627, Ser1700, Thr1704, Ser1928) or
β-subunit (Ser143, Ser459, Ser165, Ser478, Ser479) have been proposed, mainly
based on data obtained in expression systems (Hofmann et al. 2014). However,
in vivo experiments with mice in which these sites were muted or truncated revealed
mostly unaltered fight-or-flight reactions (Brandmayr et al. 2012). In agreement,
recent work has shown that Cav1.2 activity in the brain, but not in the heart, requires
phosphorylation of Ser1928, suggesting that there are tissue-specific differences in
Cav1.2 regulation (Qian et al. 2017). The exact PKA-phosphorylation sites respon-
sible for the PKA-mediated ICa,L regulation in the heart are still under debate
(Hofmann et al. 2014).

The PP2A catalytic subunit can bind directly to the LTCC α1C subunit, and
channel-bound PP2A plays an important role in the inhibition of ICa,L, although
other mechanisms of PP2A/LTCC interaction have also been described (Heijman
et al. 2017). PKA is targeted to LTCCs by A-kinase anchoring proteins (AKAPs)
(Wong and Scott 2004). AKAP15 interacts with the C-terminus of Cav1.2 and
targets PKA near the phosphorylation site Ser1928 (Gray et al. 1997; Hulme et al.
2002). AKAPs are involved in the organization of LTCC in distinct subcellular
compartments with specific molecular compositions. Examples of such LTCC
subpopulations include those found in t-tubules and those in caveolar plasma
membrane domains outside of t-tubules (Fig. 4.2) (Balijepalli et al. 2006; Best and
Kamp 2012). This spatial organization allows precise local regulation of ICa,L
(Sanchez-Alonso et al. 2016). LTCC complexes within t-tubules include β1-AR,
adenylyl cyclase, and PKA, whereas caveolar LTCC complexes are composed of β2-
AR, adenylyl cyclases, PKA, PP2A, and caveolin 3 (Balijepalli et al. 2006; Best and
Kamp 2012; Rose and Backx 2014). The differential compartmentalization of
Cav1.2 channels results in different regulation, involving stimulation by β1-AR in
the t-tubule or β2-AR in the caveolae (Nikolaev et al. 2010).

86 J. Heijman et al.



To ensure this compartment-specific regulation of ICa,L by β1-AR or β2-AR, local
cAMP compartmentation is required. An important mechanism that limits cAMP
diffusion between cellular compartments is the cAMP degradation by PDEs (Mika
et al. 2012). There are 11 families of PDEs, 4 of which are classically responsible for
cAMP degradation in the heart: PDE1, PDE2, PDE3, and PDE4 (Osadchii et al.
2005). PDE2–4 contribute to the regulation of ICa,L in atria and ventricle (Mehel
et al. 2013; Molina et al. 2012; Rivet-Bastide et al. 1997; Vandecasteele et al. 2001).

4.5.2 Ca2+/Calmodulin-Dependent Protein Kinase (CaMKII)

CaMKII-dependent phosphorylation of the LTCC has been linked to an increase of
LTCC activity in response to increased stimulation frequencies, often referred to as
“facilitation” (Richard et al. 2006). “Facilitation” reflects a Ca2+-dependent increase
of ICa,L amplitude and slowing of ICa,L inactivation, which does not occur with other
divalent cations such as Ba2+ as charge carrier. Facilitation occurs likely as a result of
CaMKII-mediated phosphorylation (Lee 1987; Lee et al. 2006). However, the
physiological role of this process is not entirely clear. It may counterbalance the
direct Ca2+-dependent inactivation described above.

4.5.3 Gq-Protein-Coupled Receptors and Activation of Protein
Kinase C

Protein kinase C (PKC) activation is a major step in the signaling cascade activated
by Gq-coupled receptors such as α1- and α2-AR, endothelin, angiotensin II, and
muscarinic receptors. Although there is evidence for PKC-dependent phosphoryla-
tion of Cav1.2 and Cavβ2, the consequences of PKC activation on ICa,L remain
controversial (Kamp and Hell 2000; Shistik et al. 1998). PKC-dependent activation
can increase (Alden et al. 2002) or decrease (Yue et al. 2004) ICa,L or can even have
biphasic effects (Weiss et al. 2004). For a detailed discussion, we refer the interested
reader to Benitah et al. (2010).

4.5.4 Nitric-Oxide Dependent Signaling and Activation of Protein
Kinase G

Results about the effects of protein kinase G (PKG)-mediated LTCC phosphoryla-
tion on ICa,L are discrepant and may depend on cell type and experimental conditions
(in vivo vs. in vitro). PKG activation occurs in response to NO-dependent stimula-
tion of guanylate cyclase and the resulting increase of cyclic guanosine
monophosphate (cGMP) levels (Tamargo et al. 2010; Hare 2003). The rise in
cGMP may influence ICa,L not only by direct PKG-mediated phosphorylation but
also by cGMP-dependent activation (PDE2) or inhibition (PDE3) of PDEs that
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control cAMP (Vandecasteele et al. 2001). cGMP-dependent signaling may thereby
modulate the LTCC response to β-AR stimulation (Abi-Gerges et al. 2001, 2002).
Whether cGMP-dependent signaling facilitates or inhibits cAMP-signaling seems to
depend on tissue and species (Han et al. 1994, 1996; Wang et al. 2000; Kirstein et al.
1995; Martynyuk et al. 1997).

Furthermore, NO may regulate ICa,L activity in a cGMP-independent manner. The
α1C-subunit of the LTCC (Cav1.2) contains more than 10 cysteine residues that may
be nitrosylated and involved in LTCC regulation. Nitrosylation of LTCC has been
suggested to inhibit ICa,L in atrial and ventricular myocytes (Sun et al. 2006; Carnes
et al. 2007; Rozmaritsa et al. 2014). Interestingly, S-nitrosylation increases during
ischemia reperfusion and AF, thereby contributing to a reduction in ICa,L, SR-Ca

2+

load, and Ca2+-induced cardiac injury, which represents an important cardioprotective
mechanism (Tamargo et al. 2010).

4.5.5 Adenosine Monophosphate-Activated Protein Kinase

Adenosine monophosphate-activated protein kinase (AMPK), a serine/threonine
kinase, is activated in response to increased AMP/ATP ratios and represents a sensor
of cellular energy status. AMPK has been recently shown to physically associate
with Cav1.2 and regulate ICa,L. This may contribute to adaptation of cellular activity
to the energy metabolism (Harada et al. 2012b, 2015).

4.6 The Role of L-Type Ca2+ Currents in Cardiac
Pathophysiology

Dysregulation of LTCC and TTCC at the transcriptional, translational, and post-
translational level plays an important role in a wide variety of diseases, as recently
summarized in a number of reviews (Venetucci et al. 2012; Heijman et al. 2014;
Adams and Snutch 2007; Bartos et al. 2015). Here, we summarize LTCC
dysregulation [since TTCC are absent from working myocardium in humans
(Catterall 2011; Ono and Iijima 2010)] in two major cardiovascular pathologies:
atrial fibrillation and heart failure.

In patients with long-standing persistent (chronic) atrial fibrillation, ICa,L is
significantly reduced, contributing to the proarrhythmic AP shortening and the
reduction in Ca2+-transient amplitude, which plays an important role in the stroke-
promoting atrial contractile dysfunction (Voigt et al. 2012b, 2014). The molecular
mechanisms underlying the reduced ICa,L are diverse and can involve reduced
expression of Cav1.2, increased microRNA-328-mediated reduction in Cav1.2
protein levels, or altered S-nitrosylation, phosphorylation, or calpain-mediated deg-
radation of LTCC (Heijman et al. 2014). In addition, dysregulation of Cavβ2
expression (Ling et al. 2017), reducing trafficking of LTCC to the plasma mem-
brane, may contribute. In contrast to chronic atrial fibrillation, ICa,L is not reduced in
patients with paroxysmal atrial fibrillation that were in normal sinus rhythm when
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the tissue was obtained (Voigt et al. 2014), suggesting that the reduction in ICa,L is a
protective mechanism to reduce Ca2+ entry in response to a persistent high activation
rate. Consistent with this notion, rapid pacing of atrial cardiomyocytes results in
reduction of ICa,L within hours (Qi et al. 2008).

Data on ICa,L in heart failure are variable, with some studies reporting a decrease
in ICa,L, whereas most others found no differences in ICa,L between human ventricu-
lar cardiomyocytes from failing and non-failing hearts (Richard et al. 1998; Bartos
et al. 2015; Nattel et al. 2007). Similarly, the mRNA level of Cav1.2 was either
unchanged (Ambrosi et al. 2013) or increased (Soltysinska et al. 2009) in end-stage
heart failure patients compared to non-failing controls. Some studies suggest a
blunted response of ICa,L to β-adrenergic stimulation in heart failure, partly due to
increased basal phosphorylation (Bartos et al. 2015; Nattel et al. 2007). However,
little is known about alterations in the composition of the LTCC macromolecular
complex in heart failure.

Activation and inactivation curves of ICa,L are overlapping resulting in a “window
current,” a voltage range, which enables a persistent ICa,L through LTCC that are
activated but do not completely inactivate. If AP duration is prolonged, for example,
in heart failure, LTCC will spend more time in this voltage range, allowing ICa,L to
recover from inactivation and become conducting again (Fig. 4.5). Under these
conditions, the increase in ICa,L may induce an abnormal membrane depolarization.
These so-called early afterdepolarizations may trigger Torsades de Pointes (TdP)
arrhythmias at the tissue scale, which are an important cause for sudden cardiac
death in patients with heart failure and long QT syndromes (Weiss et al. 2010).

Long QT syndrome type-8 (also known as Timothy syndrome, TS) has been
attributed to gain-of-function mutations such as G406R, G402R, and A1473G that
lead to the disruption of the LTCC inactivation (Betzenhauser et al. 2015; Napolitano
and Antzelevitch 2011). In addition to marked QT prolongation at birth, intrauterine
bradycardia and AV conduction block are characteristic hallmarks of TS. The char-
acteristic extra-cardiac phenotype including dysmorphic facial features, syndactyly,
and autism often leads to the diagnosis. The occurrence of ventricular tachycardia is
the major cause for the limited life expectancy with average survival of 2–3 years. On
the other hand, loss-of-function mutations in the α1, β2, and α2δ subunits of the LTCC
have been found to be associated with early repolarization syndrome and Brugada
syndrome. The loss of function may thereby result from changes in gating, perme-
ation, or trafficking. A more detailed overview on Ca2+ channel mutations and their
role in cardiac arrhythmia syndromes is beyond the scope of this chapter and therefore
discussed elsewhere in this book and in excellent recent reviews (Betzenhauser et al.
2015; Napolitano and Antzelevitch 2011).

4.7 Conclusions

In cardiomyocytes LTCC-mediated Ca2+ currents are the major route for Ca2+ entry.
Most importantly, ICa,L is a major player in cardiac cellular electrophysiology and in
cellular EC coupling (Bers 2002, 2008). In addition, Ca2+ entry through LTCC is an
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important regulator of gene transcription and cardiac cellular metabolism (Makary
et al. 2011; Wakili et al. 2011). In order to fulfil these tasks reliably, LTCC are highly
regulated by specific subunit compositions and various signaling pathways (Benitah
et al. 2010; Catterall 2000, 2011; Kohlhaas et al. 2017). According to their diverse
role in several important physiological mechanisms, it is not surprising that
abnormalities in LTCC activity contribute to the pathophysiology of many common
heart diseases such as atrial fibrillation, ischemia reperfusion injury, and heart failure
(as discussed elsewhere in this book). Furthermore, in channelopathies affecting
LTCC, both loss-of-function and gain-of-function mutations lead to rare arrhythmia
syndromes, which are discussed more extensively elsewhere in this book.
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Abstract
Cardiomyocytes located in the central part of the sinoatrial node are responsible
for generating the electrical rhythm of the heart since they are endowed with the
fastest automaticity of the entire conduction system. The source of this automa-
ticity is the diastolic pacemaker phase which consists of the slow depolarization
that links the end of each action potential with the beginning of the next, and the
funny current (“If”) is the primary contributor of this phase. Each f-channel results
from the assembly of four single subunits belonging to the family of the
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels which
includes four isoforms (HCN1–HCN4). The biophysical and modulatory
properties of the f/HCN current will be presented together with some of the
underlying molecular details which have been partly unraveled by the recent
structural definition of the channel obtained by cryo-electron microscopy studies.
The chapter will also provide an extensive review of the mutations of the HCN4
channels in humans associated with sinus arrhythmias and left ventricular
noncompaction cardiomyopathy. Functional studies based on HCN transgenic
and knockout mouse models confirm the importance of the If current in sustaining
the pacemaker activity since its suppression affects the cardiac performance and
autonomic modulation of heart rate. These studies also provide the evidence that
cardiac HCN currents are required for proper cardiac development and embryo
survival.

Finally, the clinical relevance of HCN channels as targets of drugs aimed to
selectively reduce the heart rate will be also discussed.

A. Bucchi · C. Piantoni · A. Barbuti · D. DiFrancesco · M. Baruscotti (*)
Department of Biosciences, The PaceLab and “Centro Interuniversitario di Medicina Molecolare
e Biofisica Applicata”, Università degli Studi di Milano, Milano, Italy
e-mail: annalisa.bucchi@unimi.it; chiara.piantoni@unimi.it; andrea.barbuti@unimi.it;
dario.difrancesco@unimi.it; mirko.baruscotti@unimi.it

# Springer International Publishing AG, part of Springer Nature 2018
D. Thomas, C. A. Remme (eds.), Channelopathies in Heart Disease, Cardiac and
Vascular Biology 6, https://doi.org/10.1007/978-3-319-77812-9_5

97

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77812-9_5&domain=pdf
mailto:annalisa.bucchi@unimi.it
mailto:chiara.piantoni@unimi.it
mailto:andrea.barbuti@unimi.it
mailto:dario.�difrancesco@unimi.it
mailto:mirko.baruscotti@unimi.it


5.1 Spontaneous Activity of Sinoatrial Node Cells
and the Native “Pacemaker”

The first medical observation that the heart has an intrinsic automaticity which
persists also when the heart is removed from the body was made by Claudius
Galenus in the second century AD, but only in 1907 the structure responsible for
the initiation of the heartbeat, the sinoatrial node (SAN), was identified by Keith and
Flack (Silverman et al. 2006; Keith and Flack 1907).

SAN cells are specialized myocytes which generate rhythmic action potentials
(APs) that spread along preferential routes (Conduction System tissue) to the entire
heart to trigger the orderly sequence of contractions of the heart chambers. Sinoatrial
APs differ from those of the atrial and ventricular working myocytes in many
aspects, but the most relevant is the lack of a stable resting potential since after
SAN cells have reached the maximum diastolic potential (MDP, around �60 mV),
the membrane slowly depolarizes up to the threshold (around �40 mV) for the
initiation of a new AP; in so doing this phase sets the time interval between
consecutive APs and thus the heart rate. This slow depolarization is commonly
known as “pacemaker” phase, phase 4, or slow diastolic depolarization (DD,
Fig. 5.1a, left). Several of the molecular details of the fascinating puzzle of electrical
events that generate the pacemaker activity of SAN cells and allow our heart to beat
and sustain our metabolic needs have now been identified (Mangoni and Nargeot
2008); in this chapter we will focus on the role of the pacemaker “If” current
(Fig. 5.1a, right). The If current, discovered in 1979 in rabbit SAN cells (Brown
et al. 1979), has the following features: (1) activation in hyperpolarization, (2) mixed
Na+/K+ permeability, and (3) modulation by the second messenger cAMP; these
aspects will be here briefly discussed (for a more accurate treatment, see
DiFrancesco et al. 1986; Baruscotti et al. 2005).

1. Activation in hyperpolarization. The If current has the unusual property of being
activated on membrane hyperpolarization rather than on depolarization, and the
activation and deactivation kinetics are S-shaped with an initial “delay” followed
by the real “gating” process (DiFrancesco and Ferroni 1983; DiFrancesco 1984).
The reported values of its voltage dependence are largely variable with activation
threshold and half-activation (V½) values in the range of�35/�70 mV and�52/
�90 mV, respectively (Baruscotti et al. 2005). Such a large scattering of the data,
which is unusual for most other ion channels, may be accounted for by several
causes, both biological and methodological. A real biological heterogeneity is
indeed caused by the intrinsic differences in the voltage dependence of the If
current recorded in different areas of the SA node since it activates at progres-
sively more negative voltages when moving from the center to the periphery
(Boyett et al. 2000). In addition, the presence of “run-down,” a well-known
phenomenon which progressively reduces the If current and shifts its availability
curve during patch-clamp recordings, should also be considered (DiFrancesco
et al. 1986). Although a comprehensive molecular understanding of the run-down
process is still incomplete, part of it is due to the depletion of f-channel
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modulators, such as cAMP and phosphoinositide PI(4,5)P2, which occurs during
whole-cell patch-clamp recordings (Pian et al. 2006). Finally, the different exper-
imental conditions and recording protocols used by different laboratories may
also represent an additional source of variability of the observed differences in the
voltage dependence.

2. Mixed Na+/K+ permeability. f-channels are permeable to both Na+ and K+ ions
with a reversal potential around �10/�20 mV (DiFrancesco and Ojeda 1980;
DiFrancesco 1981b; DiFrancesco et al. 1986); thanks to the recently obtained 3D
resolution of the channel structure, the structural molecular elements governing

Fig. 5.1 Properties of native sinoatrial pacemaker (f) and homotetrameric HCN currents. (a)
Sample action potentials recordings (left) and native If current traces (right) recorded in rabbit
SAN cells. Current traces were acquired during voltage steps at �65 mV, �95 mV, and �125 mV
(hp �35 mV). (b) Sample hHCN1, hHCN2, and hHCN4 clonal current traces elicited by voltage
steps at �65 mV, �95 mV, and �125 mV (hp �35 mV). (c) Comparison of half-maximal
activation values (V½) of native If, hHCN1, hHCN2, and hHCN4 currents in control conditions
(filled symbols) and in the presence of saturating concentrations of cAMP (open symbols). Both V½
values obtained in control condition and the cAMP-induced shifts display significant differences
(data obtained from Altomare et al. 2003; Stieber et al. 2005; Moroni et al. 2000; Baruscotti et al.
2017). (d) Comparison of activation time constants of HCN currents and native If. Activation time
constants were obtained by fitting current traces in A with a single exponential function after an
initial delay
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this mixed selectivity have now been identified (Lee and MacKinnon 2017). This
Na+/K+ permeability is fundamental for the generation of the diastolic depolari-
zation phase, indeed; although the channel is ~3.7 to fourfold more permeable to
K+ than to Na+ ions (DiFrancesco 1981b; Frace et al. 1992), the inward and
depolarizing Na+ flux prevails at diastolic voltages (about �40 to �60 mV in the
SAN).

3. Modulation by the second messenger cAMP. The control of f-channels kinetics by
the second messenger cAMP represents an important physiological mechanism
used by the neurohormonal system to adapt the cardiac chronotropism to the
metabolic demand of the body (Brown et al. 1979; DiFrancesco and Tromba
1987, 1988; DiFrancesco et al. 1989). In SAN cells the stimulation of
β-adrenoreceptors (β-ARs) by catecholamines activates the stimulatory G protein
(Gαs) and the adenylyl cyclase (AC) leading to the increase in cAMP cell content.
cAMP molecules are direct modulators since they can bind to the f-channels and
in so doing exert a modulatory action which favors the equilibrium toward the
open state which can be quantitatively described as a shift of the activation curve
toward more positive voltages (Fig. 5.1c) (DiFrancesco and Tortora 1991;
DiFrancesco and Mangoni 1994). This molecular event ultimately results in an
increased inward f-current and a steeper diastolic depolarization and therefore a
cardiac acceleration (Bucchi et al. 2007). According to Barbuti et al. (2007), SAN
cells express both β1- and β2-AR subtypes; however, β2 stimulation determines a
more relevant shift of the If current and consequently a more pronounced rate
acceleration than β1 stimulation. These functional results are nicely paralleled by
the evidence that membrane microdomains such as caveolae are rich in β2-ARs
and f-channels, while β1 receptors are mainly outside these membrane regions
(Barbuti et al. 2007). SAN cells are also abundantly innervated by vagal terminals
which release Acetylcholine (ACh). In the presence of a cholinergic stimulus, the
muscarinic receptors activate the inhibitory G protein (Gαi) which then inhibits
the AC, therefore, ultimately leading to the following set of events: a decrease in
cAMP levels, a shift of the activation curve of f-channels toward more negative
potentials, and a decline of both the pacemaker current and heart rate.

The If current is not only expressed in SAN cells, but it is also present in other
cardiac regions such as atrioventricular node (AVN) cells and Purkinje fibers,
where it activates at more negative voltages compared to SAN myocytes (Munk
et al. 1996; Hancox et al. 1993; DiFrancesco 1981a, b). The presence of both
spontaneous activity and of the If current has also been reported in cells isolated
from the region surrounding the rabbit tricuspid valve and from canine and rabbit
pulmonary sleeves that are extensions of the left atrial myocardium into the
pulmonary veins (Anumonwo et al. 1990; Chen et al. 2000, 2009; Suenari et al.
2012). While the functional roles of these currents are still unexplored, it is
interesting that AV blocks were observed in association with knockout of the
cardiac HCN4 channel in a mouse model (Baruscotti et al. 2011); also interesting
is that the pulmonary veins are often the target of the ablation procedure in human
patients suffering from atrial fibrillation, raising the question whether anomalous
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HCN-dependent activity may represent a molecular and functional derangement
contributing to AF.

Taken together all these data strengthen the association between the presence
of spontaneous activity and the expression of the pacemaker current.

5.2 Clonal HCN Currents

Clonal and native f-channels have a tetrameric composition, with single subunits
belonging to the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel
family, and in mammalians four isoforms (HCN1–HCN4) have been identified
(Ludwig et al. 1998; Santoro et al. 1998; Baruscotti et al. 2010). Each HCN subunit
has intracellular N- and C-termini and a central core domain organized in six
transmembrane segments (S1–S6), with a positively charged S4 acting as the voltage
sensor, and a pore region between S5 and S6 carrying the GYG signature typical of
K+-permeable channels (Fig. 5.2). A cyclic nucleotide-binding domain (CNBD) is
localized in the C-terminus and is connected to the S6 segment by the C-linker (see
next section for structural details). The primary structures of the four HCN isoforms
are 80–90% identical in the transmembrane core and in the CNBD but diverge in the
amino- and carboxy-terminal cytoplasmic regions (Viscomi et al. 2001).

1. Biophysical and modulatory properties: Heterologous expression and in vivo
studies have shown that the different HCN isoforms can assemble both as
homotetramers and heterotetramers (with the exception of HCN2-HCN3
heteromers, Much et al. 2003) to yield functional channels with properties similar
to native f-channels: mixed Na+ and K+ permeability, activation upon hyperpo-
larization, time-dependent activation and deactivation, and modulation by the
second messenger cAMP. Despite these qualitative similarities, heterologous
expression of homotetrameric channels has revealed that different isoforms
exhibit important quantitative differences in their kinetic aspects and in cAMP
modulation. For example, HCN1 channels exhibit the more positive position of
the activation curve followed by HCN4, HCN3, and HCN2 (Baruscotti et al.
2010), while the activation kinetics become progressively slower according to the
following order: HCN1, HCN2, HCN3, and HCN4 (Fig. 5.1b–d).

cAMP-induced modulation of f/HCN currents represents a key process by
which the autonomic nervous system fine-tunes the slope of the diastolic depo-
larization of SAN cells and therefore SAN activity and heart rate (DiFrancesco
1993). As it will be discussed more thoroughly in the next section of this chapter,
cAMP binding to CNBD stabilizes the open state of the channel gate, and, in
kinetic terms, this action results in a positive shift of the activation curve which is
larger for HCN2 and HCN4 than for HCN1 (Sartiani et al. 2017; Baruscotti et al.
2005; Chen et al. 2001) (Fig. 5.1c). According to a large part of the literature, the
opening of HCN1 channels is only weakly facilitated by the binding of cAMP
molecules. However, this interpretation has recently been challenged by some
authors who suggest that HCN1 channels are stably associated with cAMP
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molecules (Lolicato et al. 2011; Chow et al. 2012); according to this view, any
further increase in cAMP concentration would not induce any additional modu-
lation thus resulting in an apparent weak modulation. Interestingly, this hypothe-
sis could also account for the evidence that the activation curve of HCN1
channels is the most positive among those of HCN isoforms. Finally, cAMP
stimulation of HCN3 is peculiar and unclear since it has been described as a lack

Fig. 5.2 Structural organization of the HCN1 channel. (a) Structure of the HCN1 channel (pdb
5u6p) obtained by Lee and MacKinnon (2017). Only two of the four subunits are shown for clarity.
The transmembrane segments (S1, S2, S3, S4, S5, and S6), the cyclic nucleotide-binding domains
(CNBD), and the HCN domains are indicated. (b) Schematic representations of the S4-S5-P-S6
regions of the HCN1 channel in the closed (left) and open form (right), derived from the cryo-EM
structures of hHCN1 (Lee and MacKinnon 2017). Only two of the four subunits are shown for
clarity. Residues lining the selectivity filter are shown in stick mode, and the only two cation
binding sites are represented as x. Upon hyperpolarization, the downward displacement of the S4
helix drives a series of conformational changes in the subunits allowing the S6 helices to open (see
text for details)
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of or a small negative shift (�2.9/�5 mV) (Stieber et al. 2005; Mistrik et al.
2005).

Heterologous expression of various isoforms revealed that heteromeric
channels possess kinetic and modulatory properties intermediate between those
of the individual components (Ishii et al. 2001; Chen et al. 2001; Ulens and
Tytgat 2001; Altomare et al. 2003; Much et al. 2003). Although at present a
detailed understanding of the structural and functional mechanisms responsible
for differences in the voltage dependence and in the time course of activation is
still missing, there is evidence indicating that the C-terminus region contributes to
these processes. Indeed, replacement of the HCN4 C-terminus by that of HCN1
caused a strong acceleration of activation and deactivation rates and a decreased
response to cAMP (Viscomi et al. 2001).

2. Tissue distribution in the adult heart and during development. Molecular
investigations have reported the presence of various HCN isoforms in mamma-
lian cardiac conduction tissue; however, their distribution and relative expression
are extremely different and differently developmentally regulated. In the human
adult healthy heart, HCN1, HCN2, and HCN4 proteins are highly expressed in
the SAN, and mRNA transcripts of Hcn1, Hcn3, and Hcn4 have been detected in
Purkinje fibers (PF) (Gaborit et al. 2007; Chandler et al. 2009; Li et al. 2015).
Several studies have identified the presence of HCN4 channels (both transcripts
and proteins) in the atrioventricular node (AVN) and pulmonary veins of different
species including humans, thus providing a molecular identification for the
f-currents that are normally recorded in these cells at physiological voltages
(Greener et al. 2009, 2011; Dobrzynski et al. 2003; Li et al. 2014; Ye et al.
2015; Yamamoto et al. 2006).

Although HCN1 and HCN4 are the main isoforms in the mammalian SAN
(Chandler et al. 2009; Li et al. 2015; Brioschi et al. 2009), their expression either
alone or in combination failed to reproduce the sinoatrial If current. Several
molecular mechanisms may account for this discrepancy, and they are collec-
tively referred to as “context dependence” (Qu et al. 2002); the term context
dependence intends to highlight the fact that the ultimate functional behavior of
the channel also depends on the interacting and accessory proteins (i.e., Mink-
related protein (MiRP) 1, caveolin3, KCR1, and SAP97), phosphorylation state,
membrane phospholipid (i.e., phosphatidylinositol 4,5-bisphosphate, PIP2),
surrounding membrane composition and fluidity, interaction with cyclic
dinucleotides (c-di-GMP and 2030-cGAMP), and likely other yet unidentified
mechanisms (Baruscotti et al. 2010). Small amounts of HCN2 and HCN4
proteins have also been detected in the adult human atria and ventricles, while
HCN1 were noted only in the atria (Chandler et al. 2009; Stillitano et al. 2008; Li
et al. 2015).

Despite the fact that pacemaker currents are functionally irrelevant in healthy
atria and ventricles because of their small densities and negative,
nonphysiological threshold for activation (Porciatti et al. 1997; Hoppe and
Beuckelmann 1998; Hoppe et al. 1998), we are now aware that kinetic alterations
and/or overexpression of these channels is often observed in association with
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cardiac disease such as chronic AF, heart failure (Stillitano et al. 2008, 2013;
Cerbai et al. 2001; Hoppe et al. 1998). These pathology-related alterations of
HCN expression are likely associated with the arrhythmic profiles often observed
in these conditions.

Several studies have indeed elegantly shown that, in addition to generating the
pacemaker activity in the adult heart, f-currents are also critical for a correct
cardiac development. Indeed in the mouse embryo, significant levels of Hcn4
mRNA can be detected as early as embryonic day (ED) 7.5 in the cardiac crescent
(Garcia-Frigola et al. 2003). As development progresses (ED8), Hcn4 can be
found in ventricular progenitors of the first heart field which drive the peristaltic
contraction of the heart tube (Liang et al. 2013), even though these cells will not
form the mature sinus node. From ED9.5 the expression of the HCN4 channels
will be progressively restricted to the sinus venous, the region that will become
the adult SAN. Only few data on the expression of other HCN isoforms in the
developing heart are available: Stieber et al. (2003), for example, showed that in
global HCN4 knockout mice at ED9.5, the HCN1 and HCN3 isoforms are
expressed and may account for the residual If current recorded in embryonic
cardiomyocytes.

5.3 Structural Hallmarks of HCN Channels

HCN channels have been the focus of intense molecular investigation aiming at the
identification of the structural domains associated with specific functional features as
mentioned previously. The recent resolution of the cryo-electron microscopy struc-
ture of the human HCN1 in the closed state has substantially advanced our knowl-
edge in this field (Lee and MacKinnon 2017). The 3D structure has indeed provided
a structural interpretation of the following aspects: (1) the mixed permeability of
HCN channels, (2) the activation upon hyperpolarization, and (3) the cAMP-induced
facilitation of the close-to-open transition. We will now briefly review the main
aspects of this structure-function association.

1. Mixed Na+/K+ permeability of HCN channels. The ionic selectivity of tetrameric
HCN channels is determined by the presence within the hairpin-shaped pore
region comprised between the S5 and S6 transmembrane segments of four GYG
triplets which form the selectivity filter (SF) of K+ channels. A puzzling question
that has long remained unanswered waswhy the GYG arrangement of K+ channels
restricts the permeability to K+ ions (PNa/Pk > 1000:1), while HCN channels are
instead highly permeable to Na+ ions [PK/PNa of 2–5:1 (Ludwig et al. 1999;
Santoro et al. 1998; Moroni et al. 2000)]. The cryo-EM structure has elegantly
shown that the outer half of the SF of HCN channels is more dilated than that of
purely K+ selective channels, and this forces the SF filter of HCN channels to have
only two cation binding sites instead of the four present in pure selectiveK+ channels
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(Fig. 5.2b). The presence of four binding sites in K+ channels allows the simulta-
neous coordination in the SF of two ions with the consequence that since K+ ions are
more stably coordinated thanNa+ ions, the presence in the SF of aK+ ion opposes the
permeation of Na+ ions limiting the permeability to K+ ions. On the other hand, the
structural organization of the SF of HCN channels limits to one the number of ions
that the SF can “host” at the same time, thus allowing a mixed Na+/K+ permeability
(Lee and MacKinnon 2017).

2. Activation upon hyperpolarization. Pacemaker channels are hyperpolarization-
activated channels, and this rather unique property is caused by an unusually long
S4 segment which, at depolarized potentials, protrudes in the cytoplasm
(Fig. 5.2b). The consequence of the anomalous S4 segments is that at depolarized
potentials the S4–S5 linkers interact and stabilize the four C-linkers (C-linker
disk) in a position which forces the activation gate at the bottom of the S6 helices
(HCN1: Val390, Thr 394, and Gln 398) to assume a tight (closed) conformation.
During membrane hyperpolarization, the S4 segments are driven further in the
cytoplasmic direction, and this displacement ultimately twists and releases the
constraint of the S6 segments that are now free to assume a more energetically
stable conformation corresponding to the open state of the channel. A novel
information provided by cryo-EM investigation is the presence of a particular
domain in the N-terminus which is unique to HCN channels and for this reason is
called “HCN domain” (Fig. 5.2a). This domain, composed by the 45 amino acids
preceding the transmembrane segment S1, and arranged in three α-helices, takes
contact with both the S4 helix of the same subunit and the C-linker of the adjacent
subunit and acts as an additional element that determines the structural stability of
the closed channel.

3. cAMP-induced facilitation of the close-to-open transition. Binding of cAMP
molecules to the CNBDs induces a structural rearrangement of these domains
and the rotation of the C-linker elements; this movement determines a small
displacement of the S6 segments and the opening of the channels (Lee and
MacKinnon 2017). In other words, cAMP binding contributes to remove channel
inhibition. It is interesting to note that functional experiments have previously
shown that membrane hyperpolarization and cAMP binding are allosteric
partners in regulating the opening processes (DiFrancesco 1999; Altomare et al.
2001) and it is thus likely that the structural movement and final state of the gate
induced by voltage are identical to those occurring upon cAMP binding.

5.4 Pathophysiological Aspects of HCN Channel Mutations

The results obtained with in vitro studies on the role of pacemaker channels provided
the logical background for genetic studies aiming at the identification of HCN
channel mutations associated with inheritable cardiac impulse generation and con-
duction dysfunctions. This search has been extremely fruitful for the HCN4 isoform,
while no pathological mutations in HCN1, HCN2, or HCN3 genes have been so far
reported. In the following part, we will discuss the HCN4 disease-causing mutations
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according to their position within the different structural and functional domains of
the channel.

5.4.1 Mutations of the N-Terminus (P257S)

In a recent study, Macri et al. (2014) searched for the presence of HCN4 mutations in
patients with early-onset atrial fibrillation and identified seven novel variants (seven
in the AF population and three in the control population with no history of AF): p.
K189R, p.P257S, p.T822M, p.G885R, p.P945S, p.G1077S, and p.E1193Q. Expres-
sion studies of these mutations were carried out in CHO cells, and, with the
exception of the P257S located in the N-terminus, no functional differences in
current densities and kinetic features were found. When homomerically expressed,
the P257S variant did not yield any measurable currents likely because mutant
channels were retained in the cytoplasm as revealed by immunocytochemistry.
Thus, it was concluded that the P257S mutation disrupts membrane trafficking.
Whether in native cardiac cells this trafficking defective mechanism leads to a
reduced current expression is a possibility that could explain the clinical features
observed in the single patient carrying the heterozygous mutation.

5.4.2 Mutations of the S4 Segment (R393H) and of the S4–S5 Linker
(A414G)

5.4.2.1 R393H
The mutation p.R393H (c.1178G>A) has recently been identified by Ishikawa and
coworkers in three family members presenting different types of cardiac
dysfunctions: bradyarrhythmia (proband), sinus arrest and supraventricular escape
beats (brother), and dilated cardiomyopathy and atrial fibrillation (father) (Ishikawa
et al. 2017). Heterologous in vitro expression of mutant channels in tsA-201 cells
resulted in a marked reduction of the current (~�77% for homomeric R393H/
R393H and ~�57% for heteromeric wt/R393H), but trafficking defects were
excluded. Half-activation values (V½) and time constants of activation did not differ
between heteromeric and wt currents, while a significant difference was found in the
slope factors. The authors also report that cAMP-induced modulation was
maintained in heteromeric channels, but it could not be evaluated in homomeric
channels.

5.4.2.2 A414G
Milano et al. identified the mutation p.A414G (c.1241C>G), located in the S4–S5
linker, in three related individuals (father and sons) variously affected by sinus
bradycardia and left ventricular noncompaction cardiomyopathy (LVNC), AF, and
atrial standstill (Milano et al. 2014). Patch-clamp studies in transiently transfected
CHO cells showed that the voltage dependence of heteromeric wt/A414G channels
was negatively shifted by 23.9 mV, thus causing a significant reduction of the
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current density in the pacemaker range of potentials (�50/�60 mV). These data,
together with the established notion that the S4–S5 linker is an important structural
element that couples voltage-dependent movement of the S4 segment to the gating
structures, support the conclusion of a causative association between the p.A414G
mutation and the bradyarrhythmic phenotype observed in mutant carriers. The
presence of LVNC has also been reported in association with the p.695X and
p.883R HCN4 mutations (Schweizer et al. 2014; see also below). Although a clear
understanding of this association is still missing, Milano et al. hypothesize that
LVNC may be congenital or secondary to sinus bradycardia (Milano et al. 2014).
During embryonic heart development, HCN4 channels are expressed in progenitors
of the first heart field (that will later contribute to the formation of the working
myocardium; Barbuti and Robinson 2015); for this reason dysfunctional embryonic
HCN4 currents may be the direct cause of the structural alterations observed in the
adult cardiac tissue. Alternatively, LVNCmay represent a remodeling process which
is caused by the chronic bradycardia.

5.4.3 Mutations of the HCN4 Selectivity Filter (G480R, Y481H,
G482R)

A structural and functional hallmark of HCN channels, as well as of all members of
the extended K+ superfamily, is the presence in the selectivity filter of the conserved
GYG motif (in HCN4 G480-Y481-G482) whose role has been discussed in one of
the previous sections. Genetic investigations have identified inheritable HCN4
channelopathies associated with the following loss-of-function mutations: p.
G480R (Nof et al. 2007), p.Y481H (Milano et al. 2014), and p.G482R (Milano
et al. 2014; Schweizer et al. 2014; Ishikawa et al. 2017).

Clinical data show that patients carrying either the mutation p.Y481H or p.
G482R are commonly affected by sinus bradycardia and LVNC (Milano et al.
2014; Schweizer et al. 2014; Ishikawa et al. 2017). Other phenotypes such as mitral
valve prolapse, syncope, AF, and first-degree AV block have also been variously
reported. Heterologous expression of Y481H and G482R mutant channels allowed
to define these mutations as loss of function, because they both determine a large
decrease of the current density (Milano et al. 2014; Schweizer et al. 2014). Different
results are reported for the effects of the mutations on the voltage dependence:
according to Milano et al. (2014), the mutations p.Y481H and p.G482R induce
large negative shifts of the activation curves (V½: wt/wt �68.4 mV, wt/Y481H
�112.3 mV, wt/G482R �107.1 mV), while no significant shift was found by
Schweizer et al. (2014) (V½: wt/wt �94.6 mV, wt/G482R �91.5 mV). Since the
V½ values of wt HCN4 currents reported by the two groups differ by about 26 mV,
any attempt to interpret the differences in the voltage dependence of mutant channels
is difficult.

The clinical phenotypes associated with the p.G480R mutation are much less
disruptive [asymptomatic sinus bradycardia and no structural heart abnormalities
(Nof et al. 2007)]. Expression studies in HEK cells showed that homomeric G480R
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currents were practically absent (~90% reduction), while heterologous expression of
heteromeric wt/G480R channels yielded two separate set of cells: one with currents
identical to the wt and the other with currents similar to the homomeric G480R
expression. Western blot experiments carried out in the heterologous expression
system confirmed an extremely faint signal for homomeric p.G480R mutant
proteins. It is certainly puzzling that while expression studies indicate a striking
phenotypic effect, individuals carrying the p.G480R mutation only display a mild
bradycardia. Of particular interest is the observation that among all HCN4 channel
mutations, only those affecting the pore residues G481 and Y482 are also associated
with LVNC. Although at present only speculative, this may reflect a defective role of
HCN4 channels during embryonic development (leading to structural alteration of
ventricular tissue) rather than a consequence of the altered pacemaker activity. As
illustrated in the previous section, the structure of the selectivity filter of the HCN1
channel has been identified by means of the cryo-electron microscopy (Lee and
MacKinnon 2017); under this simplified assumption, the residues G480 and Y481
should form the bottleneck of the selectivity filter, while residue G482 is more
externally rotated and should not contribute to ionic coordination (Fig. 5.2; see
also the previous section). Under this simplified assumption, the mutation of the
residue G482 should have a smaller functional impact on the phenotypic clinical
aspects than mutations of the residues G480 and Y481. This obviously is not the
case, and the reasons for this dichotomy are unclear.

5.4.4 Mutations of the P Region-S6 Extracellular Loop (A485V,
V492F)

5.4.4.1 A485V
Laish-Farkash identified the presence of the p.A485V (c.1454C>T) mutation in
three individuals affected by symptomatic sinus bradycardia and normal structural
heart conditions (Laish-Farkash et al. 2010). The first patient was hospitalized for
cardiac arrest during intense exercise, the second patient for pre-syncopal events,
and the third one for paroxysmal atrial fibrillation. Although the individuals were
unrelated, they all shared a Moroccan-Jewish heritage, thus suggesting a common
origin of the mutation. Bradycardia, dizziness, and pre-syncopal events were largely
present in other family members carrying the mutation. Current densities elicited by
homomeric and heteromeric A485V expression in oocytes and HEK293 cells were
severely reduced, and Western blot experiments in A485V-transfected HEK
203 cells confirmed that mutant proteins were ~50% less than wild-type channels.

5.4.4.2 V492F
The heterozygous mutation p.V492F causing a substitution of the hydrophobic
valine with the aromatic phenylalanine has recently been identified in a patient
with suspected Brugada syndrome by Biel et al. (2016). While the hHCN4 V492
is highly conserved for the HCN4 isoform, this residue is absent in HCN1 and HCN2
isoforms where it is substituted by leucine (hHCN1) and isoleucine (hHCN2)
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hydrophobic residues. Expression of mutant heteromeric channels in HEK cells
reduced currents which retained cAMP modulation, while homomeric expression
resulted in virtually no currents. Whether this mutation is responsible of the Brugada
syndrome and why no sinus arrhythmias were observed is an open question.

5.4.5 Mutations of the C-Linker (R524Q, K530N, D553N, 573X)

The C-linker region, which in the hHCN4 channel extends from residue S522 to
residue A599, connects the S6 transmembrane domain to the cyclic nucleotide-
binding domain. The C-linker is not only a structural bridge, but it is also a
functional key domain since in the presence of cAMP, the “C-linker disk,” formed
by the assembly of the four C-linkers, rotates and in doing so favors the opening of
the channel gate. Several mutations have been identified in this region.

5.4.5.1 R524Q
We recently identified the first HCN4 gain-of-function mutation (p.R524Q) in
siblings of an Italian family affected by the inappropriate sinus tachycardia (IST,
Baruscotti et al. 2017); IST is a rare clinical syndrome, and diseased individuals
exhibit a faster than expected cardiac rate both at rest and during moderate physical
activity (Baruscotti et al. 2016, 2017; Codvelle 1939; Sheldon et al. 2015;
Vedantham and Scheinman 2017). The residue p.R524 is a highly evolutionary
conserved arginine which is positioned in the A0 α-helix of the C-linker region of
HCN channels. In the homomeric wild-type channel, the four p.R524 residues
assemble as a positively charged ring located in a region where multiple interactions
between the S4–S5 linker, the S5 helix, and the C-linker are at work to control
channel gating. Heterologously expressed homomeric R524Q channels have a ~21-
fold higher sensitivity to the second messenger cAMP (dose-response Kd values of
0.08 and 1.67 μM for R524Q and wild-type channels, respectively) but no difference
in their intrinsic voltage dependence (measured in inside-out condition in the
absence of cAMP). Since cAMP and membrane hyperpolarization exert an allosteric
control of pacemaker channel availability, an increase in cAMP sensitivity ulti-
mately results in an increased If current flowing during diastole, therefore leading
to tachycardia (Fig. 5.3a) (Baruscotti et al. 2017).

Our study did not address the structural reason for the increase in cAMP sensitiv-
ity, however it provided additional support to the conclusion that the C-linkers are
structural elements central to the modulation of the channel.

The concept of cAMP affinity for HCN channels is not only central to the
interpretation of the role of the R524Q mutation, but it could also represent a more
general molecular mechanism of IST. Indeed, there is evidence that a large fraction
(~50%) of IST patients have β-adrenergic receptor autoantibodies, a condition that
causes a larger-than-normal cAMP production (Chiale et al. 2006) and, hence,
pacemaker channel activation. Taken together these studies support the concept
that nonphysiological cAMP overproduction and increased HCN sensitivity to
cAMP are molecular mechanisms responsible for IST.
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5.4.5.2 K530N
The heterogeneity of the phenotypic manifestations of mutations of the C-linker
region is further demonstrated by the clinical signs associated with the K530N
mutation which was identified in members of a family affected by mild asymptom-
atic sinus bradycardia, age-dependent tachy-brady syndrome, and persistent atrial
fibrillation (Duhme et al. 2013).

Similarly to p.R524Q, the p.K530N mutation is located in the A0 helix of the
C-linker and replaces a positively charged lysine with an asparagine. Expression
studies of mutant channels unexpectedly showed that the K530N mutation had a
significant impact on the functional properties of the channel only in the heteromeric
condition. For example, V½ of activation were wt, �87.5 mV; K530N/K530N,
�88.8 mV; and wt/K530, �101.7 mV, while cAMP-induced V½ shifts were wt,
+14.3 mV; K530N/K530N, +17.4 mV; and wt/K530, +21.8 mV. Given the hetero-
zygous condition of the affected carriers, we could speculate that while the negative
shift of the voltage dependence could account for the bradycardic condition, the
increased response to cAMP stimulation may represent the mechanisms associated
with the tachycardic aspect of the tachy-brady syndrome.

Fig. 5.3 The If current
density influences the
spontaneous rates of rabbit
adult SAN myocytes and rat
newborn cardiac myocytes.
(a) The gain-of-function
HCN4 R524Q mutation
increases both the pacemaker
current and the spontaneous
activity of rat newborn cardiac
myocytes. Sample current
traces (steps to �55 and
�75 mV, hp¼�35 mV; top),
and APs (bottom) recorded
from rat newborn cardiac
myocytes overexpressing
either the WT (left) or the
R524Q mutated (right)
channels. (b) The knockout
of HCN4 channels decreases
both the If current and the
spontaneous activity of
SAN cells. Sample If traces
(steps to �55 and �75,
hp ¼ �35 mV; top) and
APs (bottom) recorded from
SAN cells isolated from
control (left) and HCN4 KO
(right)
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Since K530 residues are involved in the subunit-subunit interaction, the authors
proposed that in the heteromeric condition, residues N530 likely alter the integrity of
this interaction and cause an inhibitory action on the voltage-dependent gating (i.e.,
favor the closed state). However, when all four K530 residues are mutated
(homomeric mutants), proper channel gating is maintained.

5.4.5.3 D553N
The heterozygous mutation p.D553N was originally discovered by Ueda and
collaborators (Ueda et al. 2004) in three members of a family affected by severe
bradycardia and QT prolongation; recurrent syncope and polymorphic ventricular
tachycardia were also observed in the proband. The electrophysiological properties
of mutant channels have been analyzed by heterologous expression in COS7 cells: a
large reduction of the current density (~�65%�75% and ~�92% for heteromeric
and homomeric channels, respectively) and no alterations of the voltage dependence
were reported (Ueda et al. 2004; Netter et al. 2012). However, while Ueda et al.
(2004) observed a trafficking impairment with cytoplasmic retention of the channels,
this was not reported by Netter et al. (2012). Although a thorough investigation was
not carried out, Netter et al. (2012) showed that homomeric D553N channels failed
to be modulated by high cAMP concentration.

5.4.5.4 573X
The first mutation ever identified in the HCN4 gene was the single-base 1631delC
deletion found in a single index patient. This mutation, located in the C-linker coding
region, caused a frameshift and an early stop codon resulting in the truncated protein
573X lacking part of the C-linker, the CNBD, and the C-terminus (Schulze-Bahr
et al. 2003). The clinical characterization included the following symptoms: sinus
bradycardia, episodes of syncope, intermittent atrial fibrillation, and chronotropic
incompetence. Lack of cAMP-dependent modulation was reported both in the
homomeric and in the heteromeric channels suggesting a dominant negative action,
while immunofluorescence experiments indicated normal trafficking to the plasma
membrane. The 573X mutation represents a milestone for HCN4-related
channelopathies, and although a conclusive causative association between the geno-
type and the clinical phenotype of this mutation was impossible because it was based
on a single patient, we can now retrospectively state that this association has been
clearly supported by all the findings that followed its discovery.

5.4.6 Mutations of the Cyclic Nucleotide-Binding Domain (S672R,
695X) and of the C-Terminus (P883R, G1097W)

The CNBD domain is the hallmark of HCN and CNG (cyclic nucleotide-gated)
channels and is also present in Erg/Eag channels, and its structural architecture is
similar to that of the catabolite gene activator protein (CAP) of E. coli and to that of
the cAMP binding site of the protein kinase A (Craven and Zagotta 2006; Biel et al.
2009). In HCN4 channels the CNBD extends from residue D600 to residue D712,
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and binding of cAMP molecules to this site results in an allosteric facilitation of the
voltage-dependent channel opening process. Following the CNBD, there is the
proper C-terminus.

5.4.6.1 S672R
The heterozygous loss-of-function mutation p.S672R was identified by our group in
bradycardic members of an Italian family. Mean heart rates calculated for mutation
carriers was 52.2 bpm (n ¼ 15), while those presenting a normal phenotype had a
mean value of 73.2 bpm (n ¼ 12). Given the large number of genetically related
individuals investigated, it was possible to quantitatively assess the co-segregation
between the phenotype (bradycardia) and genotype (p.S672R) and the presence of a
tight linkage was confirmed by a LOD score value of 5.47. Sequence alignment
analysis confirmed that the wild-type S672 residue is highly preserved in the
phylogenetic tree from invertebrates to humans, an observation supporting its
functional importance. Extensive electrophysiological investigation has shown that
despite its localization within the CNBD, this mutation does not influence the
affinity of the channel for the second messenger cAMP but rather renders the channel
less sensitive to opening secondary to membrane hyperpolarization (V½:�76.1 mV
and�84.5 mV for wild-type and homomeric mutant channels, respectively), and this
action fully resembles that of the muscarinic modulation of the current.

5.4.6.2 695X
During a screening specifically aimed at the identification of common causative
genetic defects leading to familial electromechanical disorders (sinus node disease
and noncompaction cardiomyopathy), Schweizer et al. (2014) identified the novel
mutations p.695X and p.P883R (in addition to the p.G482R previously described).

The mutation p.695X was found during a candidate gene study in genetically
related heterozygous patients affected by sinus bradycardia and noncompaction
cardiomyopathy (Schweizer et al. 2010, 2014). Because of the presence of an
early stop codon, the truncated 695X protein lacks the CNBD, and expression
studies in HEK 293 cells coherently showed that both homo- and heteromeric mutant
channels were insensitive to cAMP-induced modulation. In addition, a rightward
shift (+7.4 mV) of the half-activation voltage (V½) was observed in homomeric
mutant channels.

Despite the lack of cAMP sensitivity of mutant channels, patients carrying the
heterozygous 695X mutation exhibit normal chronotropic control and were able to
reach normal maximal heart rates. In this respect it is worth noting that patients with
the 573X mutation, which also removed the CNBD, were instead affected by
chronotropic incompetence; the reason of this difference is unclear.

5.4.6.3 P883R
The missense mutation p.P883R was found in a single unrelated patient with sinus
bradycardia, noncompaction cardiomyopathy, and paroxysmal atrial fibrillation;
however, the phenotypic features of p.P833R mutant channels were never analyzed
(Schweizer et al. 2014).
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Patients carrying either the p.695X or the p.P833R exhibit the combined
noncompaction cardiomyopathy and sinus bradycardia phenotypes.

5.4.6.4 G1097W
The mutation p.G1097W, located in the terminal part of the C-terminus, was found
in a single patient with AV nodal dysfunction (AV block) but normal sinus node
activity (Zhou et al. 2014). Upon heterologous expression, mutant current densities
were significantly reduced and exhibit a negative shift of their voltage dependence
(V½: wt, �86.6 mV; homomeric, �98.6 mV; and heteromeric, �94.2 mV). Modu-
lation by cAMP was preserved. Since this mutation was found in a single patient and
no sinus node alteration was observed, the genotypic-phenotypic association can
only be hypothesized.

5.5 HCN Knockout and Transgenic Mice

The information obtained with in vitro single-cell experiments have provided a
wealth of details on the importance of the cardiac pacemaker current; however,
these studies lack the integration in the context of the entire organism. For this
reason, different transgenic models have been developed to clarify the physiological
contribution of HCN channels to cardiac pacemaking and heart development, as well
as to improve our knowledge of their pathological relevance in arrhythmias. As
discussed in the previous sections, the HCN4 isoform is the most functionally
relevant in the mammalian SA Node, and its contribution to cardiac pacemaking
and heart development has been studied by means of several HCN4 transgenic/KO
mouse lines.

The first HCN4 knockout mice were developed by Stieber et al. (2003) who
generated global and cardiac-specific constitutive HCN4 KO models by deleting the
exon 4 which encodes for the pore region and the sixth transmembrane segment
(TM6). Both global and cardiac-specific homozygous KO mice died between the
embryonic days 9.5 and 11.5, but no structural abnormalities were noted in the
developing heart. When isolated, the hearts of KO mice retained the intrinsic
automaticity albeit they had a slower pace (�37% at day E9.5) than hearts isolated
from wild-type embryos. Interestingly, action potential recordings carried out in
single cardiomyocytes isolated from embryonic hearts of both models demonstrated
the absence of a “mature” pacemaker phenotype which was instead observed in cells
isolated from control wild-type embryo hearts. In agreement with these findings,
HCN4 KO cardiomyocytes exhibit a 75–90% reduction of the If current, and the
residual current could not be modulated by cAMP as opposed to a 10.3 mV positive
shift of the activation curve observed for the wild-type If current. When the
chronotropic behaviors of both single myocytes and whole hearts isolated from
HCN4 KO mice were challenged with a membrane-permeable cAMP analog
(8-Br-cAMP), no significant effects were observed. The finding that in the HCN4
KO constitutive models the If current and the spontaneous activities of both isolated
hearts and cardiomyocytes are insensitive to the adrenergic mediator cAMP,
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suggests that the If current represents a critical cAMP-sensitive element contributing
to the chronotropic control of the heart at this developmental stage.

Although the lack of cAMP modulation might at first appeared as an additional
“minor side effect” in comparison to the embryo lethality, its full relevance became
clear a few years later when Harzheim et al. (2008) developed a cAMP-insensitive
HCN4 knock-in (KI) transgenic model with a similar embryo lethality. The HCN4
gene of this mouse was engineered to introduce the single amino acid exchange
(R669Q) within the CNBD, and this mutation abolished the cAMP-induced modu-
lation. Homozygous R669Q mice normally expressed the HCN4 protein, as verified
by immunolabelling and Western blot experiments; however, they too died between
embryonic days E11 and E12. Electrophysiological analysis confirmed that maximal
f-channel conductance was similar in KI and wild-type cells, but the activation curve
was shifted negatively by �13.2 mV in KI cells likely because of the lack of basal
cAMP-induced modulation. In agreement with a reduced contribution of the If
current in KI cells, automaticity of single cells and isolated heart was also reduced
by 37% (at E9.5) and 40%, respectively. Experiments with isolated hearts also
confirmed that neither adrenergic stimulation nor cAMP increase could enhance
the beating rate of homozygous KI hearts.

Taken together the global, the cardiac specific, and the R669Q-KI constitutive
KO models allow to conclude that the HCN4 current is necessary for proper cardiac
embryo development and survival, and this crucial role appears to be related to the
ability of the current to respond to cAMP/adrenergic stimulation. According to
Harzheim et al. (2008), the need for a strong chronotropic response to catecholamin-
ergic stimuli is indeed a vital aspect of the developing heart since it counteracts the
otherwise life-threatening bradycardia which may occur during transient hypoxic
states. However, a further element to consider is the evidence that the integrity of the
HCN current is mandatory for the correct cell cycle progression of proliferating stem
cells (Lau et al. 2011; Omelyanenko et al. 2016); whether this is an additional
mechanism responsible for HCN4 KO embryo lethality is a question of remarkable
interest.

Because of the lethality of KO embryos, the role of the pacemaker current during
adulthood could not be evaluated by constitutive models. This limitation was soon
overcome by Herrmann et al. (2007) and by Hoesl et al. (2008) who developed two
inducible models, i.e. models where functional silencing of the HCN4 gene could be
obtained by knockout of the exon 4 (pore-S6 region) in a time-dependent manner.
The two models differed in that the knockout was inducible and global in one case
(Herrmann et al. 2007), while it was inducible but specifically restricted to all the
cells of the organisms expressing the HCN4 channel in the other case (Hoesl et al.
2008). Despite the differences in the way they were engineered, the two models
ultimately resulted in identical phenotypes, that is, the generation of non-functional
HCN4 proteins in the entire organism. Single-cell studies reported that the If current
density was indeed similarly reduced (by 75–80%) in both models, and 45–90% of
SAN cells lacked spontaneous activity (Herrmann et al. 2007; Hoesl et al. 2008). In
vivo recordings in adult mice showed that heart rate, ECG parameters, and
chronotropic response to adrenergic stimulation were not different between control
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and KO mice; however, recurrent sinus pauses and increased response to muscarinic
stimulation were observed after KO induction. The presence of sinus pauses (which
was also observed in isolated hearts) was maximal at heart rates of 350–450 bpm; of
note is the observation that these rates (350–450 bpm) are slightly lower than the
intrinsic heart rate of mice (Yaniv et al. 2016; Larson et al. 2013), and therefore sinus
pauses are maximal in a condition where the vagal tone prevails. In line with this
observation, the authors also report that in KO mice the bradycardic response to
muscarinic stimulation was maintained, and pauses’ duration was increased; on the
contrary when the heart rate was raised by intense activity, therefore by robust
sympathetic input, the number of sinus pauses decreased. These observations thus
suggest that SAN cells of HCN4 KO mice have an “unstable” and “weak” diastolic
pacemaker depolarization as a consequence of the paucity of the If current. This
instability is clearly exacerbated by the parasympathetic-induced bradycardia, while
it is partly resolved by the adrenergic action which increases the f-current. These
results, which were partly unexpected giving the embryo lethality of the HCN KO
constitutive models, suggest that in the adult mouse, additional mechanisms likely
contribute to pacemaker generation and/or that the remaining If current after KO
induction (20–25%) may be sufficient to drive the diastolic depolarization. Also
relevant is the observation that while in the embryo heart the removal of the cAMP-
dependent modulation of If impairs the chronotropic modulation, this is not the case
in the adult where obviously other adrenergic modulatory mechanisms are at work.

As previously noted, the models by Hermann et al. (2007) and Hoesl et al. (2008)
allowed to study the role of HCN4 channels in the adult animal; however, a possible
confounding element of these models is that the knockout procedure occurred
throughout all the cells of the organisms. Our laboratory therefore further improved
the study model by creating a mouse line where the HCN4 knockout process was
inducible and strictly restricted to cardiac cells (Baruscotti et al. 2011). This mouse
thus presented the noticeable advantage of not altering the functional contribution of
HCN4 channels in non-cardiac HCN4-expressing tissues (such as some types of
neurons). This model exhibited a quite severe arrhythmic phenotype: severe brady-
cardia with a reduction of heart rate up to 47% (but sinus pauses were not observed),
prolongation of the PQ interval, and AV block which progressed to complete AV
block and heart arrest. SAN cells isolated from these mice consistently displayed a
reduction of both spontaneous rate (up to ~60%) and If density (70%) highlighting
therefore a solid cause-effect quantitative dependence between the reduction of the If
current and SAN cells/cardiac rates (Fig. 5.3b).

In addition, despite the permanence of robust β-adrenergic chronotropic
responses both in single SAN cells and in freely moving animals, the maximal
rates attained were inferior to those elicited in wild-type conditions (cells, �43%;
animals, �31%). We thus concluded that presence of an intact If current is required
for proper cardiac impulse generation and modulation. While the association
between HCN4 channels and SAN activity was obviously expected, our model
provided the evidence for an active functional presence of HCN4 currents also in
the AVN, suggesting an additional role of the HCN4 current associated with impulse
conduction.
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Alig et al. (2009) also developed a cardiac-specific and inducible HCN4 trans-
genic mouse model (Tet-Off system) based on the inducible and cardiac-specific
expression of the human HCN4 isoform carrying the mutation 573X. This mutation,
originally identified in a single patient by Schultze-Bahr, renders the HCN4 channel
insensitive to cAMP modulation (Schulze-Bahr et al. 2003). The loss of cAMP
modulation was indeed verified in single-cell experiments, since the If current
recorded in SAN cells isolated from adult 573X mice was characterized by a
negative shift of the voltage-dependent activation (~20 mV) and by the finding
that isoprenaline could not increase the If current. Spontaneous activity of mutant
cells was generally highly arrhythmic; however, a regular spontaneous AP rate could
be restored in the presence of isoprenaline even though the maximal rate attainable
was lower than that observed in wild-type cells. Adult mice expressing the HCN4X
channels displayed a significant decrease of sinus rate both at rest and during
exercise. Taken together these observations point to the conclusion that basal
cAMP cellular content ensures a tonic control of the If current at rest and that an
additional cAMP-dependent increase of the If can be recruited during adrenergic
stimuli (i.e., during activity). This study shows that removal of cAMP-modulation
during adulthood is not lethal, while embryo lethality was instead observed by
Harzeim et al. (2008); despite this difference both models strongly provide the
evidence that cAMP modulation of HCN4 channels is a key element to maintain
proper basal heart rate as well as to provide a depolarization reserve that can be
readily used upon the adrenergic stimulation and cytoplasmic cAMP increase.

The study of HCN4 transgenic models and the pathological role of HCN4
mutations underline the predominant role of this isoform during cardiac embryonic
development and in the adult conduction tissue. However, since HCN1 and HCN2
expression have also been found in the human SAN, the cardiac phenotypes of these
HCN1 and HCN2 KO models were also evaluated. Both HCN1 and HCN2 global
and a cardiac-specific constitutive KO mice completed the embryonic development,
indicating that these isoforms are not critical for cardiac development (Ludwig et al.
2003; Fenske et al. 2013; Nolan et al. 2003). Fenske et al. (2013) developed an
inducible and global HCN1 KO mouse with sinus bradycardia, recurrent sinus
pauses, increased heart rate variability, and lower maximal heart. Single-cell studies
confirmed a strong reduction of the If current (~40%) and of both basal (�13%) and
maximal (�13%) firing rates (Fenske et al. 2013). Somewhat similar results were
observed by Ludwig et al. in adult HCN2 KO mice which exhibited sinus dysrhyth-
mia which however disappeared in the presence of adrenergic stimulation (Ludwig
et al. 2003). The If current measured in HCN2 KO SAN cells was ~30% less than in
wild-type cells but was still modulated by cAMP (Ludwig et al. 2003). These data
thus indicate that HCN2 channels provide a limited contribution to the adult pace-
maker generation, and this contribution is mainly restricted to the basal rhythm. The
physiological role of HCN3 isoform in the heart is still unclear; however, the HCN3
constitutive and global KO mouse developed by Fenske et al. (2011) did not show
relevant phenotypic cardiac alteration in their chronotropic behavior.

Taken together the results obtained by the use of HCN transgenic mouse lines
confirm the relevance of these channels in the control of cardiac rate. However, the
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reader should be aware that given the obvious differences in cardiac rates between
the murine models and the human heart, any attempt to interpret transgenic mouse
data in the context of a unifying kinetic scheme of rhythm generation and control in
humans may not be fully correct.

An inducible double HCN2/HCN4 knockout model restricted to working
cardiomyocytes was developed by Hofmann et al. (2012) as a tool to study the
mechanism underlying the arrhythmogenesis associated with cardiac hypertrophy
and failure. Several studies had indeed previously demonstrated that the ventricular
If current increases during these pathological states (Cerbai and Mugelli 2006). The
study of Hofmann and colleagues (Hofmann et al. 2012) showed that even though
HCN2 and HCN4 are the main isoforms expressed in the healthy ventricle, the
isoform that is upregulated during cardiac hypertrophy is HCN1. Interestingly they
also reported that when hypertrophy was induced after the knockout of the HCN2
and HCN4 isoforms, the risk of arrhythmogenesis was diminished.

5.6 HCN Channels: A Pharmacological Target for Therapy
and Disease Treatment

The relevance of the If current in setting the slope of the diastolic depolarization of
SAN cells makes it an important pharmacological target for selective modulation of
heart rate. In the last few decades, different If blockers have been developed and
extensively characterized by in vitro and in vivo studies (Bois et al. 1996; Monnet
et al. 2001; Bucchi et al. 2002, 2006; Vilaine et al. 2003). These drugs, called “pure
heart rate-lowering” agents, include alinidine (ST567), zatebradine (UL-FS49),
cilobradine (DK_AH26), ZD-7288, and ivabradine (S16257). Apart from
ivabradine, these drugs never reached the market due to the presence of undesired
side effects such as block of cardiac K+ and/or Ca2+ channels and block of neuronal
HCN channels. Ivabradine is the only member of this family which caused minimal
side effects (mild visual symptoms), and for this reason its efficacy has been
extensively tested in three clinical trials developed to assess the beneficial effects
of a selective reduction of heart rate in patients (1) with chronic heart failure with left
ventricle systolic dysfunction [SHIFT trial (Swedberg et al. 2010)], (2) with both
stable coronary artery disease and left ventricle systolic dysfunction [BEAUTIFUL
trial (Fox et al. 2008)], and (3) with stable CAD without overt heart failure and left
ventricle systolic dysfunction [SIGNIFY trial (Fox et al. 2014)]. These trials con-
firmed the effectiveness of ivabradine in relieving the symptoms of chronic stable
angina pectoris in patients with coronary artery disease with normal sinus rhythm.
The antianginal effect of ivabradine relays on its ability to selectively reduce heart
rate; it is this rate reduction that improves oxygen supply to cardiomyocytes due both
to an increase in the duration of the diastolic coronary perfusion time and to a
reduction in cell oxygen consumption. Indeed, ivabradine reduced hospitalization of
patients with stable, symptomatic chronic heart failure with reduced left ventricular
ejection fraction (�35%) and in sinus rhythm with a resting heart rate �70 bpm.
Ivabradine can be used as a single agent when β-blockers are not tolerated or
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contraindicated or as add-on therapy when adequate heart rate control is not
achieved. In contrast to the conventional pharmacological agents used to reduce
heart rate (β-adrenergic blockers and calcium channel antagonists), ivabradine, at
clinically approved doses, does not affect myocardial contractility, atrioventricular
conduction, and hemodynamic parameters (DiFrancesco and Camm 2004; Sulfi and
Timmis 2006). Finally, it is also worth noting that several case reports indicate
beneficial effects of ivabradine for the treatment of inappropriate sinus tachycardia,
postural orthostatic tachycardia syndrome, cardiogenic shock, and in case of uncon-
trolled heart rate following heart transplantation (Oliphant et al. 2016).

Ivabradine blocks native sinoatrial f-channels by entering from the intracellular
side, and the resulting decrease in the pacemaker current causes a decrease of the
slope of the diastolic depolarization of the action potential and thus of the heart
automaticity (Fig. 5.4a, b) (Bois et al. 1996; Bucchi et al. 2002, 2007; Thollon et al.
1997).

An important feature of ivabradine block is its “use dependence” since the block
is stronger when the channels repetitively cycle between the open and closed states,
and this results in a block efficiency which is increased at high rates (tachycardia).

Investigation of the ivabradine binding site in HCN channels has highlighted that
drug binding occurs in the water-filled cavity lined below the internal portion of the
pore. In particular, the major determinant of ivabradine binding to the HCN4 channel
is the structural integrity of the floor of the cavity in the closed state, which is formed
by the side chains of the S6 residues Y506 and I510 (Bucchi et al. 2013).

Despite the existence of differences in the molecular details of the ivabradine
block of HCN1 and HCN4 channels, the Kd values are similar (2.0 and 0.94 μM, for
HCN4 and HCN1, respectively; from Bucchi et al. 2006), thus suggesting that

Fig. 5.4 Effect of ivabradine on native If, SAN Action potentials, and heart rate (HR). (a)
Superimposed sample If current traces recorded from rabbit SAN cell in control condition and
during ivabradine (3 μM) steady-state block. Currents were elicited by voltage steps at �100/
+40 mV from a holding potential of �35 mV. Ivabradine reduced the If current by about 60%. (b)
Superimposed sample AP traces recorded from rabbit SAN in control condition and following
perfusion with ivabradine (3 μM). Ivabradine reduced the spontaneous AP rate by about 20%. (c)
Effect of a single oral dose of ivabradine (30 mg) on the heart rate of healthy human volunteers at
rest and during exercise (10 min exercise on a bicycle ergometer at increasing workloads). 2 hours
after ivabradine intake, the heart rate was reduced by about 10% and 20% at rest and during
exercise, respectively. Data shown in panel (c) are from Joannides et al. (2006)

118 A. Bucchi et al.



ivabradine should not act as an isoform-selective drug. It is therefore this lack of
selectivity that accounts for the partial block of HCN1 channels largely expressed in
the retina that cause luminous phenomena/phosphenes which are mild side effects
affecting vision (Cervetto et al. 2007; Demontis et al. 2009; Oliphant et al. 2016). It
is thus important to develop a second-generation of isoform-selective blockers since
this would allow to also target neurological conditions associated with dysfunctional
neuronal HCN channels.

5.7 Conclusions

Since the discovery of the If current and the cloning of HCN channel genes a large
amount of data have been collected on the properties and the physiopathological
functions of this current using different models and approaches (including single
cells, animal models, and newly published cryo-electron microscopy data on the
structure of the human HCN1 channel). Although the cellular processes
contributing, directly or indirectly, to pacemaker activity are many, the above data
clearly indicate that the pacemaker current plays a substantial role in the generation
and control of the SAN spontaneous activity. Evidence for this role includes (1) If
activation range overlapping that of diastolic depolarization, (2) If-mediated control
of cardiac rate by autonomic transmitters, (3) correlation between If expression in a
given cell type and the presence of spontaneous activity, and (4) use of a specific
f-channel blocker (ivabradine) as heart rate-reducing agent. HCN4 channel
mutations also indicate a clear association between If and impulse generation,
since most of the HCN4 dysfunctional mutations reported are associated with
brady (loss-of-function) or tachy (gain-of-function) arrhythmias. In addition, exper-
imental data also relate loss-of-function mutations with more complex pathologies
such as AF, AV blocks, and structural abnormalities, thus suggesting new and still
unexplored roles of HCN4 in the heart.
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Dysregulation of Ionic Homeostasis:
Relevance for Cardiac Arrhythmias 6
Claire Hopton, Luigi Venetucci, and Miriam Lettieri

Abstract
The action potential is formed by the interaction of various sarcolemmal ionic
currents. These currents are produced by the flow of ions which is driven by
ionic electrochemical gradient across the sarcolemma and is mediated by ion
channels. Alterations in ion channel function or trans-sarcolemmal ionic electro-
chemical gradients lead to alteration in ionic current and action potential which
can cause arrhythmias. Extracellular and intracellular concentration of some ions
can modulate the gating of ion channels. Therefore, the maintenance of the
correct intra- and extracellular ionic concentrations and trans-sarcolemmal ionic
gradients (ionic homeostasis) is essential for the electrical function of the heart.
Alterations in ionic homeostasis can lead to profound alterations in cardiac
electrophysiology and arrhythmias. In this chapter will review how dysregulation
of ionic homeostasis can lead to arrhythmias with a particular emphasis on
channelopathies.

During each cardiac cycle electrical activation originates in the sinus node and
propagates rapidly, first through the atria and then through the ventricles. At the
level of each cardiac myocyte, this electrical activation is constituted by the onset of
an action potential (AP). The AP initiates and modulates cardiac contraction through
a process called excitation-contraction coupling. The AP is produced by sequential
activation of various sarcolemmal ion channels that allow the flow of ions (ionic
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currents), mainly sodium (Na+), potassium (K+), and calcium (Ca2+), along their
electrochemical gradient and change membrane potential. Dysfunction of various
ion channels can cause alterations in the size, duration or shape of the AP which can
all predispose to arrhythmias. To allow the flow of ions, it is also important that the
correct electrochemical gradient between the extracellular space and the intracellular
space is constantly maintained. This is mainly determined by concentration
gradients. Alterations in these gradients will affect ionic currents and therefore will
affect AP characteristics. In addition, intracellular and extracellular concentrations of
certain ions (Na+, K+, and Ca2+) directly modulate the gating of various ion
channels, and this can also produce profound alterations in AP characteristics and
cardiac electrophysiology. In this chapter we will review how the alterations in the
homeostasis of Na+, K+, and Ca2+ alter cardiac electrophysiology and can lead to
arrhythmias with a particular emphasis on channelopathies.

6.1 Calcium

Calcium (Ca2+) exerts important action both in the intracellular and the extracellular
space.

6.1.1 Intracellular Ca2+

In cardiac myocytes Ca2+ plays a pivotal role in the excitation-contraction coupling
process (Bers 2002). As mentioned above this is the process that translates the
electrical activation (AP) into mechanical activation (cardiac contraction). This
process is schematically illustrated in the next section (Fig. 6.1).

6.1.1.1 Excitation-Contraction Coupling
This process starts in each cardiac myocyte with the onset of an AP. The AP triggers
a rapid and transient change in cytosolic Ca2+ levels which is also known as systolic
Ca transient. Ca2+ binds to the myofilaments activating them and initiating contrac-
tion. The process that mediates the onset of the Ca2+ transient is called Ca2+-induced
Ca2+ release (CICR) because the influx of Ca2+ through the sarcolemmal L-type
channels (which are activated by the AP) triggers the release of a much bigger
quantity of Ca2+ from the main intracellular Ca2+ store, the sarcoplasmic reticulum
(SR). The SR channel that modulates this release is called the ryanodine receptor
(RyR). Following contraction myofilament inactivation and relaxation is achieved
by a rapid decline of Ca2+ back to precontraction levels. There are three main
mechanisms that modulate this decline in Ca2+: (1) termination of SR Ca2+ release
by inactivation of RyR, (2) reuptake of Ca2+ in the SR by the SR Ca2+ ATPase
(SERCA), and (3) extrusion of Ca2+ through the Na+/Ca2+ exchanger (NCX) that
couples the influx of three Na+ ions with the efflux of one Ca2+ ion (resulting in a net
inward current). At this stage it is important to remember that to maintain Ca2+
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homeostasis at steady state, Ca2+ influx through the L-type Ca2+ channels has to
equal Ca2+ efflux via NCX.

Structural Organization and Modulation of Ca2+ Release The amplitude of the Ca2+

transient determines the level of activation of the myofilaments and therefore is one of
the main regulators of cardiac contractility. To understand how Ca2+ transient ampli-
tude is modulated, we need to review the ultrastructural organization of the Ca2+

release machinery. To facilitate Ca2+ release, RyRs and L-type Ca2+ channels are
organized into Ca2+ release units (CRUs) (Franzini-Armstrong et al. 1999). These
CRUs are formed by close apposition of the SR to the sarcolemma. The majority of
CRUs form along T-tubules (deep invagination of the sarcolemma) with a minority
forming along the external membrane. This close apposition provides co-localization
of L-type channels (situated on the sarcolemma) with RyR (situated on the SR
membrane). Activation of a single CRU produces a Ca2+ spark. This is a localized,
transient increase in Ca2+ concentration. The AP synchronizes the activation of CRUs,

Fig. 6.1 (a) Schematic representation of mechanism responsible for the onset of Ca2+ transient in
cardiac myocytes. The arrival of an AP (1) opens L-type Ca2+ channels (LTCC, in red) on T-tubules
(2). Influx of a small amount of Ca2+ through LTCC activates ryanodine receptor (RyR, in red) on
the SR and promotes synchronous release of Ca2+ (3). This Ca2+ activates the myofilaments and
initiates contraction. Ca2+ decay and relaxation are produced by the activity of sarcoplasmic
reticulum Ca2+ ATPase (SERCA, in blue) (4) and Na+/Ca2+ exchanger (NCX, in magenta) (5).
(b) Example of AP (top) and Ca2+ transient (bottom) from a ventricular cardiac myocyte
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and the Ca2+ transient is formed by the summation of multiple Ca2+ sparks. Therefore,
the amplitude the Ca2+ transient is determined by the number of CRUs activated
(number of sparks) and the amount of Ca2+ released by each unit (spark amplitude).
The number of units activated ismainly determined by the amplitude of the L-typeCa2+

current while the amount of Ca2+ released by each is controlled mainly by SR Ca2+

content. Cardiac myocytes have a complex system to regulate SR Ca2+ content. In the
next section we will briefly review what controls SR Ca2+ content and how SR content
modulates Ca2+ release.

Regulation of SR Ca2+ Content The amount of Ca2+ stored in the SR depends on the
balance between Ca2+ released from the SR through RyR and Ca2+ reuptake via
SERCA. Therefore, stimulation of SERCA via phosphorylation of its accessory
protein phospholamban (PLN) will increase SR Ca2+ content (Hussain and Orchard
1997). On the contrary, stimulation of the ryanodine receptor (via calcium/calmodu-
lin-dependent protein kinase II [CAMKII] phosphorylation or drugs) will produce a
reduction in SRCa2+ content (Trafford et al. 2000). SRCa2+ content is also controlled
by trans-sarcolemmal Ca2+ fluxes. Increases in Ca2+ influx through Ca2+ current
and/or decrease in Ca2+ efflux via NCXwill lead to an increase in the amount of Ca2+

available for reuptake into the SR and therefore an increase in SR Ca2+ content. It is
important to remember that the Ca2+ transient modulates both Ca2+ influx by determin-
ing Ca2+ dependent inactivation of the L-type Ca2+ current and Ca2+ efflux by determin-
ing the size of the NCX-mediated current that controls efflux (Trafford et al. 1997). This
ability is essential for the cell to maintain Ca2+ balance and prevent excessive Ca2+

accumulation. For example, if we reduce Ca2+ efflux via NCX (e.g., by increasing
intracellular Na+), this will in turn lead to an increase in SR Ca2+ content and increased
Ca2+ transient amplitude which in turn will decrease Ca2+ influx via L-type Ca2+ current
(Ca2+-dependent inactivation) and increase Ca2+ efflux viaNCX so that a new balance is
reached where influx equals efflux and there is no further accumulation of Ca2+.

How Does SR Ca2+ Modulate Transient Amplitude? Various studies have
demonstrated that the relationship between SR Ca2+ content and Ca2+ transient
amplitude is not linear but follows an exponential cubic pattern (Eisner 2014). This
clearly suggests that SR Ca2+ content does not play a simple passive role by providing
the concentration gradient for Ca2+ release but exerts an active modulatory role on
Ca2+ release. A large body of evidence demonstrates that the RyR gating is
modulated by SR Ca2+ concentration so that RyR opening increases with increases
in SR Ca2+ concentration. Originally it was believed that calsequestrin, an accessory
protein that binds to the SR on its luminal side, acted as the main Ca2+ sensor for
RyR (Györke and Terentyev 2008). However, more recent evidence clearly
demonstrates that in the absence of calsequestrin, the RyR is still able to sense Ca2+.
In addition, an elegant paper has identified the Ca2+-sensing domain in RyR (Chen
et al. 2014).

Physiological Modulators of the Ca2+ Transient In vivo there are two main physio-
logical modulators of Ca2+ transient: beta adrenergic stimulation and heart rate.
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Beta adrenergic stimulation Beta adrenergic stimulation is the main physiological
modulator of Ca2+ transient amplitude and cardiac contractility. Normally adrenergic
stimulation occurs during exercise and emotional stress. It increases heart rate and
cardiac contractility. The effects on heart rate are due to direct stimulation of the
sinus node, while the effects on cardiac contractility are due both to direct stimula-
tion of myocytes and to the increase in heart rate. Direct stimulation of myocytes
increases Ca2+ transient amplitude and contractility by three main mechanisms
(Hussain and Orchard 1997; Curran et al. 2007):

1. It increases Ca2+ current amplitude via protein kinase A (PKA) phosphorylation
of the L-type Ca2+ channel.

2. It stimulates SR Ca2+ reuptake activity via SERCA and increases SR Ca2+

content. This is achieved by PKA phosphorylation of PLN, an accessory protein
of SERCA that modulates its activity.

3. It promotes CAMKII-dependent phosphorylation of RyR that increases its open
probability.

Heart rate Increasing heart rate is associated with increased amplitude of the Ca2+

transient and increased contractility. This phenomenon is called positive force-
frequency relationship, and it is observed mainly in larger species. Three main
mechanisms mediate this phenomenon (Endoh 2004):

1. Increased intracellular Na+ that reduces NCX-mediated Ca2+ efflux and increases
SR Ca2+ content.

2. Frequency-dependent phosphorylation of PLN that increases SERCA activity
and SR Ca2+ content. This is mediated by CAMKII.

3. Frequency-dependent phosphorylation of RyR that increases its opening, again
mediated by CAMKII.

Pharmacological Modulation of Ca2+ Cycling Ca2+ transient and contractility can
also be modulated pharmacologically. Digoxin is a widely available drug used in the
treatment of heart failure and atrial fibrillation. It exerts powerful inotropic action by
increasing Ca2+ transient amplitude. This effect is due to inhibition of the cardiac Na+

pump which increases intracellular Na+ levels. Increasing cytosolic Na+ levels
decreases Ca2+ efflux through the NCX (see section on Na+ homeostasis) and
increases SR Ca2+ content. Recent evidence also suggests that digoxin promotes
CAMKII-dependent phosphorylation of RyR and increases its open probability.

6.1.1.2 Ca2+ Cycling and Arrhythmias
In various disease states, the SR can also release Ca2+ independently from an
AP. This process is called a Ca2+ wave or spontaneous Ca2+ release. It is not
synchronous like systolic Ca2+ release, it starts in one point of the cells and
propagates along the cells as a wave of Ca2+-induced Ca2+ release (Venetucci
et al. 2008). As this wave of Ca2+ release propagates along the cell, it activates NCX
which generates an inward current and produces either an early afterdepolarization
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(EAD if it occurs during the AP) or a delayed afterdepolarization (DAD if it occurs
after completion of the AP) (Fig. 6.2). Several studies have demonstrated that Ca2+

waves occur when SR Ca2+ concentration reaches a critical level also known as SR
threshold. This threshold at which spontaneous Ca2+ release occurs can be altered by
modulating the sensitivity of the RyR to activation by Ca2+ (both on the luminal and
cytosolic sides) (Venetucci et al. 2007). Ca2+ waves are clinically relevant for
arrhythmogenesis in a number of inherited arrhythmia syndromes.

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) This is a genetic
arrhythmia syndrome characterized by the onset of polymorphic ventricular tachy-
cardia (VT) during exertion and emotional stress, a situation in which there is
adrenergic stimulation of the heart (van der Werf and Wilde 2013). Polymorphic
VT can degenerate into ventricular fibrillation (VF) and cause sudden death. The
great majority of CPVT cases are caused by mutations of the gene that encodes for

Fig. 6.2 (a) Schematic representation of mechanism responsible for the onset of Ca2+ waves and
delayed afterdepolarizations (DADs). Under conditions that cause disproportionate increase in SR
Ca2+ content, Ca2+ release can start spontaneously (independently of an AP) in any part of the cell
and propagate along the cell as a wave of Ca2+ release. As this wave propagates along the cell, it
activates NCX which generates an inward current which produces a DAD. The DAD can activate
cellular Na+ channels and generate an AP. (b) Examples of Ca2+ wave and DAD followed by
triggered activity (red arrow) and Ca2+ wave and DAD without triggered activity (orange arrow)
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RyR (RYR2) (Priori et al. 2001). A small proportion of cases have been linked with
mutations in genes which encode for accessory proteins of RyR, such as
calsequestrin, triadin, and calmodulin. Mutations in RYR2 typically increase the
RyR Ca2+ sensitivity and decrease the threshold for Ca2+ waves (Venetucci et al.
2012), this facilitates the onset of Ca2+ and DADs. Ca2+ waves DADs and
arrhythmias occur mainly after adrenergic stimulation. Following adrenergic stimu-
lation SR content will reach the threshold for Ca2+ waves. This occurs because
adrenergic stimulation exerts dual action: (1) It increases SR Ca2+ content via
stimulation of SERCA. (2) It decreases the threshold for Ca2+waves by promoting
CAMKII-mediated phosphorylation of RyR.

Long QT Syndrome (LQTS) The classical arrhythmia associated with long QT
syndrome is torsades de pointes (TdP). The main arrhythmia mechanism responsible
for TdP is re-entry. Often this re-entry is started by ventricular ectopic beats which
are mainly caused by triggered activity due either to EADs or DADs. Studies
performed on transgenic animal models of LQTS clearly show that in some forms
of LQT there are significant alterations of intracellular Ca2+ handling that lead to the
onset of both EADs and DADs. Terentyev et al. (2014) studied Ca2+ handling in a
transgenic rabbit model of LQT-2 (caused by mutations of the K+ channel gene
KCNH2). They demonstrated that the transgenic hearts had high levels of RyR
phosphorylation. This increases channel activity and predisposes to the development
of Ca2+ waves, EADs, DADs, and arrhythmias. Work on a mouse model of LQT-3
(Fredj et al. 2006) (caused by mutations of the Na+ channel gene SCN5A) showed
that cells isolated from the transgenic heart had a high incidence of DADs and
triggered activity especially at slow heart rates. This is likely to be secondary to
higher levels of intracellular Na+ consequent to enhanced late sodium current
associated with the mutation that leads to reduced Ca2+ extrusion via NCX and Ca2+

overload. It is therefore possible that preventing the onset of DADs and EADs
could prove to be a valuable therapeutic strategy. Beta blockers are the main
treatment for both CPVT and LQTS; however there are patients who still develop
arrhythmias despite full beta blockade. The discovery that abnormalities in Ca2+

handling play an important role in the genesis of arrhythmias in these conditions has
generated a large interest in developing new strategies to target Ca2+ handling. In
particular there has been great interest in RyR as a new therapeutic target, and several
compounds have been developed. Recent studies have also suggested that some
clinically available drugs such as flecainide (Watanabe et al. 2009) and carvedilol
(Zhou et al. 2011) are RyR inhibitors. Flecainide is a powerful Na+ channel blocker
which has been shown to be effective in preventing arrhythmias in patients with
CPVT, especially when added to beta blockers (van der Werf et al. 2011). There is
still controversy on whether RyR blockade mediates some of these antiarrhythmic
properties. Carvedilol is a beta blocker routinely used in the treatment of heart
failure. It exists as a racemic mixture (having equal amounts of the R and S
enantiomers), and it has been suggested that the R enantiomer is a RyR blocker
but does not have any beta-blocking properties (Zhang et al. 2015). Studies on a
mouse model of CPVT show that the R enantiomer is very effective in preventing
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arrhythmias following infusions with adrenaline and caffeine (caffeine is an activator
of RyR used to induce arrhythmias in mice).

6.1.2 Disorders of Extracellular Ca2+

Both hypocalcemia and hypercalcemia are frequently encountered in clinical prac-
tice. Approximately 50% of circulating Ca2+ is bound to albumin so Ca2+ levels must
always be corrected for albumin levels.

6.1.2.1 Hypocalcemia
Causes of hypocalcemia are listed in Table 6.1. The main clinical manifestation of
hypocalcemia is neuromuscular irritability that causes symptoms such as tetany,
paresthesia, and numbness. The main ECG manifestation is QT prolongation with
prominent prolongation of the ST segment. At the level of the cardiac action potential,
hypocalcemia predominantly causes prolongation of the plateau (phase 2). A
modelling study (Grandi et al. 2009) has suggested that this is mainly due to slowed
inactivation of the L-type Ca2+ current because of reduction in Ca2+-dependent
inactivation. In the literature there are several reports of QT prolongation and TdP
triggered by hypocalcemia. As hypocalcemia can prolong the QT interval, patients
with LQTS should take particular care to avoid medications or conditions that can
lower extracellular calcium (such as diuretics, aminoglycosides, and vitamin D
deficiency).

6.1.2.2 Hypercalcemia
Hypercalcemia is observed mainly in the setting of hyperparathyroidism and
malignancies (see Table 6.1). It can cause AP and QT shortening; however this
does not tend to cause arrhythmias. The AP and QT shortening have been attributed
to faster inactivation of Ca2+ current during the plateau of the AP and also reduction
in the inward depolarizing NCX current. It is also important to remember that raising
extracellular Ca2+ stabilizes resting membrane potential and increases the extent of
depolarization needed to initiate an AP.

Table 6.1 Causes of hypocalcemia and hypercalcemia

Common causes of hypocalcemia

Vitamin D deficiency

Altered vitamin D metabolism (disease affecting the liver or kidney medications)

Pseudohypoparathyroidism

Hypomagnesemia, hypermagnesemia

Common causes of hypercalcemia

Hyperparathyroidism

Multiple myeloma

Cancer

Excessive vitamin D intake
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6.2 Sodium

Na+ is the main extracellular cation and plays an essential role in the regulation of
extracellular volume and plasma osmolarity. The concentration of Na+ inside cardiac
myocytes is significantly lower than in the extracellular space; however intracellular
Na+ plays an essential modulatory role in various processes (Murphy and Eisner
2006). Alterations in intracellular Na+ concentration have been linked with the onset
of arrhythmias while alterations in extracellular Na+ concentrations are rarely
associated with arrhythmias. In this section we will mainly focus on the modulation
of intracellular Na+ concentration and arrhythmias.

6.2.1 Intracellular Na+ Concentrations

Intracellular Na+ concentration is a key regulator of transmembrane flux of various
ions and metabolites. In addition, recent evidence suggests that intracellular Na+

levels modulate mitochondrial function. Cardiac myocytes have a complex system to
regulate intracellular Na+ concentration. To illustrate the mechanisms that control
intracellular Na+ concentration, it is useful to separately discuss Na+ influx and Na+

efflux pathways.

6.2.1.1 Na+ Influx Pathways
In cardiac myocytes there are three main routes of Na+ influx: voltage-dependent Na+

channels, NCX, and Na/H exchanger.

Na+ Channels The activation of voltage-dependent Na+ channels is responsible for
the upstroke of the AP. Most of the current is mediated by the cardiac isoform
Nav1.5 which is encoded by the SCN5A gene. The gating of the channels is
characterized by rapid succession of activation and inactivation (Remme 2013) so
that the current almost completely inactivates within 5 ms of activation. During the
plateau of the AP, a very small non-inactivating Na+ current can still be present. This
is called late Na+ current and is mainly present in Purkinje cells and ventricular
myocytes. The late Na+ current modulates AP duration. Mutations of SCN5A that
increase late Na+ current are responsible for LQT-3. Na+ channels represent the main
route of Na+ influx. When the heart rate increases, Na+ influx through these channels
increases, and this results in an increase in intracellular Na+ concentration. Increas-
ing late Na+ current (which can be caused by ischemia, LQT-3 and heart failure) also
produces greater Na+ influx and higher intracellular Na+ levels. Cardiac myocytes
also express some neuronal Na+ channels, and recent evidence suggests that these
neuronal channels are mainly localized at the level of the CRUs where they play an
important role in modulating the concentration of Na+ and therefore Ca2+ in near
RyRs (Radwański et al. 2015).

NCX As mentioned above, NCX represents the main route of Ca2+ efflux from the
cells. It uses the energy provided by Na+ influx to pump Ca2+ out of the cell. Three
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Na+ (three positive charges) ions are exchanged for one Ca2+ ion (two positive
charges); therefore NCX generates a current. The NCX can work in two directions:
forward mode (Na+ influx, Ca2+ efflux resulting in an inward current) and reverse
mode (Na+ efflux, Ca2+ influx resulting in an outward current). The direction of flux
is determined by transmembrane Na+ and Ca2+ concentration gradients and mem-
brane potential (Fig. 6.3) (Matsuoka and Hilgemann 1992). In simple terms, forward
mode will occur when membrane potential is below reversal potential, while reverse
mode will occur when membrane potential is above reversal potential. An increase in
intracellular Na+ (which decreases transmembrane Na+ gradient) will shift reversal
potential toward more negative potentials, while increases in intracellular Ca2+ will
shift reversal potential toward more positive potentials. Under normal conditions
NCX works mainly in the forward mode. Pathological conditions that lead to
increase in intracellular Na+ and decrease in Ca2+ transient amplitude can lead to
an increase in the reverse mode. One of the main abnormalities detected in many
models of heart failure is a reduction in SERCA function and an increase in NCX
expression. The net result of these changes is that myocytes become more reliant on
NCX for Ca2+ removal. This promotes Na+ influx and can contribute to the Na+

overload that is typically observed in heart failure.

Fig. 6.3 Schematic representation of NCX function. NCX reversal potential changes with changes
in intracellular Na+ and Ca2+ concentration within myocytes. This together with the changes in
membrane potential affects the direction of NCX function. In early AP (left), after upstroke of AP
and before the onset of the Ca2+, Na+ levels are high and Ca2+ levels are low. These changes move
reversal potential to more negative values; therefore the reversal potential is below membrane
potential and the NCX function is in reverse mode (Na+ out, Ca2+ in). During mid- and late AP
(right), the increase in intracellular Ca2+ increases reversal potential which now is above membrane
potential and NCX is in forward mode (Na+ in Ca2+ out)
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Na/H Exchanger This exchanger provides one of the main H+ efflux mechanisms
from cells; therefore it is involved in the modulation of intracellular pH. It uses the
energy provided by the influx of Na+ ions to pump H+ out of the cell. The exchanger
is electroneutral because the ratio between Na+ ion influx and H efflux is one to one.
The exchanger activity is stimulated by intracellular acidosis. The exchanger is very
active during ischemia and reperfusion and in heart failure and hypertrophy. In these
situations there is substantial Na+ influx, and this contributes to the Na+ overload
observed in these conditions.

6.2.1.2 Na+ Efflux Mechanisms
The main route of Na+ extrusion from the cell is provided by the Na-K pump. This
utilizes the energy provided by hydrolysis of one ATP molecule to pump three Na+

ions outside the cell in exchange of two K+ ions inside the cell. Therefore, the pump
is electrogenic and generates an outward current. The pump is modulated by the
accessory protein phospholemman (PLM) (Shattock 2009) that at baseline
conditions reduces pump activity by decreasing the affinity to Na+ ions. Adrenergic
stimulation promotes phosphorylation of PLM, and this removes the inhibitory
action of PLM on the pump and increases pump activity. Pump activity is also
modulated by extracellular levels of K+ (Eisner and Lederer 1979). The Na+ pump is
the main target of digoxin which has been used for the treatment of heart failure and
atrial fibrillation. Several studies have detected downregulation of Na+ pump in
animal models of heart failure, and this contributes to Na+ overload observed in heart
failure.

6.2.2 Intracellular Na+ Homeostasis and Channelopathies

Long QT As mentioned above LQT-3 is caused by mutations in SCN5A, the gene
that encodes for the cardiac Na+ channel. These mutations disrupt channel inactiva-
tion and produce persistent late Na+ current that causes significant AP prolongation.
Late Na+ current (see Fig. 6.4 left) and AP prolongation tend to be more pronounced
at slow heart rates, and this explains why these patients typically develop
arrhythmias during sleep and at rest when the heart rate tends to be low. Recent
evidence suggests that increased intracellular Na+ levels predispose to the Ca2+

overload by modulating NCX function (Lindegger et al. 2009). This Ca2+ overload
predisposes to the formation of Ca2+ waves that can cause both EADs and DADs
which in turn can act as a trigger for arrhythmias.

CPVT Recent evidence suggests that modulation of intracellular Na+ levels is a new
potential antiarrhythmic strategy for CPVT (Sikkel et al. 2013). This originated from
the observation that flecainide, a powerful Na+ channel blocker, exerts significant
antiarrhythmic actions in CPVT. It was originally suggested that this is due to
RyR-blocking properties of flecainide. However, elegant work from the McLeod
Group (Sikkel et al. 2013) clearly suggests that part of the action of flecainide is due
to reduction of intracellular Na+ levels which reduces RyR opening and prevents the

6 Dysregulation of Ionic Homeostasis: Relevance for Cardiac Arrhythmias 137



onset of Ca2+ waves and DADs. Recent evidence from the Gyorke (Radwański et al.
2015, 2016) group has also suggested that Na+ concentration in CRUs plays an
important role in the modulation of RyR gating by modulating Ca2+ concentration
via NCX. Reduction in Na+ levels near RyR in CRUs also reduces Ca2+ concentra-
tion, and this reduces RyR opening and prevents Ca2+ waves. One important factor
involved in the modulation of Na+ levels in CRUs is the activity of neuronal Na+

channels. Inhibition of this channel, either with low dose TTX or riluzole, prevents
Ca2+ waves and DADs in cellular models and also arrhythmias in mice (Radwański
et al. 2015).

6.3 Potassium

K+ is mainly an intracellular cation. K+ electrochemical gradient is responsible for
setting the resting membrane potential because during diastole there is selective
membrane conductance to K+ ions through the inward rectifier channel. Extracellular
K+ concentration modulates the function of various ion channels, and changes in
extracellular K+ concentration produce profound alterations in AP characteristics.
Alterations in extracellular K+ concentration are the most common electrolyte
disorder encountered in clinical practice and can lead to life-threatening arrhythmias.
The normal extracellular K+ concentration is between 3.5 and 5 mmol/l. In the
presence of extracellular potassium concentration below 3.5 mmol/l, there is hypo-
kalemia, while concentrations above 5 mmol/l constitute hyperkalemia. We will
discuss separately the effects of hypokalemia and hyperkalemia on the cardiac AP
and arrhythmias.

Fig. 6.4 Schematic representations of Na+ current (in blue) with late component (red arrow) and
delayed rectifier K+ current (in green). AP action potential

138 C. Hopton et al.



6.3.1 Hypokalemia

It is estimated that in the USA, 20% of patients admitted to a hospital are affected by
hypokalemia. Causes of hypokalemia (see Table 6.2) can be divided into four broad
categories: (1) reduced intake, (2) intracellular shift, (3) renal loss, and (4) extrarenal
loss. Renal loss, especially due to diuretics (loop diuretics and thiazides), is the most
common cause.

6.3.1.1 Electrophysiological Effects
The electrophysiological effects of hypokalemia are very pronounced and can be
attributed to three main actions: (1) hyperpolarization of resting membrane potential,
(2) inhibition of rapid delayed rectifier K+ channel, and (3) inhibition of the sodium-
potassium pump.

Hyperpolarization of Resting Membrane Potential The potassium electrochemical
gradient is responsible for setting the membrane potential. Hypokalemia will
increase this gradient and therefore move the equilibrium potential toward a more
hyperpolarized level. However, it is interesting to note that the conductance of the
inward rectifier channel, which is responsible for diastolic membrane potential
(El-Sherif and Turitto 2011), is influenced by extracellular K+ levels and channel
conductance decreases when potassium levels decrease. Because of this mechanism,
at K+ levels below 3 mmol/l, the membrane potential hyperpolarization is less
pronounced than what it would be predicted to be on the basis of the change in K+

concentration. The important consequence of this hyperpolarization shift is an
increased difference between resting membrane potential and activation potential
for sodium channels (in the working myocardium) and calcium channels (in sinus
and AV nodes) that result in decreased cardiac excitability.

Reduction of Rapid Delayed Rectifier Current (IKr) The rapid delayed rectifier
current is one of the main cardiac repolarizing currents. As shown in Fig. 6.4
(right), it is inactive at the peak of the AP (phase 1), gradually activates during the
plateau (phase 2), and reaches its peak amplitude during the final phase of repolari-
zation (phase 3). Reduction in this current results in AP prolongation. Mutations of

Table 6.2 Causes of hypokalemia and hyperkalemia

Common causes of hypokalemia

Renal loss (renal tubular acidosis, diuretics, hyperaldosteronism and magnesium deficiency)

Gastrointestinal loss (diarrhea and vomiting)

Intracellular shift (alkalosis and insulin)

Common causes of hyperkalemia

Increased intake

Reduced renal excretion (renal failure, hypoaldosteronism, ACE inhibitors and K-sparing
diuretics)

Extracellular shift (acidosis and cell necrosis)
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the gene (KCNH2) that encodes for the channel responsible for IKr (hERG channel)
cause the LQT-2, while most of the antiarrhythmic drugs used in clinical practice
have effects on IKr and produce AP and QT prolongation (sotalol, amiodarone,
dofetilide, and flecainide). One of the key characteristics of IKr is that the amplitude
of the current depends on extracellular K+ concentration. Low extracellular K+ level
reduces the current amplitude (Sanguinetti et al. 1995). These changes are opposite
to what it would be expected from the increase in the electrochemical gradient that
hypokalemia produces. It has been suggested that extracellular K+ ions interact with
the channel pore and modulate collapse-of-pore type inactivation (Smith et al. 1996).
The main consequence of this effect on IKr current is that hypokalemia can produce
AP prolongation and QT prolongation on the ECG. This effect tends to be much
more pronounced in the presence of QT-causing mutations or in conjunction with
QT-prolonging drugs (Hancox et al. 2008).

Inhibition of Na-K Pump The Na-K pump maintains the correct concentrations of
Na+ and K+ inside the cell. Using ATP energy it pumps two K+ ions inside the cell
and three Na+ ions outside the cell (against their concentration gradients). Extracel-
lular K+ concentration is a key regulator of the pump activity (Aronsen et al. 2015).
Lowering K+ reduces pump activity. One of the key consequences of a reduction in
the pump activity is an increase in intracellular Na+. As we have seen in the previous
section, Na+ is a key modulator of the sarcolemmal NCX, which is the main system
of Ca2+ removal from the cell. This will result in decreased Ca2+ efflux from the cell
and an increase in the amount of Ca2+ stored in the SR and Ca2+ overload. This
overload predisposes to Ca2+ waves which can cause EADs and DADs. Therefore,
one of the consequences of hypokalemia is increased triggered activity.

6.3.1.2 Hypokalemia and Inherited Arrhythmia Syndromes

Hypokalemia and Long QT As we have seen in the previous section, hypokalemia
can produce AP and QT prolongation. Therefore, it is no surprise that hypokalemia
is particularly dangerous in patients with long QT syndrome, and it is one of the
factors that can precipitate arrhythmias in these patients. This is very relevant in
patients with LQT-2 which is caused by mutation of the gene that encodes for the
hERG channel (KCNH2). The proarrhythmic effect of hypokalemia in these patients
is not solely due to the interaction with the hERG channel. There is growing
evidence that the modulation of the Na-K pump also plays an important role
(Pezhouman et al. 2015). As we have mentioned above, inhibition of the Na+

pump leads to Ca2+ overload and triggered activity. This triggered activity can
initiate TdP. This is one of the mechanisms responsible for the initiation of
arrhythmias especially in patients with LQT-2.

Hypokalemia and CPVT As we mentioned above, one of the key determinants of the
onset of arrhythmias in CPVT is an increase in SR Ca2+ content that predisposes to Ca2+

waves, DADs, and triggered activity. Hypokalemia can precipitate arrhythmias by
inhibition of the Na-K pump and stimulation of the reverse mode of the NCX, both of
which cause Ca2+ overload which can trigger afterdepolarizations.
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6.3.2 Hyperkalemia

Hyperkalemia is the second most common electrolyte disorder encountered in
clinical practice. Potassium is mainly excreted through the kidney; therefore
hyperkalemia is most commonly caused by reduced renal excretion. This can be
due to renal failure, drugs (ACE inhibitors, spironolactone, and NSAIDs), and
hypoaldosteronism. Hyperkalemia can also be caused by a shift of K+ from the
intracellular to the extracellular space. This can be caused by acidosis, insulin
deficiency, or trauma with severe muscle necrosis (Table 6.2).

6.3.2.1 Electrophysiological Effects
Similar to hypokalemia, the electrophysiological effects of hyperkalemia are due to
modulation of the resting membrane potential and modulation of hERG. At mild
levels of hyperkalemia, the predominant effect is the increase in IKr current (despite
decrease in driving force) which tends to shorten the AP duration and on the ECG
causing tall-peaked T waves in the precordial leads. With more severe levels of
hyperkalemia, the effect on the resting membrane potential becomes predominant.
Increasing extracellular potassium lowers the potassium electrochemical gradient,
and this leads to a shift in resting membrane potentials toward more depolarized
values (Diercks et al. 2004). This shift causes partial inactivation of the cardiac Na+

channels which will result in slower upstroke velocity of the AP. This is one of the
main determinants of conduction velocity in the heart, and therefore hyperkalemia
will result in impaired conduction in the heart with slowing of AV and intraventric-
ular conduction. Interestingly, different areas of the heart have different sensitivities
to hyperkalemia. The most sensitive chambers are the atria. In the presence of
moderate hyperkalemia, the main ECG signs are prolongation of PR interval and
flattening of P waves which reflect slowing of atrial conduction. As hyperkalemia
worsens, the ventricles are affected and QRS widening occurs. In the presence of
very severe hyperkalemia, the depolarizing shift of resting membrane potential
causes total inactivation of Na+ channels and the heart becomes non-excitable.
This principle is utilized during cardioplegia for heart surgery. In this situation the
heart is stopped by applying a solution containing high K+ concentration.

6.3.2.2 Hyperkalemia and Brugada Syndrome
Brugada syndrome is a channelopathy characterized by a typical ECG pattern
recorded in the right precordial leads and the onset of polymorphic ventricular
tachycardia. The ECG pattern can be intermittent and can be elicited pharmaco-
logically by the use of Na+ channel blockers. In the literature there are several reports
of the Brugada pattern caused by hyperkalemia (Postema et al. 2011). This is likely
to be related to the effect of hyperkalemia on resting membrane potential and Na+

channel inactivation. It is therefore of paramount importance to avoid hyperkalemia
in patients with Brugada syndrome.
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6.4 Conclusions

Ionic homeostasis is essential for the electrical and mechanical function of the heart.
Complex systems control intracellular and extracellular ionic concentrations and
trans-sarcolemmal concentration gradients. Dysregulation of ionic homeostasis can
have profound effects on the electrical properties of the heart and result in
arrhythmias. This is very important for channelopathies because dysregulation of
ionic homeostasis can exacerbate the effects of the ion channel dysfunction that
causes the channelopathy. Often normalization of ionic homeostasis can be an
effective therapeutic option and should always be attempted.
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Long and Short QT Syndromes 7
Lia Crotti, Maria-Christina Kotta, and Silvia Castelletti

Abstract
The long and short QT syndromes are genetically transmitted arrhythmogenic
diseases characterized by an abnormal QTc on the basal ECG and by an increased
risk of life-threatening arrhythmias. While in the long QT syndrome well-
established diagnostic criteria are available as well as effective treatments, in
the short QT syndrome, much less is known in terms of diagnosis, risk stratifica-
tion and pharmacological treatment. In this chapter we discuss for each syndrome
current knowledge on their genetic basis, clinical presentation, diagnosis, risk
stratification and therapy. Furthermore, multisystem disorders associated with a
prolongation of the QT, such as the Jervell and Lange-Nielsen syndrome, the
Timothy syndrome, the ankyrin-B syndrome and the Andersen-Tawil syndrome,
are described. Finally, specific subtypes of the long QT syndrome, characterized
by high malignancy and frequent failure of available therapies, such as
calmodulin-related LQTS and the triadin knockout syndrome, are also reviewed.
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7.1 Long QT Syndrome

7.1.1 Definition

The long QT syndrome (LQTS) is an inherited cardiac channelopathy characterized
by QT interval prolongation on the electrocardiogram (ECG) (Merri et al. 1989) and
by an increased risk of life-threatening arrhythmias in patients with a structurally
normal heart (Vincent and Abildskov 1974; Schwartz et al. 1975). The typical life-
threatening arrhythmia is a stress-induced torsade de pointes (TdP) that can be self-
limited or can degenerate into ventricular fibrillation (VF) leading to cardiac arrest
(CA) or sudden cardiac death (SCD).

7.1.2 Historical Perspective

The disease was formally first reported by Anton Jervell and Fred Lange-Nielsen in
1957 (Jervell and Lange-Nielsen 1957). They described a family in which four deaf-
mute children all suffered attacks of fainting and presented a markedly prolonged QT
interval, while three of them died suddenly (Jervell and Lange-Nielsen 1957). After
the exclusion of known causes of QT prolongation and heart abnormalities at
autopsy of one of the children, Jervell and Nielsen concluded that the clinical and
electrocardiographic features were consistent with the same heart disease, the nature
of which was to them obscure (Jervell and Lange-Nielsen 1957). Six years later,
Cesarino Romano and co-workers described a similar condition without hearing loss
in a paediatric patient (Romano et al. 1963), but it was 1 year later that Owen Connor
Ward reported on this entity as a new familial condition (Ward 1964). In the
following decade, more than 200 cases were published in the literature, collectively
reported by Schwartz et al. (1975).

The strong association between the syncopal episodes and physical or emotional
stress pointed to an autonomic system imbalance in the genesis of the arrhythmias
and led to the use of beta blockers as first-line therapy. The first support of the
sympathetic imbalance theory came in 1966 by Yanotwitz et al., who showed a QT
prolongation after either right stellectomy or left ganglion stimulation in
anaesthetized dogs (Yanowitz et al. 1966). Subsequently, this was further supported
by the observation that several LQTS patients have reproducible episodes of T-wave
alternation upon either unilateral stimulation of the left stellate ganglion or bilateral
stimulation of both stellate ganglia but with a greater intensity applied to the left
(Schwartz and Malliani 1975). These observations provided the rationale to perform
left cardiac sympathetic denervation to prevent arrhythmic events in LQTS patients
(Schwartz and Malliani 1975; Moss and McDonald 1971).

In the 1980s, it was suggested that some patients might be affected by LQTS and
nonetheless have a normal QT interval on the ECG (Schwartz 1983; Moss et al.
1985). Based on that, the possibility of an unknown intracardiac abnormality as
underlying cause of the disease was proposed, which would initiate VF when
coupled with a sudden increase in sympathetic activity (Schwartz 1985). The actual
hypothesis that LQTS may be underlined by a cardiac repolarization abnormality
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due to a genetic defect impacting on the outward K+ current was first presented by
isolated reports in the mid to late 1980s (Schwartz 1986; Attwell and Lee 1988).
However, it was only in 1995 that Curran et al. (1995) and Wang et al. (1995)
confirmed this hypothesis providing evidence that mutations in the genes encoding
the cardiac ion channels conducting the outward rapid delayed rectifier current IKr
and the fast inward Na+ current INa are responsible for LQTS.

7.1.3 Molecular Genetic Basis

The ECG reflects on the body surface level the sequence of electrical activities that,
on the cellular level, orchestrate the cycle of cardiac excitation and rest. Excitation is
achieved through changes in cardiomyocytes’ transmembrane potential from a
resting potential to an action potential and back. The duration and shape of the
action potential are defined by the interplay of depolarizing inward and repolarizing
outward electric currents. The inward and outward flow of ions occurs through ion
channels, macromolecular protein complexes of the cell membrane. Ion channels, in
response to changes in transmembrane potential, alter their stereochemical structure
in a way so as to serve a particular electrochemical gradient. These stereochemical
changes, though small, lead to the opening of a gate from which, in fractions of a
second, millions of ions enter or leave the cell resulting in an electric current, I, of
some picoamperes (Grant 2009).

The cardiac action potential progresses in five phases: phase 0 of rapid depolari-
zation, phase 1 of initial repolarization, phase 2 of plateau, phase 3 of rapid
repolarization and phase 4 that represents the resting potential phase. In ventricular
myocytes, depolarization is mainly orchestrated by the fast inward Na+ current INa
and the inward long-lasting Ca+2 current ICa-L, while the main repolarizing K+

currents are the transient outward current Ito, the outward slow delayed rectifier
current IKs, the outward rapid delayed rectifier current IKr and the inward rectifier
current IK1 (Grant 2009; Conrath and Opthof 2006).

With current knowledge in hand, it seems evident that even minor alterations of
these ionic currents can affect substantially the duration of the ventricular action
potential and lead to anomalous ventricular repolarization and, hence, arrhythmia. In
fact, QT interval prolongation, that is a delay of ventricular repolarization, actually
expresses the prolongation of the action potential duration in ventricular myocytes.
Today we know that LQTS is an inherited cardiac arrhythmia caused mainly by
autosomal dominant heterozygous mutations in the genes encoding cardiac ion
channels, or their accessory/interacting proteins, and belongs to the wider disease
family of cardiac channelopathies. The most common forms are related to mutations
in genes encoding the ion channels conducting IKr, IKs and INa. Depending on the
gene involved, LQTS is divided into subtypes 1–17, which are denoted as LQT1,
LQT2 and so forth (Schwartz et al. 2012; Crotti et al. 2008; Schwartz and Crotti
2017). It is worth noting that although LQT4 and LQT7 were originally described
and considered as true subtypes of LQTS, they have proven to represent complex
clinical entities in which QT prolongation may be moderate, or overestimated in
initial descriptions, and for which declassification as LQTS has been suggested
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(Schwartz et al. 2012; Zhang et al. 2005). These two clinical entities are discussed
separately further below.

7.1.3.1 The Major LQTS Genes: K+- and Na+-Associated Disease
The main LQTS subtypes are those of LQT1, LQT2, LQT3, LQT5 and LQT6. LQT1
is associated with mutations in the KCNQ1 gene encoding the α subunit of the
cardiac K+ channel Kv7.1 (Wang et al. 1996a), while LQT5 is associated with
mutations in the KCNE1 gene, encoding the channel’s β subunit mink (Splawski
et al. 1997b). These two ion channel proteins co-assemble and conduct the IKs
current (Barhanin et al. 1996; Sanguinetti et al. 1996b). Accordingly, LQT2 and
LQT6 are associated with mutations in the KCNH2 and KCNE2 genes that encode
for the α (Kv11.1) and β (MiRP1) subunits, respectively, of the cardiac K+ channel
conducting IKr (Curran et al. 1995; Abbott et al. 1999). Mutations in the SCN5A gene
encoding the α subunit of the cardiac Na+ channel (Nav1.5), conducting INa,
constitute the LQT3 subtype of the syndrome (Wang et al. 1995) (Table 7.1).

Mutation Types
Mutations responsible for LQTS are mainly heterozygous point mutations following
an autosomal dominant inheritance pattern. However, there has been a significant
number of reports in the literature of compound heterozygous (Larsen et al. 1999;
Westenskow et al. 2004) as well as homozygous mutation carriers (Lupoglazoff
et al. 2001; Piippo et al. 2000) that present with a malignant phenotype and
prognosis. An identical mutation in homozygous state produces, as expected, a
severe phenotype (Lupoglazoff et al. 2001; Piippo et al. 2000; Johnson Jr et al.
2003) and has also been indicated as a cause of stillbirth (Hoorntje et al. 1999). Most
commonly identified are single-base substitutions leading to missense or nonsense
amino acid changes but also in frame deletions and insertions, frameshifts as well as
splicing mutations (Zhang et al. 2004; Tester et al. 2005; Crotti et al. 2009a). Copy
number variants have also been described (Koopmann et al. 2006; Eddy et al. 2008),
but they appear to be an infrequent cause of the syndrome (Barc et al. 2011).

Mutation Effects
In the LQT1 and LQT2 forms, mutations confer a loss-of-function effect, often by
interfering with the ability of the α subunits of the K+ channel to assemble into a
tetramer. This defect results in a ~50% reduction of available functional channels
with a concomitant reduction in the respective ionic current and is defined as
happloinsufficiency (Keating and Sanguinetti 2001). Another loss-of-function
mechanism relates to mutations that allow the mutant and wild-type subunits to
co-assemble but then either modify the tetrameric channel’s gating or permeability
properties or lead eventually to early degradation of the protein complex. In any
case, this is defined as dominant-negative suppression and is a very common
mechanism in LQTS (Sanguinetti et al. 1996a; Bianchi et al. 1999, 2000). An
example of early degradation is that of mutations in the N-terminal intracellular
part of the Kv7.1 channel (LQT1) that contains highly conserved signal sequences
for channel targeting to the cell membrane. Mutant and wild-type α subunit
heterotetramers do not pass the endoplasmic reticulum’s quality control and are
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therefore not allowed to reach the membrane surface (Dahimène et al. 2006).
Another example is the case of wild-type α and mutant β subunit channel complexes
that are also being retained in the endoplasmic reticulum (Harmer and Tinker 2007).
Trafficking deficiency and endoplasmic reticulum retainment are the most frequent
mechanism in LQT2 (Delisle et al. 2004).

Many K+ channel mutations (especially in the S6 transmembrane segment and in
the N-terminus) have been shown to alter the biophysical properties of the α subunits
through shifting of either their inactivation voltage dependence threshold to more
negative values or their activation voltage dependence threshold to more positive
values, thereby increasing inactivation or decreasing activation duration, respec-
tively (Chouabe et al. 1997). Mutations in the C-terminal part of the Kv7.1 (LQT1)
channel, that contains calmodulin-binding, phosphorylation, trafficking and assem-
bly sequence motifs, have also been described that interfere with both proper channel
kinetics and correct folding, trafficking and assembly (Haitin and Attali 2008;
Shamgar et al. 2006). In particular, mutations that modify crucial phosphorylation
sequence motifs, such as the C-terminal leucine zipper, may do even more harm.
Because the sympathetic nervous system exerts its control on heart rate through

Table 7.1 Genes associated to long and short QT syndromes

Subtype Gene Chromosome Protein (subunita) Effect Frequency (%)

The long QT syndrome genes

LQT1 KCNQ1 11p15.5 Kv7.1 (α) #IKs 40–45

LQT2 KCNH2 7q35-36 Kv11.1 (α) #IKr 30–45

LQT3 SCN5A 3p21-23 Nav1.5 (α) "INa 5–10

LQT4 ANK2 4q25-27 Αnkyrin B #INa-Ca <1

LQT5 KCNE1 21q22.1-22.2 MinK (β) #IKs 1–2

LQT6 KCNE2 21q22.1-22.2 MiRP1 (β) #IKr 0.5–1.5

LQT7 KCNJ2 17q23.1-24.2 Kir2.1 (α) #IK1 <1

LQT8 CACNA1C 12p13.3 Cav1.2 (α1c) "ICa-L <1

LQT9 CAV3 3p25 Caveolin-3 "INa <1

LQT10 SCN4B 11q23.3 Nav1.5 (β4) "INa <1

LQT11 AKAP9 7q21-22 Yotiao #IKs <1

LQT12 SNTA1 20q11.2 α1-Syntrophin "INa <1

LQT13 KCNE3 11q13-14 MiRP2 (β) #IKs <1

LQT14 CALM1 14q32.11 Calmodulin 1 "ICa-L unknown

LQT15 CALM2 2p21 Calmodulin 2 "ICa-L unknown

LQT16 CALM3 19q13.32 Calmodulin 3 "ICa-L unknown

LQT17 TRDN 6q22.31 Triadin "ICa-L unknown

The short QT syndrome genes

SQT1 KCNH2 7q35-36 Kv11.1 (α) "IKr unknown

SQT2 KCNQ1 11p15.5 Kv7.1 (α) "IKs unknown

SQT3 KCNJ2 17q23.1-24.2 Kir2.1 (α) "IK1 unknown

LQTS genes with additional and/or extracardiac phenotypes are highlighted in bold
" denotes increase, and # denotes decrease of the ionic current that is affected in case of a mutation
in the respective gene
aMain or accessory subunit of the ion channel, where applicable
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β-adrenergic receptor-activated Kv7.1 channel phosphorylation, that normally
increases IKs and decreases action potential duration in a rate-dependent manner,
these mutations may in fact partially disconnect the channel from neural control
(Marx et al. 2002). Particular mutations in the channel’s β subunit minK (LQT5)
have also been described that affect the phosphorylated Kv7.1 channel’s further
response to these neural signals (Kurokawa et al. 2003).

In the case of Na+ channel mutations (SCN5A, LQT3), a gain-of-function effect
is conferred through either incomplete, destabilized or delayed inactivation of the
Na+ channel. In any case, the result is the presence of late INa depolarizing currents
during the plateau phase of the action potential that, although of low magnitude,
prolong its duration (Bennett et al. 1995; Wang et al. 1996b). Mutations in crucial
linker sequences, such as the one linking DIII with DIV that contains the inactiva-
tion IFM motif (isoleucine-phenylalanine-methionine) where phenylalanine moves
and physically occludes the passage towards the cytoplasm, lead to inactivation
inhibition (Stuhmer et al. 1989), while others, such as the ΔKPQ, may result in
persistent INa through more than one defective biophysical mechanisms (Dumaine
et al. 1996).

LQTS Genetic Testing
Genetic testing in LQTS should be performed whenever there is a strong or reason-
able clinical suspicion in an index patient, as well as in their family members upon
identification of the disease-causing mutation in the proband (class I recommenda-
tion) (Ackerman et al. 2011). Genetic testing of the proband is always performed
through comprehensive mutation scanning of the LQTS genes since distinct genetic
mutations, often characterized as ‘private’, are found within single families. In a
study by Tester et al. (2005), 79% of the total 211 mutations that were detected in an
LQTS patient cohort were unique, and, thus far, hundreds have been described
dispersed throughout the coding sequence or within the intron-exon boundaries of
the genes.

Between 2000 and 2006, three large studies provided crucial information regard-
ing the frequency of what we now consider as main subtypes and the respective yield
of genetic testing in patients with a definite LQTS clinical diagnosis (Splawski et al.
2000; Napolitano et al. 2005; Tester et al. 2006). It then became evident that, firstly,
the LQT1 and LQT2 forms represent the largest part of the syndrome’s genetic
substrate and, secondly, that genetic testing of the five major LQTS genes (KCNQ1,
KCNH2, SCN5A, KCNE1 and KCNE2) yields a positive result in approximately
70% of clinically positive cases. For a syndrome as genetically heterogeneous as
LQTS, these results have had a significant impact, underlying the fact that the
majority of patients can be successfully genotyped through routine mutation scan-
ning of these five genes. This has made feasible the transition of LQTS genetic
testing from the research to the diagnostic setting in recent years, and with the advent
of more robust genetic technologies, the respective yield of genetic testing may now
reach 75–80% among patients with a definite clinical diagnosis.
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7.1.3.2 The Minor LQTS Genes: K+- and Na+-Associated Disease
The LQT9 to LQT13 forms of the syndrome are rare and thus far only preliminary
reports are available. LQT9 is associated with mutations in the CAV3 gene that
encodes for caveolin-3, a protein involved in the compartmentalization and regula-
tion of various ion channels (Vatta et al. 2006). In the myocardium, it has been
shown to co-localize with the Na+ channel in the cell membrane, creating a macro-
molecular complex that regulates further signal transduction. Functional studies of
the CAV3 mutations originally identified showed that they exert a functional effect
through increase of INa (Vatta et al. 2006).

An increase of the INa current is the final common mechanism also among LQT10
and LQT12, that relate to mutations in the SCN4B gene, encoding the β4 subunit of
the Na+ channel, and in the SNTA1 gene, encoding α1-syntrophin, a natural
interacting partner of the Na+ channel’s α subunit, respectively (Medeiros-Domingo
et al. 2007; Ueda et al. 2008). LQT11 is linked to mutations in the AKAP9 gene
encoding A-kinase anchor protein 9 that binds to the endoplasmic C-terminal tail of
the Kv7.1 channel (LQT1) and regulates its protein kinase A-dependent phosphory-
lation (Chen et al. 2007). The wild-type Kv7.1-mutant AKAP-9 complex has been
shown to result in decreased channel phosphorylation and reduction of IKs (Chen
et al. 2007). Finally, LQT13 involves mutations in the KCNJ5 gene encoding the
inwardly rectifying K+ channel subunit Kir3.4 (Yang et al. 2010) (Table 7.1).

7.1.3.3 The Ca2+-Associated LQTS Genes

LQT8: Timothy Syndrome and Beyond
The subtype LQT8 was originally described by Marks et al. as an entity that
combined significant QT interval prolongation, syndactyly and a high risk of SCD
(Marks et al. 1995a, b). Almost 10 years later, Splawski et al. (2004, 2005) reported
on Timothy syndrome, a malignant LQTS variant form with additional extracardiac
findings that may range from syndactyly to autism. Specific mutations arising de
novo in the CACNA1C gene, which encodes the α1c subunit of the Ca2+ channel
Cav1.2, were described (Splawski et al. 2004, 2005; Gillis et al. 2012); however,
parental mosaicism has been later demonstrated to incorrectly exclude parental
transmission in some cases (Etheridge et al. 2011). Mutations affect channel inacti-
vation, thereby producing sustained ICa-L currents during the plateau phase of the
action potential.

Although initially LQT8 had been considered to deviate from classical LQTS and
it was more of a hallmark of Timothy syndrome, it has recently been shown that
mutations of the Ca2+ channel may underlie ‘pure’ LQTS without any features of
Timothy syndrome (Boczek et al. 2013) or even cases of idiopathic VF (IVF)
(Leinonen et al. 2018). It has been suggested that mutations in particular ‘hot-spot’
regions within the CACNA1C gene may result in a Timothy syndrome phenotype,
instead of an LQTS (Landstrom et al. 2016). Timothy syndrome’s clinical features
are discussed in more detail in a later section.
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LQT14–LQT16: Calmodulinopathy
In 2013, we described a variant of LQTS with otherwise typical clinical features of
the syndrome but with quite severe clinical manifestations occurring very early in
life (Crotti et al. 2013a). Infants born to healthy parents, with structurally normal
hearts and presenting with extreme QT interval prolongation (QT > 600 ms), inter-
mittent 2:1 atrioventricular block and T-wave alternans, suffered recurrent cardiac
arrest episodes. Genetic testing of the major LQTS genes was negative, and whole-
exome sequencing was employed to identify the underlying genetic cause. This
approach led to the identification of de novo mutations in the CALM1 and CALM2
genes encoding calmodulin that were further ascertained in an unrelated cohort of
genotype-negative LQTS patients (Fig. 7.1). Mutations in the CALM3 gene were
later also identified in similar clinical cases (Reed et al. 2015; Boczek et al. 2016).

Calmodulin is a Ca2+-binding signal transducer messenger protein that greatly
influences the activity of ion channels, among other targets. In particular, the cardiac
K+ channel Kv7.1 (KCNQ1-LQT1), the Ca2+ channel Cav1.2 (CACNA1C-LQT8) as
well as several types of Na+ channels are known to be regulated in a Ca2+-dependent
manner (Shamgar et al. 2006; Zühlke et al. 1999; Kim et al. 2004). In the context of
LQTS, mutant calmodulin has been demonstrated to have a reduced affinity for Ca2+

(Crotti et al. 2013a; Makita et al. 2014; Pipilas et al. 2016) and to impair Ca2+-
dependent inactivation of the L-type Ca2+ channel Cav1.2 (Pipilas et al. 2016; Yin
et al. 2014), with a strong dominant-negative effect, as demonstrated in patient-
specific induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) in which
the physiological balance of mutant and wild-type proteins is respected (Rocchetti
et al. 2017). Indeed, three different genes, in three different chromosomes, are
known to encode the same calmodulin protein (Crotti et al. 2013a). Therefore,
despite the presence of five alleles encoding a wild-type protein, the only defective
allele is able to significantly impair inactivation of the L-type Ca2+ channel, resulting
in increased inward ICa-L current during the plateau phase and prolongation of
repolarization, which has been shown to be adrenergic stimulation-sensitive
(Rocchetti et al. 2017).

After the original description of this new clinical entity of severe LQTS in infants
(Crotti et al. 2013a), it was shown that calmodulin mutations may be the underlying
genetic cause in cases of less severe, but still malignant, LQTS (Boczek et al. 2016;
Makita et al. 2014), thereby further justifying the assignment of CALM1, CALM2
and CALM3 mutations as true LQT14, LQT15 and LQT16 subtypes. Furthermore,
calmodulin mutations have also been associated with cases of catecholaminergic
polymorphic ventricular tachycardia (CPVT) (Nyegaard et al. 2012) and IVF
(Marsman et al. 2014), again with an early occurrence of malignant symptoms. To
better understand the phenotypic manifestations and possible therapies for patients
affected by what has been come to know as ‘calmodulinopathy’ (George 2015;
Crotti et al. 2016c), we have recently established an international calmodulinopathy
patient registry aiming at elucidating the particular clinical and genetic features of
this severe disease entity (Crotti et al. 2016c).
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LQT17: Triadin Knockout Syndrome
The most recently identified LQTS subtype, LQT17, pertains to homozygous or
compound heterozygous frameshift mutations in the TRDN gene which encodes
triadin (Altmann et al. 2015). Triadin is a major anchoring protein in
cardiomyocytes, responsible for the structural integrity and crosstalk of sarcoplasmic
reticulum Ca2+-release channels, Ca2+-sensitive proteins and L-type Ca2+ channels
(Chopra and Knollmann 2013). From the thus far available descriptions, it seems
that LQT17 patients mostly present with a notable QTc interval prolongation,
recurrent stress-induced syncope and CA at a young age (Altmann et al. 2015).
Studies in Trdn-null mice have shown that triadin ablation affects Ca2+-dependent
inactivation of the L-type Ca2+ channel resulting in Ca2+ overload and propensity for
ventricular arrhythmias upon β adrenergic receptor stimulation (Chopra et al. 2009)
(Table 7.1).

7.1.4 Prevalence

At variance with other inherited cardiac disorders for which only estimates exist, the
prevalence of LQTS has been established with a large prospective study (Schwartz
et al. 2009b). This involved 44,596 neonatal ECG data complemented by genetic
testing of infants 3–4 weeks of age. A markedly prolonged QTc, defined according
to the European Task Force on Neonatal Electrocardiography (Schwartz et al. 2002)
as a QTc � 470 ms, was present in 0.7/1000 infants (n ¼ 31). Among these, an
LQTS disease-causing mutation was found in 46% of the 28 that underwent genetic
testing. As 1.4% of infants had a QTc between 440 and 469 ms, and some of them
are also affected (unpublished data), it follows that the prevalence of the disease
should be close to 1/2000 live births. This does not include the ‘silent mutation
carriers’ that are affected subjects with a QTc� 440 ms (Napolitano et al. 2005). The
prevalence of this group of subjects is less precise and has been estimated to be up to
36% according to data from cascade family screening: 36% of LQT1, 19% of LQT2
and 10% of LQT3 patients (Priori et al. 2003). Despite their normal QT interval, this
group of patients may have as much as a 10% risk of experiencing a major cardiac
event by the age of 40 years. In particular, they have a 4% probability of CA that,
although lower than those with a prolonged QT, it is ten times higher than that of
unaffected individuals (Goldenberg et al. 2011). First proposed in the 1980s
(Schwartz 1985) and then supported by the proven low penetrance of the disease
(Priori et al. 1999), the concept that the spectrum of the disease can include patients
with a normal QT interval has important practical and medicolegal consequences as

Fig. 7.1 (continued) period of T-wave alternans. Lower trace for proband 2 illustrates 2:1 AV
block (arrows mark p-waves coincident with atrial depolarization). (b) DNA sequence traces
indicating heterozygous calmodulin gene mutations identified in the four LQTS cases (the first
mutation is in common between two cases). (c) Isolated CALM1-p.F142L iPSC-CMs show
prolonged action potential duration and failure of the action potential to shorten at high pacing
rates, a finding reproduced by numerical simulations
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it does not allow to discharge as unaffected a sibling with a normal QTc without
performing a cascade genetic screening.

7.1.5 Clinical Presentation

The clinical presentation of LQTS is very broad, ranging from no symptoms to
sudden death that may even represent the first manifestation of the disease in 12% of
untreated patients. However, the mortality rate among untreated symptomatic
patients, originally reported as high as 5% per year (Schwartz et al. 1975), is
significantly decreased by therapy (Moss et al. 1985, 2000).

The most typical presentation of the disease is a loss of consciousness occurring
after a sudden increase in sympathetic activity, as under emotional or physical stress.
It is due to a TdP ventricular tachycardia often degenerating into VF.

The trigger of the arrhythmic event differs according to the underlying genotype
(Schwartz et al. 2001). In LQT1, events typically occur upon exercise or stress, as
the impairment of the IKs current prevents the shortening of the QT during increases
in heart rate. In this subgroup of patients, swimming has been identified as the
triggering event in 33% of cases (Schwartz et al. 1991, 2001; Moss et al. 1999).
Conversely, LQT2 and LQT3 patients have a preserved IKs current; therefore, they
are at lower risk during exercise and experience events typically at rest. In LQT2
patients, 63% of events occur during emotional stress, and sudden auditory stimuli
are typical triggers (Schwartz et al. 2001). In this subgroup of patients, moreover,
hormonal changes increase the risk of events in women during menopause transition
and postmenopausal periods (Buber et al. 2011). Hormonal changes together with
sleep disruption are probably also the underlying causes of increased risk in the post-
partum period in LQT2 patients (Schwartz et al. 2012). LQT3 patients typically
experience events while asleep or at rest, while in the context of particular mutations,
overlapping phenotypes of Brugada syndrome, sinus node dysfunction and cardiac
conduction defects may be observed (Makita et al. 2008).

7.1.6 Electrocardiographic Features

Basal ECG, exercise stress test and 12-lead 24-hour Holter monitoring are all
extremely important to identify the main electrocardiographic features of the disease.

7.1.6.1 Surface ECG
Typical features on surface ECG include (1) QTc prolongation, (2) peculiar T-wave
morphology, (3) T-wave alternans and (4) low heart rate for the age.

QT prolongation is the main feature of the disease. Normal QTc values are up to
440 ms for men and 460 ms for women after puberty (Merri et al. 1989), calculated
with the Bazett’s formula (Bazett 1997). A gender difference in QTc is absent at
birth (Stramba-Badiale et al. 1995) probably due to hormonal reasons (Carnethon
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et al. 2003; Kadish et al. 2004; Saito et al. 2009). Indeed, in puberty hormonal factors
come into play and start introducing gender differences, since androgens contribute
towards QT shortening (Kääb et al. 2004; Bai et al. 2005), while estrogens may
modulate cardiac ion channel expression (Drici et al. 1996). In general, the longer
the QT, the greater the risk for malignant arrhythmias (Moss et al. 1991). However,
also individuals with a normal QTc may in fact be affected and have a 4% probability
of CA (Goldenberg et al. 2011).

Another striking feature of LQTS patients, besides the QT prolongation, is the
morphology of the T waves that can be biphasic, bifid or notched, typically in V2–
V5 (Schwartz 1985). Gene-specific ECG patterns have been described (i.e. LQT1
patients tend to have broad-based T waves, LQT2 biphasic and notched T waves,
LQT3 prolonged ST with sharpened T waves), but even within families an extreme
heterogeneity can be present (Fig. 7.2).

T-wave alternans is a beat-to-beat alternation of the polarity and/or amplitude of
the T wave, and it has been reported since 1975 (Schwartz and Malliani 1975). This
peculiar feature represents a marker of major electrical instability. It usually appears
during stress but also briefly at rest, and its observation should prompt reassessment
of therapy. Due to its transient nature, it is more easily detected during 24-hour
Holter ECG monitoring.

Fig. 7.2 Representative electrocardiographic recordings from LQT1 (upper panel), LQT2 (middle
panel) and LQT3 (lower panel) patients. Upper panel shows broad-based T waves, characteristic of
LQT1; middle panel shows biphasic and notched T waves, characteristic of LQT2; lower panel
shows prolonged ST segment with sharpened T waves, characteristic of LQT3
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7.1.6.2 Exercise Stress Test
Exercise stress test represents a useful tool for LQTS diagnosis. Both the inability of
QT shortening during exercise and the QT prolongation during the recovery phase
have been identified as typical features of affected patients since the early
descriptions of the disease (Locati et al. 1988; Vincent et al. 1991). Many studies
have then supported this initial finding, recognizing also a gene-specific behaviour:
during exercise, LQT3 patients shorten their QT interval much more than LQT2
patients (Schwartz et al. 1995) that shorten their QT interval more than LQT1
patients (Swan et al. 1999); during recovery, an exaggeration of QT prolongation
distinguishes LQTS patients, particularly LQT1, from controls (Horner et al. 2011).
However, only recently a clear and easily applicable QTc cut-off has been validated
in more than one cohort through a three-step algorithm (Sy et al. 2011) leading to the
inclusion of a QTc � 480 ms at the fourth minute of recovery as a diagnostic
criterion of the disease (Schwartz and Crotti 2011).

7.1.6.3 12-Lead 24-Hour Holter Recording
Besides the detection of QT prolongation and repolarization abnormalities, 12-lead
24-hour Holter monitoring provides information about heart rate and its reflex
control. Indeed, heart rate is lower among LQTS patients than unaffected subjects
(Schwartz et al. 1975). Also, sudden sinus pauses followed by accentuated repolari-
zation abnormalities are sometimes observed in LQTS patients. These pauses are
isolated and not cyclic, therefore different from the sinus arrhythmias (Malfatto et al.
1994). Therefore, 24-hour Holter ECG can support the diagnostic process but can
also provide prognostic information (i.e. identification of T-wave alternans, impor-
tant QT prolongation and frequent sudden pauses with abnormal repolarization
abnormalities in the subsequent beat are all negative prognostic factors). Finally,
Holter monitoring is useful while increasing the posology of beta-blocker therapy to
the maximum tolerated dose for the patient.

7.1.7 Echocardiographic Features

The finding that LQTS patients show a rapid early contraction and an extended
plateau phase well visible at M-mode Doppler before the rapid relaxation (Nador
et al. 1991) casted doubt on LQTS as a pure electrical disease. The observation that
these abnormalities were abolished by calcium blockers (De Ferrari et al. 1994) and
the validation of these findings in a large Norwegian study (Haugaa et al. 2009) has
definitely led to the conclusion that mechanical abnormalities do exist in LQTS
patients (De Ferrari and Schwartz 2009) and may represent the mechanical
counterparts of early afterdepolarizations (EADs) (ter Bekke et al. 2015; De Ferrari
and Schwartz 2015).
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7.1.8 Multisystem Disorders and QT Prolongation

7.1.8.1 The Jervell and Lange-Nielsen Syndrome
The J–LN syndrome is a very severe variant of LQTS combined with congenital
deafness (Jervell and Lange-Nielsen 1957) due to the presence of homozygous or
compound heterozygous mutations in the KCNQ1 (LQT1) and KCNE1 (LQT5)
genes and is inherited in an autosomal recessive manner (Splawski et al. 1997a;
Neyroud et al. 1997; Schulze-Bahr et al. 1997; Schwartz et al. 2006). Studies in
KCNE1(�/�) and KCNQ1(�/�) transgenic mice have shown that due to the
concomitant expression of these genes in the inner ear, mutations may result in
deafness through disturbance of the ionic balance within endolymph and of the
development of the cochlear and vestibular end organs (Vetter et al. 1996; Lee et al.
2000). Patients with J–LN syndrome also show clear differences compared to the
other types of LQTS patients, including LQT1 and LQT5 patients with whom they
share an impairment of the IKs current. J–LN syndrome patients present a severe
phenotype: 90% of them are symptomatic and the QT is markedly prolonged
(on average 557 � 65 ms) (Schwartz et al. 2006). In this group of patients, beta
blockers and left cardiac sympathetic denervation appear of limited efficacy, making
the therapeutic approach complex, even more considering that 50% of them become
symptomatic by the age of 3 years. Thus, despite their young age, an ICD should be
seriously considered in these patients. However, within J–LN patients, there are
subgroups at lower risk that are those with a QTc < 500 ms, those asymptomatic
during the first year of life and especially those with KCNE1 mutations (Schwartz
et al. 2006).

7.1.8.2 The Timothy Syndrome
First named in 1992 as the ‘heart and hand syndrome’ for its two main features,
syndactyly and QT prolongation (Reichenbach et al. 1992), the Timothy syndrome
(TS) is a disorder characterized by multisystem cardiac, neurological, facial and
hand dysfunction and developmental defects. It is caused by mutations in
CACNA1C, the gene encoding for the alpha subunit of the calcium channel Cav1.2
(Splawski et al. 2004). Usually, besides markedly prolonged QT, the patient may
manifest arrhythmias such as life-threatening ventricular arrhythmias but also foetal
bradycardia and atrioventricular conduction block (Splawski et al. 2004, 2005). In
70% of patients, cardiac congenital defects such as patent foramen ovale, patent
ductus arteriosus, ventricular septal defects and also tetralogy of Fallot can be
observed, while in 25% of cases, hypertrophic or dilated cardiomyopathy may be
present (Splawski et al. 2004; Lo-A-Njoe et al. 2005).

Neurological signs and symptoms occur in approximately 80% of patients and
range from developmental delays (language, motor and generalized cognitive
impairment) to autism spectrum disorder (Splawski et al. 2004; Gillis et al. 2012).
Intractable seizures, cortical blindness, myopathy and profound developmental
delay have been reported only in one case (Gillis et al. 2012). The most typical
dysmorphic feature is the hand and feet syndactyly, present in almost 90% of cases
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(Marks et al. 1995a, b). Other dysmorphologies include flattened noses, low-set
ears, premaxillary underdevelopment, thin vermilion of the upper lip, round face,
small, widely spaced teeth and poor dental enamel with severe dental cavities
(Marks et al. 1995a, b; Splawski et al. 2005; Napolitano et al. 1993). Other more
rare extracardiac features are frequent infections secondary to altered immune
responses, joint contracture and intermittent hypoglycaemia (Gillis et al. 2012).

In typical cases the ECG is characterized by a long ST segment with a small T
wave, but also giant negative T waves in precordial leads can be observed
(Napolitano et al. 1993; Napolitano and Antzelevitch 2011). The QTc interval
range is from 480 to 700 ms, and macroscopic T-wave alternans can be observed
during Holter monitoring (Splawski et al. 2004, 2005; Napolitano and Antzelevitch
2011). The cardiac rhythm disturbances often occur early in life, prompting the
diagnosis within the first few days of life. Occasionally it can be suspected prenatally
because of foetal bradycardia or foetal distress secondary to heart rhythm
disturbances. Rarely diagnosis is made after the age of 4 (Splawski et al. 2004,
2005; Marks et al. 1995a, b).

A milder phenotype of TS does exist, it lacks syndactyly and it is characterized by
musculoskeletal problems, atrial fibrillation and more facial deformities (Splawski
et al. 2005). In almost 80% of cases, death occurs at 14–15 years, and it is due to
ventricular tachycardia or ventricular fibrillation without a specific trigger (Splawski
et al. 2004, 2005; Reichenbach et al. 1992). As for the majority of LQTS forms,
treatment includes beta blockers and left cardiac sympathetic denervation (LCSD).
In some cases, pacemakers can be implanted during the first days of life to avoid
pause-induced TdP; however, an implantable cardioverter defibrillator (ICD) should
be considered in all affected individuals.

7.1.8.3 Ankyrin-B Syndrome (LQT4)
In 2003, a loss-of-function mutation in the ANK2 gene encoding ankyrin B (ANK-B)
was identified as being responsible for LQT4 (Mohler et al. 2003). It however soon
became evident that the phenotypic manifestations of the LQT4 subtype deviated
substantially from classical LQTS (Mohler et al. 2004). Besides the presence of
clinical features such as severe sinus node dysfunction, atrial fibrillation, severe
bradycardia, isorhythmic atrioventricular dissociation, heart rate variability, delayed
cardiac conduction, conduction block, IVF and exercise-induced ventricular tachy-
cardia (Mohler et al. 2004, 2007; Le Scouarnec et al. 2008), the hallmark feature of
QT prolongation was in many patient cases absent (Zhang et al. 2005; Mohler et al.
2004). This wide spectrum of clinical phenotypes has led to the use of the term ‘sick
sinus syndrome with bradycardia’ or ‘ankyrin-B syndrome’ in order to distinguish
this subgroup of patients in which a QT prolongation may be or may not be present
(Zhang et al. 2005; Mohler et al. 2004; Le Scouarnec et al. 2008) as part of a more
broad cardiac disease. Recently, a mutation in ANK2 has been identified in two large
multigenerational families affected with ankyrin-B syndrome and structural heart
disease (Swayne et al. 2017).
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7.1.8.4 Andersen-Tawil Syndrome (LQT7)
After the first description in 1963 (Klein et al. 1963), the triad of symptoms
characterizing this syndrome was first reported by Andersen in 1971 (Andersen
et al. 1971), and then the disease was further characterized by Tawil et al. (1994). It
was initially labelled as LQT7 due to the erroneous measurements of the QT interval
that was including the prominent U wave (Tristani-Firouzi et al. 2002). Today, the
name ‘Andersen-Tawil syndrome, ATS’ (Donaldson et al. 2003), in recognition of
these two clinicians’ work, is widely accepted. So far, the only gene linked to this
syndrome is KCNJ2 that encodes the α subunit of the K+ ion channel Kir1.2
conducting the inward rectifier repolarizing current IK1 (Plaster et al. 2001). There
is significant heterogeneity in phenotypic expression even among family members
sharing the same disease-causing mutation (Plaster et al. 2001). Affected patients
may present mild or prominent dysmorphic features which include short stature,
low-set ears, wide-set eyes, small mandible, fifth-digit clinodactyly, syndactyly and
broad forehead. Other less common features are bilateral ptosis, thin hair and
scoliosis (Nguyen et al. 2013). Periodic paralysis attacks and muscle weakness
usually predate the cardiac symptoms by at least 2 years as the attacks can arise
even at 8 months of age and be as frequent as three per month on average (Yoon et al.
2006). The attacks are more frequently associated with hypokalaemia but may occur
also in hyperkalaemia or normokalemia, and no clear trigger has been identified
(Yoon et al. 2006; Sansone et al. 1997; Canűn et al. 1999). Ventricular arrhythmias
in ATS range from premature ventricular beats to short runs of polymorphic
ventricular tachycardia leading rarely to sudden cardiac death (Zhang et al. 2005;
Yoon et al. 2006). Less manifest during pregnancy (Subbiah et al. 2008), no specific
triggers of the arrhythmias have been identified (Nguyen et al. 2013). Other cardiac
manifestations include prominent U waves in the anterior leads of ECG (Zhang et al.
2005; Tristani-Firouzi et al. 2002) with a QTc that is only marginally prolonged if
the U wave is not included in the measurement (Nguyen et al. 2013). Diagnosis is
made according to the diagnostic criteria formulated by Venance et al. (2006).
However, the clinical variability of the disease can make difficult the diagnosis as
some patients may be non-penetrant and some may show one, two or three of the
classic triad symptoms in different combinations (Nguyen et al. 2013). Beta blockers
in combination with flecainide have shown an optimal control of cardiac symptoms
(Sansone and Tawil 2007; Pellizzón et al. 2008; Delannoy et al. 2013).

7.1.9 Diagnosis

The diagnosis of LQTS can be performed when a patient receives a so-called
Schwartz score of �3.5 points (Table 7.2); alternatively it can be made in presence
of an unequivocally pathogenic mutation and/or in presence of a QTc � 500 ms in
repeated 12-lead ECGs (Priori et al. 2013). The Schwartz score is assigned according
to recently updated and validated criteria based on the electrocardiographic features,
familial and personal history (Schwartz and Crotti 2011; Schwartz et al. 1993;
Hayashi et al. 2016). It does not permit to identify the silent mutation carriers, but
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it is useful during the first contact with the patient to assess the probability of disease
and therefore to decide whether to start a therapy.

7.1.10 Differential Diagnosis

The main differential diagnosis is the so-called acquired long QT syndrome
(aLQTS); under this term are included all cases in which a prolonged QTc, often
accompanied by TdP, is caused either by drugs, bradycardia or hypokalaemia.

First proposed by Schwartz and Moss (1982), the hypothesis that some cases of
drug-induced arrhythmias depend on genetic predisposition was later confirmed in
2000 by the evidence of a LQT1 variant in a patient with an episode of VF on
therapy with cisapride and normal QTc at baseline (Napolitano et al. 2000) and
recently validated in a large cohort study (Itoh et al. 2016). In this study,
188 probands with aLQTS were screened for the five major LQTS genes, and genetic
results and QTc values were compared with 2379 members of 1010 genotyped
congenital LQTS families (cLQTS), including 1938 mutation carriers and

Table 7.2 Diagnostic criteria for long QT syndrome

Points

Electrocardiographic findingsa

QTcb

�480 ms 3

460–479 ms 2

450–459 ms (in males) 1

QTc fourth minute of recovery from exercise stress test �480 ms 1

Torsade de pointesc 2

T-wave alternans 1

Notched T wave in three leads 1

Low heart rate for aged 0.5

Clinical history

Syncopec

With stress 2

Without stress 1

Congenital deafness 0.5

Family history

Family members with definite LQTSe 1

Unexplained SCD below age 30 among immediate family memberse 0.5

Score: �1 point, low probability of LQTS; 1.5–3 points, intermediate probability of LQTS; �3
points, high probability of LQTS
aIn the absence of medications or disorders known to affect these electrocardiographic features
bQTc calculated by Bazett’s formula
cMutually exclusive
dResting heart rate below the second percentile for age
eThe same family member cannot be counted in both (Adapted from Schwartz PJ and Crotti
L. Circulation 2011;124:2181–4)
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441 noncarriers, providing useful insight into differential diagnosis: aLQTS patients
have a baseline QTc that is intermediate between that of cLQTS and of controls,
while LQT2-causing mutations are significantly more frequent than LQT1-causing
mutations in the aLQTS group compared to the cLQTS. These data were used to
develop a score, based on QTc, age and symptoms, which allows the identification of
the aLQTS subjects more likely to carry LQTS-causing mutations (Itoh et al. 2016).
Of note, the prevalence of LQTS-causing mutations found in the aLQTS cohort was
28%, higher than that previously reported (Itoh et al. 2016).

Recently (Crotti et al. 2016a), a prolonged QT has been observed in young
athletes performing competitive sports. In this subset of patients, genetic testing is
usually negative in those with no family history and in those in whom the QTc
normalizes after detraining. However, more studies are needed to better understand
the underlying mechanism and perform a correct differential diagnosis.

7.1.11 Risk Stratification and Prognosis

Classically, risk stratification in LQTS is based on sex, age, QTc and genotype
(Priori et al. 2003). However, since 2003, when a scheme for risk stratification was
proposed (Priori et al. 2003), advances in molecular genetics have more and more
contributed to risk stratification (Moss et al. 2002, 2007), making a mutation-specific
risk assessment also possible in specific cases (Crotti et al. 2007). Furthermore, data
so far published on modifier genes (Schwartz 2011; Crotti et al. 2005, 2009b, 2016b;
Nof et al. 2010; Amin et al. 2012; Duchatelet et al. 2013; de Villiers et al. 2014; Earle
et al. 2014; Arking et al. 2006, 2014; Tomás et al. 2010; Kolder et al. 2015; Schwartz
et al. 2008) pave the way for including in the near future additional genetic markers
in the risk stratification process. On the clinical side, some well-known ECG features
are associated with increased risk of cardiac events such as the T-wave alternans, 2:1
functional AV block, extreme QT prolongation and the presence of sinus pauses
followed by particularly prolonged QT. Furthermore, some autonomic parameters
have been associated with arrhythmic risk in selected populations.

7.1.11.1 Genetic Risk Stratification
The identification of the pathological reference genes underlying LQTS not only
makes molecular diagnosis possible but also provides useful information for risk
stratification. In fact, it is known that particular mutations cause a milder ( forme
fruste) (Donger et al. 1997; Berthet et al. 1999) or more severe (Crotti et al. 2007)
LQTS phenotype.

The type of mutation, as this is defined by its topology within the gene and type
and degree of afflicted functionality, has been shown to correlate with disease risk
(Moss et al. 2002, 2007; Nagaoka et al. 2008). In particular, for the KCNQ1 gene,
transmembrane, missense or dominant-negative suppression mutations have been
shown to correlate with significantly increased risk of cardiac events of any type,
independently of other factors, with respect to C-terminal, nonsense and
happloinsufficiency mutations (Moss et al. 2007). As far as mutations in KCNH2
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are concerned, it is well known that those affecting the channel’s pore or voltage
sensor are associated with a more severe phenotype (Moss et al. 2002; Nagaoka et al.
2008).

On the other hand, considering, for instance, the increased phenotypic malig-
nancy of the transmembrane, missense, dominant-negative KCNQ1-p.A341V muta-
tion, compared to other mutations of this type, this classification still proves as an
inadequate tool to be fully applied in patient management. Therefore, mutation-
specific risk stratification strategies, which take into account the particular
behavioural motif of each mutation, have been proposed (Crotti et al. 2007).

7.1.11.2 Modifier Genes
The evidence that even within families a very different clinical outcome may be
observed among siblings carrying the same disease-causing mutation has stimulated
the search for secondary factors that may shape the final clinical outcome. In fact, the
degree of disease penetrance (i.e. the percentage of genetic carriers that clinically
manifest the disease) and the variability of disease expressivity (i.e. the different
ways or the extent the disease is expressed among those that do manifest it) seem to
be defined by factors that extend beyond the main pathological substrate. Although
the latter is undoubtedly the main determinant of phenotypic manifestation, it has
long been recognized that modifying factors also come into play, whether environ-
mental or genetic. Interpersonal variation among identical mutation carriers is
principally attributed to genetic modifying factors, such as single nucleotide
polymorphisms (SNPs) (Schwartz 2011). A modifying effect may be exerted from
a SNP within the same or different gene than the disease gene that may attenuate or
aggravate the pathological manifestation of the principal disease-causing mutation,
thereby conferring protection or increased risk, respectively.

The first modifier of clinical severity in LQTS, the common KCNH2 polymor-
phism p.K897T, was identified in 2005 (Crotti et al. 2005). Functional studies have
shown that in the presence of a clinically latent C-terminal LQT2 (KCNH2) muta-
tion, p.K897T accentuates and unmasks the IKr current loss produced by the disease-
causing mutation (Crotti et al. 2005). This finding has already been validated (Nof
et al. 2010). To date, other common SNPs in the LQTS genes, causing either subtle
changes (increase or decrease) of magnitude of the main ionic currents or differential
ion channel expression, have been described, such as SNPs in the 30 UTR region of
KCNQ1 (Amin et al. 2012), the intronic KCNQ1 rs2074238 SNP (Duchatelet et al.
2013) as well as intronic SNPs in AKAP9 (LQT11) (de Villiers et al. 2014).
Although some of these modifier SNPs have preliminarily produced conflicting
results upon replication in heterogeneous patient cohorts (Crotti et al. 2016b; Earle
et al. 2014) while others await independent validation, overall their identification has
provided proof of concept of how common genetic variants in the LQTS genes may
confer a detrimental as well as a protective effect on LQTS patients’ arrhythmic risk.

Genetic modifiers may also lie beyond the immediate family of the pathological
reference genes, and their identification is even more demanding. GWAS studies that
aimed at the identification of SNPs influencing QT interval duration in the general
population also contributed to the search and identification of modifier genes in
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LQTS (Arking et al. 2014; Newton-Cheh et al. 2009; Pfeufer et al. 2009). Since the
QT interval is by itself an inherited quantitative trait (Newton-Cheh et al. 2005),
genes that genetically define it are natural candidates as modifiers. In fact, we have
shown that two common variants in the nitric oxide synthase 1 adaptor protein gene
NOS1AP, previously identified as a gene modifying QT interval duration in the
general population (Arking et al. 2006), act as modifiers in the KCNQ1-p.A341V
LQTS founder population by almost doubling the risk of life-threatening
arrhythmias (Crotti et al. 2009b). The modifier role of NOS1AP has subsequently
been validated in an independent, heterogeneous population of LQTS patients
(Tomás et al. 2010). In addition, a more recent multicentre analysis focusing on
more than 600 LQT2 patients and testing all major SNPs identified by GWAS
studies as associated to QT interval duration confirmed the major role played by
NOS1AP (Kolder et al. 2015). Thus, NOS1AP has consistently appeared as a strong
modifying factor of clinical severity in LQTS. Another example is an earlier study by
Schwartz et al. in the same KCNQ1-p.A341V LQTS founder population (Schwartz
et al. 2008) that showed that particular SNPs in the α2 and β1 adrenergic receptor
genes act synergistically to increase heart rate and baroreflex sensitivity, thereby
exposing the already compromised KCNQ1-p.A341V LQTS patients to increased
risk of cardiac events.

The identification and comprehension of the modifying factors that influence the
pathological substrate and the final clinical outcome are principal areas of ongoing
research that may hopefully one day be integrated into clinical practice. Nonetheless,
the strength of the NOS1AP data is such that the presence of these deleterious SNPs
should, even at present, indicate a more aggressive therapeutic strategy. In the future,
not only mutation-specific (Crotti et al. 2007) but also SNP-specific (Duchatelet et al.
2013) stratification strategies are expected to contribute to a more precise and refined
definition of risk.

7.1.11.3 Autonomic Parameters
In the large South African LQT1 founder population, in which all the affected
members carry the KCNQ1-p.A341V mutation, Brink et al. (2005) and Schwartz
et al. (2008) provided novel evidence that faster basal heart rates and brisk auto-
nomic responses are associated with a greater probability of being symptomatic.
Whereas among patients with a major arrhythmogenic substrate (QTc > 500 ms)
basal heart rate is rather unimportant, among patients with a QTc � 500 ms, those in
the lower tertile of heart rate were more frequently asymptomatic. Furthermore,
relatively low values of baroreflex sensitivity—an index of the ability to respond
with brisk increases in either vagal or sympathetic activity—were associated with a
reduced probability of being symptomatic (Schwartz et al. 2008). However, BRS is
not frequently used in clinical practice, and therefore we assessed the value of
another and simpler marker of reflex vagal activation, i.e. the heart rate reduction
during the first minute of recovery from an exercise stress test (Crotti et al. 2012).
This is a parameter strongly correlated with BRS (r ¼ 0.64, p ¼ 0.001) (Crotti et al.
2012). We observed that symptomatic LQT1 patients reduced their HR during the
first minute of recovery significantly more than asymptomatic patients and those
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with marked heart reductions had three times greater risk of suffering cardiac events
(OR 3.28, 95%CI 1.3–8.3, p ¼ 0.012). By striking contrast, the phenomenon so
clearly evident among LQT1 patients is totally absent among LQT2 and LQT3
patients; this difference was expected, given that LQT2 and LQT3 patients have a
normal IKs current and therefore are less prone to the onset of life-threatening
arrhythmias related to rapid changes in heart rate, especially increases (Crotti et al.
2012).

In LQTS patients an exercise stress test should always be performed, not only to
analyse repolarization changes useful for the diagnosis but also to aid risk stratifica-
tion of LQT1 subjects. Another practical implication is that intense exercise training,
which potentiates vagal reflexes, should be discouraged in LQT1 patients.

7.1.11.4 Pregnancy and Arrhythmic Risk
Pregnancy is characterized by a variety of physiological cardiovascular and hor-
monal changes that may influence the risk of cardiac events in patients with an
underlying pro-arrhythmic substrate as LQTS.

Rashba et al. reported the first evidence that in LQTS patients the post-partum
period, but not the pregnancy interval, is associated with an increased risk of cardiac
events, that is reduced by beta-blocker therapy (Rashba et al. 1998). Subsequent
studies showed that the women with an increased risk are mainly LQT2 women. This
is probably because the post-partum period is characterized by sleep deprivation and
sudden noises in the middle of the night (i.e. the baby who starts crying when the
mother is sleeping), typical triggers for LQT2 patients (Seth et al. 2007). The
pregnancy-related cardiovascular risk in LQT1 patients is relatively small (Heradien
et al. 2006), while studies on LQT3 pregnant females are not available.

7.1.11.5 Events in the First Year of Life
Long QT syndrome patients with life-threatening arrhythmias in the first year of life
represent a small subset of Romano-Ward patients (in LQTS International Registry
2% of 3323 subjects) (Spazzolini et al. 2009); however, their risk for subsequent
cardiac arrest/sudden cardiac death in the following 10 years is particularly high
(HR 23.4, p < 0.01), and their response to beta-blocker therapy is poor (Spazzolini
et al. 2009).

This subgroup of patients, independently of genotype, should be regarded as a
subgroup of LQTS patients in whom traditional treatments are usually not effective
and in whom an aggressive strategy is usually needed, at variance with the vast
majority of LQTS patients.

Unfortunately, sudden cardiac death can be the first clinical manifestation of the
disease, and when this occurs very early in life, it may result in sudden infant death
syndrome (SIDS) (Arnestad et al. 2007) or stillbirth (Crotti et al. 2013b).

This hypothesis has been validated by the evidence that 9.5% of SIDS victims
carry an LQTS-associated functional variant: eight mutations and seven rare variants
with functional effect were found in 19 of 201 cases as likely contributors to sudden
death (9.5%, 95% CI 5.8–14.4%), while none was identified among the 187 controls
(Arnestad et al. 2007). These data support the concept of neonatal ECG screening as
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a cost-effective method to prevent those sudden deaths due to unrecognized LQTS
(Saul et al. 2014; Schwartz 2004).

Based on the hypothesis that LQTS, causing death during the first months of life,
could cause death also shortly before birth (Saul et al. 2014; Schwartz 2004;
Quaglini et al. 2006), a genetic study was performed in 97 stillbirths (Crotti et al.
2013b): 3.3% of cases indeed carried an LQTS-causing mutation, and 8.8% carried a
rare missense variant with a potential pro-arrhythmic role (Crotti et al. 2013b).

7.1.12 Therapy

The trigger for most life-threatening events is a sudden increase in sympathetic
activity (Schwartz et al. 1975). Accordingly, antiadrenergic therapies provide the
main protection. Among these, beta blockers represent the first-line therapy since the
1970s. Further therapies for symptomatic patients on beta blockers include left
sympathetic cardiac denervation, automatic defibrillator implantation and, in
selected cases, sodium channel blockers.

7.1.12.1 Beta Blockers
The first study demonstrating the efficacy of beta blockers was published in 1985. It
compared 233 symptomatic untreated patients with treated patients either with beta
blockers or with non-antiadrenergic interventions (Schwartz 1985). Response to
beta-blocker therapy can be different according to the different genetic subtypes.
Specifically, LQT1 patients are those better protected by beta-blocker therapy, with
failures mainly due to non-compliance or concomitant use of QT-prolonging drugs
(Vincent et al. 2009). LQT2 patients on beta blockers have a 6–7% rate of
resuscitated CA events (Priori et al. 2004), while those that appeared to be less
protected were LQT3 patients (Schwartz and Crotti 2017). These data, despite being
based on very small numbers, have led to the incorrect notion that beta blockers were
useless in LQT3 patients, and therefore ICD implantation had to be considered even
in paediatric cohorts (Etheridge et al. 2007). Subsequent studies showed that beta
blockers are effective also in LQT3 patients when excluding those with life-
threatening arrhythmias in the first year of life (Schwartz et al. 2009a; Wilde et al.
2016).

Among all beta blockers, the most extensively studied is propranolol, which has
been shown to either decrease or prevent an increase in transmural dispersion of
repolarization in response to strong sympathetic stimulation (Shimizu et al. 2002).
Propranolol is the most widely used drug, at 2–3 mg/kg/day. Also nadolol is widely
used since its longer half-life allows once- or twice-a-day administration, usually at
1–2 mg/kg/day. Not all beta blockers are equally effective in preventing arrhythmic
events, and indeed a multicentre study has shown a greater risk of recurrences of
cardiac events with metoprolol compared to propranolol or nadolol (Chockalingam
et al. 2012).
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7.1.12.2 Left Cardiac Sympathetic Denervation
LCSD is a surgical approach requiring the ablation of the first four thoracic ganglia
(T1–T4), leaving intact the cephalic portion of the left stellate ganglion to avoid the
Horner’s syndrome, expected in 1–2% of patients (Odero et al. 2010). The procedure
is traditionally performed in a retroclavicular approach; a thoracoscopic approach
makes thoracotomy unnecessary but seems to be associated with a higher incidence
of transient post-operative neurological pain (Odero et al. 2010; Collura et al. 2009).
The rationale for LCSD is largely based on its antifibrillatory effect, on the major
reduction of norepinephrine release at ventricular level in the absence of post-
denervation supersensitivity (Schwartz 2014). In a cohort of 147 LQTS patients
that underwent LCSD, the procedure showed a 91% reduction in cardiac events
during a mean follow-up of 8 years (Schwartz et al. 2004). The population included
99% of symptomatic patients, with a mean QTc of 563 � 65 ms, 48% with previous
CA and 75% with syncope despite full-dose beta blockers. LCSD produced a mean
QTc shortening of 39 ms, pointing to an action on the substrate as well as on the
trigger, while a post-surgery QTc < 500 ms predicted a very favourable outcome. It
is worth noting that in five patients who underwent LCSD due to multiple ICD
shocks and electrical storms, there was a 95% decrease in the number of shocks
(from an average of 29 shocks/year) during a 4-year follow-up (Schwartz et al.
2004). Current indications for LCSD include (1) patients with appropriate
VF-terminating ICD shocks, (2) patients with recurrence of syncope while on
adequate drug therapy, (3) patients who do not tolerate beta-blocker therapy and
(4) as a bridge to ICD for young patients at particularly high risk (Schwartz and
Ackerman 2013).

7.1.12.3 Cardiac Pacing
In some patients, cardiac pacing can be used as an adjunct to beta-blocker therapy to
allow increases in dosage. Its use is justified by the observation that pauses usually
precede TdP. However, if a device is needed, one should seriously consider to
implant a transvenous ICD that also has a pacing mode. Exceptions could be very
small children in whom pacing may represent a transient bridge to ICD. It is
important to bear in mind that fast heart rates, while on one hand may have
antiarrhythmic effect, on the other hand may produce a tachycardia-mediated
cardiomyopathy.

7.1.12.4 Implantable Cardioverter Defibrillator
The largest ICD-LQTS Registry published so far, including 233 patients, has given
deep disquieting insights into ICD implantation indication in LQTS patients: the
majority of implanted patients had not suffered a CA and, even worse, had not failed
beta-blocker therapy (Schwartz et al. 2010). Accordingly to genotype, the majority
of the asymptomatic patients implanted were LQT3 (45%), reflecting the incorrect
concept that LQT3 patients are not adequately protected by beta blockers (Schwartz
et al. 2009a). During a mean follow-up of 4.6 years, 28% of patients experienced at
least an appropriate shock, and adverse events occurred in 25% (in total 31% of the
patients, including 6% of inappropriate shocks). These observations have allowed
the creation of a score, M-FACT, that is able to predict on the basis of simple clinical
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variables the appropriate ICD therapies. Main variables include age <20 years at
implantation, QTc> 500 ms, prior CA and CA despite therapy. Within 7 years, 70%
of patients with all these factors experienced an appropriate shock, while no patients
with none of these factors had appropriate ICD shocks (Schwartz et al. 2010).

Current indications for ICD implantation are (1) previous CA and (2) recurrences
despite full antiadrenergic therapy (possibly including LCSD). Asymptomatic
patients should not be implanted with an ICD, unless despite optimal therapy a
QTc > 550 ms is present together with sign of high electrical instability (i.e. T-wave
alternans, 2:1 AV block, very long sinus pauses with subsequent beats showing
aberrant T-wave morphology and further QT prolongation).

7.1.12.5 Gene-Specific Therapy and Management
The amazing unravelling of the underlying genetic component has made LQTS the
first cardiac disease with a potential gene-specific management.

LQT1 patients are at higher risk during sympathetic activation; therefore, these
patients should avoid competitive sports activity (Johnson and Ackerman 2012),
particularly swimming which is a well-known trigger of arrhythmic events in this
subset of patients (99% of arrhythmic events are associated with swimming) (Choi
et al. 2004).

LQT2 patients are at higher risk when aroused from sleep or rest by a sudden
noise. They are also particularly sensitive to serum potassium levels (Schwartz et al.
2001). Thus, telephone and alarm clocks should be removed from the bedrooms, and
a combination with potassium-sparing agents should be considered in those patients
with difficulties to maintain reasonable levels of potassium (Schwartz and Ackerman
2013).

In LQT3 patients, mexiletine may be used as a possible adjuvant (Schwartz et al.
1995). This is based on the demonstration that SCN5A LQTS-causing mutations
have a ‘gain-of-function’ effect (Bennett et al. 1995), suggesting the use of sodium
channel blockers. As the effect of mexiletine is mutation-specific (Ruan et al. 2007),
its effectiveness should be tested by the acute oral drug test technique (half the daily
dose during continuous ECG monitoring): within 90 min the peak plasma concen-
tration is reached, and if the QTc is shortened by more than 40 ms without PR
prolongation or QRS widening, then mexiletine can be added to the therapy
(Fig. 7.3). Limited data are available about ranolazine, a sodium channel blocker
specific for the late sodium current (Moss et al. 2008). Given its direct late sodium
current blocking properties, propranolol is the preferred beta blocker in these
patients.

7.1.12.6 Asymptomatic LQTS Patients and Patients with Normal QTc
As the first manifestation of LQTS in approximately 13% of cases is SCD, beta-
blocker treatment ideally should be initiated in all LQTS patients with evident QT
prolongation including those still asymptomatic. Possible exception could be
(1) asymptomatic LQT1 men who were diagnosed after 40 years because they
seldom have a first event after this age and (2) any asymptomatic LQTS patient
who is older than 50 years and has a resting QTc < 480 ms. LQT2 women remain at
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risk throughout life, and therefore with few exceptions they should be always treated
(Schwartz and Ackerman 2013).

Mutation carrier patients have a significantly lower risk of life-threatening
arrhythmias when QTc is normal (<440 ms) compared to the phenotypically
affected patients; however, it is still ten times greater than negative family members
(Goldenberg et al. 2011). Therefore, the decision to start therapy should be carefully
individualized.

7.2 Short QT Syndrome

The short QT syndrome (SQTS) is a malignant cardiac disease characterized by a
short QT interval at the basal ECG and by the presence of ventricular
tachyarrhythmias leading to syncope and SCD. It was in the early 1990s that an
association between a short QT interval and SCD was proven, but it was only at the
beginning of the new millennium that the existence of this new syndrome was
postulated after the description of a family with paroxysmal atrial fibrillation (AF),
constantly short QT interval (Gussak et al. 2000) and multiple cases of SCD (Gaita
et al. 2003). Since then, other cases affected by SQTS have been reported (Bellocq
et al. 2004; Priori et al. 2005; Kirilmaz et al. 2005; Hong et al. 2005; Lu et al. 2006);
however, the available descriptions are still quite few, thereby limiting the possibility
of forming a generalized clinical picture and estimation of the syndrome’s
prevalence.

Propranol: QTc 549 ms
HR 43 b/min

Propranol + Mexiletine load:
QTc 415 ms
HR 43 b/min

a b

Fig. 7.3 (a) Major QTc prolongation (QTc 549 ms) in a 32-year-old female patient on beta-blocker
therapy. (b) Oral acute load of mexiletine shown to dramatically reduce the length of the QT interval
(QTc 415 ms)
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7.2.1 Molecular Genetic Basis

In contrast to LQTS whose genetic substrate has largely been elucidated, in SQTS
our knowledge is still largely scanty. Short QT syndrome and LQTS have partly a
common genetic substrate with mutations in the KCNQ1 and KCNH2 genes
encoding the α subunits of the cardiac K+ channels Kv7.1 and Kv11.1, respectively,
underlying both syndromes. In fact, while loss-of-function mutations in KCNQ1
underlie LQT1 (Wang et al. 1996a), gain-of-function mutations that augment IKs and
result in abbreviation of action potential duration, and hence QT interval shortening,
underlie SQT2 (Bellocq et al. 2004). Accordingly, gain-of-function mutations in
KCNH2 that augment IKr underlie SQT1 (Brugada et al. 2004), in contrast to the
LQT2 loss-of-function mutations (Curran et al. 1995). In addition, gain-of-function
mutations in the KCNJ2 gene encoding the α subunit of the K+ ion channel Kir1.2 lie
behind SQT3, thereby increasing the IK1 current (Priori et al. 2005) (Table 7.1).
Short QT intervals, but in the context of an overall Brugada syndrome phenotype,
have been described due to mutations in the genes encoding the α and β2 subunits of
the cardiac Ca2+ channel, but these most likely form part of a distinct clinical entity
(Antzelevitch et al. 2007).

Genetic testing of the three main genes responsible thus far for SQTS may be
considered (class IIb recommendation) for patients with a strong clinical suspicion,
while it is recommended for the family members of a proband in whom a disease-
causing mutation has already been identified (class I recommendation) (Ackerman
et al. 2011). The yield of genetic testing is still relatively low, ranging from 11 to
20% of cases (Ackerman et al. 2011; Mazzanti et al. 2014).

7.2.2 Clinical Presentation

The clinical presentation of SQTS in the available cohorts (Mazzanti et al. 2014;
Giustetto et al. 2011; Gollob et al. 2011) tends to be quite severe, with a high
incidence of CA and SCD. The age of onset of symptoms is highly variable, ranging
from first manifestations in utero or at age 70 (Mazzanti et al. 2014; Giustetto et al.
2011; Gollob et al. 2011). Sometimes SQTS manifests as SIDS (Arnestad et al.
2007). However, the peak of occurrence of life-threatening arrhythmias seems to be
the first year of life and then between age 14 and 40 (Mazzanti et al. 2014; Giustetto
et al. 2011; Gollob et al. 2011). Atrial fibrillation has been observed in several
patients and is probably related to short atrial refractory periods (Mazzanti et al.
2014; Giustetto et al. 2011; Gollob et al. 2011).

SQTS is an autosomal dominant disease and is expected to be equally prevalent in
male and female patients; however, data from the European SQTS Registry suggest a
higher prevalence of the disease among males with a mean age at diagnosis between
20 and 30 years (Giustetto et al. 2011). Among the 53 patients with SQTS reported,
there was a high clinical heterogeneity, with 62% of patients being symptomatic at
presentation: 4 had died suddenly, 13 had an aborted SCD (range 3 months to
62 years), 8 had syncope and 13 had palpitations (6 of whom had documented AF
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or flutter) (Giustetto et al. 2011). Differences have been observed between the two
genders; although CA had a similar prevalence, more than 90% of males had CA
between 14 and 40 years of age, while the events were widely distributed across the
years among females (Giustetto et al. 2011).

7.2.3 Diagnosis

The diagnosis of SQTS is still debated as there is no consensus on the QTc value to
be used as a cut-off for the diagnosis due to the considerable overlap of the QTc of
affected and healthy individuals. Indeed, the SQTS patients described so far had a
QTc in the range of 250–380 ms (Mazzanti et al. 2014; Giustetto et al. 2011; Gollob
et al. 2011), and large studies in healthy populations (altogether >28,000
individuals) showed that a QTc in the lowest 0.5 percentile of the normal distribution
(QTc � 330 ms) (Gallagher et al. 2006) or below 340 ms (Anttonen et al. 2007) and
320 ms (Anttonen et al. 2007; Dhutia et al. 2016) was not associated with an
increased risk of SCD. The 2015 ESC Guidelines for the prevention of SCD (Priori
et al. 2015) suggest that a diagnosis should be reached in all patients with a
QTc � 340 ms, while when the QTc is between 340 and 360 ms, SQTS can be
diagnosed only in the presence of at least one additional criterion that could be either
presence of a pathogenic mutation, family history of SQTS, family history of SCD
below age 40 or survival of a VT/VF episode in the absence of heart disease. The
HRS/EHRA/APHRS expert consensus statement on the diagnosis and management
of patients with inherited primary arrhythmia syndromes (Priori et al. 2013) has
suggested a slightly lower cut-off (QTc � 330 ms).

Besides QTc values, other ECG characteristics can be useful to suspect or
diagnose the disease. For instance, the morphology of the T wave can be informa-
tive. Affected patients also have a short or absent ST segment, with the T wave
initiating immediately from the S wave. SQT1 patients present tall, sharp, narrow,
fine and symmetrical T waves, especially in leads V2–V4 (Schimpf et al. 2005), with
a relatively prolonged Tpeak–Tend interval, suggesting increased transmural disper-
sion of repolarization.

SQT2 patients show less narrow symmetrical T waves (Bellocq et al. 2004),
while SQT3 patients present an asymmetrical pattern with a less steep ascending
section of the T wave followed by a rapid descending terminal phase (Priori et al.
2005). Patients carrying Ca2+ channel mutations present with ECGs that may
coincide with a Brugada-type ST elevation in V1–V2 either at baseline or after
ajmaline administration (Antzelevitch et al. 2007). A significantly shorter J point–T
peak interval and a shorter Tpeak–Tend/QT ratio have been reported as features that
may help in distinguishing healthy people from SQTS patients (Anttonen et al. 2007;
Watanabe et al. 2010). Furthermore, early repolarization has been described in 65%
of SQTS patients and associated with arrhythmic events (Watanabe et al. 2010).

An additional helpful element for the diagnosis of SQTS is the analysis of the QT
adaptation during 24-h ECG recordings and exercise stress test (Giustetto et al.
2015). Indeed, the QT interval does not shorten physiologically in response to heart
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rate increases, and therefore the slope of the QT-RR relationship is usually less steep
(Giustetto et al. 2015). Also the analysis of the PQ interval could provide some
insights. Indeed, most SQTS patients have a PQ depression �0.05 mV, rarely
observed in healthy individuals, that may be due to the heterogeneous abbreviation
of atrial repolarization (Tülümen et al. 2014).

7.2.4 Differential Diagnosis

Main differential diagnoses are reversible causes of a short QTc such as
hypercalcaemia, hyperkalaemia, digital toxicity, acidosis and hyperthermia. Also,
androgens use and increased vagal tone may shorten the QT interval. Therefore, all
possible causes of transient short QT should be ruled out to reach a correct diagnosis
(Schimpf et al. 2005; Wolpert et al. 2005; Liu et al. 2003).

7.2.5 Therapy

The management of SQTS patients is quite controversial, above all in asymptomatic
patients, as risk stratification remains challenging and a high rate of inappropriate
shocks due to T-wave oversensing is reported when an ICD is implanted (Schimpf
et al. 2003). While in survivors of a CA or in patients with spontaneous sustained VT
an ICD is clearly indicated, for asymptomatic patients there are no data supporting
the role of invasive electrophysiological study with programmed ventricular stimu-
lation to stratify risk (Priori et al. 2015).

Among all available pharmacological treatments, hydroquinidine (HQ) appears to
induce normalization of the QT interval and of the effective refractory period in
patients with KCNH2 mutations, whereas in those without a mutation, the effect
appears weaker and significantly variable (Giustetto et al. 2011; Gaita et al. 2004).
Sotalol is considered a possible alternative to hydroquinidine (Priori et al. 2015).
When HQ was tested in 41% of the patients of the European SQTS Registry, it was
found to prevent the induction of ventricular arrhythmias during electrophysiologi-
cal study in all studied patients, while none of the treated patients had arrhythmic
events during follow-up (Giustetto et al. 2011). Therapy was interrupted only by 9%
of the patients because of gastroenteric intolerance or dermatitis (Giustetto et al.
2011). The incidence of arrhythmic events during follow-up (64 � 27 months) was
4.9% per year in pharmacologically untreated patients, while no arrhythmias
occurred in patients on HQ. Ventricular fibrillation occurred in already symptomatic
untreated patients (Giustetto et al. 2011). These data support the use of HQ as an
alternative option to ICD in those patients who would qualify for an ICD but present
contraindications or refusal (Priori et al. 2015). The use of HQ or sotalol may be
considered also in asymptomatic patients with a family history of SCD (Priori et al.
2015) and in those who already have an ICD to prevent the occurrence of multiple
arrhythmic events.
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Brugada Syndrome: Current Perspectives 8
Apichai Khongphatthanayothin and Koonlawee Nademanee

Abstract
Brugada syndrome was first reported as a distinct entity in 1992. It is diagnosed
by signature EKG changes including at least 2-mm J-point elevation with coved-
type ST elevation and T-wave inversion in at least one right precordial leads (type
I Brugada marker). Initially thought of as a rare entity, Brugada syndrome is now
widely recognized as a common cause of natural death among young men as a
result of ventricular arrhythmia occurring at rest, particularly during sleep. The
etiology of this disease is likely multifactorial, with genetic predisposition
playing an important role in the pathogenesis. Mutation in the sodium channel
gene SCN5A is seen in up to 20–25% of patients with at least 17 additional genes
were reported to be associated with the disease. However, mutation in a single
gene could be implicated in less than 30% of patients with Brugada syndrome,
and a recent study showing association of this disease with common single
nucleotide polymorphism of SCN5A, SCN10A, and HEY2 pointed toward poly-
genic or oligogenic pattern of inheritance rather than a single gene defect. Despite
initial reports of normal structural heart in majority of patients, recent reports
showed frequent minor structural abnormalities, especially in the right ventricular
outflow tract (RVOT) in these patients. Brugada syndrome is now viewed as a
spectrum of cardiomyopathy as well as channelopathy. The pathophysiologic
underlying cardiac arrhythmia in Brugada syndrome is still unresolved with
continued debate on depolarization versus repolarization defect. Treatment is
largely dependent on the symptom with implantable cardioverter-defibrillator
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(ICD) implantation indicated in patients with severe symptoms. Avoiding
medications and/or conditions that predispose the patient to ventricular arrhyth-
mia is advised in all patients. Quinidine, by blocking transient outward current,
has been used with some success. RF ablation of the epicardial substrate in the
RVOT has been shown to prevent recurrence of ventricular arrhythmia in severe
cases.

8.1 Introduction

In 1992, Brugada and Brugada described eight patients who had the following
distinct clinical characteristics: (1) the presence of coved ST-segment elevation
followed by a negative T wave in the right precordial leads and (2) life-threatening
ventricular arrhythmias that could lead to sudden cardiac death, cardiac arrest, or
symptoms caused by spontaneous self-terminating ventricular tachycardia (VT) or
ventricular fibrillation (VF) episodes, i.e., syncope, agonal respiration, and seizure
(Brugada and Brugada 1992). The entity is later widely recognized as “Brugada
syndrome.”

The Brugada syndrome (BrS) has also been linked with sudden unexpected death
syndrome (SUDS) that usually occurs at night in young Southeast Asian men with a
structurally normal heart (Nademanee et al. 1997; Vatta et al. 2002). BrS patients
often have a history of unexplained sudden cardiac death in the family, and the
syndrome is a well-known autosomal dominant inherited arrhythmia disorder and
associated with gene mutations that are predominantly confined to the SCN5A gene,
which encodes for the α-subunit of the cardiac sodium channel, causing loss of
sodium current (INa) (Vatta et al. 2002; Wilde et al. 2002; Antzelevitch et al. 2005,
2016; Priori et al. 2013). However, the causal role of these genetic variants remains
controversial.

SUDS has the same phenotype as BrS (Nademanee et al. 1997), and shortly
thereafter we reported that both syndromes also shared the same genetic and
biophysical basis (Vatta et al. 2002). In the past two and a half decades, we have
witnessed major progress toward better understanding of the syndrome and gained
knowledge in epidemiology, genetic aspects of the syndrome, pathophysiology, and
patient management (Wilde et al. 2002, 2010; Antzelevitch et al. 2005, 2016; Priori
et al. 2013; Probst et al. 2009; Nademanee et al. 2011; Veerakul and Nademanee
2012). Four consensus reports were published to help in defining diagnostic criteria,
risk stratification, and management of BrS patients (Wilde et al. 2002; Antzelevitch
et al. 2005, 2016; Priori et al. 2013). However, there are controversies, especially on
the role of sodium channel mutations and electrophysiologic mechanisms underlying
the syndrome(Wilde et al. 2010), risk stratification (Veerakul and Nademanee 2012;
Wilde et al. 2010; Priori et al. 2012; Brugada et al. 2002; Probst et al. 2010;
Kamakura et al. 2009; Paul et al. 2007; Eckardt et al. 2005; Takagi et al. 2007;
Giustetto et al. 2009), and treatment of asymptomatic patients (Priori et al. 2012;
Takagi et al. 2007; Giustetto et al. 2009; Viskin and Rogowski 2007; Veerakul et al.
2008).
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8.2 Clinical Presentation and Diagnostic Criteria

The clinical spectrum of BrS patients ranges from asymptomatic to sudden cardiac
death (Antzelevitch et al. 2005; Priori et al. 2013; Veerakul and Nademanee 2012).
Patients may have a late onset of VT/VF despite having had an abnormal ECG
pattern for decades (Nademanee et al. 1997; Antzelevitch et al. 2005). Syncope or
seizures due to self-terminating VT/VF episodes are also common as well as agonal
respiration and difficulty to arouse at night time again due to self-terminating VF
episodes (Nademanee et al. 1997; Antzelevitch et al. 2005).

Life-threatening ventricular tachyarrhythmias in patients with BrS usually consist
of VF or a rapid polymorphic VT although rare cases of monomorphic VT have been
reported (Boersma et al. 2001; Shimada et al. 1996; Rodríguez-Mañero et al. 2016).
In a study looking at the stored electrogram of the implantable cardioverter-
defibrillator (ICD), polymorphic VT was often preceded by ventricular premature
beats (VPB) with the same morphology as the one that initiated the VT (Kakishita
et al. 2000). The VPB typically occurred at the end of the T wave and only rarely
followed a long-short sequence. Site of earliest ventricular activation in patients with
VT induced in the electrophysiologic lab almost always involves the right ventricu-
lar outflow tract (RVOT), at least for the initial beats. VF and sudden cardiac death
mostly occur at rest or during sleep or at night in the early morning hours
(Nademanee et al. 1997; Matsuo et al. 1999; Aizawa et al. 2016).

Supraventricular tachycardia, including AV nodal reentry tachycardia, atrial
flutter, and atrial fibrillation, is common (Eckardt et al. 2001; Morita et al. 2002a;
Rodríguez-Mañero et al. 2013). Depolarization abnormalities including prolonged P
wave, PR interval, and QRS duration are also frequently observed (Antzelevitch
et al. 2005; Takagi et al. 2007; Maury et al. 2013).

Diagnosis of BrS relies on the signature marker (type I Brugada pattern) on the
ECG. The two original Brugada consensus (Wilde et al. 2002; Antzelevitch et al.
2005) reports classified the Brugada ECG pattern into three types (Fig. 8.1):

Fig. 8.1 Three types of
Brugada ECG pattern. Type
1 is a coved-type pattern and
type 2 is a “saddle-back” type
which has the ST elevation
>2 mm without T-wave
inversion. Type 3 pattern is a
J-point elevation without ST
elevation >1 mm
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1. Type 1 pattern has ST elevation >2 mm giving rise to a coved-type ST segment,
in electrical continuity with a negative T wave and without a separating
isoelectric line.

2. Type 2 has a high take-off ST-segment elevation. In this variant, the J-point
elevation (>2 mm) gives rise to a gradually descending elevated ST segment
(remaining >1 mm above the baseline) and a positive or biphasic T wave. This
ST-T segment morphology is referred to as the saddle-back type.

3. Type 3 is the coved or saddle-back type with <1 mm ST-segment elevation.

One has to be cognizant that the Brugada ECG pattern often is wax and wane.
Sodium channel blockers, ajmaline, procainamide, and flecainide, could be used to
unmask the ECG pattern—since the details of how to perform a drug challenge test
to unmask the Brugada ECG pattern have been nicely reviewed elsewhere, we shall
not repeat here(Wilde et al. 2002; Antzelevitch et al. 2005, 2016). In recent years, it
has become clear that the right ventricular outflow tract (RVOT) is the likely
arrhythmogenic substrate site. And the RVOT is the only cardiac structure lying
just beneath the third and second intercostal space. We and others have demonstrated
that placement of right precordial lead ECG recordings over the higher intercostal
spaces (third and second intercostal space) significantly increases diagnostic yield in
bringing the Brugada ECG pattern (Veerakul et al. 2000; Shimizu et al. 2000). In our
institution, we always routinely record right precordial lead ECG (V1–V3) from
fourth, third, and second intercostal space in every patient suspected of BrS.
Figure 8.2 shows an example of the ECG tracings from a patient with BrS: the
Brugada ECG pattern is absent in the conventional fourth intercostal space lead
placement but become apparent in the higher intercostal spaces (third and second).

The original criteria for the diagnosis of BrS mandate that the patient must have
type 1 Brugada ECG pattern in at least two leads with or without a sodium channel
blocker challenge test and one of the following clinical manifestations: (1) a history
of spontaneous VT/VF episodes or aborted sudden cardiac death, (2) a family history
of sudden cardiac death or coved-type ECG, (3) agonal respiration during sleep, or
(4) inducibility of VT/VF by programmed electrical stimulation. However, since

Fig. 8.2 An example of how
placement of right precordial
leads in higher intercostal
spaces unmasks the Brugada
ECG pattern in a BrS patient.
The higher intercostal spaces
(ICS), third and second ICS of
V2 in this patients showed
distinct coved-type Brugada
ECG pattern (type 1)
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several potential flaws exist in these criteria, they have since then been refined.
While the clinical manifestations mentioned above remain important in
recommending treatment and risk stratification, they are no longer listed among
the diagnostic criteria, and type I Brugada ECG pattern in at least one lead (recorded
from either the second, third, or fourth intercostal space) is now required for the
diagnosis (Priori et al. 2013). Recently, another guideline was proposed utilizing a
scoring system for the diagnosis of Brugada syndrome in the same fashion as the
system for long QT syndrome, the so-called Shanghai score (Antzelevitch et al.
2016). Unfortunately, the benefit and the accuracy of the Shanghai score remain
unclear, and one may use the old criteria and merely categorize the patients into two
groups: symptomatic or asymptomatic BrS.

A Brugada ECG pattern can also be seen in several other conditions. Thus, the
diagnosis can be made in a patient showing the Brugada ECG pattern with demon-
stration of a grossly normal heart by cardiological tests and in the absence of other
conditions that can mimic the Brugada ECG pattern (Table 8.1).

8.3 Epidemiology

The prevalence of type I Brugada ECG pattern was estimated to be 1:2000 based on
combined studies encompassing >400,000 patients from North America, Europe,
and Asia (Postema 2012). The prevalence, however, varies widely among countries
with low prevalence in North America (0.005–0.1%) and Western countries includ-
ing Europe (0–0.017%) compared to Asia (0.15–0.27% in Japan, 0.18% in the
Philippines) (Probst et al. 2007). Interestingly, several epidemiologic studies in
Thailand have demonstrated that the prevalence of type I Brugada electrocardiogram
(ECG) pattern is higher in Thailand than in other Asian countries and even much

Table 8.1 Conditions which can mimic Brugada ECG pattern (Brugada phenocopy)
(Antzelevitch et al. 2016)

Atypical right bundle branch block (RBBB)

Left ventricular hypertrophy

Early depolarization Acute pericarditis

Acute myocardial ischemia or infarction

Acute stroke

Pulmonary embolism Prinzmetal angina

Dissecting aortic aneurysm

Various central and autonomic nervous system abnormalities

Duchenne muscular dystrophy

Friedreich ataxia

Spinobulbar muscular dystrophy Myoclonic dystrophy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) Hypothermia

Mechanical compression of the right ventricular outflow tract (RVOT) as occurs in pectus
excavatum, mediastinal tumor, or hemopericardium
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higher than that in the European countries and the USA. The incidence is ranging
from 0.8% to 1.8% in nonfebrile patients to 4% in febrile patients [fever is a well-
known precipitating factor for BrS (Rattanawong et al. 2016)] compared to a much
lower incidence in Europe and in the USA.

The majority of BrS patients are relatively young between 20 and 40 years
(Antzelevitch et al. 2005; Probst et al. 2007) although cases have been reported in
children as young as 2 days old and in elderly up until the age of 84 years
(Antzelevitch et al. 2005; Probst et al. 2007). Despite what appears to be an
autosomal dominant inheritance pattern, BrS has up to tenfold higher prevalence
in males with greater severity (Nademanee et al. 1997; Benito et al. 2008). World-
wide, the syndrome is probably responsible for 4–12% of all sudden deaths and at
least 20% of sudden deaths in patients with structurally normal hearts (Wilde et al.
2002; Antzelevitch et al. 2005).

8.4 Genetics of BrS

Because of occurrence in siblings and family history of sudden death in affected
individuals, genetics was thought to play an important part of BrS since the first
description in 1992 (Brugada and Brugada 1992). Transmission in familial cases is
consistent with autosomal dominant with incomplete penetrance, especially in
females whose incidence is up to 10 times lower than in male. In 1998, Chen et al.
reported the first mutation, linked to BrS, in the SCN5A gene which encodes for the
α-subunit of the sodium channel (Chen et al. 1998). Since then, more than
300 SCN5A mutations have been reported in BrS and represent currently the most
common genotype. Functional studies demonstrate that SCN5A mutations in BrS
cause loss of function of the sodium channel due to decreased expression of the
sodium channel protein (Nav1.5) on the sarcolemma (Valdivia et al. 2004), expres-
sion of nonfunctional channels (Kyndt et al. 2001), or altered gating properties
(delayed activation, earlier inactivation, faster inactivation, enhanced slow inactiva-
tion, and delayed recovery from inactivation) (Bezzina et al. 1999; Dumaine et al.
1999; Akai et al. 2000; Amin et al. 2005; Nakajima et al. 2015; Kinoshita et al.
2016). The loss of function of the sodium channel results in a decrease in sodium
current and in turn impairs the fast upstroke of phase 0 of the action potential causing
a slow conduction in the heart.

Even though SCN5A mutations are the most common defect found in 11–28% of
BrS probands, the genetics of BrS have become heterogeneous. In addition to
SCN5A mutations, more mutations are found in gene encoding protein of potassium
and calcium channels. There have been now mutations of at least 18 genes that have
been associated with BrS phenotype (Table 8.2). The contribution of the other
17 genes (except SCN5A) as the etiology of BrS, however, is small, and the presence
of rare variants in these genes as the sole cause of BrS has been called into question
due to similar percentage of normal individual carrying rare variants in these genes
compared to BrS patients (Le Scouarnec et al. 2015).
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Despite the fact that many genes have been identified and linked to the syndrome,
gene mutation alone cannot explain the phenotype in full. Kapplinger et al. found
nearly 300 SCN5A mutations in 211 unrelated probands (Kapplinger et al. 2010).
The SCN5A mutations were found in 21% of patients with the Brugada phenotype
and 2–5% of healthy controls, respectively. These findings suggest an important role
of SCN5A mutations causing loss-of-function sodium channel in the phenotype
manifestation. However, 80% of these mutations were only present in a single
individual or one family, and a causal role of these mutations in the Brugada
syndrome is far from clearly established.

Probst et al. studied 13 large families with SCN5A mutations and revealed the
following intriguing findings: Many of the mutation carriers did not have the Brugada
signature sign on ECG nor could it be provoked by sodium channel blockers (Probst
et al. 2009). Moreover, in 5 of the 13 families with more than five clinically affected
individuals, there were one or two affected individuals with the Brugada phenotype
who did not have the familial SCN5A mutations. Furthermore, the Brugada ECG
pattern was induced in eight mutation-negative patients (Probst et al. 2009). These
findings along with a report of a case of identical twins carrying a SCN5Amutation of
which only one displayed the phenotype suggest that SCN5A mutations may act as
modifiers rather than causative mutations (Sakabe et al. 2002a).

SCN5A mutations may cause not only BrS but other diseases as well. Indeed,
SCN5A mutations have also been associated with long QT syndrome (Bezzina et al.

Table 8.2 Gene mutations associated with Brugada syndrome (Antzelevitch et al. 2016)

Subtype Locus Gene/protein Ion channel Percent of probands

BrS1 3p21 SCN5A, Nav1.5 #Ina 11–28%

BrS2 3p24 GPD1L #Ina Rare

BrS3 12p13.3 CACNA1C, Cav1.2 #Ica 6.6%

BrS4 10p12.33 CACNB2b, Cavβ2b #Ica 4.8%

BrS5 19q13.1 SCN1B, Navβ1 #Ina 1.1%

BrS6 11q13-14 KCNE3, MiRP2 "Ito Rare

BrS7 11q23.3 SCN3B, Navβ3 #Ina Rare

BrS8 12p11.23 KCNJ8, Kir6.1 "IK-ATP 2%

BrS9 7q21.11 CACNA2D1, Cav a2δ1 #Ica 1.8%

BrS10 1p13.2 KCND3, Kv4.3 "Ito Rare

BrS11 17p13.1 RANGRF, MOG1 #INa Rare

BrS12 3p21.2-
p14.3

SLMAP #Ina Rare

BrS13 12p12.1 ABCC9, SUR2A "IK-ATP Rare

BrS14 11q23 SCN2B, Navβ2 #INa Rare

BrS15 12p11 PKP2, Plakophillin-2 #INa Rare

BrS16 3q28 FGF12, FHAF1 #INa Rare

BrS17 3p22.2 SCN10A, Nav1.8 #INa 5–16.7%

BrS18 6q HEY2 (Transcriptional factor) "Ina Rare

Note: Upward and downward arrows show increase and decrease
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1999; Wang et al. 1995), cardiac conduction disease (Tan et al. 2001), sick sinus
syndrome (Benson et al. 2003), atrial fibrillation (Darbar et al. 2008; Olson et al.
2005), and dilated cardiomyopathy with overlap syndromes identified in specific
families (Meregalli et al. 2009).

Because of the seemingly complex inheritance pattern in BrS, a genome-wide
association (GWAS) study was done to explore the contribution of common single
nucleotide polymorphisms (SNP) in this disease. In this study, the investigators
could demonstrate association of three common SNP in SCN5A, SCN10A, andHEY2
with BrS. Each “risk allele” was associated with an odd ratio of 1.6–2.8 for having
Brugada syndrome (Bezzina et al. 2013). Risk was progressively higher with
presence of more risk alleles and was as high as 21.5 if 5 or 6 risk alleles were
present in a single individual. This study suggests that the genetic basis of BrS and
susceptibility to VF therein in the individual patient is not caused by a single major
genetic mutation (classical Mendelian view) but rather by inheritance of multiple
susceptibility genetic variants (oligogenic) acting in concert through one or more
mechanistic pathways. This finding partially explains why simple genetic testing
may have easily missed these rare genetic variants in many of the BrS patients.

Because of the complexity of genetic mechanism in this disease, genetic testing
for the diagnosis of BrS is not as helpful as some other monogenic diseases
associated with sudden cardiac death like the long QT syndrome or catecholaminer-
gic polymorphic VT (CPVT). Given the background rate of rare variants of
unknown significance (VUS) in SCN5A of approximately 2% in normal population
and 20% yield in patients with BrS (signal-to-noise ratio of 10:1), the HRS/EHRS
Expert Consensus Guidelines written in 2011 listed genetic testing for the diagnosis
of Brugada syndrome as “can be useful” (Class IIa) in a proband with clinical
diagnosis of BrS (Ackerman et al. 2011). The test is probabilistic rather than
deterministic, and interpretation of an abnormal test must consider all the clinical
and molecular genetic findings. Due to presence of rare genetic variants in the
normal population, a false-positive result is possible. For example, a recent study
of 870 whole exome sequencing data and 6161 genotype array data in general
population found that of 28 variants associated with BrS, none of whom had
Brugada marker on the ECG. Syncope, ventricular arrhythmia, and mortality were
also not significantly different between those who had the variants and those who did
not (control group) (Ghouse et al. 2017).

The role of genetic testing in risk stratification remains unclear. Crotti et al.
reported their findings of a comprehensive mutational analysis of all 12 BrS genes
for a single large cohort of BrS patients (Crotti et al. 2012). They found putative
pathogenic mutations in 21% of their BrS cohort. Similar to other reports, 78% of the
mutations in BrS were still confined to SCN5A. Interestingly, in male patients, the
yield of positive testing varied from 11% in those older than 40 years of age to 21%
in male patients 20–40 years of age and to 83% in male patients younger than
20 years of age. The BrS patients with prolonged PR interval>200 ms had very high
incidence of SCN5A mutations (39%) compared to those with normal PR interval.
The yield of identifying the mutations is similar between those who have only the
typical type 1 Brugada ECG pattern (asymptomatic cases) and those with symptoms
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and/or family history of sudden cardiac death, so presence of identifiable mutation
did not appear to correlate with the symptoms or prognosis. Based on their findings,
the authors recommended genetic testing for all patients who just have the type
1 Brugada ECG pattern (asymptomatic cases) as well as symptomatic cases. Due to
their findings of a low prevalence of non-SCN5A mutations, they suggested that it
was reasonable to test most patients for SCN5A mutations alone first, with further
testing for the other minor BrS genes only in special circumstances. This recom-
mendation concurs with the position paper of the Canadian Cardiovascular Society
but not with consensus of the Heart Rhythm Society/European Heart Rhythm
Association which states that either comprehensive genetic testing or target testing
for SCN5A can be used (Ackerman et al. 2011; Gollob et al. 2011; Kaufman 2012).

8.5 Pathophysiology

Using arterially perfused wedge preparation of canine right ventricle (RV),
Antzelevitch and his colleagues proposed the repolarization theory as the electro-
physiologic abnormality underlying BrS (Yan and Antzelevitch 1999). In their
experimental studies, they observed the transmembrane voltage gradient between
the RV epicardium and endocardium due to the loss of the action potential
(AP) dome only in the epicardium but not in the endocardium; RV epicardium is
well known to have abundant Ito. Upon exposure to sodium channel blockers in
combination with acetylcholine, this area then developed a notch and dome appear-
ance of the epicardium AP leading to a coved-type ST-segment elevation in the right
precordial leads. When the loss of the AP dome was further accentuated, it caused
marked shortening of the epicardial AP in certain regions causing pronounced
heterogeneity of transmembrane voltage potentials and, in turn, causing phase
2 reentry and triggered VF (Yan and Antzelevitch 1999). However, thus far, there
have not been clear clinical relevant data in humans to support this theory. Perhaps,
the observational study showing that quinidine, a strong Ito blocker, is effective in
treating BrS patients could be inferred as weak-indirect evidence that supports the
repolarization theory (Belhassen et al. 2004). While the repolarization theory
enjoyed its popularity early on, the lack of strong clinical relevant findings to
convincingly support the concept and subsequent clinical evidence led to the other
theory, that of depolarization disorder.

Using an electrical guidewire to record an epicardial electrogram from a conus
branch of the right coronary artery, Negase et al. were the first to show abnormal
electrograms characterized by late potentials following the QRS which were
recorded from the free wall of RVOT epicardium in BrS patients (Nagase et al.
2002). Their findings suggest conduction delay in the RVOT epicardium. Two
studies conducted in an explanted heart in addition to biopsies showing (ultra-)
structural changes in the right ventricular outflow tract of BrS patients demonstrated
conduction disorder in these patients. The explanted hearts showed no evidence of
repolarization abnormality; instead they found evidence of interstitial fibrosis caus-
ing conduction delay in one heart (Coronel et al. 2005) and right ventricular
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excitation failure and activation delay by current-to-load mismatch in the
sub-epicardium in the other heart (Hoogendijk et al. 2010). As a result, the delay
in the AP of the RVOT causes the electrical gradient from the more positive RV to
RVOT, leading to the ST elevation of the right precordial leads—similar to the
situation of a myocardial injury at the RVOT—and as the RVOT depolarizes later
(during repolarization of the RV), this gradient is reversed, and the net current flows
toward the RV, resulting in a negative T wave in the same right precordial leads. The
experiment from the same group in this explanted heart also showed that this site is
the arrhythmogenic site during programmed stimulation-induced VF.

Perhaps, the most compelling findings to support depolarization disorder came
from our study (Nademanee et al. 2011). Our group carried out a study to determine
the substrate sites and arrhythmogenic mechanisms in this disease. We found that all
our BrS patients had abnormal low-voltage, fractionated late potentials exclusively
clustering in the anterior aspect of the RVOT epicardium and not seen anywhere
else. Figures 8.3 and 8.4 show an example of low-voltage fractionated electrograms
recorded from the anterior RVOT epicardium of a patient who presented with
electrical storm. Ablation at this area normalized the Brugada ECG pattern and
prevented recurrent VF episodes. As shown in Fig. 8.3, the endocardial site (arrow)
displays a single potential of 2.09 mV, with a duration of 58 ms, and did not extend
beyond the QRS compared to the epicardial counterpart that showed low-voltage late
potential (0.48 mV), with a duration of 236 ms with late potential extended beyond

Fig. 8.3 A left lateral view of the right ventricular outflow tract (RVOT) displays the difference in
ventricular electrograms between the endocardial and epicardial site of the anterior RVOT of a BrS
patient with electrical storm. The left and right insets display bipolar and unipolar electrograms
recorded from the epicardium and endocardium from the same site of the RVOT, respectively.
Bi-DIST bipolar distal, Bi-PROX bipolar proximal, Uni-DIST unipolar distal, Uni-PROX unipolar
proximal. Reproduced with permission from Nademanee K, Veerakul G, Chandanamattha P, et al.
Prevention of ventricular fibrillation episodes in Brugada syndrome by catheter ablation over the
anterior right ventricular outflow tract epicardium. Circulation. 2011;123:1270–9
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the QRS. Figure 8.4 shows epicardial electrograms recorded from various sites of the
epicardium in both the LV and RV epicardium. Note that abnormal fractionated
electrograms and double potential electrograms are only localized in the anterior
aspect of the RVOT epicardium. Similar observations were found in all our study
patients, and these findings clearly provide the strongest clinical evidence that the
delayed depolarization at the anterior aspect of the RVOT is the most likely
underlying electrophysiologic mechanism underlying BrS.

Recently, Szél and Antzelevitch also observed fractionated electrograms in the
RV epicardium, but they suggested that this is due to a heterogeneous epicardial loss
of dome and local re-excitation via a concealed phase 2 reentry, rejecting the
possibility of abnormal depolarization or structural abnormalities (Szél and
Antzelevitch 2014). However, in our patients another mechanism seems in opera-
tion. Fractionated signals were clearly associated with diastolic potentials in the BrS
patients; we observed that the fractionation was present immediately after activation,
arguing against reactivation of calcium channels (which would require a minimum
time delay). Fractionated activity and diastolic potentials have been shown to be
associated with reentrant arrhythmias and are observed in BrS patients. Neverthe-
less, while it is quite apparent that depolarization disorder is likely to be the main
mechanism underlying the BrS, one must be mindful that repolarization abnormality
could contribute to the arrhythmogenesis of BrS patients, along with genetic
mutations of ionic channel and other precipitating factors.

Fig. 8.4 Comparison of ventricular electrograms recorded from different sites in both the left
ventricle (LV) and right ventricle (RV) of the same patient as in Fig. 8.3. Reproduced with
permission from Nademanee K, Veerakul G, Chandanamattha P, et al. Prevention of ventricular
fibrillation episodes in Brugada syndrome by catheter ablation over the anterior right ventricular
outflow tract epicardium. Circulation. 2011;123:1270–9
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Brugada syndrome was classically thought of as primary electrical disease with
no structural defect of the heart (Antzelevitch et al. 2005). Despite no structural
abnormality detected by the usual cardiologic studies such as echocardiography,
angiography, or cardiac MRI, we recently demonstrated minor yet similar patholog-
ical findings in six autopsy hearts of SADS victims who had a family history of BrS
and six biopsy specimens in patients with BrS (Nademanee et al. 2015). Increased
collagen in the RVOT with epicardial and interstitial fibrosis was found with
corresponding area of low-amplitude, fractionated electrogram in biopsy cases.
Connexin-43 signals were diminished in the RVOT of these patients which raises
the possibility of cardiomyocyte electrical uncoupling as one of the pathophysiology
in this disease. These findings point to the likelihood of combined structural
abnormalities and ion channel defects as the basis of ventricular arrhythmia and
sudden death in patients with BrS. A recent MRI study of cases with BrS compared
to age- and sex-matched control demonstrated a slight but statistically significant
larger RV end-systolic volume (31 vs. 28 mL/m2, p ¼ 0.038) and lower ejection
fraction (61% vs. 64%, p ¼ 0.004); these findings attest to these minor structural
abnormalities which likely make BrS a cardiomyopathic entity as well as
channelopathy (Bastiaenen et al. 2017).

8.6 Modulating and Precipitating Factors

As mentioned above, the Brugada ECG pattern is often concealed but can be
unmasked or modulated by sodium channel blockers, a febrile state, vagotonic
agents, autonomic nervous system changes, tricyclic or tetracyclic antidepressants,
first-generation antihistamines (dimenhydrinate), a combination of glucose and
insulin, hyperkalemia, hypokalemia, hypercalcemia, and alcohol and cocaine
toxicity.

8.6.1 Autonomic Nervous System

The effect of sympathetic stimulation by isoproterenol infusion, resulting in normal-
ization of the BrS pattern, suggests that sympathetic activity could modify the VF
substrate (Miyazaki et al. 1996). The presence of the Brugada ECG pattern is
probably a prerequisite for the increased risk of SCD, and normalization of the
ECG pattern is associated with a decreased risk (Antzelevitch et al. 2005). This
concept is strengthened by the fact that some patients with “VF storms” associated
with BrS can be effectively treated with isoproterenol infusion (Tanaka et al. 2001).
On the other hand, increased vagal tone could be arrhythmogenic in BrS patients.
Increased vagal tone, as well as acute β-blockade, was found to promote VF
induction in the electrophysiology laboratory (Kasanuki et al. 1997). Abe et al.
found that fluctuations in late potentials on signal-averaged ECG (SAECG) occurred
predominantly at night, suggesting that conduction delay and, by inference, the
arrhythmogenic substrate are autonomically modulated (Abe et al. 2012). Therefore,
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it is plausible that at night during sleep, when vagal tone is usually increased and
associated with the withdrawal of sympathetic activity, the VF substrate is
modulated and more susceptible to arrhythmogenesis. Kasanuki et al. also showed
a sudden increase in vagal activity, as measured by heart rate variability (HRV), just
before episodes of VF in a patient with BS (Kasanuki et al. 1997). However,
Krittayaphong et al. studied HRV from 24-h Holter data of SUDS patients with
the Brugada ECG marker, aiming to determine the circadian pattern of sympathetic
and parasympathetic activity (Krittayaphong et al. 2003). Surprisingly, they found
decreased HRV at night in SUDS patients when compared with the control group
and suggested that these patients had an abnormal increase in sympathetic activity or
decrease in the vagal tone at night. Although the explanation for the different
findings of Kasanuki et al. and that of Krittayaphong et al. is unknown, it is clear
that the sympathovagal balance in the BrS patients plays a significant role in the
circadian variation of VF occurrence. However, further studies are needed to clearly
define the complex interplay between the autonomic nervous system and the
arrhythmic mechanisms of BrS.

8.6.2 Hypokalemia

Hypokalemia has been implicated as a contributing cause for the prevalence of
SUDS in the northeastern region of Thailand where potassium deficiency is endemic
(Nimmannit et al. 1991). Serum potassium levels in the northeastern population are
significantly lower than those of the population in Bangkok, which lies in the central
part of Thailand where potassium is abundant in food.

Hypokalemia is a well-known predisposing factor to ventricular arrhythmias.
Furthermore, it has been shown that there is commonly a shift of serum potassium
into the muscular compartment between midnight and 7 am, decreasing the amount
of serum potassium (Andres et al. 1957). If this phenomenon indeed occurs in
BS/SUDS patients in Thailand, then it is likely that low serum potassium is a key
factor that precipitates VF at night in these patients.

8.6.3 Sleep, Heavy Meals, and Alcohol

Because the majority of VF episodes occur at night, the question is whether a sleep
disorder is a trigger of VF. Thus far, none of our sleep studies in BrS patients has
found any evidence of a sleep disorder, including sleep apnea. One theory that many
SUDS researchers have informally discussed as a possible precipitating factor is
eating a heavy meal at dinnertime before retiring to bed. A Thai Ministry of Public
Health Report (1990) suggested that a large meal of glutinous rice (“sticky rice”) or
carbohydrates ingested on the night of death precipitated SUDS attacks. Both
carbohydrates and glutinous rice have been shown to shift potassium into cells and
thus lower the serum potassium level. Postprandial increased ST segment elevation
in lead V2 has been seen in patients with symptomatic BrS on a Holter study
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(Mizumaki et al. 2007). A study by Nogami et al. showed that glucose and insulin
could unmask the Brugada ECG marker or accentuate the J-junction elevation of the
ST segment (Nogami et al. 2003). They observed a slight decrease in the serum
potassium levels of their study patients, but it did not reach statistical significance.
Nevertheless, these findings bode well for a heavy carbohydrate meal being a
precipitating factor for sudden death in SUDS patients. Alcohol has also been
implicated in triggering recurrent VF in a patient with Brugada syndrome (Ohkubo
et al. 2013).

8.6.4 Body Temperature and Febrile Illness

Dumaine et al. discovered that the T1620M missense mutation causes accelerated
inactivation of the sodium channel at physiologic body temperature but not at room
temperature (Dumaine et al. 1999). Identification of this temperature-sensitive
mutation that precipitates the net loss of sodium current prompted investigators to
recognize that a hot climate and body temperature may be important modulating
factors. Indeed, several case reports have emerged recently, demonstrating that
febrile illness or external heat could unmask BrS and/or precipitate VF occurrence
(Antzelevitch and Brugada 2002; Morita et al. 2002b; Saura et al. 2002; Porres et al.
2002; Kum et al. 2002; Canpolat et al. 2017; Chung et al. 2017; De Marco et al.
2012; Skinner et al. 2007). In children, ventricular arrhythmia triggered by fever can
be mistaken for episodes of febrile seizure (Skinner et al. 2007). We have encoun-
tered a case of a young male patient who died suddenly after a spiking fever of 40 �C
after abdominal surgery. Upon review of the ECG, the patient had the typical BrS
pattern, but had not had a prior medical problem and had been asymptomatic. The
northeastern part of Thailand where SUDS is prevalent is well known for its hot
climate, with temperatures reaching as high as 41 �C. It is again unclear how much
climate influences the occurrence of SUDS in Thailand, but a study is underway. It is
entirely possible that high climatic temperatures or a febrile state could modulate the
functional expression of mutant channels in other genes responsible for BrS. In the
meantime, physicians should factor in temperature as a cause for arrhythmogenesis
in BrS. They should be cognizant of the association between temperature and BrS
during diagnosis and treatment, advising patients to promptly treat fevers.

Figure 8.5 proposes pathophysiology of BrS and demonstrates how these
modulating and predisposing factors can affect the arrhythmia and the clinical
outcomes in many ways: (1) modifying the VF substrates, (2) affecting the gene
expression of the ion channel defects, (3) affecting the triggering PVCs and the
initiating process of VF, and (4) influencing the sustaining process of the VF
episodes.
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8.7 Combined Syndromes

In addition to the above precipitating factors, BrS patients often have other concomi-
tant arrhythmias or arrhythmic syndromes. Atrial fibrillation is one of the common
arrhythmias in BrS. Incidence of combined early repolarization syndrome in the BrS
patients occurred in 15%, and in this subset (Letsas et al. 2008), the incidence of
recurrent VF episodes is significantly higher than that of the BrS alone. Similarly,
combined syndromes of a progressive conduction defect and BrS and long QT
syndrome and BrS are occasionally observed (Bezzina et al. 1999; Shirai et al. 2002).

8.8 Risk Stratification

There is little to debate that BrS patients who survived an out-of-hospital cardiac
arrest are at high risk of recurrent VF episodes and need ICD treatment. Likewise,
symptomatic patients with recurrent syncope, agonal respiration at night during
sleep, or unknown seizure are at risk of dying suddenly without protection and

Fig. 8.5 Proposed pathophysiologic mechanisms of BrS with respect to predisposing factors
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have Class I indication for ICD treatment. One large study involving 1029 BrS
patients in 11 European centers found annual cardiac events rate of 7.7% in patients
who presented with sudden cardiac arrest, 1.9% in patients with syncope, and 0.5%
in asymptomatic patients (Probst et al. 2010). The heated debate is more on how one
best identifies high-risk patients for sudden death and the need of ICD treatment in
asymptomatic BrS patients. At the beginning, the Brugada registry reported a
significantly high risk of asymptomatic patients with positive VT inducibility by
programmed electrical stimulation (Antzelevitch et al. 2005; Brugada et al. 2011).
However, more recent studies found a much lower incidence of sudden death or VF
in this group and questioned the specificity of programmed electrical stimulation
(PES) in risk stratifying asymptomatic BrS patients (Veerakul and Nademanee 2012;
Priori et al. 2012). Our own experience of asymptomatic patients shows that the
annual cardiac event rate (VF or death) is so low (0.25% per year) that it will be very
unlikely for any risk stratification strategy to be able to identify high-risk patients for
ICD treatment as a primary prevention (Veerakul et al. 2008).

Electrocardiographic risk factors include presence of spontaneous type I Brugada
pattern which carries a higher risk of arrhythmic events compared to drug-induced
Brugada pattern (Adler 2016). QRS fragmentation (Priori et al. 2012; Morita et al.
2008; Tokioka et al. 2014), early repolarization pattern (Tokioka et al. 2014; Kawata
et al. 2013; Kaneko et al. 2014), a significant S wave in lead I (�0.1 mV and/or
�40 ms) (Calò et al. 2016), and prolonged Tpeak-Tend or Tpeak-Tend/QTc
(Zumhagen et al. 2016; Maury et al. 2015) were reported to be associated with
high risk for ventricular arrhythmia. Other studies found exercise testing (Makimoto
et al. 2010; Amin et al. 2009), signal-averaged ECG (Huang et al. 2009), and
shortening of the ventricular refractory period (<200 ms) (Priori et al. 2012) to be
valuable tools for identifying high-risk patients. However, it is unclear how useful
any of these parameters would be in identifying asymptomatic BrS for ICD treat-
ment. In our own asymptomatic cohorts of 115 patients, we found that only two
patients after 10 years of follow-up had either VF or sudden death (one EPS positive
and the other EPS negative) (Veerakul et al. 2008). With this low event rate and after
a decade of follow-up, it is very clear to us that any risk stratification strategy would
be very unlikely to be of any value in selecting patients for an ICD treatment in our
population.

8.9 Treatment

BrS patients should be informed of various modulating and precipitating factors—as
discussed above—that could bring about malignant arrhythmias: fever, electrolyte
abnormalities, alcohol consumption, and a whole host of drugs as listed in www.
brugadadrugs.org (Postema et al. 2009). VF and sudden death in BrS usually occur
at rest and at night. Therefore, one has to be cognizant of the circadian variation of
sympathovagal balance, hormones, and other metabolic factors which are likely to
contribute to this circadian pattern (Wilde et al. 2002; Antzelevitch et al. 2005).
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8.9.1 Anti-arrhythmic Drugs

Quinidine has been the only drug that consistently shows benefits in preventing
recurrent VF episodes. The drug has been shown to suppress inducibility of VF on
PES and reduce the number of appropriate ICD shocks (Belhassen et al. 2004, 2015;
Hermida et al. 2004; Mizusawa et al. 2006). Blockade of Ito is thought to be the
mechanism by which quinidine is effective. Unfortunately, there are two major
problems with quinidine: (1) Only two-third of patients could tolerate the drug,
and serious side effects such as thrombocytopenia could be very serious. (2) Quini-
dine is not available in many countries (Viskin et al. 2007). In Thailand, there is no
supply of the drug, and the only drug we could use is amiodarone with variable
success. Bepridil—another Ito blocker—which is only available in Japan has been
used in BrS patients to suppress VF (Kaneko et al. 2014; Ohgo et al. 2007;
Murakami et al. 2010). Cilostazol—an oral phosphodiesterase inhibitor—has also
been shown to be of benefit in preventing recurrent VF in Brugada syndrome (Ohgo
et al. 2007; Tsuchiya et al. 2002).

However, there is very little data to objectively assess the safety and efficacy of
both Bepridil and Cilostazol in BrS patients at this time.

8.9.2 Implantable Cardioverter-Defibrillator

Symptomatic BrS patients (with a past history of VT/VF or syncope) have a Class I
indication for ICD treatment (Wilde et al. 2002; Antzelevitch et al. 2005, 2016;
Priori et al. 2013). In our DEBUT study (Tsuchiya et al. 2002)—Defibrillator versus
β-blocker in Unexplained Death in Thailand: A Randomized Clinical Trial—we
found that ICDs provided full protection from death related to primary VF in the
study population which included 59% of patients with BrS. However, we also found
that unwanted effects of the ICD were also frequent (30%). Most of the
complications were minor; they included defibrillation discharges caused by supra-
ventricular tachycardia or sinus tachycardia and T-wave over-sensing. All of the
complications were corrected by reprogramming the devices without major inter-
vention. However, one patient had pocket erosion with infection that required
removal of the ICD, and one patient needed to have his ICD lead replaced because
of an insulation break. Other studies also show similar results that long-term follow-
up of Brugada ICD patients has a high complication rate up to a third of patients
(Nademanee et al. 2003; Sacher et al. 2006; Sarkozy et al. 2007; Steven et al. 2011).
The majority of the complications, similar to our study, were mostly inappropriate
shocks occurring in 36% of patients at follow-up; however, one registry recorded an
18% rate of serious vents including pericardial effusion, lead fracture, infection, and
subclavian vein thrombosis (Steven et al. 2011).

With the above relatively high complication rate of ICD in BrS patients, one has
to be extremely cautious to use ICD in asymptomatic BrS patients. The fact that the
event rates in the asymptomatic BrS population are quite low in most series makes
ICD treatment in this subset questionable with respect to whether ICD benefits
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would outweigh the risk. As mentioned in the risk stratification section, thus far there
have not been any convincing methods of risk stratification to identify high-risk
asymptomatic patients for ICD therapy. One could follow the guideline established
by the HRS/EHRA/APHRS expert consensus statement (Priori et al. 2013)
recommendations for ICD implantation, as summarized in Table 8.3.

The recent approval of leadless ICD, which has been shown to be quite effective
in terminating VT/VF episode, is a welcome addition to therapeutic modalities for
BrS patients 116. Early users reported issues with sensing and higher sensing
screening failure rate compared to other inherited arrhythmia syndrome due to the
dynamic nature of QRS and T-wave morphologies in patients with BrS (Kamakura
et al. 2017; Conte et al. 2017; Olde Nordkamp et al. 2016). Further studies and
clinical trials to determine efficacy and safety are warranted in the high-risk BrS
population.

8.9.3 Catheter Ablation

The early attempt of catheter ablation in treating BrS syndrome patients was limited
to a few report cases of patients with electrical storms. The initial approach was
designed to target initiating PVCs that trigger VF, which were found to come from
the RVOT (Haïssaguerre et al. 2003; Nakagawa et al. 2008; Darmon et al. 2004).
The ablation was performed on the endocardial site of the RVOT. However, this
approach has not been widely successful largely because patients with BrS rarely
had frequent PVCs to be mapped, and therefore it was quite difficult to identify
precise targets for ablation and clearly assess the acute outcomes of the ablation. We
have reported our epicardial approach for substrate ablations that was indeed safe
and effective (Nademanee et al. 2011). We identified and proved that anterior RVOT
epicardium is the most common arrhythmogenic substrate sites for our BrS patients.
However, subsequently, in a significant number of patients, the RV body and the

Table 8.3 Indication for ICD implantation in patients with Brugada syndrome (Priori et al. 2013)

Class I indication (ICD is recommended):

Symptomatic patients displaying the type 1 Brugada ECG (either spontaneously or after sodium
channel blockade) who present with aborted sudden death should receive an ICD

Similar patients presenting with related symptoms such as syncope, seizure, or nocturnal agonal
respiration and having documented ventricular fibrillation or tachycardia should also undergo ICD
implantation. Electrophysiologic study (EPS) is recommended in symptomatic patients only for
the assessment of supraventricular arrhythmia.

Class IIa (ICD could be useful):

In symptomatic patients with type 1 pattern, in whom syncope was likely caused by VT/VF

Class IIb (ICD may be considered):

In asymptomatic patients inducible by programmed electrical stimulation (PES)

Class III indication:

ICDs are not indicated in asymptomatic patients with drug-induced type I ECG and on the basis
of a family history of SCD alone
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inferolateral aspect and the area near the tricuspid valve are also infrequently
involved. These sites consistently have abnormal late potentials and low-voltage
fractionate ventricular electrograms; these abnormal electrograms tended to cluster
exclusively in this area but not anywhere else. After ablations at this RVOT
epicardial site, the Brugada ECG pattern normalizes, and VT/VF episode subsides.
We have now performed 54 BrS patients with frequent ICD discharges. Long-term
outcomes (median 30 months) have been excellent with no recurrent VT/VF in all
patients off medication. More recent studies ranging from individual case reports as
well as collective collaborative studies have confirmed our findings that BrS
arrhythmogenic substrates are ubiquitous in the RVOT epicardium and catheter
ablations are beneficial in treating symptomatic BrS (Brugada et al. 2015; Zhang
et al. 2016). Whether ablation would substitute for an ICD in high-risk BrS patients
remains unknown. Further studies clearly need to be done to assess values and
limitations of catheter ablation in patients with BrS.

8.10 Conclusions and Future Perspective

The two decades of BrS research have witnessed an impressive progress of our
understanding of several aspects of the syndrome with respect to role of genetics,
electrophysiological mechanisms, and clinical characteristics. However, many
questions and controversies remain regarding the role of genetic background includ-
ing polymorphisms as well as rare variants and gene-gene or gene-environmental
interaction and other confounding factors such as fever and gender in this popula-
tion. The cause and the role of fibrosis and anatomical abnormality in the RVOT in
arrhythmogenesis will likely be the subject of intense investigation in the coming
years. It’s certain that the debate will continue regarding the role of repolarization in
BrS and whether our findings of abnormal delayed depolarization in the anterior
RVOT epicardium is seen in other centers and more specifically other population
besides ours. How does one best treat asymptomatic BrS patients? Will there be any
better risk stratification strategy to identify high-risk groups? Why is the anterior
RVOT epicardium the arrhythmogenic sites for these patients? Why is there such a
male preponderance and why do most of the VF episodes usually occur at night
time? Whole genome sequencing may identify rare and common variants in genes
modulating ion channels that may combine as multiple hits to cause abnormal
conduction in the RVOT areas and in turn increase susceptibility to VF. Further
research will continue to answer these questions. Meanwhile, refinement of treat-
ment is needed. We will need to know the efficacy and safety of quinidine in the
randomized trial studies which currently are being conducted. In the near future,
more study of the subcutaneous leadless ICD will be forthcoming. The expanding
role of catheter ablation of the epicardial substrate beyond the population of BrS with
frequent VF needs to be also evaluated by assessing the risks and benefits of the
procedures, especially with respect to complications related to the epicardial ablation
approach. We indeed anticipate with excitement that the next decades will have these
answers and in turn advance our ability to care for our BrS patients.
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Sinus Node Disease and Cardiac Conduction
Disease 9
Patrick A. Schweizer

Abstract
Primary sinus node disease (SND) and cardiac conduction defect (CCD) are
frequent clinical entities with significant morbidity and mortality, which are
major indications for the implantation of electronic pacemakers. Throughout
the previous two decades, pathogenetic mechanisms underlying both disorders
have been investigated in detail, and it has been demonstrated that distinct genetic
defects and/or predisposing genetic constellations play important roles in a
considerable number of cases. Furthermore it has been shown that both entities
often are related to a broader clinical spectrum including overlapping arrhythmia
syndromes and structural cardiac abnormalities, indicating that specified genetic
defects are key to distinct clinical phenotypes. This book chapter summarizes the
work, which most profoundly influences the current understanding of primary
excitation and conduction disorders of the heart. The novel mechanistic insight
into important pathogenetic aspects of these disorders may lay the groundwork
for more mechanism-based, individually tailored clinical management of patients
with primary SND and CCD in the future.

9.1 Sinus Node Disease

9.1.1 Clinical Aspects of Sinus Node Disease (SND)

Loss or dysfunction of sinoatrial nodal cells results in sinus node disease (SND), a
term commonly used for disorders associated with failure in rate initiation or
conduction from the sinoatrial node (SAN) to the atrium, comprising sinus
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bradycardia, SAN block or arrest, and bradycardia-tachycardia syndrome (Birchfield
et al. 1957; Kaplan et al. 1973). In many cases, SND leads to symptoms like
dizziness, fatigue, pre-syncope/syncope, or collapse, and the implantation of an
electronic pacemaker is currently the only effective therapy (Jensen et al. 2014;
Lamas et al. 2000). In 30–50% of all electronic pacemaker implantations, SND is the
primary indication, resulting in more than 100,000 pacemakers in the USA in the
year 2000, costing more than US$2 billion. With the aging of the population, the
number of patients with SND will increase dramatically over the next 50 years.
Based on a recent population study, it was calculated that there were approximately
78,000 incident cases of SND in 2012 in the USA, and this number would increase to
almost 172,000 per year by 2060 resulting in a major public health burden (Jensen
et al. 2014).

In the majority of the cases, SND is a primary “idiopathic” disorder which occurs
clearly age-dependent and equally among gender and was found to be associated with
risk factors like greater body mass index, height, N-terminal pro-B type natriuretic
peptide, cystatin C, and additional cardiovascular disease (Jensen et al. 2014).

Furthermore, primary SND has been related to inherited forms, and specified
genes have been linked to SND and shown to be mutated in affected family members
(Choudhury et al. 2015). Interestingly, abnormalities of SAN function are particu-
larly common in heart failure and cardiomyopathies (structural, ischemic, or inflam-
matory) indicating a genetic and/or mechanistic link between electrical and structural
dysfunction (Sanders et al. 2004a, b; Zicha et al. 2005). In addition, there are
secondary causes of SND like drug intake, myocardial infarction/ischemia, or
heart surgery (Monfredi and Boyett 2015). In particular mentionable is the associa-
tion of SND with the generation of atrial tachyarrhythmias, mostly atrial fibrillation
(AF), as these tachycardias affect around 50% of patients with SND (Gomes et al.
1981), leading to the term “bradycardia-tachycardia syndrome.” Clinical data sug-
gest that both conditions lay the groundwork for the development and perpetuation
of each other (Sairaku et al. 2012).

Many genetic and epigenetic factors constitute the clinical phenotype of primary
SND, which represents a complex and heterogenous disease entity. The following
sections will provide a comprehensive overview of the different factors that contrib-
ute to the clinical development of SND.

9.1.2 The Sinoatrial Node

The sinoatrial node (SAN) is a complex and heterogeneous tissue, which constitutes
the primary pacemaker of the heart (Dobrzynski et al. 2005). It is located at the
entrance of the superior vena cava to the right atrium and is thought to consist of
<10,000 highly specialized cells, capable of automatically depolarizing, and by this
pace ~5 billion working cardiomyocytes downstream of the SAN (Cho 2015).
Automaticity is modulated by the central nervous system via sympathetic and
parasympathetic stimulation and thus can be adapted to the physiological needs of
the body. Interestingly, at embryonic stages, early myocardial cells possess the
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capability to spontaneous excitation (Yasui et al. 2001; Schweizer et al. 2009). Later,
at postnatal stages, automaticity is restricted to specialized cells of the sinoatrial node
(SAN) and the conduction system, while tissue of the working type myocardium
remains quiescent if not activated by the neighboring cell (Kurata et al. 2005).

The spontaneous excitation originates from the center of the SAN and is then
propagated from the leading pacemaker site to the periphery, where it connects the
SAN to the atrial muscle of the crista terminalis and right atrial free wall (Boyett
et al. 2000, 2006). The SAN center has little electrical coupling to protect it from the
inhibitory hyperpolarizing influence of surrounding cardiac muscle and is
characterized by unique ionic currents appropriate for pacemaking. By contrast,
the SAN periphery, although capable of spontaneous depolarization, achieves to
drive the surrounding atrial muscle by a large inward sodium current (consequently,
an action potential with a rapid upstroke) to generate sufficient depolarizing current
and pronounced electrical coupling to deliver current to the atrial muscle (Boyett
et al. 2000; Fedorov et al. 2010). Thus, molecular mechanisms underlying specified
excitation and conduction are crucial for proper pacemaking and constitute critical
pathomechanistic components in SND.

9.1.3 Sinoatrial Node Remodeling

SND was originally attributed to idiopathic fibrosis, cell atrophy, or ischemia. How-
ever, whether chronic ischemia is a cause of SND remains unresolved as postmortem
studies could not establish a definite association of the grade of SAN artery disease
with symptomatic SND (Evans and Shaw 1977; Shaw et al. 1987). Recent evidence is
accumulating that changes in the electrophysiology of the SAN, known as electrical
remodeling, may contribute importantly to SND (Choudhury et al. 2015). In this
context, patterns of SAN remodeling between different predisposing diseases/states,
i.e., heart failure, aging, diabetes, atrial fibrillation, and endurance sports, are diverse
but are suspected to lay a molecular groundwork for the common end point of sinus
node disease (Choudhury et al. 2015) (Fig. 9.1). The following examples highlight this
view: with respect to age-related changes, various studies demonstrated remodeling
processes of the SAN, going along with a specific footprint of ion-channel
downregulation, including hallmark pacemaker channels HCN1, HCN4, Cav1.2,
and Nav1.5 (Hao et al. 2011; Tellez et al. 2011; Larson et al. 2013) (Table 9.1).

Furthermore, endurance training is associated with marked sinus bradycardia.
Athletes more often show symptomatic SND and AF later in life, compared to
control groups (Baldesberger et al. 2008). Originally, bradycardia was considered
a result of high vagal tone, in terms of a neural response to exercise, thought to be
fully reversible after cessation of excessive training. However “intrinsic heart rate,”
investigated by complete pharmacological vagal blockade has been shown to be
lower in trained individuals (Boyett et al. 2013). Recently a study in rodents
demonstrated downregulation of HCN4 and TBX3 in trained animals (D’Souza et al.
2014). Furthermore it was shown by the same group that miR-423-5p contributes to
training-induced bradycardia by targeting HCN4 (D’Souza et al. 2017). These

9 Sinus Node Disease and Cardiac Conduction Disease 217



data suggest electrical remodeling of the SAN as a key mechanism for exercise-
induced bradycardia rather than high vagal tone, pointing to molecular changes
associated with endurance sports that may aggravate in a subset of patients leading
to SND later in life.

9.1.4 Sinus Node Disease and Atrial Tachyarrhythmias

Regarding known genetic pathomechanisms of SND, it is interesting to note that
most disease genes for SND also associate with AF. As SND is increasingly
recognized not simply to be a disease of the SAN but also including the conduction
system and the atrial myocardium (Sanders et al. 2004a, b), electrical and structural
remodeling of these structures lay the groundwork for the development of AF as well
(Monfredi and Boyett 2015). Concomitant bradycardia further facilitates the devel-
opment of AF through an increased probability of atrial ectopic activity and a greater

1. Familial

2. Ageing 3. Ischaemia

4. Heart failure

7. Extreme physical
training

Sinus node dysfunction and
sick sinus syndrome

6. Diabetes

5. Atrial
fibrillation

Fig. 9.1 Illustration of the most important etiologies of SND (modified from Monfredi et al. 2010)

Table 9.1 Genes and mechanisms involved in electrical remodeling of the SAN in different causes
of SND. The inherited genes are mutations found in patients affected by familial SND, while data on
other causes of electrical remodeling were observed in animal models. Downward arrows mean
downregulation (modified from Choudhury et al. 2015)

Cause of SND Ion channels and genes involved

Familial/inherited HCN4, SCN5A, RYR2, CASQ2, ANKB, MYH6, CACNA1D

KCNQ1, CASQ2, GIRK1, GIRK4

Aging #Nav1.5, #Cx43, #RYR2, #HCN1, #HCN4
Heart failure #HCN4
Exercise training #HCN4, #TBX3
Atrial tachyarrhythmia #HCN2, #HCN4
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dispersion of refractoriness, which both are established pathomechanisms of AF
(Amasyali et al. 2014). The other way around, AF and other supraventricular
tachycardias are known to compromise the SAN by the fast rate leading to SAN
remodeling and dysfunction. In this context, it has been reported that atrial
tachyarrhythmias cause alterations of Ca2þ cycling, as well as reduced If and IKs
currents due to downregulation of HCN2, HCN4, and minK channels within the
SAN, respectively (Yeh et al. 2009). Thus, it becomes obvious that bradycardia and
atrial tachyarrhythmias in SND are not incoherent processes; rather they are the
result of the same underlying pathomechanisms and reinforce each other (Monfredi
and Boyett 2015). Therefore treating the one might co-effect the other, although
limited data exist upon this relationship.

9.1.5 Genetic Findings of Familial Sinus Node Disease

Primary sinus node dysfunction has been related to inherited, familial forms of the
disease (Spellberg 1971). Several genes have been associated with the disorder
(Table 9.2). “Loss-of-function” mutations within those genes were related to either
congenital SND or to phenotypes that developed throughout life with variable
penetrance in families. The findings facilitated not only novel insight into SAN
pathophysiology but also uncovered SND as a primary Mendelian disorder in a
subset of cases. Among the genes associated with the syndrome, loss-of-function
mutations of the SCN5A gene underlying the cardiac sodium channel alpha subunit
are an established pathomechanism (OMIM sick sinus syndrome 1; Benson et al.
2003). Based on electrophysiological studies and computational modeling, mutated
channels were demonstrated to cause either abnormally slow pacemaking or to
produce sinus exit block (Butters et al. 2010). In addition, SCN5A mutations associ-
ate with multiple arrhythmic disorders including Brugada syndrome, long QT
syndrome, and dilated cardiomyopathy (Remme 2013), but little is known about
the mechanisms underlying phenotypic specification. However, the possibility of
multiple overlapping symptoms, also summarized as “sodium channel disease,”
requires particular attention in the management of such patients.

Furthermore, mutations in HCN4 underlying a significant proportion of the
pacemaker current If in the SAN have been demonstrated to cause hereditary SND
(OMIM sick sinus syndrome 2). Although initially linked to rather asymptomatic
sinus bradycardia (Milanesi et al. 2006; Nof et al. 2007; Schweizer et al. 2010), a
significant number of HCN4 mutations were associated with symptomatic bradycar-
dia requiring pacemaker implantation (Schulze-Bahr et al. 2003; Duhme et al. 2013;
Schweizer et al. 2014). Moreover, HCN4 loss-of-function mutations were shown to
facilitate bradycardia-tachycardia syndrome and atrial fibrillation, indicating that
If-channel dysfunction also contributes to the development of atrial
tachyarrhythmias and in particular AF (Ellinor et al. 2012; Duhme et al. 2013;
Macri et al. 2014). Recently, the phenotypic spectrum of HCN4 mutations was
expanded to a combined electromechanical phenotype of sinus bradycardia and
noncompaction cardiomyopathy (Schweizer et al. 2014; Milano et al. 2014), and it
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Table 9.2 Genes linked to human SND

Causative
gene

Mechanism
mutation

Rhythm
disorder

Additional
phenotype Reference

SCN5A Loss-of-
function

SB, SA
block, SArr,
CD, AF, BrS

DCM Benson et al. (2003), Remme
(2013) and Haas et al. (2015)

Gain-of-
function

LQT-3, SB – Makita et al. (2008)

HCN4 Loss-of-
function

SB, CI,
AVB, AF,
APC, VPC

NCCM,
MVP, DAA

Schulze-Bahr et al. (2003),
Schweizer et al. (2010, 2014),
Vermeer et al. (2016)

Gain-of-
function

IST – Baruscotti et al. (2017)

MYH6 Loss-of-
function

SB, AVB,
SSS

DCM,
HCM

Holm et al. (2011)

ANK2 Loss-of-
function

SB, AF, CD,
LQT-4

– Le Scouarnec et al. (2008)

CACNA1D Loss-of-
function

SB, AVB
(autosomal
recessive)

Inner ear
deafness

Baig et al. (2011)

GNB2 Loss-of-
function

SB, AVB – Stallmeyer et al. (2017)

GNB5 Loss-of-
function

SB Eye, gastric,
and neural
disease

Lodder et al. (2016)

KCNE2 Loss-of-
function

SB, LQT-6 – Nawathe et al. (2013)

KCNQ1 Loss-of-
function

SB, AF,
LQT-1

– Henrion et al. (2012)

Gain-of-
function

SB, SQT, AF – Ki et al. (2014))

RYR2 Loss-of-
function

SB, CPVT,
ARVC

NCCM,
HCM

Postma et al. (2005)

CASQ2 Loss-of-
function

SB, CPVT
(autosomal
recessive)

HCM Postma et al. (2002)

GIRK1 Unknown SB, SA block – Holmegard et al. (2010)

GIRK4 Unknown SB, SA block – Holmegard et al. (2010)

AF atrial fibrillation, APC atrial premature contraction, ARVC arrhythmogenic right ventricular
cardiomyopathy, BrS Brugada syndrome, CD conduction defect, CPVT catecholaminergic poly-
morphic ventricular tachycardia, DAA dilatation of the ascending aorta, DCM dilated cardiomyop-
athy, HCM hypertrophic cardiomyopathy, IST idiopathic sinus tachycardia, LQT long QT
syndrome, NCCM noncompaction cardiomyopathy, SA-block sinoatrial block, SArr sinus arrest,
SB sinus bradycardia, SQT short QT syndrome, SSS sick sinus syndrome, VPC ventricular prema-
ture contraction
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was shown that defects of the mitral valve and dilation of the ascending aorta also
form part of this symptom complex (Vermeer et al. 2016). A very recent work
identified HCN4 “gain-of-function” to be associated with inappropriate sinus tachy-
cardia in a familial trait (Baruscotti et al. 2017), providing a novel molecular
mechanism underlying this previously unresolved disorder.

Furthermore, the non-ion channel genes MYH6 have been demonstrated to
contribute to SND in humans as well (OMIM sick sinus syndrome 3; Holm et al.
2011). MYH6 was shown to be importantly involved in SND pathogenesis, as a
common missense variant (allelic frequency 0.38% in Icelanders) increases the
lifetime risk of developing SND to ~50%, although pathomechanisms remained
unresolved yet (Holm et al. 2011).

Other genes have been associated with combined phenotypes of SND together
with additional cardiac (i.e., KCNQ1 and ANK2 mutations linked to long QT
syndrome) or noncardiac (i.e., CACNA1D mutations associate with deafness)
symptoms (Ki et al. 2014; Le Scouarnec et al. 2008; Baig et al. 2011), in agreement
with the view that rhythm genes often are crucial for other physiological processes as
well (Akhirome and Jay 2015). Accordingly, dysfunction of calcium-handling
proteins (RYR2, Postma et al. 2005 and CASQ2, Postma et al. 2002) has been
reported to cause sinus bradycardia in addition to catecholaminergic polymorphic
ventricular tachycardia (CPVT) and various structural phenotypes (hypertrophic
cardiomyopathy, noncompaction cardiomyopathy). Apart from the clinical scenario,
experimental animal models suggested various ion channel and transcriptional/
regulatory proteins to be implicated in SND, although the clinical relevance of
these mechanisms needs to be determined.

9.2 Isolated and Progressive Cardiac Conduction Defects

9.2.1 Clinical Aspects and Classification of Cardiac Conduction
Defect

Cardiac conduction defect (CCD) as failure in the propagation of the cardiac impulse
along the specialized electrical system is a primary disorder, if not explained by other
pathophysiological states like congenital, ischemic or structural heart disease, infec-
tion, drug intake, or disturbed metabolic states. Isolated cardiac conduction defect
(ICCD) constitutes a heterogeneous group of disease-causing mechanisms resulting
in potentially life-threatening heart block.

Usually patients present with exercise intolerance and/or dyspnea due to
compromised AV conduction, which later results in pre-syncope or syncope due to
periods of ventricular asystole caused by high-grade AV block. At disease onset,
patients are mostly asymptomatic and only rarely show hemodynamic disturbance
due to prolonged AV conduction.

The disorder was first described in 1964 by Lenegre and Lev and thus carries the
synonym Morbus Lev-Lenegre (Lev 1964; Lenegre 1964). Both authors indepen-
dently reported from patients with diseased cardiac conduction that is AV block or
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left and/or right bundle branch block resulting in symptoms like dizziness, syncope,
and sudden cardiac death. Postmortem investigations revealed distinct fibrosis of the
cardiac conduction system, providing the initial pathogenetic hypothesis of the
disease mechanism. Further, it was shown that the disorder progressed in an
age-related manner (Probst et al. 2003). With respect to its pathophysiological
mechanisms, two forms of primary CCD are distinguished: a senile form with late
onset (age > 50 years), pointing to age-related fibrotic degeneration and remodeling
of the conduction system similar to the SAN, and a hereditary form, which more
often has an early onset (age < 50 years) and goes along with a family history of
CCD, sudden cardiac death, congenital heart disease, and/or cardiomyopathy
originating from an underlying pathogenic mutation in susceptibility genes. As the
mechanism of hereditary CCD is in part an accelerated degeneration of the conduc-
tion system, progress of degeneration might occur much faster in such patients
compared to others affected by the senile form of the disease.

9.2.2 Genetic Findings of CCD

The identification of mutations in the depolarizing cardiac ion channel gene SCN5A
in patients affected by CCD, for the first time, offered a plausible explanation for the
inheritance of this idiopathic disorder (Schott et al. 1999; Tan et al. 2001). Since then
ICCD has been associated with multiple different SCN5A mutations (OMIM pro-
gressive cardiac conduction defect 1a), which constitutes the most important disease
gene for the disorder. More recently, mutations in other genes have been reported but
are less frequently identified among patients with ICCD than SCN5A mutations.
Recent data suggested the yield of genetic testing in CCD to ~37%, with a single
recurrent SCN5A mutation (c.2582_2583delTT) being the predominant genetic hit
(Hofman et al. 2013). However, this single center study was confined to mutation
scanning of single genes. Thus, genetic distribution among larger populations using
modern sequencing techniques remains to be explored.

Clinically, patients carrying SCN5Amutations usually present with bradycardia, a
prolonged PR interval, wide QRS, and left-axis deviation. Generally, it is important
to note that patients with a pathogenic mutation in SCN5A should be advised to avoid
drugs with sodium-channel-blocking effects (please refer to https://www.
brugadadrugs.org/). With respect to the possibility of an overlap syndrome
associated with “sodium channel disease,” some patients requiring pacemaker ther-
apy may benefit from an implantable cardioverter defibrillator (ICD), which should
be carefully evaluated prior implantation.

Another important disease gene linked to isolated CCD is TRPM4 (OMIM
progressive cardiac conduction defect 1b), which encodes a Ca2þ-sensitive unselec-
tive cation channel that is highly expressed in the Purkinje system. Critical mutations
in TRPM4 linked to CCD were shown to cause attenuated deSUMOylation of the
TRPM4 channel resulting in increased expression at the cytoplasmic membrane
(Kruse et al. 2009; Liu et al. 2010). Consequently, TRPM4 gain-of-function results
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in membrane depolarization, which reduces availability of Nav1.5 and therefore
leads to conduction disturbance. Mutations segregated with multiple families and
clinical phenotype are typically characterized by a right bundle branch block that
progresses to complete heart block. Based on recent studies with small cohorts, the
estimated yield of TRPM4 mutations in progressive CCD is up to 15% (Stallmeyer
et al. 2012; Daumy et al. 2016).

Mutations in LMNA are associated with a broad phenotypic spectrum, known as
laminopathies, including Hutchinson-Gilford progeria, autosomal recessive
Charcot-Marie-Tooth syndrome, and Emery-Dreifuss muscular dystrophy. Impor-
tantly, mutations in LMNA are linked to dilated cardiomyopathy. Disease onset is
typically preceded by marked CCD (Brodt et al. 2013). Carriers of LMNA mutations
have a considerable risk of malignant ventricular arrhythmias, even with preserved
left ventricular ejection fraction (Kumar et al. 2016). Thus, on the basis of a
pacemaker indication, ICD implantation should be considered (Priori et al. 2013),
especially in the presence of additional risk factors such as male sex, nonsustained
VT, left ventricular ejection fraction <45%, and the presence of a non-missense
LMNA mutation (van Rijsingen et al. 2012).

NKX2–5 encodes a transcription factor involved in cardiomyogenesis and forma-
tion of cardiac structure, as well as development of the conduction system. Accord-
ingly mutations in NKX2–5 were found to cause congenital heart defects with
autosomal dominant inheritance. Mostly, CCD characterized by different degrees
of AV block was reported to be accompanied by ostium secundum atrial septal
defects (ASD) (Schott et al. 1998; Stallmeyer et al. 2010).

Furthermore CCD is an essential symptom of Holt-Oram syndrome (HOS), an
autosomal dominant.

disease, which is caused by mutations in the transcription factor TBX5. Affected
individuals have skeletal anomalies involving the radius, carpal, or hand bones. In
addition, patients display congenital heart defects, typically a secundum ASD or
ventricular septal defect (VSD). Progressive CCD also forms part of the symptom
complex often requiring pacemaker implantation. With respect to the disease mech-
anism of CCD, TBX5 is critical for normal cardiac development in prenatal life,
while it controls SCN5A expression making it important in regulating cardiac
conduction in postnatal life (Arnolds et al. 2012). Accordingly, genome-wide
association studies (GWAS) identified common variations of TBX5 associated
with both PR and QRS durations, again underlining its relevance for cardiac
conduction (Sotoodehnia et al. 2010).

Moreover, muscular dystrophies commonly involve the cardiac muscle as well
and can cause CCD (Groh 2012). Among the muscular dystrophies with frequent
involvement of the conduction system, the autosomal dominant myotonic
dystrophies caused by repeat expansions in DMPK (type 1) or CNBP (type 2) are
most prevalent. In particular in myotonic dystrophy type I (also called Steinert’s
disease), the majority of patients develop CCP, which is the major cause of sudden
death (Groh et al. 2008). Thus, pacemaker implantation should be considered at low
threshold.
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Other neuromuscular disorders associated with CCD are Emery-Dreifuss muscu-
lar dystrophy, limb-girdle muscular dystrophy type IB, and myofibrillar myopathy
(Groh 2012). The most common form with cardiac involvement is the autosomal
dominant desmin-related myopathy, which commonly associates with DCM and
CCD but also causes supraventricular and ventricular arrhythmias (van Spaendonck-
Zwarts et al. 2011). Given the increased risk of SCD in many neuromuscular
disorders, clinical guidelines suggest a more aggressive approach than with other
CCD patients, including a lower threshold to implant an ICD in patients with
pacemaker indication. Other genes that have been described in association with
familial CCD are the sodium channel β-subunit gene SCN1B (Watanabe et al. 2008),
GJA5 encoding the gap junction protein Cx40 (Makita et al. 2012), and PRKAG2.
The latter is involved in hypertrophic cardiomyopathy and the WPW syndrome as
well (Gollob et al. 2001a, b).

Taken together, many factors determine the clinical phenotype of SND and CCD,
representing complex and heterogeneous disorders. There is growing evidence that
genetic disposition plays an important role in the pathogenesis of SND and CCD,
and mutations in specified genes have been shown to cause hereditary forms in a
subset of cases. Particularly, certain genetic defects were linked to distinct clinical
profiles, which may pave the way for better diagnosis and surveillance of patients in
the future. Thus, evidence of a genetic form of SND and/or CCD may have the
potential to improve clinical stratification of patients as genetic changes can underlie
specified clinical pathways that may also point to overlapping cardiac phenotypes or
syndromic comorbidity.
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Catecholaminergic Polymorphic Ventricular
Tachycardia 10
Riccardo Maragna and Carlo Napolitano

Abstract
Catecholaminergic polymorphic ventricular tachycardia (CPVT) can be broadly
viewed as a genetically determined disorder of the cardiac calcium handling.
Different genes have been causally linked to the disease. It is currently evident
that authors tend to define as “CPVT” all the forms of cardiac arrhythmia
triggered by adrenergic activation. However, to distinguish the clinical condition
described by Philippe Coumel in the 1970s form, other CPVT-like phenotypes
have value since these latter have more complex and less defined clinical
manifestations.

The severe clinical manifestations of CPVT are now much better understood
and treated, thanks to the insights provided by more than 15 years of research
after the first CPVT gene was identified. Still, the clinical diagnosis can be elusive
due to presence of an unremarkable resting ECG and structurally normal heart.
Thus, it is not uncommon that the opportunity of prescribing lifesaving treatments
is missed in the daily clinical activity. The awareness on the crucial role of early
diagnosis and therapy should be part of the standard cardiologic knowledge
despite the relative low prevalence of the disease (1–2:10,000). Additional
hurdles for the clinical management can derive from the incomplete response to
therapy and from limited patient’s compliance to lifelong drug therapy. For this
reason a remarkable effort is directed toward the development of novel therapies
and particularly gene therapy. This strategy is attracting the attention of the
medical community given the strong preclinical evidences of effectiveness.
Here, we provide an update on CPVT from the clinical, genetic, and experimental
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point of view in the attempt to delineate the current scenario and the future
directions.

10.1 Introduction and Definition

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited
arrhythmogenic disorder that presents with a distinguishing pattern of adrenergically
mediated arrhythmias that may cause syncope and sudden cardiac death (SCD).
Following the identification of anecdotal cases, CPVT was formally described by
Coumel et al. (1978) and the main features where described in a subsequent follow-
up paper by the same group in 1995 (Leenhardt et al. 1995). The clinical presentation
encompasses exercise- or emotion-induced syncopal events that are the clinical sign
of the onset of a distinctive ventricular arrhythmia, the so-called bidirectional
ventricular tachycardia. The molecular pathophysiology of the disease has been
progressively clarified and shown to be linked to defects in proteins controlling
intracellular calcium handling in cardiac myocytes (Lahat et al. 2001; Priori et al.
2001). Here, the current knowledge of CPVT will be reviewed with a focus on the
genetics, pathophysiology, and clinical management.

10.2 Clinical Presentation

10.2.1 Clinical Presentation and Epidemiology

CPVT is a lethal arrhythmogenic disease, whose main manifestation is represented
by adrenergic-mediated ventricular arrhythmias (Coumel et al. 1978). CPVT typi-
cally leads the affected subjects to medical attention between 7 and 12 years of age
after having experienced a syncopal episode related to a physical or emotional stress
(Postma et al. 2005; Priori et al. 2002). Other cases are referred after a sudden death
event triggered by exercise or emotion in one or more family members.

The presence of a high percentage of simplex (sporadic) cases and the high lethality
at young age justifies the low prevalence of CPVT: the current estimated figure is in
the order of 1:10,000 individuals (Napolitano et al. 2016; Priori et al. 2013).

However, indirect clues suggest that the prevalence of CPVT in the general
population may be underestimated. Indeed, CPVT diagnosis can be elusive given
the presence of a normal baseline ECG (Priori et al. 2002). For this reason, a history
of exercise-induced syncope in young individuals is often attributed to non-cardiac
conditions, thus leaving young patients untreated for long periods. In 2002 our group
showed, in a cohort of 148 patients, a mean delay time of 2.5 years between first
syncope and diagnosis (Priori et al. 2002). These data have been recently confirmed
by a multicenter study of 226 CPVT patients, which, despite being set more than
10 years later, showed a mean delay of almost 1 year between the first syncope and
diagnosis (Roston et al. 2015). This clinical evidence emphasizes the crucial
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importance of a thorough medical workout in a specialized center for all individuals
experiencing exercise or emotion-related syncope.

CPVT diagnosis can also be missed in patients in whom SCD is the first
manifestation of the disease. These may represent a relevant proportion of cases,
since a family history of sudden cardiac death under 40 years of age is detectable in
30% of families (Leenhardt et al. 1995). A recent study (Jimenez-Jaimez et al. 2015),
confirming previous reports, shows a prevalence of 14% of CPVT-related mutations
in a cohort of 35 negative autopsies of young victims of unexplained sudden cardiac
death.

Taken together, these observations point to the idea that CPVT prevalence is
possibly higher than anticipated from the clinically diagnosed cases. The high
lethality and the high rate of misdiagnosis outline the importance of a correct
diagnostic approach and the remarkable clinical implications of systematic postmor-
tem molecular analysis of SCD victims to prevent lethal events in family members
(Priori et al. 2015).

10.2.2 CPVT Diagnosis

The diagnosis of CPVT can be established in the presence of a structurally normal
heart, normal resting electrocardiogram, and reproducible exercise- or emotion-
induced ventricular tachycardia (Priori et al. 2015). Thus, the most sensitive diag-
nostic tools are represented by the exercise stress testing and the 24-h Holter ECG
monitoring.

The exercise stress test allows to identify the typical arrhythmic pattern: isolated
ventricular or supraventricular beats at heart rate of 110–130 beats per minute; the
complexity and frequency of arrhythmias progressively worsen with the increase of
workload, from isolated premature beats to bigeminy and to ventricular tachycardia.
When the exercise stops, arrhythmias gradually disappear (usually in less than
2 min), whereas if continued the duration of the VT progressively increases possibly
leading to syncope.

The typical pattern of CPVT arrhythmias is called bidirectional ventricular
tachycardia (Fig. 10.1), and it is characterized by an alternating QRS axis with a
rotation of 180 degrees on a beat-to-beat basis. This highly specific pattern is not
evident in a subset (minority) of CPVT patients in whom polymorphic VT is
detected. It is important to note that the bidirectional pattern is not present in all
ECG leads and there is no “preferred lead” to detect it. Thus, it is advisable to always
obtain 12-lead recordings during exercise and Holter monitoring. This latter clinical
test is useful for subjects in whom emotional stress is a stronger arrhythmogenic
trigger than exercise. The adrenergic component with worsening of arrhythmias
should be present in all cases to allow diagnosis. Ventricular arrhythmias may also
be induced by isoproterenol infusion in patients who are unable to exercise, but the
predictive value of this provocative test for risk stratification has been questioned
(Marjamaa et al. 2012).
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The resting ECG can show minor abnormalities (Fig. 10.2) that, albeit nonspe-
cific, can still help the clinician in identifying affected individuals. In particular it can
show sinus bradycardia (Postma et al. 2005) and the dynamic presence of prominent
U waves (Leenhardt et al. 1995; Postma et al. 2005). The presence of a lower than
normal heart rate probably reflects inhibition of the calcium clock (a pace-making
mechanisms) in the sinus node cells (Neco et al. 2012). On the other hand, by mean
of monophasic action potential recordings, Paavola et al. (2007) showed the concor-
dance of DAD and U waves amplitude during adrenergic stimulation, suggesting
that these latter can be a marker of propensity to arrhythmias (Viitasalo et al. 2008).

Fig. 10.1 Typical bidirectional ventricular tachycardia (VT). ECG showing the typical CPVT—
pathognomonic ventricular arrhythmia, i.e., bidirectional VT: a ventricular tachycardia showing an
alternating QRS axis with a rotation of 180� on a beat-to-beat basis
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Fig. 10.2 ECG in CPVT patient. Baseline ECG of a 13-year-old CPVT patient who suffered two
episodes of cardiac arrest during physical activity. The basal ECG trace shows common CPVT
features: low heart rate (50 bpm) at rest and prominent U waves (see asterisk)
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Supraventricular arrhythmias and tachycardia are also part of the picture. Isolated
atrial ectopic beats, non-sustained supraventricular tachycardia, and short runs of
atrial fibrillation are usually observed during exercise with a similar onset pattern as
the one described for ventricular arrhythmias (Leenhardt et al. 1995). Since the
propensity to triggered activity is heart rate dependent (the ITi current increases at
fast stimulation rates), supraventricular arrhythmias can become a trigger for the
development of ventricular arrhythmias.

Invasive electrophysiological testing with programmed electrical stimulation is of
no value (either diagnostic or prognostic) in CPVT as the adrenergic-induced
arrhythmias do not depend on reentrant circuits, but on DADs and triggered activity.

10.2.3 Natural History

CPVT is generally considered a severe condition among the other known inherited
arrhythmias. When left untreated, CPVT exposes most affected individuals
(60–80%) to life-threatening arrhythmias before the age of 40 (Priori et al. 2002).
Moreover, in up to 30% of patients, the presenting symptom is ventricular fibrillation
that may cause SCD (Roston et al. 2015).

Late-onset cases presenting the first event in the third or fourth decade of life have
been described. A small study by Sy et al. (2011) has suggested that these cases are
more likely to be women (80%) and genotype-negative individuals (i.e., those
without mutations on the known genes) (Sy et al. 2011). There are also data
supporting the idea of a time-dependent penetrance of CPVT with a reduced risk
of events in the first years of life (van der Werf et al. 2012). This observation is
important since the lack of inducible arrhythmias in mutation carriers at young age
cannot be considered a marker of a benign condition.

Another factor that confirms the high lethality of the disease is the high preva-
lence of juvenile (<40 years) family history of sudden death in relatives of probands
that is around 30% (Leenhardt et al. 1995; Priori et al. 2002). Instances of SIDS
(sudden infant death syndrome) have also been associated with pathogenic variants
in RyR2 (Tester et al. 2007).

Overall, these data claim for the need of an early diagnosis and a prompt medical
intervention both in symptomatic and asymptomatic individuals, when a diagnosis
of CPVT is established, to interrupt the highly malignant natural course of the
disease.

10.3 Pathophysiology

10.3.1 CPVT Genes and Phenotypes

CPVT is a cardiac calcium handling disorder (Fig. 10.3). More than a decade ago,
only few highly specialized referral centers collected cohorts large enough to allow
for linkage and candidate gene studies. These cohorts were carefully selected with a
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phenotype strictly adherent to that originally reported by Coumel et al. (1978). More
recently, the growing efficiency of DNA sequencing technology and the inclusion of
less neat phenotypes in cohort studies led to the identification of mutations of
calcium handling proteins in patients with adrenergically mediated arrhythmias
without typical CPVT (Table 10.1). These variants are less characterized both
from the clinical and the mechanistic standpoint since CPVT genotypes other than
those related to RyR2 mutations are rarely observed. Still, phenotypic differences
among genotypes do exist, and their knowledge could support the clinical manage-
ment. So far only RyR2 and CASQ2 are associated with typical CPVT (identical to
that described in the original publication).

Ryanodine Receptor The first evidence of a calcium handling disorder as cause of
the disease came in 2001 with identification of cardiac ryanodine receptor (RyR2)

Fig. 10.3 CPVT genes and mechanisms. Cartoon showing a schematic representation with cellular
localization of the proteins causing CPVT and the CPVT pathogenesis. Gene names are reported in
red fonts. When calcium enters the cell through voltage-gated calcium channels (1), the RyR2
channels release an excess of Ca2+ during diastole (2); the SERCA pump (3) is unable to remove
enough calcium especially during adrenergic activation that increases calcium release. The conse-
quent activation of the NCX (4) causes DADs and triggered activity (see text for more details)
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mutations in the autosomal dominant CPVT1 (Priori et al. 2001). RyR2 is a large
tetrameric channel spanning the membrane of the sarcoplasmic reticulum (SR) that
controls the release of Ca2+ and the calcium-induced calcium release (CICR)
process. As of today there are approximately 200 mutations reported in Human
Gene Mutation Database and more than 500 variants (150 definitely pathogenic) in
the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/?term¼ryr2%5Bgene
%5D). These mutations are identified not only in typical CPVT but also in patients
with adrenergically triggered ventricular fibrillation and at postmortem genetic
testing in unexplained sudden death (SUDS) cases occurring in conditions of acute
stress (Tester et al. 2004). These latter cases could represent CPVT with SCD and
first manifestation (and not syncope as it happens in other cases).

RyR2 mutations tend to cluster in three specific areas of the protein (amino acids
77–466, 2246–2534, 3778–4967) with no overt differences in the clinical outcome
according to mutation site. RyR2 mutations have been reported also in patients
referred for idiopathic ventricular fibrillation and in relatives of SUDS cases. There-
fore, RyR2 should be included routinely in the genetic testing panels of subjects with
evidence of adrenergic arrhythmias. Overall RyR2 is by far the most frequent CPVT
gene, causing >60%.

More recently, cardiac ryanodine receptor mutations have been found in familial
arrhythmias associated with cardiomyopathy: an exon 3 deletion was reported (Ohno
et al. 2014) in subjects with adrenergic arrhythmias and dilated heart resembling left
ventricular non-compaction. Additional RyR2 mutations associated with cardiomy-
opathy were subsequently identified (Bhuiyan et al. 2007). Furthermore, preliminary

Table 10.1 CPVT genes

Gene
symbol Chromosome Gene Phenotype Inheritance Prevalence

RyR2 1q43 Cardiac
ryanodine
receptor

CPVT, IVF, SCD Dominant 60–70%

CASQ2 1p13.1 Cardiac
calsequestrin

CPVT, SCD Recessivea 3–5%

TRDN 6q22.31 Triadin LQTS,
polymorphic VT,
SCD

Recessive < 5%

CALM1,
2, 3

14q32.11,
2p21,
19q13.32

Calmodulin LQTS,
polymorphic VTs,
SCD

Dominant Unkn/rare

ANKB 4q25-q26 Ankyrin CPVT, LQTS Recessive Unkn/rare

TECRL 7p22-p14 Trans-2,3-
enoyl-CoA
reductase

LQTS,
polymorphic VTs,
SCD

Recessive Unkn/rare

KCNJ2 17q24.3 Inward
rectifier

LQTS,
bidirectional VT,
periodic paralysis

Dominant Unkn/rare

aOne case of dominant pattern of transmission has been reported
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evidence suggests that some mutations could also be associated with right ventricu-
lar cardiomyopathy (Roux-Buisson et al. 2014). The pathophysiology of RyR2-
dependent cardiomyopathy is not well understood, and it is unclear why some RyR2
mutations can produce structural abnormalities. A working hypothesis would be the
presence of gain of function mutations (typical CPVT) vs. loss of function mutations
(IVF and perhaps cardiomyopathy).In any case the practical consequence is the need
of carrying out careful imaging investigations in the CPVT clinical workout.

CASQ2 The second identified CPVT gene is calsequestrin 2 (CASQ2). It was
identified in a large Bedouin tribe with autosomal recessive inheritance through
linkage analysis followed by candidate gene screening. CASQ2 is a component of
CICR. It is located in the SR in close proximity of the ryanodine receptors (junctional
SR—Fig. 10.3). CASQ2 acts as a calcium-buffering protein that regulates the SR Ca2+

concentration, and it modulates the RyR2 open probability. There are at least
24 reported mutations (http://www.hgmd.cf.ac.uk/ac/gene.php?gene¼CASQ2), and
they cause a very severe form of the disease. Fast polymorphic VTs, besides the
typical bidirectional VT, can be observed. Interestingly anecdotal literature findings
suggest that heterozygous CASQ2mutation may rarely cause CPVT (Gray et al. 2016)
with a dominant pattern of inheritance. This implies that CASQ2 should be always
considered a candidate gene in RyR2 negative cases.

10.3.2 Genes Associated with Non-typical CPVT

At least four genes can cause adrenergic-induced arrhythmias that authors have
classified as CPVT. However, there are peculiarities that distinguish the typical
CPVT originally described by Coumel in 1970 that appears to be linked to RyR2
and CASQ2 to that caused by other genes. The CPVT-like variants are rarely
observed in the clinical practice, and only few cases have been reported.

Calmodulin (CALM) In 2012 calmodulin 1 (CALM1) mutations in patients with
adrenergic-dependent arrhythmias were identified. Mutations were also associated
with idiopathic ventricular fibrillation by other authors (Marsman et al. 2014).
Calmodulin is a small (140 amino acids) cytosolic protein that binds calcium and
transduces calcium signaling to several intracellular targets, including RyR2
(Nyegaard et al. 2012).

More recently a CALM3 mutation has been found in 1 out of 12 families with
adrenergic-induced syncope and sudden death in the absence of typical CPVT
arrhythmias (Gomez-Hurtado et al. 2016).

All three known calmodulin genes (CALM1, CALM2, and CALM3) generate
identical proteins and are widely expressed in several tissues. It is important to
note that CALM1, CALM2, or CALM3 mutations can cause QT prolongation/long
QT syndrome through an impairment of calcium-dependent inactivation of the
voltage-dependent calcium current (ICa) and increased late inward sodium current
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(INaLate) (Boczek et al. 2016), thus overlap phenotypes (CPVT/LQTS) are possible.
Overall, calmodulin mutations appear to be rare.

Triadin (TRDN) Mutations were discovered in families with recurrent syncope
and sudden death during exercise and no inducible typical bidirectional VT
(Rooryck et al. 2015; Roux-Buisson et al. 2012). TRDN mutations have been
found also in patients with unexplained cardiac arrest (IVF) (Walsh et al. 2016)
and in a severe forms of long QT syndrome (Altmann et al. 2015).

TRDN mutations have recessive pattern of inheritance. Cardiac triadin gene
encodes for multiple tissue specifically regulated splice variants. Cardiac triadin,
also known as Trisk32, has a single transmembrane segment spanning the SR
membrane where it participates in the formation of SR calcium-releasing macromo-
lecular complex (that also includes RyR2, junctin, and calsequestrin), the so-called
calcium release unites (CRU). TRDN knockout causes reduced SR Ca2+ release,
impaired ICa inactivation, and intracellular Ca2+ overload. The reduced inactivation
of the calcium channel is consistent with QT prolongation. Thus, TRDN generates a
substrate with overlap CPVT/LQTS abnormalities. No clear typical CPVT has been
so far found in TRDN mutation carriers.

Ankyrin (ANKB) ANKB is an adapter protein with key modulatory and membrane
targeting function. It affects the activity of the cardiac sodium channel and the sodium
calcium exchanger (NCX). Initially an Ankyrin-B mutation was identified in LQTS
(LQT4). LQT4 is a non-typical LQTS variant with mild QT prolongation, sinus node
dysfunctional arrhythmias (ventricular and atrial). Several mutations have been
reported thereafter including mutations associated with adrenergically—induced
arrhythmias and sudden death resembling—but not fully recapitulating—CPVT
(Kline and Mohler 2014).

Inward Rectifier (KCNJ2) It is the gene of Andersen-Tawil syndrome (ATS or
LQT7); it encodes for a two-transmembrane segment potassium channel (Kir2.1)
that controls the IK1 (inward rectifier) currently active during phase 4 of cardiac
action potential. Many ATS patients have bidirectional VTs although the
arrhythmias are often unrelated with adrenergic stimulation and rarely cause SCD
(Napolitano et al. 2012).

Trans-2,3-Enoyl-CoA Reductase- like Protein (TECRL) A recent whole-exome
sequencing study in patients from three families with life-threatening arrhythmias,
QT prolongation, and SCD identified an identical homozygous mutation variant in
the TECRL gene which encodes the trans-2,3-enoyl-CoA reductase-like protein
gene, a multi-pass membrane protein that resides in the endoplasmic reticulum
(Devalla et al. 2016). There is no epidemiological information on prevalence, and
the details on the phenotype(s) associated with TRCRL are scanty to draw clinically
relevant conclusions that could be applied beyond the families reported in the paper
from Devalla et al.
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10.3.3 Genetic Testing in CPVT

CPVT genetic testing has an important role in confirming the diagnosis in cases of
clinically overt disease and in identifying at-risk family members in the
presymptomatic phase. However, caution is required when assessing the pathoge-
nicity of the variants identified, as shown by recent data from Paludan-Muller et al.
(2017), who showed that several variants reported in the literature can be found in
the ExAC database with allelic frequency higher than the CPVT prevalence and
could be classified as likely nonpathogenic. Furthermore, the presence of a growing
number of “minor” and scarcely known genes can further complicate the interpreta-
tion of the results of genetic testing. Careful phenotyping of family members and
familial co-segregation analysis should always be regarded as a compulsory step in
these instances.

10.3.4 Arrhythmogenesis in CPVT

Extensive research in cellular models and in transgenic mice engineered with RyR2
and CASQ2 mutations has contributed to the understanding of the arrhythmogenesis
in CPVT (Fig. 10.3). The final common abnormality is an excessive release (“leak-
age”) of calcium ions from the sarcoplasmic reticulum (SR), which leads to a
cytosolic Ca2+ overload. The cell reacts with the hyper-activation of the sodium-
calcium exchanger (NCX), a ten transmembrane-domain transporter that contributes
to stabilize the cytosolic [Ca2+]. NCX can work in both directions, but in its
“forward” mode (the preferred mode in the presence of elevated cytosolic [Ca2+]),
it extrudes one Ca2+ ion for three Na+ ions entering the cells, thus generating a
depolarizing current, the so-called transient inward current (ITi). ITi is active during
the phase 4 of cardiac action potential (electrical diastole) causing membrane
depolarizations, the delayed afterdepolarizations (DADs), which can generate spon-
taneous (“triggered”) arrhythmogenic action potentials when they are large enough
to reactivate the sodium current (INa).

This arrhythmogenic mechanism is defined as triggered activity, and it is favored
by catecholamines (adrenergic stimulation) that increase the SR calcium content and
release (Priori and Chen 2011). The presence of DADs and triggered activity has
been initially demonstrated by our group in a transgenic model of RyR2-CPVT
(Cerrone et al. 2005; Liu et al. 2006) and subsequently shown in patient-derived
IPS (Di Pasquale et al. 2013; Fatima et al. 2011) and in patients by means of
intracardiac recordings (Paavola et al. 2007).

Further in vitro work has shown how a dysfunctional RyR2 or CASQ2 can lead to
this chain of arrhythmogenic events. Thanks to the work of Wayne Chen, the
concept of “store overload induced calcium release” (SOIRC) has been proposed
and experimentally supported (Jiang et al. 2005; Priori and Chen 2011). There is a
threshold of SR Ca2+ concentration enabling the release from SR (the Ca2+ store).
Adrenergic stimulation increases the SR calcium content; therefore, the threshold for
release (“spillover”) is more readily reached. The SOIRC threshold is reduced by
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CPVT mutations, thus leading to uncontrolled release and cytosolic Ca2+ overload,
especially during adrenergic stimulation.

At molecular level CPVT mutations can affect SOICR through different
mechanisms: altered RyR2 sensitivity to cytosolic or SR [Ca2+], RyR2 channel
instability (the channel “unzipping” mechanism) altered CASQ2 polymerization
with increased free SR [Ca2+] or impaired CASQ2/RyR2 interaction [for a detailed
review of RyR2 and CASQ2 mutation molecular pathogenesis, see Priori and Chen
(2011)]. The RyR2 leakage observed in CPVT is considered a gain-of-function
effect. However, few RyR2 mutations can cause a reduced SOICR (loss-of-function)
due to reduced RyR2 calcium sensitivity. These mutations have been associated to
idiopathic ventricular fibrillation and, possibly, to cardiomyopathy, but their
arrhythmogenic mechanisms are not fully elucidated.

Besides the direct effect of RyR2 and CASQ2 mutations on SR calcium release, a
role of co-player, in CPVT arrhythmogenesis, has been recently attributed to a
specific subset of sodium channels, the so-called “neuronal” sodium channels.
These are localized in the T-tubules in close proximity with the CRU. It has been
suggested that beta-adrenergic stimulation induces late sustained sodium current in
these channels that exacerbates the diastolic calcium release (Radwanski et al. 2016).
This may represent an additional arrhythmogenic pathway in CPVT.

As pointed out earlier, CALM mutations are associated with non-typical CPVT.
The pathophysiology ofCALMmutations is not fully elucidated, and the mechanisms
are complex since mutations in these genes also cause LQTS. In vitro expression of
the CALM3-A103V mutation identified in a patient with borderline QTc (referred to
medical attention for “atypical LQTS”) showed reduced Ca2+ binding affinity,
increased spark frequency, and increased Ca2+ release-triggering waves (Gomez-
Hurtado et al. 2016). These effects are not substantially different from those
demonstrated for CALM2 and CALM1 mutations (Hwang et al. 2014). On the
contrary, the long QT syndrome-associated CALM mutations may (Hwang et al.
2014) or may not (Boczek et al. 2016) affect Ca2+ binding affinity, but they do not
promote Ca2+ waves and affect RyR2 channel gating (Hwang et al. 2014); conversely
they can cause a loss of inactivation in L-type calcium channel and a mild accentua-
tion of sodium channel late current (Boczek et al. 2016; Limpitikul et al. 2014).

In the original study of Roux-Buisson, TRDNmutations expressed in COS-7 cells
resulted in intracellular retention and degradation of the mutant protein triadin-1
overexpression in isolated myocytes. Terentyev et al. (2005) demonstrated that
triadin sensitizes RyR2 channels and enhances SR Ca2+ release, while Chopra and
colleagues (Chopra et al. 2009) suggested that triadin has a role in maintaining the
calcium release unit structure by interacting with the ryanodine receptor,
calsequestrin, and junctin. On this basis, it appears reasonable to speculate that the
loss of triadin generates an arrhythmogenic substrate by disrupting calcium
handling. TRDN mutations identified in patients with adrenergic arrhythmias lead
to an almost complete loss of protein. Triadin knockout mice have a complex
calcium handling abnormality with reduced SR Ca2+ release and impaired negative
feedback on L-type calcium current. This would lead to uninhibited Ca2+ influx via
ICa, the calcium-dependent inactivation of the transmembrane calcium current, with
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consequent Ca2+ overload and spontaneous diastolic SR releases during adrenergic
stimulation leading to DADs (Chopra et al. 2009).

Interestingly, increased Ca2+ sparks and RyR2 leakage is also observed in
association with ANK2 mutations suggesting a pathophysiology like that of RyR2
mutations also in the case of ANK2-related CPVT (Camors et al. 2012).

Experiments performed in myocytes, derived from mutant-induced pluripotent
stem cells obtained from patients with TECRL mutations, revealed smaller transient
amplitudes, elevated diastolic [Ca2+], and decreased SERCA and NCX activities and
also showed prolonged action potentials (APs). It is currently unclear if and how
these abnormalities can lead to CPVT, but in this cellular model increased propensity
to DADs and triggered activity was suggested (Devalla et al. 2016).

10.4 Current Therapeutic Approach

In the latest years, thanks to the discovery of the causative genes and the under-
standing of the cellular mechanisms of CPVT, progress has been made in the use of
available drugs and interventional therapies. A stepwise approach that exploits the
reproducibility of arrhythmias for therapy optimization appears to be the best choice
in most cases. The current version of the European Society of Cardiology guidelines
(Priori et al. 2015) highlights this approach from lifestyle modifications to invasive
treatments (Table 10.2).

STEP 1: Lifestyle changes—Avoidance of triggers (i.e., intense/sudden adrenergic
activation). Intense sport activity and stressful environments are strongly
contraindicated in all CPVT patients (class I indication). Only recreational physi-
cal activity may be allowed, provided good suppression of arrhythmias at exer-
cise stress testing while on therapy.

STEP 2: Pharmacological measures—The block of β adrenergic receptors
represents the first-line therapy for CPVT, due to the overt evidence of a direct
connection between adrenergic activation and the onset of ventricular
arrhythmias. Beta-blockers (BB) achieve a significant reduction of cardiac events
(Hayashi et al. 2009; Priori et al. 2002). Nonselective BB and specifically nadolol
are probably more effective (Leren et al. 2015). The typical approach includes
nadolol, starting from 1 to 2 mg/kg per day. Propranolol (3–5 mg/kg TID) may
represent an alternative, although therapy compliance may be harder to achieve.
A possible explanation of the favorable effect of nadolol can be identified in the
stronger negative chronotropic effect in comparison to other BB, which allows for
longer/more intense exercise time. Selective BB should be used only in the case
of strong contraindications toward nonselective agents (e.g., asthma).

It is important to underline that the carriers of a CPVT mutation (“silent”
carriers) are at risk of events even in the absence of exercise-induced lethal
arrhythmias. Therefore, BB therapy and the avoidance of intense exercise (Priori
et al. 2015) are clinically appropriate in individuals carriers of pathogenic
mutations also in the absence of clinical phenotype. This indication is supported
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by data coming from the study of Hayashi et al. (2009), who showed that 13% of
silent mutation carriers had a cardiac arrest during follow-up, in the absence of
any therapy. Besides constantly adapting the therapy to the result of follow-up
examinations, a crucial factor for therapeutic success in CPVT is represented by
the compliance of patients to the treatment (Priori et al. 2015).

Remarkably, despite an optimal BB use, there is a relevant burden of recurrent
life-threatening arrhythmias in approximately 30% of cases (Hayashi et al. 2009;
Priori et al. 2002). Several hypotheses have been made regarding the limited
efficacy of beta-blockers, such as the presence of a mutation-specific response to
therapy (Priori et al. 2002) or a role of alpha adrenergic pathway in the adrenergic
stimulation of the heart (Kurtzwald-Josefson et al. 2014), but further studies will
be required to gather a complete picture.

Table 10.2 Clinical management

Recommendation
Class of
recommendation

Level of
evidence

The following lifestyle changes are recommended in all CPVT
patients with a diagnosis of CPVT: avoidance of competitive
sports, strenuous exercise, and stressful environments

I C

Beta-blockers are recommended in all patients with a clinical
diagnosis of CPVT, based on the presence of documented
spontaneous or stress-induced ventricular arrhythmias

I C

ICD implantation in addition to beta-blockers with or without
flecainide is recommended in patients with a diagnosis of
CPVT who experience cardiac arrest, recurrent syncope, or
polymorphic/bidirectional VT despite optimal therapy

I C

Therapy with beta-blockers should be considered for
genetically positive family members, even after a negative
exercise test

IIa C

Flecainide should be considered in addition to beta-blockers in
patients with a diagnosis of CPVT who experience recurrent
syncope or polymorphic/bidirectional VT while on beta-
blockers, when there are risk/contraindications for the ICD, an
ICD is not available or rejected by the patient

IIa C

Flecainide should be considered in addition to beta-blockers in
patients with a diagnosis of CPVT and in carriers of an ICD to
reduce appropriate ICD shocks

IIa C

Left cardiac sympathetic denervation (LCSD) may be
considered in patients with a diagnosis of CPVT who
experience recurrent syncope or polymorphic/bidirectional
VT/several appropriate ICD shocks while on beta-blockers or
beta-blockers plus flecainide and in patients who are intolerant
or with contraindications to beta-blockers

IIb C

Invasive EPS with PVS is not recommended for sudden
cardiac death risk stratification

III C

Adapted from the 2015 ESC guidelines for the prevention of ventricular arrhythmias and sudden
cardiac death (Priori et al. 2015)
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Non-responders to maximally tolerated dose BB treatment should receive flecainide
(Priori et al. 2015), a class IC antiarrhythmic agent, at a mean dose of 150 mg
(3 mg/kg per day) with a class IIa indication (Priori et al. 2015). Initial evidence
was provided in 2009, when Watanabe et al. (2009) suggested its in vitro ability
to inhibit the RyR2-mediated calcium release from the sarcoplasmic reticulum. In
the same study, clinical effectiveness was shown in two CPVT patients. Two
studies have subsequently confirmed the efficacy of flecainide in suppressing
ventricular arrhythmias in CPVT in up to 77% of patients non-responder to beta-
blockers alone (Roston et al. 2015; van der Werf et al. 2011). The mechanism of
action of flecainide is related to the block of the sodium current with consequent
increase of the threshold for action potential triggering from DADs (Liu et al.
2011); a direct block of the RyR2 channels has been also postulated (Hilliard et al.
2009), but not confirmed by other authors (Bannister et al. 2015; Sikkel et al.
2013).

Recent data suggest that the antiarrhythmic effect of flecainide can also block
the neuronal sodium channels residing in the T-tubules; these channels generate
inward late sodium current upon adrenergic activation exacerbating the abnormal
calcium release (Radwanski et al. 2016).

Clinically, Padfield et al. (2016) proposed the use of flecainide as monotherapy
in CPVT patients who are intolerant to BB. There are multiple reasons however to
consider this approach with caution (Napolitano 2016), due to potential side
effects and narrow therapeutic window.

STEP 3: Invasive therapies left cardiac sympathetic denervation (LCSD) and
implantable cardioverter defibrillations (ICD). CPVT patients unresponsive to
BB and flecainide do exist. LCSD or ICD should be considered in this case.
LCSD should be also considered in patients with ICD and multiple recurrences on
optimal drug therapy in the attempt of reducing the number of shocks.

The role of LCSD has been supported in a cohort of 38 symptomatic CPVT
patients (De Ferrari et al. 2015). However, LCSD is affected by potential
complications, and recurrences are still possible in 20–30% of treated patients
(De Ferrari et al. 2015; Hofferberth et al. 2014); therefore, it cannot be considered
an alternative to ICD.

ICD implantation is a class I indication for those CPVT patients who experi-
enced a cardiac arrest, a recurrence of syncope or a polymorphic VT despite
optimal medical therapy (Priori et al. 2015). ICD therapy is associated with a risk
of inappropriate shocks due to programming difficulties. Both appropriate and
inappropriate ICD shocks can be painful and cause catecholamine release, which
in turn can trigger further ventricular arrhythmias. Thus, ICD should not be
regarded to as a stand-alone therapy, but it should be used in conjunction with
optimal medical therapy. Careful device programming with a long delay to
detection before shock and high cutoff rates for heart rate recognition can
significantly reduce the risk of complications. Roses-Noguer et al. (Roses-Noguer
et al. 2014) found that shocks delivered to VTs nearly always failed (1/40, 3%,
effective) to restore sinus rhythm (Fig. 10.4), while shocks delivered to VF were
usually successful (19/23, 83%, effective). Thus, turning off of VT therapy seems
appropriate.
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ICD and LCSD are not mutually exclusive; the two approaches can be com-
bined in particularly severe cases with unsatisfactory response to drug therapy
with ICD protecting from sudden death and LSCD reducing the risk of ICD
shocks.

10.5 Experimental Therapies

10.5.1 Pharmacological Correction of SR Calcium Leakage

Control of RyR2 Channel Stability A well-described molecular mechanism for
RyR2 dysfunction and reduced SOICR is channel instability (the channel
“unzipping” mechanism). It has been proposed that in the wild-type RyR2, the
N-terminal domain interacts with the central domain; RyR2 mutations in the
N-terminal and central domains weaken this interaction (domain unzipping)
(Ikemoto and Yamamoto 2000; Tateishi et al. 2009) and destabilize the closed
state of the channel with increased leakage. It has been suggested that dantrolene,
a drug used to treat acutely malignant hyperthermia due to RyR2 mutations, favors
aberrant N-terminus intersubunit interactions of mutant cardiac RyR2, stabilizing the

Fig. 10.4 Ineffective ICD in CPVT. ICD-stored electrograms of a bidirectional VT recognized
(panel a) and correctly (according to device settings) treated (panel b). A 41 shock was delivered
(asterisk) but it was unsuccessful in restoring sinus rhythm. The morphology of the arrhythmia
changed after the ICD intervention
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channels (“zipping”) (Penttinen et al. 2015). At present there is no clinical experi-
ence with the use of dantrolene in CPVT.

CaMKII Inhibition There is emerging evidence of the role of the Ca2+/calmodu-
lin-dependent serine–threonine protein kinase II (CaMKII), in the modulation of
calcium handling in response to adrenergic stimulation (Bers 2007), and there are
theoretical reasons to think that CaMKII inhibition may result in additive/coopera-
tive antiarrhythmic effect with beta-blockers. Indeed CaMKII acts not only in a
PKA-dependent manner (the pathway inhibited by the beta-adrenergic receptor
block) (Grimm and Brown 2010) but also through PKA-independent mechanisms
(Oestreich et al. 2009) and autophosphorylation (Maier and Bers 2007; Napolitano
et al. 2011).

We tested the hypothesis that the inhibition of CPVT CaMKII would be effective
in an experimental model of CPVT in vivo (Liu et al. 2010). In our RyR2R4496C+/�
knock-in mouse model of CPVT, CaMKII inhibition with KN-93 completely
prevented catecholamine-induced sustained ventricular tachyarrhythmia blunted trig-
gered activity and transient inward current induced by isoproterenol. Unfortunately,
the available CaMKII inhibitors cannot be directly used in the clinical setting for
several reasons including lack of cardiac specificity and potential unwanted effects.
CaMKII plays several physiologic functions in the central nervous system (Chang
et al. 1998; Tinsley et al. 2009) and in other tissues such as endothelial cells (Cui et al.
1996) and in the hormone secretion in parathyroid gland (Lu et al. 2011). In this
context the development of CaMKII inhibitors with cardiac selectivity is highly
desirable to achieve antiarrhythmic efficacy and to reduce the risk of adverse effects.

FKBP Binding and RyR2 Stability Several lines of evidence suggest that mutant
RyR2 exhibits an increased sensitivity to cytosolic Ca2+ (Priori and Chen 2011). To
explain such abnormal behavior, some authors have hypothesized the presence of
abnormal/increased dissociation of FKBP12.6 from RyR2, a channel-stabilizing
protein (Wehrens et al. 2003). During adrenergic stimulation, phosphorylation of
RyR2 promotes Ca2+ leakage by abnormal dissociation of FKBP12.6 and conse-
quent excessive increase of open probability. Accordingly, pharmacological
enhancement/restoration of FKBB12.6 binding was tested. It has been shown that
FKBP12.6 knockout mouse model develops stress-induced arrhythmias mainly due
to increased RyR2 open probability (Wehrens et al. 2003). Unfortunately
experiments from different authors provided conflicting evidence of efficacy
(George et al. 2003; Jiang et al. 2005; Lehnart et al. 2008; Liu et al. 2006; Wehrens
et al. 2003). Overall most of the results tend to dismiss a significant role of FKPB-
RyR2 binding modulation as a CPVT therapeutic strategy.
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10.5.2 Gene Therapy

The concept of using gene therapy to treat electrical dysfunction of the heart is not
new (Donahue et al. 2000; Priori and Napolitano 2000), and the improvements of
gene delivery technology with the use of adeno-associated vectors (Bongianino and
Priori 2015) has made this approach for CPVT conceivable.

We reasoned that recessive CPVT would represent the ideal initial setting for
developing and testing CPVT gene therapy. Calsequestrin mutation invariably cause
a reduction of the expressed protein accompanied by a decrease in the ancillary
proteins triadin and junctin (Denegri et al. 2012; Knollmann et al. 2006; Rizzi et al.
2008). This leads to a cascade of events: altered RyR2 gating and RyR2 calcium
sensitivity (Raffaele di Barletta et al. 2006; Terentyev et al. 2006) with consequent
diastolic Ca2+ overload, calcium wave fragmentation (Liu et al. 2013), delayed
afterdepolarizations (DADs), adrenergically induced triggered arrhythmias (Liu
et al. 2006), and ultrastructural abnormalities of the junctional sarcoplasmic reticu-
lum (jSR) (Denegri et al. 2012).

We hypothesized that the normalization of the upstream abnormality—namely,
reduced CASQ2 expression—could revert all the downstream molecular and physi-
ological abnormalities resulting in a curative effect for recessive CPVT.

We subcloned wild-type CASQ2 cDNA into an adeno-associated viral vector
serotype 9 (AAV9) backbone (AAV9-CASQ2), and we infected calsequestrin null
(knockout) mice at birth (Denegri et al. 2012). Five months after infection we
demonstrated a complete normalization of both the electrophysiological and the
ultrastructural abnormalities. Similar results were confirmed in a knock-in mouse
harboring a CPVT missense mutation (R33Q). In this model, we showed that
infection of adult mice could treat the manifestations of the disease, including life-
threatening arrhythmias and ultrastructural abnormalities. This effect was still pres-
ent up to 12 months after administration of a single dose (Denegri et al. 2014; Liu
et al. 2013) (Fig. 10.5). The prevention of CPVT arrhythmias with AAV9-CASQ2
was obtained with a relatively low (40%) percentage of infected ventricular cells.
This discrepancy between the nearly complete antiarrhythmic efficacy and the
patchy and incomplete restoration of CASQ2 level can be due to the “source-sink”
phenomenon (Xie et al. 2010). Cell-to-cell propagation is required for a DAD to
trigger an action potential. It is only when adjacent myocytes develop synchronous
DADs that their summation leads to a triggered action potential spreading to the
ventricles. Thus, triggered arrhythmias cannot develop unless a “sufficient” number
of the neighboring myocytes develop DADs (Xie et al. 2010). A recent independent
work has replicated these results and showed that hearts with >33% of CASQ2
re-expression are protected from arrhythmias, while lower infection levels are
insufficient to induce a therapeutic effect (Kurtzwald-Josefson et al. 2017).

Gene therapy is not a clinical reality yet, but the fast improving AAV vector
technology and cardiac delivery strategies (Ishikawa et al. 2013) suggest that the first
gene therapy clinical trial in CPVT could be planned in the next few years.
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Fig. 10.5 Gene therapy in calsequestrin-dependent CPVT. The figure reports experimental data
collected 1 year after a single injection of AAV9-CASQ2 gene therapy vector. (a) ECGs from wild-
type (WT) and CASQ2-R33Q CPVT mice (first and second strip from top) during epineprine
injection; CASQ2-R33Q mice develop typical bidirectional ventricular tachycardia, which is
completely suppressed in mice infected with AAV-CASQ (third strip from top); mice infected
with GFP only still show epinephrine inducible ventricular tachycardia. (b). Representative confo-
cal line-scan images show spontaneous Ca2+ events in permeabilized R33Q, WT, and AAV-R33Q
cells ([Ca2+]i 100 nmol/L). R33Q cells did not show cell-wide waves but rather presented with
chaotic and fragmented events and wavelets. WT (upper panel) and R33Q infected (R33Q-INF)
with AAV9-CASQ2 myocytes exhibited regular spontaneous Ca2+ cell-wide waves. (c) Ultrastruc-
tural abnormalities in CASQ2-R33Q mice showing enlarged and fragmented junctional sarcoplas-
mic reticulum (encircled with red lines—jSR). (d) Mice treated with AAV9-CASQ show normal
and regular jSR with clearly visible calsequestrin polymers (arrows). TT T-tubule
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10.6 Conclusions

CPVT is a severe inherited arrhythmogenic condition that has been extensively
studied in the last two decades. Currently we do have means to reduce the burden
of life-threatening arrhythmias although they are ineffective in a subset of patients.
Therefore, early diagnostic workout and optimal therapy management are essential,
while many research groups are working to devise novel therapeutic strategies,
including gene therapy that could be lead to a cure in the future.
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Idiopathic Ventricular Fibrillation and Early
Repolarization 11
Pieter G. Postema

Abstract
In this chapter, an overview is provided on idiopathic ventricular fibrillation
(IVF) and early repolarization. Idiopathic ventricular fibrillation is a tragic and
notoriously difficult disease entity to manage. The IVF patients in whom a cardiac
arrest occurs are generally considered healthy and do not show any currently
identifiable abnormalities that denote their increased risk for malignant and life-
threatening arrhythmias. Importantly, IVF can be inheritable and tear through
families. The number of patients who survive their first manifestation of the
disease is low, and the recurrence rate of IVF is appreciable. Treatment in patients
who survived their event is performed by implantation of a cardioverter defibril-
lator (ICD) and a decrease of the risk of IVF recurrence may be achieved by
prescription of quinidine. During a VF storm, administration of isoproterenol can
be essential, and possibly also sedation might be effective. Research into the
origin and genetic underpinning of IVF is limited by its malignant character, yet
has revealed genetic variants in the DPP6 gene and CALM1 gene that impact on
cellular cardiac electrophysiology. In contrast, early repolarization is a descrip-
tion of electrocardiographic variants with elevation, slurring, or notching in the
terminal QRS complex or early ST segment. Although considered a benign
electrocardiographic characteristic for many decades, in the past decade
associations have been made with a propensity to sudden cardiac arrest by
VF. Importantly, early repolarization is of very common occurrence in many
young and healthy individuals. The description of a rare malignant association
has spurred scientific interest in this phenomenon. Fortunately, its benign prog-
nosis is still valid for the vast majority of individuals who display an early
repolarization pattern. The challenge for the future will be to delineate benign

P. G. Postema (*)
Department of Clinical and Experimental Cardiology, Heart Centre, Academic Medical Centre,
University of Amsterdam, Amsterdam, The Netherlands
e-mail: p.g.postema@amc.nl

# Springer International Publishing AG, part of Springer Nature 2018
D. Thomas, C. A. Remme (eds.), Channelopathies in Heart Disease, Cardiac and
Vascular Biology 6, https://doi.org/10.1007/978-3-319-77812-9_11

257

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77812-9_11&domain=pdf
mailto:p.g.postema@amc.nl


from malignant variants of early repolarization, the development of aids in risk
stratification and a better understanding underlying pathophysiology on cellular
and genetic level, to further guide clinicians and patients.

11.1 Idiopathic Ventricular Fibrillation

11.1.1 Introduction

Ventricular fibrillation (VF) is a chaotic electrical and mechanical activity of the
cardiac ventricles and always results in severe hypotension leading to
haemodynamic collapse. When not treated within minutes, the shortage of sufficient
perfusion of the brain and other organs will result in permanent damage and
ultimately death. Likewise, VF is still the most common cardiac rhythm documented
at the time of sudden cardiac arrest and sudden cardiac death (Viskin and Belhassen
1990; Huikuri et al. 2001; Hulleman et al. 2015).

The cause of VF is not always known or uncovered afterwards, but in the majority
of cases, atherosclerotic coronary artery disease is the underlying aetiology either
due to acute myocardial ischemia or due to scar tissue that has developed after
myocardial ischemia. This scenario is also considered to occur in the general
population without previous symptoms as a sequence of previously silent coronary
artery disease resulting at one time in an atherosclerotic plaque rupture, leading to
obstruction in the coronary artery, myocardial ischemia, subsequent VF and cardiac
arrest, and ultimately death when resuscitation is not directly started and/or not
effective (Chugh et al. 2008). However, there are many more disease aetiologies that
may proceed to VF, both cardiac and noncardiac in origin, such as intracranial
haemorrhage, pulmonary embolism, myocarditis, cardiomyopathies, valvular heart
disease, congenital cardiac anomalies and accessory pathways (Viskin and
Belhassen 1990; Corrado et al. 2003; Puranik et al. 2005; Elliott et al. 2008;
Maron et al. 2009; Postema et al. 2011a).

A specific group of causes of VF is inheritable cardiac disease, which may result
in an excessively high VF occurrence in multiple family members. This is likely due
to genetic mutations that share a propensity for the development of a substrate and/or
trigger for VF. Such mutations may either disrupt the cardiac architecture, e.g. due to
excessive hypertrophy, fibrosis or dilatation, or change the normal cardiac action
potential morphology resulting in anomalous depolarization or repolarization
characteristics (Postema et al. 2011a). Importantly, VF may not only occur at
advanced age but also young adults, teenagers, children and even newborns may
be at risk due to these underlying disease entities.

The scope of the problem of VF is large but not very easy to count because it takes
only minutes before VF deteriorates in asystole and subsequent death, necessitating
fast recognition and treatment. As a reference, in the United States, the estimations of
cardiac arrest and subsequent sudden death range between 180,000 and 400,000
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victims per year (Chugh et al. 2008; Zipes andWellens 1998). In prospective studies,
an incidence rate of 55 adult cardiac arrest cases per 100,000 person-years was
documented (Berdowski et al. 2010). Because of the rising risk factors for cardio-
vascular disease such as obesity and diabetes, it is thought that these numbers will
increase in the next decades (Chugh et al. 2008). There are several large efforts
worldwide to investigate the occurrence, causes and modifiable factors of VF and
cardiac arrest in the community. One such effort is the Amsterdam-based ARREST
study. These investigators actually documented 15% decline in VF as the initial
cardiac rhythm in cardiac arrest victims between 1995–1997 and 2006–2012
(Hulleman et al. 2015). This decline was explained by less initial VF (and thus
more bradycardia, asystole or pulseless electrical activity) and an increase in
unwitnessed cardiac arrest. The survival rates of out-of-hospital cardiac arrest
victims are very low globally, around 7% (Berdowski et al. 2010). However, when
the initial rhythm is VF, survival rates are better, around 17% (Berdowski et al.
2010). Likewise, the increased use of implantable cardioverter defibrillators (ICDs)
to directly recognize and treat commencing VF was found to result in an estimated
33% decrease of cardiac arrest due to VF (Hulleman et al. 2012).

For the prevention of a first or recurrent episode of VF, it is very important to
recognize the factors that precede the substrate and triggers that cause VF, as a
means to treat these factors and prevent its occurrence. As mentioned, many disease
entities may result in a higher propensity to VF. However, in some cases the cause of
VF remains unknown, even after extensive evaluations. These cases can be labelled
as idiopathic VF (IVF). It is thought that IVF accounts for approximately 5% of all
VF cases (Joint Steering Committees of the Unexplained Cardiac Arrest Registry of
Europe and of the Idiopathic Ventricular Fibrillation Registry of the United States
1997), although with the increasing knowledge of today, this percentage might
currently be even lower.

Although IVF thus involves only a minority in the total burden of VF, it is a
notoriously difficult disease entity to manage. This is because there are no signs to
adequately identify the propensity to VF of these patients when they are still
asymptomatic, and the first event is often lethal. Subsequently, modifiable factors
are not recognizable nor treatable. In addition, IVF generally occurs in young
patients, children and young adults, previously thought to be healthy. In addition,
IVF may also tear through families because it might be inheritable, adding to its
tragic character.

11.1.2 IVF Diagnosis

The diagnosis of IVF may well not be straight forward. There are two main obstacles
that form the basis of the difficulties we have with an IVF diagnosis; (Viskin and
Belhassen 1990) it is a very rare entity where only a minority survives the first
manifestation of the disease and can proceed to a diagnostic evaluation, and (Huikuri
et al. 2001) it is a per exclusionem diagnosis.
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In those who are successfully resuscitated from a first VF episode, several
evaluation schemes are available. These should include a detailed documentation
of the event, medical history, family history, physical examination, electrocardiog-
raphy (ECG), blood chemistry (including blood counts, electrolytes and cardiac
enzymes) and other investigations aimed at diagnosing coronary artery disease
(e.g. coronary angiography, also considering evaluation of coronary spasm) and/or
structural heart disease (e.g. echocardiography, cardiac magnetic resonance imag-
ing). The registration of the arrhythmia(s) can be very useful in this effort to
delineate the course and origin of the event. When the diagnosis is not (fully)
established after the previous investigation rounds, the further evaluations should
be considered: exercise testing (in search of signs of ST-segment changes, abnormal
conduction or repolarization characteristics or provocation of arrhythmias), Holter
monitoring (also for abnormal conduction or repolarization or arrhythmias), toxicol-
ogy screening, cardiac biopsies and/or drug provocation testing with sodium channel
blocking drugs (e.g. ajmaline, flecainide or procainamide, in search of Brugada
syndrome) or adrenaline (in search of long-QT syndrome or catecholaminergic
polymorphic ventricular tachycardia) (Postema et al. 2009a, 2011a; Wolpert et al.
2005; Krahn et al. 2005). Clearly, depending on the particular case, there will be a
differentiation in the necessity and order of these investigations. Coronary angiogra-
phy in particular will be one of the first steps in the evaluation also because of the
potential of therapeutic options during the procedure.

When no clues to the origin of the VF episode are found, an IVF diagnosis can be
made. For the patient, this diagnosis may not have direct consequences as a
secondary prevention ICD will generally be indicated (Priori et al. 2015; Zipes
et al. 2006). However, choices for drug treatment to prevent IVF recurrences may
well affected by an IVF diagnosis. For example, quinidine might be a life-saving
treatment option in IVF (Dock 1929; Ten Sande et al. 2016) but can have devastating
results in long-QT syndrome due to its QT prolonging effects (Jervell and Lange-
Nielsen 1957; Selzer and Wray 1964). In addition, for the family members an IVF
diagnosis in the index patient may have consequences. In about 5–20% of IVF
victims, a family history of sudden unexpected deaths at young age is indeed present
(Belhassen et al. 1999; Haissaguerre et al. 2002; Noda et al. 2005). When there is a
possible or clear family history of inheritable IVF, the screening of the family
members is particularly difficult because even the index patient does not have a
phenotype that is indicative of the disease, apart from IVF. Primary prevention ICDs
in the family members, based on the available data that underscores the age at which
the risk is exceptionally high, might be the ultimate preventive treatment option in
these families (Ten Sande et al. 2016; Alders et al. 2009; Postema et al. 2011b).
However, implanting ICDs in these (often) young patients will surely result in
ICD-related complications, which needs to be carefully weighed against the possible
benefits (Olde Nordkamp et al. 2013, 2016).

Genetic analysis of the index patient might in some cases with a clear familial
occurrence reveal the underlying genetic substrate (Alders et al. 2009; Marsman
et al. 2014). This, however, often requires many years of dedicated research and
particularly large families with multiple patients who survived the IVF event and
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who are able to undergo the necessary evaluations and comparisons in search of
common genetic denominators.

When there is no VF documentation in a resuscitated or suddenly deceased
patient, the sudden cardiac arrest or sudden death may well be due to another disease
entity as opposed to IVF. Still, as previously mentioned, VF will only continue for
minutes and will ultimately deteriorate into asystole. When asystole commences, the
changes of survival decrease rapidly, and thus the possibilities to make an IVF
diagnosis decrease simultaneously. When the patient does not survive the event, a
detailed family history is still of paramount importance, as this may provide clues to
an inheritable disease entity. When there is indeed a suspicion of inheritable disease,
detailed evaluations of the family members will still be appropriate (Postema et al.
2011a; van der Werf et al. 2010).

11.1.3 IVF and Channelopathies

In the past centuries, sudden cardiac deaths in young and otherwise healthy
individuals have challenged many families and doctors. Our ever-increasing knowl-
edge on cardiac disorders and possibilities to delineate different phenotypes with an
increased risk for malignant arrhythmias has impressively changed our understand-
ing of sudden cardiac arrest. Importantly, what was considered idiopathic or without
known cause in the past can at present be a clear and distinct disease entity which is
recognizable and often also treatable. As such, many distinct disease entities have
been described in the past 70 years (Table 11.1).

For nearly all of these disease entities, except for malignant early repolarization
syndrome, a strong genetic background underlying these entities has been uncovered
as well. The genetic mutations that are involved in these syndromes all impact on
cardiac architecture (e.g. hypertrophic cardiomyopathy or arrhythmogenic (right)
ventricular cardiomyopathy) or on cellular electrophysiology affecting either depo-
larization or repolarization characteristics (e.g. Brugada syndrome and long-QT
syndrome). Interestingly, there are also overlap syndromes due to specific mutations
which combine separate disease entities in individual patients (Bezzina et al. 1999;
Postema et al. 2009b).

Although it is regarded that IVF is heritable in 5–20% of cases, there have until
present only been two genetic substrates uncovered to explain the heritability of IVF
(Alders et al. 2009; Marsman et al. 2014). In 2009, a haplotype involving the DPP6
gene was found to be coinciding with IVF in several large and distantly related
families involving over 600 family members (Alders et al. 2009). This gene is
implicated in the transient outward current (Ito) in cardiac Purkinje tissue in particu-
lar and is believed to upregulate Ito (Alders et al. 2009; Xiao et al. 2013). This
process may explain the propensity to short-coupled extrasystoles and VF in these
patients although the exact pathophysiological mechanisms remain to be clarified
(Fig. 11.1). In 2013/2014, a mutation in CALM1 was found to be associated with
familial IVF (Marsman et al. 2014). This gene is implicated in calcium handling
through calmodulin. Interestingly, mutations in this gene had earlier been implicated
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in cases of catecholaminergic polymorphic ventricular tachycardia (CPVT) and
long-QT syndrome (LQTS) (Nyegaard et al. 2012; Crotti et al. 2013). Both DPP6
and CALM1 have not been replicated in other IVF families until date. Although this
might partly be due to the rarity of the disease and the many years of intensive
research that coined these discoveries, it also illustrates the probably diverse genetic
background in the remainder of IVF families.

In this particular case, the patient went into VF storm without preceding
symptoms, and after multiple ICD shocks on recurrent VF out of the hospital, atrial
fibrillation developed and lasted until presentation in our clinic. On arrival at our
cardiac care unit, VF initiated again from a short-coupled extrasystole from the RV
free wall (putatively from Purkinje network) and was now captured on 12 L ECG.
Further episodes of VF were prevented by administration of isoprenaline.

11.1.4 IVF Prognosis and Treatment

In contrast to the good long-term prognosis without VF recurrences in patients who
survive their first episode of VF during acute myocardial ischemia (de Jong et al.
2009), the prognosis of patients with IVF is rather poor. It is reported that around
25–46% of the IVF patients have recurrent VF events, including recurrent VF storms

Table 11.1 Milestone publications describing distinct disease entities with a propensity to inher-
itable malignant cardiac arrhythmias that were previously considered idiopathic

Year Syndrome Authors Diagnosis by

1951 Long-QT syndrome Jervell and
Lange-Nielsen
(1957)

ECG, exercise testing, Holter
monitoring

1958 Hypertrophic
cardiomyopathy

Teare (1958) Post-mortem, echocardiography,
ECG, biopsy

1978 Catecholaminergic
polymorphic ventricular
tachycardia

Coumel et al.
(1978)

Exercise testing, Holter monitoring,
adrenaline provocation

1982 Arrhythmogenic right
ventricular cardiomyopathy/
dysplasia

Marcus et al.
(1982)

Post-mortem, ECG,
echocardiography, MRI, biopsy,
Holter monitoring

1992 Brugada syndrome Brugada and
Brugada (1992)

ECG, sodium channel blocker
provocation

2000 Short-QT syndrome Gussak et al.
(2000)

ECG

2008 VF associated with early
repolarization

Haissaguerre
et al. (2008)

ECG

2009 IVF associated with DPP6 Alders et al.
(2009)

Genetic analysis

2013 IVF associated with CALM1 Marsman et al.
(2014)

Genetic analysis

Table adapted from Postema et al. (2011a). IVF denotes idiopathic ventricular fibrillation. ECG
denotes electrocardiogram
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(Joint Steering Committees of the Unexplained Cardiac Arrest Registry of Europe
and of the Idiopathic Ventricular Fibrillation Registry of the United States 1997; Ten
Sande et al. 2016; Wever et al. 1993; Remme et al. 2001; Wever and Robles de
Medina 2004). Although ICDs are designed to lower the risk of dying from VF, a
risk of dying from cardiac arrhythmia even with an ICD remains (Brugada et al.
2009; Sacher et al. 2013a). Regrettably, this risk includes morbidity and mortality
from ICD-related complications (Olde Nordkamp et al. 2013, 2016). In addition,
patients with IVF are generally much younger and in much better general condition
than patients who receive an ICD for primary or secondary prevention in ischemic
cardiomyopathy. The exposure time of the IVF patients to possible ICD-related
complications is thus much longer (Postema et al. 2011a).

As to antiarrhythmic drug therapy in IVF to decrease the recurrence rate of VF,
there are therapeutic options. Importantly, the efficacy of the use of these drugs
differs between patients, probably because of different, but currently unrecognized,
underlying pathophysiology. In DPP6-related IVF, for example, beta blockers and
amiodarone are considered to be ineffective. Instead, the drugs of choice in these
patients are quinidine and isoproterenol (Ten Sande et al. 2016). This knowledge
base is particularly important when there is need of treatment during VF storm. In
VF storm isoproterenol is a quick-acting drug that can (only) be provided intrave-
nously. In addition, sedation (either conscious sedation or deep sedation including
intubation and respiratory support) might have antiarrhythmic effects. Whether high-
frequency pacing also has beneficial effects is currently unknown in this specific
patient population. However, addition of quinidine surely is effective in many of
these patients either during or after VF storm to prevent or lower VF recurrence rates
on the short and long term. Importantly and similarly to Brugada syndrome,
low-dose quinidine might already be effective (Marquez et al. 2012). A potential
problem of quinidine during VF storm is its oral administration route and hours of
time to peak effect, necessitating treatment by other means during the acute phase
(e.g. with isoproterenol). In general, in most IVF patients, quinidine will be the drug
of choice for long-term therapy (Postema et al. 2011a; Joint Steering Committees of
the Unexplained Cardiac Arrest Registry of Europe and of the Idiopathic Ventricular
Fibrillation Registry of the United States 1997; Ten Sande et al. 2016; Wever et al.
1993). The difficulties on the availability of quinidine that have recently been
encountered due to the threat of the manufacturers to terminate its production are
therefore extremely alarming (Viskin et al. 2007, 2013; Wilde and Langendijk
2007).

11.1.5 IVF Conclusions

Idiopathic ventricular fibrillation (IVF) is a tragic and notoriously difficult to treat
disease entity. Its hallmark is a presentation with sudden cardiac arrest due to VF, in
individuals who were previously considered healthy and who do not show any other
remarkable features upon rigorous evaluations. Its idiopathic nature and the low
numbers of patients who survive its first manifestation trouble past and future
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research and development of effective treatment. In a considerable number of cases,
IVF appears to be inheritable and threatens the lives of family members in a wide age
range. In recent years, there has been progress in our understanding of IVF by the
recognition of genetic variations that segregate with the phenotype. As such,
presymptomatic family members can be identified and preventive treatment can be
offered. Prevention of sudden cardiac death is now predominantly succeeded by
implantation of implantable cardioverter defibrillators (ICDs). However, ICDs in
this young and otherwise healthy population will coincide with ICD-related
complications in the majority of patients during their lifetime. A better selection of
patients who may benefit from preventive ICD therapy is therefore warranted. Drug
therapy with quinidine in chronic and acute settings, and with isoproterenol in acute
settings, can be life-saving options as well. Importantly, exclusion of non-IVF-
related cardiac arrest is important as these drugs may aggravate the clinical condition
of patients with other disease etiologies.

11.2 Early Repolarization

11.2.1 Introduction

Early repolarization is a morphological description of electrocardiographic variants
in the terminal QRS complex or early ST segment. Although its definition is
changing and debated throughout the past years and decades, it encompasses either
ST or J-point elevation, and/or notching or slurring of the terminal QRS complex,
and is particularly present in (relatively) healthy individuals without acute or chronic
cardiac disease (e.g. acute myocardial infarction, chronic heart failure or bundle
branch block, where ST-segment changes and abnormal terminal QRS morphology
can be expected).

Since the early years of electrocardiography, such variants in the terminal QRS
complex and ST segment have been noted. In 1936, in Cleveland, Ohio, Shipley and
Hallaran described a prevalence of ST elevation and terminal QRS slurring or
notching in 16–44% of cases in a series of young and apparently healthy adults
(Shipley and Hallaran 1936). Such variations would today most probably be
recognized as ‘early repolarization’. In 1936, Shipley and Hallaran still used a string
galvanometer (although already portable at that time), allowing analysis of three to
four leads (lead I, II and III with or without one extra chest lead). However, in the
years thereafter between 1947 and 1966, also with more modern electrocardiographs
allowing analysis of 12 leads and also vectorcardiography, these phenomena were
similarly noted. In particular, early repolarization patterns appeared to be present in
young and athletic individuals and even more so in those from African descent
(Myers and Klein 1947; Goldman 1953, 1960; Hiss et al. 1960; Seriki and Smith
1966).

In 1951, Grant, Estes and Doyle coined the term ‘early repolarization’ (Grant
et al. 1951). In their paper on spatial vector electrocardiography combined with more
traditional electrocardiography including (at least) 6 chest leads, they describe their
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experience in 3000 cases recorded in their hospital. Interestingly, they noted in the
young and supposedly healthy individuals in their cohort that ‘the repolarization
forces are often unusually large in magnitude, producing large T waves and measur-
able ST-segment deviation in the limb as well as the precordial leads’. They continue
their paper with some hypotheses on the cause of these repolarization forces and
particularly on how a distinction can be made with pathology (e.g. in the presence of
abnormal T-wave vectors). However, at the same time, they note that ‘Occasionally,
the S-T vector due to normal early repolarization forces is difficult to distinguish
from the S-T vector due to acute pericarditis’ (Grant et al. 1951). Importantly,
longitudinal studies in these cases of normal ST elevation showed that these early
repolarization changes can be present for years (Grant et al. 1951). Their notion that
ST-segment deviations can be a normal variant with a benign prognosis lasted for
over half a century thereafter, until a possible association was suggested with
malignant ventricular arrhythmias (Haissaguerre et al. 2008; Rosso et al. 2008;
Tikkanen et al. 2009).

11.2.2 Early Repolarization Definitions

From the 1950s, there have been different definitions of early repolarization, which
partly complicates comparisons over the years. In 1961, Wasserburg, Alt and Lloyd
considered early repolarization to consist of the following: (1) an elevated take-off of
the ST segment and J-junction of the QRS complex, varying from 1 to 4 mm
(0.1–0.4 mV), relative to succeeding T-P interval (isoelectric line), (2) a downward
concavity of the ST segment and (3) symmetrically limbed T waves which are often
of large amplitude (Wasserburger and Alt 1961). Interestingly, the authors also
described the associated phenomenon of notching and slurring: ‘the elevated S-T
junction arose from a distinct notch on the downstroke of the R wave in most
instances, occasionally it would be represented only as a well-defined slur. Thus, it
superficially resembled a reversed Wolff-Parkinson-White pattern with notching at
the distal segment of the QRS complex rather than at its inception’ (Wasserburger
and Alt 1961). The comparison with reversed Wolff-Parkinson-White patterns is
especially memorable because current automatic algorithms to detect early repolari-
zation are importantly coined on this feature (personal communication with
Macfarlane 2016).

Between 2013 and 2016, there have been three international consensus reports on
the definitions of early repolarization patterns, and unfortunately all three define
different criteria. In 2013, the Heart Rhythm Society (HRS), European Heart
Rhythm Association (EHRA) and the Asian Pacific Heart Rhythm Society
(APHRS) consensus statement (Priori et al. 2013) first defines a distinction between
an early repolarization pattern and early repolarization syndrome. This mirrors the
previous distinction between a Brugada ECG pattern and Brugada syndrome. In
early repolarization, this distinction makes even more sense as the pattern is
extremely prevalent in young and healthy persons. The distinction between pattern
and syndrome is made by the absence or presence of otherwise unexplained cardiac

266 P. G. Postema



arrest or documented malignant ventricular arrhythmias. Moreover, the authors state
the following electrocardiographic definition: the presence of J-point elevation
�1 mm (0.1 mV) in �2 contiguous inferior and/or lateral leads of a standard
12-lead ECG. The authors do not touch upon the presence or absence, nor the
value, of concomitant terminal QRS notching or slurring.

In contrast, in 2015 an international group of authors (Macfarlane et al. 2015)
defined an early repolarization pattern to be only attributable to patients who display
terminal QRS notching or slurring, where the notch should be entirely situated above
the baseline, and the onset of a slur also be situated above the baseline. In addition,
the peak of the notch or the onset of the slur should be �0.1 mV in �2 contiguous
inferior and/or lateral leads and the QRS duration �120 ms. These authors specifi-
cally do not require J-point elevation (J-termination or ‘Jt’) as a criterion for early
repolarization.

And lastly, in 2016 a consensus statement by the American Heart Association
(AHA) includes for the definition of early repolarization, in contrast to the two
earlier reports, either ECGs with or without terminal QRS notching or slurring and
with or without ST elevation (Patton et al. 2016). In addition, the J-point elevation
�0.1 mV in �2 contiguous inferior and/or lateral leads should in the presence of a
notch or slur be measured at the peak of the notch or at the start of a slur, instead of
the traditional definition of the J-point at the end of the notch or slur.

The differences between these criteria are depicted below in the figure.

Priori et al. 2013
(HRS, EHRA, APHRS) 

Macfarlane et al. 2015 Patton et al. 2016
(AHA)

Notch (or slur)
J-point, no ST elevation
No early repolarisation

No notch, no slur
J-point, ST elevation
Early repolarisation

Slur (or notch)
J-point, ST elevation
Early repolarisation

Notch (or slur), Jp
Jt, no ST elevation
Early repolarisation

No notch, no slur
Jt, ST elevation
No early repolarisation

Slur (or notch), Jp
Jt, ST elevation
Early repolarisation

J-point, notch (or slur)
No ST elevation
Early repolarisation

No notch, no slur
J-point, ST elevation
Early repolarisation

J-point, Slur (or notch)
ST elevation
Early repolarisation

The differences between these three reports in the definition of electrocar-
diographic patterns of early repolarization and in clinical distinctions between
those who only display the ECG features without any evidence of previous, or
suspicion of future malignant arrhythmias, and those who did have malignant
arrhythmias, clearly show a significant part of the difficulties we face with the past
and future data on this subject. This not only impacts on the recognition of the
phenomenon of early repolarization but will also impact on the therapeutic
consequences that may be inflicted on these patients.
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Only several years ahead of these reports, in 2009, early repolarization was
labelled as ‘A statement that is used frequently to characterize a normal QRS-T
variant with J-point elevation’ by the American Heart Association (AHA)/American
College of Cardiology (ACC)/Heart Rhythm Association (HRS) (Rautaharju et al.
2009). However, in 2008, just before the AHA/ACC/HRS publication a possible
association with malignant ventricular arrhythmias and sudden death was published
in two reports (Haissaguerre et al. 2008; Rosso et al. 2008). Apparently, these reports
could not be incorporated in the paper by the AHA/ACC/HRS committees.

11.2.3 Early Repolarization Associations with Malignant
Arrhythmias

In 2008 the groups in Bordeaux, France, and Tel Aviv, Israel, published almost
simultaneously on a possible association between early repolarization patterns and a
history of sudden cardiac arrest (Haissaguerre et al. 2008; Rosso et al. 2008). In these
papers, in cohorts of patients with a history of unexplained ventricular fibrillation, a
subset of these patients appeared to have a far larger than expected prevalence of
early repolarization patterns (n ¼ 64/142 and n ¼ 19/45, respectively). This associ-
ation with sudden cardiac arrest was one year later verified in a larger general
population cohort from Finland (Tikkanen et al. 2009). In addition, there has been
further focus on the morphology of the subsequent ST segment on the association
with ventricular arrhythmias (Viskin et al. 2013; Tikkanen et al. 2011). In these
analyses, it appears that the association with a history of cardiac arrest of an early
repolarization pattern with an accompanying horizontal or downsloping ST segment
is particularly strong, while an upsloping ST segment appears to have a more benign
evolution. However, about 30% of the patients with a history of cardiac arrest in the
previous reports displays an upsloping ‘benign’ early repolarization pattern (Adler
et al. 2013; Sacher et al. 2013b).

These data were truly pivotal for igniting medical and scientific interest in early
repolarization patterns in patients and individuals from the general population.
Particularly difficult in the association with malignant ventricular arrhythmias is
the knowledge base that this electrocardiographic characteristic is very prevalent
(as mentioned before, with a prevalence up to 44%) in healthy and young
individuals.

11.2.4 Early Repolarization and Genetic Mutations

Although the prevalence of early repolarization patterns is large in the general
population, its association with genetic mutations is only anecdotal and frustrated
by a lack of segregation data for those with documentation of malignant arrhythmias.
One year after their 2008 paper on the association between an early repolarization
pattern and a history of cardiac arrest, the Bordeaux group published a paper on a
genetic analysis of one of the cases (Haissaguerre et al. 2009a). In this study a
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severely affected young female patient who had suffered from over a hundred VF
events was genetically evaluated with a panel of 21 candidate genes (KCNQ1,
KCNE1, KCNH2, KCNE2, KCNJ2, KCNJ8, KCNJ11, ABCC9, KCNJ5, KCNJ3,
KCND3, IRX3, IRX5, SCN5A, SCN1B, NCX1, CACNA1C, CACNB2, CALR, CASQ2
and ANK2). This study revealed a missense variant in KCNJ8, p.S422 L. The KCNJ8
gene encodes for the Kir6.1 subunit of the ATP-sensitive potassium (K-ATP)
channel in heart and could thus be involved in aberrant action potential morphology
and possibly also to an increased tendency towards the development of an early
repolarization pattern and arrhythmias. This same mutation was not found in a, rather
limited, control set of alleles (n ¼ 764) and was also not uncovered in 156 other
patients with a history of unexplained VF and early repolarization pattern. In
addition, segregation data was not available as the mother of this patient did not
have the mutation and the father denied testing.

In the following year, 2010, the KCNJ8-S422 L variant was replicated in a cohort
of patients with Brugada syndrome or early repolarization syndrome (Medeiros-
Domingo et al. 2010). In this cohort, the variant was uncovered in 1 out of
101 unrelated patients with Brugada syndrome and in 1 out of 14 patients with
early repolarization syndrome. Moreover, the same variant was not documented in
1200 control alleles. Additionally, a gain-of-function effect was suggested by
additional analyses using patch-clamping in heterologous co-expression with
SUR2A in COS-1 cells.

Interestingly, the possible association of this variant with early repolarization and
cardiac arrest was downplayed 4 years later. In 2014, it appeared that 4% of
individuals in a cohort of Ashkenazi Jews carried the exact same KCNJ8-S422 L
variant (Veeramah et al. 2014). Carriers of the variant did not display early repolari-
zation patterns, and a possible association with possible malignant arrhythmias could
also not be made.

Again in 2010, a possible association with cardiac calcium channel mutations and
early repolarization syndrome was made (Burashnikov et al. 2010). In this study
involving patients with Brugada syndrome, early repolarization syndrome and idio-
pathic ventricular fibrillation, variants were uncovered in the CACNA1C, CACNB2
and CACNA2D1 genes involved in cardiac calcium channels, in 4 out of 24 patients
with early repolarization syndrome. These variants were not present in 400 tested
reference alleles. However, segregation data was (again) not available.

In 2014, yet another gene, ABCC9, was implicated in early repolarization syn-
drome (Hu et al. 2014). In 5 out of 150 patients with either Brugada syndrome or
early repolarization syndrome (number of patients with either syndrome was not
reported), an ABCC9 variant was uncovered. Three of these patients also carried a
putatively pathogenic variant in other susceptibility genes (SCN5A, CACNA1C and
SCN10A). The ABCC9 gene encodes the sulfonylurea receptor 2 (SUR2) which
interacts with Kir6.1 to form functional K-ATP channels. Functional analyses
implicated that these ABCC9 variants also affected the cardiac K-ATP channel
with a gain-of-function effect.

The sparsity of genetic associations in patients with early repolarization syn-
drome led the European Society of Cardiology committee on ventricular arrhythmias
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to the conclusion that no clear familial evidence of familial transmission of early
repolarization syndrome exists (Priori et al. 2015). However, there are two reports on
a remarkable high prevalence of early repolarization patterns in families (Nunn et al.
2011; Gourraud et al. 2013). In these reports, families of early repolarization
syndrome patients displayed a remarkable higher prevalence (23–61%) of early
repolarization patterns as compared to their remaining relatives or unrelated controls.
Despite these observations, more detailed underpinning of early repolarization
patterns nor early repolarization syndrome has not yet surfaced.

11.2.5 Early Repolarization Syndrome Prognosis and Treatment

Like most patients who survived a cardiac arrest, patients with an early repolariza-
tion syndrome diagnosis after cardiac arrest have a high recurrence rate of malignant
arrhythmias. A secondary prevention implantable cardioverter-defibrillator (ICD) is
thus recommended in those with a reasonable life expectancy with a class I indica-
tion (Priori et al. 2013). In addition, in those patients with a suggested ‘malignant’
variant of an early repolarization pattern (downsloping) and symptoms (highly)
suggestive of malignant ventricular arrhythmias, an ICD as primary prevention can
be considered (Priori et al. 2013).

In contrast, in asymptomatic patients with suggested malignant variants of early
repolarization pattern, and certainly not in patients with ‘benign’ early repolarization
patterns (upsloping), preventive invasive or non-invasive therapies are not indicated
(class III recommendation) (Priori et al. 2013). Importantly, other risk stratification
modalities, such as electrophysiological studies with programmed stimulation to
investigate VT/VF inducibility, do not seem to be of value (Mahida et al. 2015).

As for medical treatment, during VT/VF storm isoproterenol has been used
effectively to suppress arrhythmias (Haissaguerre et al. 2009b), while chronic
VT/VF suppression has been reached with quinidine therapy (Haissaguerre et al.
2009b). Importantly, many other tested drugs in the setting of this specific popula-
tion with early repolarization syndrome and arrhythmias, did not seem to be of
specific value (mexiletine, verapamil, flecainide, propafenone, pilsicainide and also
amiodarone). However, amiodarone did seem to be effective in 1 out of 6 patients
during VF storm.

11.2.6 Early Repolarization Conclusions

Early repolarization patterns, whether described as ST elevation and/or terminal
QRS notching or slurring, have been described since the early years of electrocardi-
ography. This phenomenon is very prevalent in young and otherwise healthy
individuals, and even more so in athletes and individuals from African descent,
and has until recently been evaluated as a benign condition. However, in the last
decade an association with an increased propensity for malignant ventricular
arrhythmias, sudden cardiac arrest and sudden death has been documented. With
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this sharp contrast between a prevalent and benign electrocardiographic phenome-
non and an association with malignant ventricular arrhythmias and sudden death, a
highly interesting but likewise difficult situation has emerged in the interpretation of
early repolarization patterns. To complicate the matter further, international consen-
sus has not even been reached on the definitions of early repolarization with three
different definitions in three different international expert panels/guidelines. Still,
consensus is rather clear on the treatment of individuals with early repolarization
patterns; only those with proven or highly suspected malignant ventricular
arrhythmias are currently candidates for invasive treatment (implantable cardioverter
defibrillators) and drug treatment (isoproterenol during VT/VF storm and quinidine
long-term therapy). Genetic associations have been anecdotal despite numerous
efforts and are not supported by proof of genetic segregation with the phenotype.
Future efforts to further delineate benign from malignant variants of early repolari-
zation, aids in risk stratification and a better understanding underlying pathophysi-
ology on cellular and genetic level, are imperative to further guide clinicians and
patients in this matter.
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Atrial Fibrillation 12
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Abstract
Atrial fibrillation (AF) is the most common arrhythmia in clinical routine. AF is
related to significant morbidity and mortality caused by thromboembolism,
tachycardia-induced cardiomyopathy, and heart failure. The pathophysiological
mechanisms leading to AF initiation and progression are complex.

Pedigrees of AF families enabled the identification of genetic factors
predisposing to AF. In genotyped families, AF patients carry rare genetic variants
in genes associated with ion channels, calcium handling protein, or genes related
to fibrosis, conduction system disease, and inflammatory processes. Furthermore,
common genetic variants have been linked directly to AF. However, in most
cases the molecular mechanisms by which single nucleotide polymorphisms
(SNPs) enhance AF susceptibility remain to be identified.

Optimized understanding of the molecular basis and genetics of AF will help
to optimize risk stratification and therapeutic management of AF patients and lead
to new therapeutic approaches in treating this epidemic disease.
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12.1 Epidemiology and Clinical Significance of Atrial
Fibrillation

12.1.1 Characteristics and Classification of Atrial Fibrillation

Atrial fibrillation (AF) is the most common arrhythmia in clinical routine and
accounts for approximately one-third of hospitalizations for cardiac rhythm
disorders (Go et al. 2001). AF is characterized by rapid and chaotic electrical
activation of the atria, resulting in ineffective contraction and irregular ventricular
heartbeat. The diagnosis of AF requires rhythm documentation using a surface ECG
showing the typical pattern of AF, irregular RR intervals without distinct P waves
(Fig. 12.1b).

AF may be classified by its temporal pattern, presentation, duration, and sponta-
neous termination into first diagnosed, paroxysmal, persistent, long-standing persis-
tent, and permanent AF (Kirchhof et al. 2016). Approximately 35–40% of all
patients exhibit paroxysmal AF, of which 30–50% convert into a chronic state
depending on the underlying disease and risk factors (Vlachos et al. 2016).

12.1.2 Epidemiology and Health-Care Burden

The overall prevalence of AF in adults in the general population equals approxi-
mately around 1–3%, with higher rates in patients with cardiovascular comorbidities
(Bjorck et al. 2013; Haim et al. 2015). Estimated counts of men and women with
diagnosed AF in 2010 worldwide were 20.9 and 12.6 million, respectively (Chugh
et al. 2014). Until the year 2030, 14–17 million patients are predicted to exhibit AF
in the European Union (Fig. 12.2) with around 100–200 thousand new diagnoses
every year (Collila et al. 2013; Krijthe et al. 2013; Zoni-Berisso et al. 2014).
Improved detection methods of silent AF and the demographic development of
AF-predisposing diseases contribute to increasing prevalence (Wang et al. 2003;

Fig. 12.1 Atrial fibrillation. Fibrillating electrical activity in the atria [a; reproduced with permis-
sion from Tucker and Ellinor (2014)] leads to the pathognomonic surface EGC (b) of irregular
undulations around the isoelectric line and irregular conduction into the ventricles
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Kishore et al. 2014; Sanna et al. 2014; Schnabel et al. 2015). Due to an aging
population and rising AF prevalence, AF accounts for a considerable financial
burden to health-care systems (Go et al. 2001), with more than 1% of health-care
expenses being spent on AF-related hospitalization (Ball et al. 2013).

12.1.3 Risk Factors

One primary risk factor of AF is age: AF is present in 0.12–0.16% of patients younger
than 49 years, in 3.7–4.2% aged 60–70 years, and in 10–17% of those aged 80 years
or older (Zoni-Berisso et al. 2014). Second, patients’ sex constitutes a risk factor. AF
is more often encountered in males than females with a ratio of 1.2:1 (Zoni-Berisso
et al. 2014). However, further studies are needed to clarify the unknown molecular
basis for sex-specific differences. Regarding ethnicity notable differences have been
observed, as patients with a genetically European background have a higher risk to
develop AF compared to African-Americans despite a lower prevalence of risk
factors. This difference may, at least in part, be attributed to genetics (Rodriguez
et al. 2015; Roberts et al. 2016). Other clinical risk factors include hypertension,
obesity, diabetes mellitus, and structural heart disease (Kannel and Benjamin 2008;
McManus et al. 2012; Ball et al. 2013). Hyperthyroidism, alcohol consumption, and
obstructive sleep disorders have been identified as additional risk factors. Obstructive
sleep disorders interfere with the vegetative system and increase AF prevalence by
producing repetitive arousal phases (Menezes et al. 2015).
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Fig. 12.2 Projected number of adults with AF in the European Union between 2000 and 2060
[reproduced with permission from Krijthe et al. (2013)]
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12.1.4 Clinical Significance

Although AF itself is not a life-threatening arrhythmia, it may lead to significant
morbidity and mortality. All-cause mortality is increased by twofold in women and
by 1.5-fold in men (Benjamin et al. 1998; Stewart et al. 2002; Andersson et al. 2013).
Thromboembolism is a potential cause of stroke, and tachycardia may induce
cardiomyopathy and heart failure, both leading to significant morbidity and reduced
quality of life (Wolf et al. 1991; Krahn et al. 1995; Stewart et al. 2002). Recent
studies revealed that 20–30% of ischemic strokes are associated with AF
(Henriksson et al. 2012; Grond et al. 2013). AF symptoms vary widely between
patients. Their severity is categorized by the European Heart Rhythm Association
(EHRA) classification (Wynn et al. 2014). Symptoms include palpitations, dizziness,
shortness of breath, chest pain, and psychological distress. As current treatment
options for AF remain suboptimal, the elucidation of genetic mechanisms may serve
to enable individualized treatment of AF patients based on their underlying disease
mechanism.

12.1.5 Family History

In some patients AF occurs without risk factors or structural heart disease and shows
a strong heritable component (Fox et al. 2004; Arnar et al. 2006; Oyen et al. 2012).
This subtype of AF is termed “lone AF” and accounts for 2–16% of all AF cases
(Potpara and Lip 2015). Analyses among affected patients and their families
indicated that genetic factors predispose to or even cause AF. A significant heritable
component could be identified by analyzing pedigrees of AF patients. Family history
of AF was shown to increase the risk for AF in the index person up to 40% (Lubitz
et al. 2010), with a higher risk at younger age and when multiple relatives or first-
degree relatives are affected (Ellinor et al. 2005; Oyen et al. 2012). Moreover it was
shown that co-twins of AF patients belong to a high-risk group for developing AF
(Christophersen et al. 2009). These lines of evidence indicate that genetic factors
play a substantial role in the development of AF.

12.2 Ion Channel Remodeling in AF Pathophysiology

AF pathogenesis is complex. Mechanisms of AF pathophysiology will be presented
briefly here to provide an overview over the molecular basis of AF with particular
focus on ion channel remodeling. Further details have been summarized elsewhere
(e.g., Schotten et al. 2011; Wakili et al. 2011).

In AF, pathophysiology factors leading to AF initiation may be differentiated
from processes that promote perpetuation of the arrhythmia toward more chronic
stages. Upon chronification, AF is associated with changes in atrial morphology,
histology, and ion channel regulation and composition, leading to disease
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progression and maintenance of AF known as “AF begets AF” (Fig. 12.3) (Wijffels
et al. 1995).

While individual aspects of AF pathophysiology will be highlighted separately, it is
important to note that in most cases a combination of multiple factors produces the
phenotype of this complex disorder. Accelerated ventricular heart rates will cause Ca2+

overload and triggered activity by Ca2+ inhomogeneities. Delayed afterdepolarizations
(DADs) caused by changes in intracellular Ca2+ levels and sodium calcium exchanger
(NCX) activation and subsequent membrane depolarization may reach the threshold of
action potential initiation and account for focal arrhythmia that may trigger AF. Focal
arrhythmia may also arise from early afterdepolarizations (EADs) and spatial
inhomogeneities in action potential duration, where prolonged action potentials give
rise to increases in transmembrane Ca2+ currents and vice versa, as increased L-type
Ca2+ current prolongs APD.

At the structural level, AF leads to atrial remodelling: fibroblasts are activated
by profibrotic signaling through angiotensin II and TGFβ1 (Nattel et al. 2008; Tan
and Zimetbaum 2011). In addition, platelet-derived and connective tissue growth
factors cause extracellular matrix formation and cardiomyocyte uncoupling,
contributing to changes in conduction velocity. Inhomogeneities in propagation of
electrical activity form an electoanatomical basic for reentry. Reentry may be
functional due to electrical remodeling and inhomogeneities in AP duration, or it
may occur around anatomic obstacles such as scarring. Macroscopic consequences
of histological and structural changes include atrial dilatation and contractile dys-
function of the atria (Heijman et al. 2014).

Fig. 12.3 Potential mechanisms underlying AF. Initial triggers (left part of the figure) and
determinants of recurrent AF (right part) [reproduced with permission from Kirchhof and Fabritz
(2014)]
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Ion channel remodeling is associated with shortening of atrial action potential
duration (APD) in patients with persistent and permanent AF, whereas subjects with
paroxysmal AF show no alterations in atrial APD. Multiple cardiac ion currents
undergo significant changes during AF, including L-type Ca2+ current (ICa,L),
transient outward K+ channels (Ito), inward-rectifier K+ channels (IK1),
acetylcholine-activated K+ channel (IK,ACh), and ultra-rapid delayed-rectifier K+

current (IKur) (Grunnet et al. 2012).
L-type Ca2+ currents are reduced in permanent AF, possibly to protect already Ca2+

overloaded cells from ongoing Ca2+ loading as a protective mechanism (Dobrev and
Ravens 2003). Increased inward-rectifier K+ currents (IK1) caused by enhanced protein
expression and increased single-channel open probability are implicated in APD
shortening as well (Dobrev et al. 2001, 2005; Girmatsion et al. 2009; Voigt et al.
2010). While agonist-activated current IK,ACh is reduced in right atria of patients with
paroxysmal and permanent AF, similar to the underlying subunits Kir3.1 and Kir3.4
(which in isolation would prolong rather than shorten APD), IK,ACh exhibits constitu-
tive activation that may contribute to APD shortening in patients with permanent AF
(Dobrev et al. 2005).

Small-conductance calcium-activated potassium currents (ISK) appear to be
affected as well. However, uniform up- or downregulation has not been established
to date, as both increased SK currents and downregulation of SK3 subunits have
been reported (Ling et al. 2013; Zhou et al. 2015).

Emerging evidence suggest a substantial role for K2P3.1 (TASK-1) two-pore-
domain potassium channels in the regulation of atrial APD. K2P3.1 channels are
predominantly expressed in human atria vs. ventricles. K2P3.1 mechanistically
contributes to subtype-specific APD remodeling. In chronic AF patients, increased
K2P3.1 expression and function contribute to APD shortening (Schmidt et al. 2015).
By contrast, atrial APD is prolonged in cases of severe heart failure, at least in part
mediated by reduced abundance of K2P3.1 channels in atrial cardiomyocytes of
affected patients (Schmidt et al. 2017).

Despite the fact that APD at 90% repolarization is reduced in chronic forms of
AF, the APD at 20% repolarization was reported to be prolonged due to diminished
Ito currents in permanent AF (Workman et al. 2001). Similarly IKur and Kv1.5
subunits are reduced in permanent AF, and there is evidence that reduction in IKur
may facilitate EADs in sympathetic stimulation (Wettwer et al. 2004; Olson et al.
2006).

Finally, abnormalities in intracellular Ca2+ handling facilitate arrhythmogenesis
in the atria. Altered connexin-40 and connexin-43 mRNA and protein expression, as
well as remodeling of their subcellular distribution, result in conduction
abnormalities that promote AF perpetuation (Tribulova et al. 2015). Connexin
remodeling functionally interacts with fibrogenesis in AF patients (Luo et al. 2007).

Taken together, atrial remodeling in AF involves multiple contributing factors
(Fig. 12.4). Several of the ion channel proteins mentioned above are encoded by
genes that have been associated with familial forms of AF.
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Fig. 12.4 Mechanisms of electrical remodeling in AF. Atrial tachycardia causes Ca2+ loading, which
increases cellular signaling increasing K+ currents and reduces L-type Ca2+ currents. APD indicates
action potential duration; CaM, calmodulin; IK1, basal inward-rectifier K+ current; IK,ACh,
acetylcholine-dependent inward-rectifier K+ current; IKr, rapid delayed-rectifier K+ current; IKs, slow
delayed-rectifier K+ current; IK,ATP, ATP-dependent K

+ current; INa, Na
+ current; INaK, Na

+-K+-
ATPase current; INa,late, persistent/late, Na

+ current; INCX, Na
+/Ca2+ exchanger current; ISK, small-

conductance Ca2+-activated K+ current; Ito, transient outward K+ current; miR, microRNA; NFAT,
nuclear factor of activated T cells; PKC, protein kinase C; PP1, protein phosphatase type, 1; PP2A,
protein phosphatase type 2A; and RMP, resting membrane potential [reproduced with permission from
Heijman et al. (2014)]
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12.3 Variations of Single Genes in AF

Once heritability of AF was revealed, traditional genetic approaches were followed
that led to the discovery of monogenetic traits in AF. Rare genetic variants with
strong effects and mostly obvious phenotypes were identified, in contrast to common
genetic variants (single nucleotide polymorphisms) with weaker effects and less
obvious changes or a distinct phenotype (Campuzano and Brugada 2009). Variations
of single genes involved in AF have been described in cardiac ion channels, in
connexins, and in several non-ion channel genes which will be discussed here
(Table 12.1). These variants and mutations are thought to predispose to AF either
by modifying expression levels and/or by altering atrial conduction.

12.3.1 Ion Channel Variations

Mutations in ion channel genes are responsible for only a small subgroup of
patients (Mahida et al. 2011). Sequencing of ion channel genes to date yielded few
putative mutations, representing less than 2% of all AF cases if causality was
assumed in all cases (Ellinor and MacRae 2008). Gain- or loss-of-function mutations
may lead to increased susceptibility to AF, which supports the two current concep-
tual models for AF: (1) shortening of the effective refractory period (ERP) leading to
an electrical substrate for reentry circuits in the atria and (2) prolongation of the atrial
AP, which increases the susceptibility to AF through enhanced probability of early
afterdepolarization (EAD) (Lemoine et al. 2011). Recent reports present functional
effects of single mutations or describe mutations found in cohort analyses
(Table 12.1). Mutations have primarily been described in potassium channels
contributing to the shape of the atrial action potential (KCNQ1, KCNA5, KCND3,
KCNJ2) and in accessory subunits (KCNE1, KCNE2, KCNE3, and KCNE5). In
addition, calcium channels, sodium channels, and connexin 40 were affected in rare
cases, each predicted to affect action potential duration or propagation of electrical
conduction in the atria. Commonly involved ion channel gene mutations are
elucidated in detail in the following text. Further mutations in other ion channel
genes are presented in Table 12.1.

12.3.1.1 KCNQ1
The first mutation associated with familial AF was reported in 2003. In a large
Chinese family with autosomal-dominant AF, a gain-of-function mutation in
KCNQ1, encoding for the alpha subunit of IKs, was identified (Chen et al. 2003).
This mutation led to enhanced IKs. Additional gain-of-function mutations were later
detected, predicted to lead to atrial APD shortening (Chen et al. 2003; Hong et al.
2005; Lundby et al. 2007; Otway et al. 2007a, b; Das et al. 2009; Bartos et al. 2011,
2013; Hasegawa et al. 2014; Ki et al. 2014). In 2005 Hong et al. presented
the KCNQ1-V141 M mutation in a newborn with AF and an abnormally short
QT interval. The authors described pronounced instantaneous activation of IKs
in the mutant channel underlying enhanced IKs. An independent heterozygous
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KCNQ1-S209 L mutation showed instantaneous opening on coexpression with WT
KCNQ1, a negative shift of the half-maximal activation voltage, and slow current
deactivation as biophysical mechanism of current increase (Das et al. 2009). More
recently KCNQ1-R231C and R231H mutations in families with AF and mild QT
prolongation were identified (Bartos et al. 2011, 2013). These mutations exhibited
marked instantaneous activation and significant negative shifts in half- maximal
activation voltages.

Recent mutagenesis experiments and structural modeling of the KCNQ1 protein
revealed that residues S140, E160, R237, and R231 may associate in the closed state.
Substitution of amino acids (S140, E160, R237, or R231) was shown to abolish
KCNQ1 deactivation and to “lock” the IKs channel in the open state, indicating a role
for normal channel gating (Restier et al. 2008).

12.3.1.2 KCNA5
KCNA5 encodes the potassium channel Kv1.5 (Fig. 12.5). This channel conducts the
voltage-gated atrial-specific potassium current IKur that contributes to repolarization
of human atrial cardiomyocytes.

After an initial description of AF-related mutations by the Olson laboratory
(Olson et al. 2006), further mutations in KCNA5 have been reported in the following
years and were studied in expression systems (Christophersen et al. 2013; Yang et al.
2009, 2010). Both loss-of-function and gain-of-function have been reported,

Fig. 12.5 Molecular model of KV1.5 [modified from Yang et al. (2010)]. Red, mutations; green,
rare variants [reproduced with permission from Christophersen et al. (2013)]
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supporting the hypothesis that prolongation and shortening of atrial repolarization
may promote AF. In addition, rare variants in KCNA5 show significantly higher
prevalence in AF patients compared with healthy controls. No other gene has been
reported to have such a high frequency of rare variants associated with AF. This
supports the hypothesis that KCNA5 is substantially involved in early-onset lone AF
(Christophersen et al. 2013).

12.3.1.3 KCND3
KCND3 encodes the voltage-sensitive potassium channel Kv4.3 underlying cardiac
Ito, which is expressed in both atrial and ventricular tissue. Ito is involved in phase
1. A gain-of-function mutation was discovered by Olesen et al. (2013). KCND3-
A545P was identified in a patient presenting with lone AF at the age of 22. The
mutation results in increased current density when expressed in heterologous expres-
sion systems and shows a slower inactivation compared to wild type. In computer
simulations the current alterations associated with AF lead to shortening of action
potential duration. In contrast to this gain-of-function mutation, however, Ito currents
have been reported to be reduced in chronic AF, possibly reflecting different stages
of AF (Workman et al. 2008).

12.3.1.4 KCNK3
KCNK3 encodes TASK-1, a family of the two-pore-domain potassium family.
TASK-1 contributes to background K+ conductance in human atrial cardiomyocytes
and has been proposed as a potential drug target for AF (Schmidt et al. 2015).

In a screening approach for KCNK3 variants in lone AF patients, three mutations
were found to be associated with AF. In patch-clamp experiments, the KCNK3-
V123 L missense mutation depolarized the resting membrane potential in vitro and
altered pH sensitivity. Structural modeling predicted channel instability at the
TASK-1 pore (Liang et al. 2014). Two additional variants were found in the
translation initiation sequence of KCNK3, leading to reduced expression levels in
a constructed reporter compared to the wild-type Kozak sequence in vitro; however,
in vivo significance of these findings remains to be established.

12.3.1.5 SCN5A and Beta Subunits
SCN5A encodes the predominant cardiac sodium channel alpha subunit NaV1.5
responsible for INa current. Mutations in this gene cause a broad range of genetic
arrhythmia disorders including LQTS, Brugada syndrome, sick sinus syndrome, and
conduction diseases (Terrenoire et al. 2007).

SCN5A mutations as well as mutations in NaV1.5-associated beta subunits
SCN1B, 2B, 3B, and 4B have been associated with AF (Makiyama et al. 2008;
Watanabe et al. 2009; Olesen et al. 2014). Both gain- and loss-of-function mutations
have been observed in SCN5A, whereas interestingly, patients with beta subunit
mutations are mostly presenting a cellular loss-of-function phenotype and show
ST-segment elevation in the precordial leads. Possible arrhythmogenic mechanisms
include enhanced late sodium current in gain-of-function mutations leading to
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prolonged repolarization and reduced peak sodium currents in loss-of-function
mutations as basis for conduction slowing.

12.3.2 Mutations and Variants in Non-ion Channel Genes

Although most rare variants were identified in ion channel genes, variants in non-ion
channel genes have been implicated in AF as well (Hucker et al. 2016), affecting
more than 30 structural proteins involved in muscle function such as laminin, gap
junction proteins (e.g., connexin 40), and transcription factors (GATA4, GATA5,
GATA6, NKX2, Pitx2c, and TBX5) (Table 12.2). Mutations in transcription factors
involved in cardiac development suggest that “lone”AFmay at least partially share a
common genetic origin with congenital structural malformations (Posch et al. 2010).
In particular, defects in the pulmonary vein myocardium have been linked to the
pathogenesis of lone AF (Mommersteeg et al. 2007a, 2009). The transcription
factors NKX2–5 are expressed in the pulmonary vein myocardium and suppress
the sinoatrial node lineage program. Therefore reduction of NKX expression may
lead to ectopic formation of nodal-like cells with pacemaker activity (Mommersteeg
et al. 2007a, b). Furthermore, genetic variants may disturb the functionality of
transcription factors, resulting in abnormal ion channel composition, incorrect
development of the cardiac conduction system, or the generation of fibrosis to
support the development and maintenance of AF (Zhou et al. 2015).

12.3.3 AF in Channelopathies

Electrical dysfunction in cardiac channelopathies increases the risk of life-
threatening ventricular arrhythmia. In addition to ventricular arrhythmogenesis,
atrial electrical function may be affected as well by underlying mutations. Indeed,
the association with AF is observed in several channelopathies and inherited
cardiomyopathies (Enriquez et al. 2016) (Table 12.3), with prevalence ranging
from 5 to 20% in patients with LQTS or Brugada syndrome and up to 70% in
short QT syndrome (Gaita et al. 2003; Brugada et al. 2004; Giustetto et al. 2006;
Antzelevitch et al. 2007). However, penetrance of the AF phenotype is variable.
Both shortening and prolongation of the atrial action potential secondary to ion
channel mutations have been suggested to increase the probability of AF occurrence.

Pharmacologic treatment of AF in channelopathies may be challenging as under-
lying ion channel defects may prevent the use of certain antiarrhythmic drugs that
could aggravate the clinical phenotype.

12.3.3.1 Long QT Syndrome (LQTS)
Approximately 2% of LQTS patients present with AF before their fifth decade,
compared to 0.1% in the general population. As episodes may be asymptomatic, the
prevalence reported may be underestimated (Zellerhoff et al. 2009).
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Mutations in three ion channel genes KCNQ1 (LQT1), KCNH2 (LQT2), and
SCN5A (LQT3) account for 75% of all LQTS cases (Ackerman et al. 2011;
Schwartz et al. 2012). In each of these genes, mutations that predispose to AF
have been reported (Benito et al. 2008; Bartos et al. 2011; Olesen et al. 2012a, b).
The prevalence of AF appears to depend on the LQTS subtype. In the examined
population, LQT1 had the highest prevalence (2.4%) compared with LQT2 (0%) and
LQT3 (<0.1%) (Johnson et al. 2008). In addition to subtypes, sex affects the AF
prevalence in LQTS patients. Male subjects are more often affected than females.
Prolonged atrial action potentials and effective refractory periods were detected in
LQTS, and 50% of affected patients developed polymorphic atrial tachycardias
during electrophysiological examinations (Kirchhof et al. 2003). The length of the
QT interval was identified as an additional AF risk factor. Of note, a J-shaped
correlation highlights that both shortening and prolongation of the repolarization
may put patients at risk of ventricular and atrial arrhythmias (Nielsen et al. 2013).

12.3.3.2 Brugada Syndrome
AF is the most common atrial arrhythmia in Brugada syndrome patients with a
prevalence of 13.7% (Kusano et al. 2008). Both ventricular fibrillation and AF occur
mainly (70%) at night, highlighting the role of the vagal tone in arrhythmogenesis
(Kusano et al. 2008). AF has been associated with a more malignant clinical course
and a higher incidence of ventricular arrhythmias in Brugada syndrome. AF has
therefore been suggested as risk marker (Kusano et al. 2008; Giustetto et al. 2014). In

Table 12.3 Inherited channelopathies associated with AF [adapted in parts from Kirchhof et al.
(2016) with permission]

Syndrome Gene
Functional
alteration

Prevalence
of AF References

LQTS KCNQ1 IKr # 5–10% Moss et al. (1995), Schwartz et al.
(2001), Kirchhof et al. (2003),
Mohler et al. (2003), Johnson et al.
(2008) and Zellerhoff et al. (2009)

KCNH2 IKr #
SCN5A INa"
ANK2 INa,K "

Brugada
syndrome

SCN5A INa # 10–20% Eckardt et al. (2001), Antzelevitch
et al. (2007), London et al. (2007),
Watanabe et al. (2008) and Kaufman
(2009)

GPD1L INa #
SCN1B INa #
CACNA1C ICa #
CACNB2B ICa #

SQTS KCNQ1 IKr " Up to 70% Gaita et al. (2003), Brugada et al.
(2004), Giustetto et al. (2006) and
Antzelevitch et al. (2007)

KCNH2 IKr "
KCNJ2 IK1"
CACNA1C ICa #
CACNB2B ICa #

CPVT RYR2 Abnormal
Ca2+

release
from SR

Variable Bhuiyan et al. (2007), Napolitano and
Priori (2007) and Mohamed et al.
(2007)

CASQ2
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turn, a spontaneous type I Brugada ECG is associated with a higher prevalence of AF
compared to patients with drug induced type I ECG (Pappone et al. 2009).

Mutations in SCN5A account for the majority of Brugada syndrome cases with an
identified gene mutation. Sodium channel dysfunction affects atrial electrophysiol-
ogy, prolonging intra-atrial conduction and providing a substrate for AF initiation
and maintenance (Amin et al. 2011).

12.3.3.3 Short QT Syndrome (SQTS)
SQTS displays the highest prevalence of AF (up to 70%) among cardiac
channelopathies (Borggrefe et al. 2005), with higher prevalence being reported
associated with KCNQ1 mutations compared to other genes (63% vs. 21%) (Harrell
et al. 2015). SQTS may be caused by gain-of-function mutations in potassium
channel genes KCNH2 (Brugada et al. 2004), KCNQ1 (Bellocq et al. 2004), and
KCNJ2 (Priori et al. 2005) or loss-of-function mutations in the L-type calcium
channel (Antzelevitch et al. 2007). These mutations shorten the ERP and increase
dispersion of repolarization and susceptibility to reentry in the ventricles and the
atria. In addition, AF is readily induced in SQTS patients upon electrophysiological
study owing to short atrial ERPs (Gaita et al. 2004).

12.3.3.4 Catecholaminergic Polymorphic Ventricular Tachycardia
(CPVT)

Atrial arrhythmias including AF are frequently observed in CPVT. CPVT-causing
mutations encoding for the cardiac ryanodine receptor (RYR2) or for cardiac
calsequestrin (CASQ2) are found in 60% of affected patients (Ackerman et al.
2011). Calcium leak from the sarcoplasmic reticulum is assumed to be involved in
the pathophysiology of AF in CPVT patients. Pronounced calcium leak causes
cytosolic calcium overload and triggers delayed afterdepolarizations that may
increase AF susceptibility.

In genetically modified mouse models of CPVT with RyR2 mutations, an
increased diastolic Ca2+ release was reported (Cerrone et al. 2005; Kannankeril
et al. 2006; Goddard et al. 2008; Lehnart et al. 2008; Suetomi et al. 2011), and in
several models, similar to observations in patients, some mice showed atrial
arrhythmias and evidence for diastolic SR Ca2+ leak (Chelu et al. 2009; Suetomi
et al. 2011; Zhang et al. 2011; Neco et al. 2012; Shan et al. 2012).

12.4 Single Nucleotide Polymorphisms Associated with AF
in Large Populations

Genome-wide association studies (GWAS) have been performed to link single
nucleotide polymorphisms (SNPs) to increased risk of AF (Ellinor et al. 2012;
Pérez-Serra et al. 2017). Multiple genome-wide loci enhancing susceptibility to
AF have been identified, predominantly in noncoding regions. The adjacent genes
include transcription factors, ion channels, and signaling molecules. In addition, a
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higher prevalence of rare variants was found associated with AF in a cohort of early-
onset lone AF patients compared to a control cohort (Olesen et al. 2014).

Gudbjartsson et al. performed initial replication studies in populations of
European descendants and in one Chinese AF population, identifying a strong
association between two sequence variants on chromosome 4q25 and AF
(rs2200733, rs10033464). Of European descendants, 35% carried at least one of the
variants that increased AF risk by 1.72 and 1.39 per copy, respectively (Gudbjartsson
et al. 2007). Both variants are close to PITX2, a gene implicated in heart development
and left-right asymmetry (Faucourt et al. 2001; Franco and Campione 2003;
Mommersteeg et al. 2007a, b). Downregulation of PITX predisposes to AF in a
transgenic mouse model where a lack of Pitx2 in atrial myocardium impaired sodium
channel and potassium channel expression (Chinchilla et al. 2011). A different SNP,
rs2595104, close to PITX2 showed a reduced enhancer activity within the risk allele.
CRISPR-Cas9-mediated deletion of the rs2595104 region and editing of the
rs2595104 risk allele in human stem-cell derived cardiomyocytes reduced PITX2c
expression compared to the non-risk allele. TFAP2a, an enhancer binding protein,
mediated the effect by being able to bind the normal allele, but unable to bind to the
risk allele, giving rise to a possible pathway for AF susceptibility (Ye et al. 2016).

Subsequently, single nucleotide polymorphism rs2106261 was moderately
correlated with AF (Benjamin et al. 2009), and rs719334 showed a significant
relation to AF (Gudbjartsson et al. 2009). Both SNPs are located close to the gene
ZFHX3, encoding a transcription factor. Ongoing GWAS analysis identified an
intronic SNP (rs13376333) in the gene KCNN3 correlating to lone AF (Ellinor
et al. 2010). KCNN3 encodes one member of the small-conductance calcium-
activated potassium channels.

Moreover, the risk for postoperative AF after coronary artery bypass graft surgery
(CABG) could be related to SNPs in NEURL (rs12415501) and CAND2 (rs4642101)
in a Chinese population (Wei et al. 2016). NEURL encodes an E3 ubiquitin ligase
that altered atrial action potential duration when suppressed in zebrafish, without
affecting cardiac contractile function or heart rate (Sinner et al. 2014). CAND2
encodes a TATA-binding protein, TIP120b, with specific involvement in muscular
tissue and myogenesis.

A summary of SNPs associated with AF is presented in Table 12.4. The latest
update from a combined-ancestry GWAS meta-analysis in 2017 revealed 12 new
loci associated with AF (Fig. 12.6) (Christophersen et al. 2017). Of note, significant
differences regarding the association of each SNP with AF susceptibility may
depend on specific allele frequencies in the respective population analyzed,
indicating that the ethnic background needs to be considered when interpreting the
results. The molecular mechanisms through which these SNPs affect AF are still
unknown in most cases.

Despite the identification of multiple genetic factors including monogenic
mutations and SNPs, no single change or combination of factors comprehensively
explains or defines AF risk, suggesting that other genetic variants remain to be
elucidated. In addition to SNPs, copy number variation (CNV) in the DNA sequence
account for around 5% of human DNA (Conrad et al. 2010) and may affect
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Table 12.4 Atrial fibrillation GWAS studies

Locus Closest gene SNP Location Reference

1p13.3 PSRC1 rs599839 Yamase et al. (2016)

1q21.3 KCNN3 rs6666258, rs13376333 Chang et al. (2012) and
Yao et al. (2015)

1q24 PRRX1 rs3903239 Upstream
gene
variant

Ellinor et al. (2012)

1q24 METTL11B-
KIFAP3

rs72700118 Intergenic
variant

Christophersen et al.
(2017)

2p13 NXA4-
GMCL1

rs3771537 Intronic
variant

Christophersen et al.
(2017)

2p14 CEP68 rs2540949 Intronic
variant

Christophersen et al.
(2017)

2q31 TTN-TTN-
AS1

rs2288327 Intronic
variant

Christophersen et al.
(2017)

3q25.1 CAND2 rs4642101 Intronic
variant

Sinner et al. (2014) and
Wei et al. (2016)

4q25 PITX2 rs2200733 Intergenic
variant

Gudbjartsson et al.
(2007)

4q25 PITX2 rs13143308 Upstream
gene
variant

Gudbjartsson et al.
(2007)

4q25 PITX2 rs6817105, rs4400058,
rs6838973, rs1448818,
rs2200733, rs10033464,
rs2595104

Gudbjartsson et al.
(2007), Lubitz et al.
(2014) and Ye et al.
(2016)

5q22 KCNN2 rs337711 Intronic
variant

Christophersen et al.
(2017)

5q31 WNT8A rs2040862 Lubitz et al. (2016)

5q31 KLHL3 rs2967791 Intronic
variant

Christophersen et al.
(2017)

5q35 KCNIP1 CN (4470 pb) Intronic
CNV

Tsai et al. (2016)

6q22 GJA1 rs13216675 Intergenic
variant

Sinner et al. (2014)

6q22 SLC3F1 rs4946333 Intronic Christophersen et al.
(2017)

7q31.2 CAV1 rs3807989 Intronic
variant

Ellinor et al. (2012),
Liu et al. (2015) and Jia
et al. (2016)

7q32 ZC3HC1 rs11556924 Yamase et al. (2016)

8p22 ASAH1 rs7508 3’-UTR Christophersen et al.
(2017)

9q22 C9orf3 rs10821415 Intronic
variant

Ellinor et al. (2012)

10q22 SYNPO2L rs10824026 Upstream
gene
variant

Ellinor et al. (2012)
and Roberts et al.
(2016)

(continued)
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expression of surrounding genes. SNPs and CNVs display little overlap (Stranger
et al. 2007), revealing CNV as possible mechanism to induce complex phenotypes
and diseases. The first CNV associated with AF has been identified in the first intron
of KCNIP1 (potassium interacting channel 1 gene) in a Taiwanese population (Tsai
et al. 2016). Furthermore, epigenetic factors may contribute to the pathogenesis of
AF. Recently Lin et al. (2017) performed genome-wide methylation profiling and
identified seven methylation signatures associated with AF. These findings suggest

Table 12.4 (continued)

Locus Closest gene SNP Location Reference

10q24 NEURL rs12415501, rs6584555 Intronic
variants

Sinner et al. (2014) and
Wei et al. (2016)

10q24 SH3PD2A rs35176054 Intronic
variants

Christophersen et al.
(2017)

12q24 CUX2 rs6490029 Intronic
variant

Sinner et al. (2014)

14q23 SYNE2 rs1152591 Intronic
variant

Ellinor et al. (2012)

15q24 HCN4 rs7164883 Intronic
variant

Ellinor et al. (2012)
and Everett et al.
(2013)

16q22 ZFHX3 rs2106261 Intronic
variant

Benjamin et al. (2009)
and Li et al. (2011)

Fig. 12.6 Manhattan plot of a combined-ancestry GWAS meta-analysis. The plot shows genetic
loci associated with AF in a combined-ancestry GWAS meta-analysis, in blue the replicated and in
red the new genetic loci. The dashed line represents the threshold of statistical significance
(P ¼ 5 � 10�8). Gene names correspond to the gene in closest proximity to the most significant
variant at each locus. There is a break in the y axis to increase the resolution of the genetic loci near
the genome-wide significance threshold [reproduced with permission from Christophersen et al.
(2017)]
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that DNA methylation might play a role in AF arrhythmogenesis (Table 12.5), but
underlying epigenetic mechanisms remain to be identified in more detail.

12.5 The Impact of Genetics on AF Therapy

12.5.1 Current AF Therapy

AF treatment comprises anticoagulation in patients at risk for thromboembolic
stroke, antiarrhythmic therapy to achieve rhythm control, reduction of AV-nodal
conduction for rate control, and catheter ablation strategies. Additional targets
include cardiovascular risk reduction by lifestyle changes, weight loss, treatment
of obstructive sleep apnea, and physical training.

12.5.1.1 Anticoagulation
Oral anticoagulation (OAC) therapy prevents most ischemic strokes in AF patients
and reduces morbidity. With the exception of patients at very low risk as assessed by
the CHA2DS2-VASc-Score (Lip et al. 2010; Kirchhof et al. 2016), patients benefit
from treatment with OAC. Anticoagulation may be achieved with non-vitamin
K-anticoagulants (NOACs; apixaban, dabigatran, edoxaban, rivaroxaban) or “clas-
sical” vitamin K-antagonists (e.g., warfarin or phenprocoumon) in non-valvular
forms of AF.

12.5.1.2 Rate Control Versus Rhythm Control
Pharmacological rate control can be achieved for acute or long-term rate control. The
choice of the drug depends on patients’ characteristics, concomitant disease,
symptoms, and left ventricular function. If drugs fail to effectively reduce ventricular
heart rates, AV-node ablation and pacemaker implantation may be considered.
Rhythm control may be achieved by application of antiarrhythmic drugs and by
catheter ablation. To date, no significant differences in overall mortality have been
detected comparing rhythm vs. rate control.

12.5.1.3 Catheter Ablation of AF
Since the first discovery of triggers in the pulmonary veins initiating paroxysmal AF
(Haïssaguerre et al. 1998), catheter ablation of AF has emerged as routine treatment
to prevent AF recurrence. Catheter ablation is effective in restoring and maintaining
sinus rhythm in patients with symptomatic paroxysmal AF and to reduced extent in
persistent and long-standing persistent AF. In selected patients with paroxysmal AF,
ablation is considered first-line therapy, whereas in the majority of patients catheter

Table 12.5 DNA methylation patterns associated with AF

CpG site Closest gene SNP Location Reference

Cg13639451 WFIKKN2 – Upstream gene Lin et al. (2017)

Cg07191189 STRN – Upstream gene Lin et al. (2017)
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ablation constitutes second-line treatment after ineffective antiarrhythmic drug
therapy.

12.5.1.4 Impact of Genetics on AF Management
Genetic discoveries highlight relevant interindividual heterogeneity in the patho-
physiology of initiation and progression of AF. Thus, there is not “one” AF but
rather multiple distinct sub-entities of the arrhythmia. The response to standardized
therapy regimen will therefore differ among different patient groups, and therapeutic
developments may be based on individual mechanistic subphenotypes.

Knowing the exact genetic background of an individual patient may guide
clinicians toward a personalized therapy and management. The influence of SNPs
on treatment outcome has been evaluated in the past. A recent study analyzed the
outcome of pulmonary vein isolation depending of three common polymorphisms at
chromosome loci 4q25, 1q21, and 16q22. In a multivariate analysis, rs2200733 was
linked to AF recurrence, but none of the polymorphisms predicted AF recurrence in
a long-term follow-up (Kiliszek et al. 2016). The same rs2200733 risk allele reduced
clinical response to catheter ablation for AF in a Chinese population (Zhao et al.
2017), and it was suggested to use the rs2200733 polymorphism to sub-select
patients for AF catheter ablation. The impact of the SNPs on procedural success
and their high prevalence in the population show the potential for routine genotyping
in the context of catheter ablation. However, additional studies are needed to further
substantiate this concept of “ablatogenomics” (Roberts and Marcus 2015, 2016).

In addition to reduced effectiveness of catheter ablation, carriers of the SNP at
chromosome 4q25 appear to be more refractory to antiarrhythmics (Parvez et al.
2012). Adaptation of AF management according to the patients’ genetics with
respect to pharmacology (pharmacogenetics) and interventional treatment
(ablatogenomics) appears to be a promising clinical avenue for applied genetics
(Roberts and Marcus 2016).

Genetics may guide antiarrhythmic therapy in channelopathy patients as well.
Knowing the underlying mutation and its electrophysiological effects at cellular
level may optimize the choice of antiarrhythmic drugs used to treat AF. Successful
treatments of AF in LQT1 with mexiletine in one case report (El Yaman et al. 2008)
or in LQT3 with flecainide (Benito et al. 2008; Chorin et al. 2018) have been
reported. In addition, contraindications for class I antiarrhythmic drugs in Brugada
syndrome and QT-prolonging drugs in congenital LQTS affect drug choice.

Nevertheless until now guidelines do not recommend genetic testing in the
general AF population, as there is no clear link between specific mutations and
detected outcomes or special therapeutic needs (Kirchhof et al. 2014).

12.5.1.5 Gene Therapy for AF
Gene therapy-based approaches for AF management have been successfully
established in animal models, providing proof-of-concept for a novel antiarrhythmic
paradigm (Arora 2017; Hucker et al. 2017).

Most preclinical gene-based approaches to treat AF employed a porcine model of
right atrial tachypacing to induce AF. Most studies modulated expression levels of
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ion channels or gap junctions proteins that contribute to electrical and structural
remodeling in the atria.

Specifically, overexpression of a dominant-negative mutant of the IKr channel
decreased the occurrence of AF (Amit et al. 2010; Soucek et al. 2012) by prolonging
atrial effective refractory periods. In addition, overexpression of connexin 40 or
connexin 43 led to improved electrical conduction and reduced AF inducibility
compared to control animals (Igarashi et al. 2012; Bikou et al. 2011).
Overexpression of another atrial repolarizing channel, TREK-1 (K2P2.1), shortened
atrial refractory periods in pigs with heart failure and decreased AF prevalence
(Lugenbiel et al. 2017).

In addition to ion channels and gap junctions, autonomic signaling in the atria has
been explored as gene therapeutic target by interfering with sympathetic and vagal
downstream signaling transduction pathways. Rate control was achieved by genetic
upregulation of Gai protein or by suppression of Gas protein in the porcine AV node
(Lugenbiel et al. 2012; Donahue 2016). Moreover it was shown that vagally induced
AF could be prevented by atrial injection of C-terminal Gai and/or Gao genes in dogs
(Aistrup et al. 2011).

Other strategies have targeted molecular substrates for structural atrial
remodeling including fibrosis, hypertrophy, and apoptotic cell loss. To reduce
apoptosis in the atria, caspase 3 was suppressed by atrial Ad-siRNA-Cas3 gene
transfer. The intervention delayed the onset of persistent AF associated with reduced
apoptosis (Trappe et al. 2013). Furthermore, TGF-β contributes to the development
of atrial fibrosis in AF. Dogs treated with a dominant-negative TGF-ß vector showed
fewer conduction inhomogeneity and decreased duration of AF (Kunamalla et al.
2016).

In summary, several potential targets for gene therapeutic rhythm and rate control
have been identified and tested. Long-term efficacy and safety remain to be
demonstrated prior to transfer of gene therapy into humans (Lugenbiel et al. 2016).

12.6 Conclusions

AF is the most common arrhythmia. Despite the discoveries of several candidate
genes following Mendelian genetics and potential targets in GWAS studies, the
heritability of AF still remains to be fully understood.

Monogenetic causes for AF are rare. Genetics may account for increased suscep-
tibility to AF or serve as modifiers of the disease. Genetic risk factors and their
interplay with other nongenetic or environmental factors may influence the overall
susceptibility to AF.

Therefore AF in general is a complex and heterogeneous disease in which
multiple factors including genetic variants and environmental factors cause a predis-
position to AF (Fig. 12.7). It remains incompletely understood how identified SNPs
increase the susceptibility to AF. Further basic research and clinical studies are
needed to identify underlying molecular pathways of AF pathophysiology to provide
the basis for improved patient care and individualized therapy based on genetics.
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Genetic Testing for Inheritable Cardiac
Channelopathies 13
Florence Kyndt, Jean-Baptiste Gourraud, and Julien Barc

Abstract
Inheritable cardiac channelopathies (ICC) are defined as primary electrical
disorders without identifiable cardiac structural abnormalities and are mostly
encountered in young adults (under 40 years). Diagnosis of ICC is often established
after the first symptoms such as recurrent palpitations and syncope or more
dramatically after unexplained sudden cardiac death (SCD). In this context, familial
clinical screening coupled with genetic testing are required to prevent additional
(fatal) arrhythmia events in relatives. This review presents an update of the
ICC-associated genes and proposes a screening hierarchy according to the pheno-
type. The impact of the new sequencing technologies on the genetic testing as well
as on the patient management will be also discussed.
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13.1 Genetic Testing and Cardiac Channelopathies

Genetic diagnostics were proposed 20 years ago when the first associated
channelopathy genes were discovered (Wilde and Behr 2013). Today, genetic
information is used to confirm a clinical diagnosis and as a powerful preventive
tool to identify family members at risk of developing electrical disorders despite
having a normal ECG. Genetic diagnostics are currently performed on six highly
phenotypically characterized channelopathies such as Brugada syndrome (BrS),
cardiac conduction defects (CCD), long QT syndrome (LQTS), short QT syndrome
(SQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT) and
arrhythmogenic right ventricular cardiomyopathy (ARVC). These channelopathies
present specific ECG indices at baseline or are unmasked by provocative tests that
are often coupled with a singular circumstance of an arrhythmic event outcome.
Such clinical information guides genetic testing towards candidate genes harbouring
the highest rate of causal mutations. Therefore, the added value of molecular
diagnostics could be inherent in the preventive screening of relatives who are either
negative or borderline after clinical evaluation. Furthermore, according to the gene
identified as being associated with the channelopathy, therapy and care can be
adapted accordingly (Imbrici et al. 2016). However, in certain cases, such as
young patients presenting idiopathic ventricular fibrillation or (resuscitated) sudden
cardiac death, neither ECG indices nor relatives can be identified. In this context,
genetic testing could uncover variant(s)/gene(s) and guide clinicians to a diagnosis.
However, extreme caution must be taken vis-à-vis our ability to interpret rare genetic
variants without supporting clinical and functional or familial segregation data
(Wijeyeratne and Behr 2017).

13.2 Present Context of Genetic Testing

In the last few years, the number of genes associated with arrhythmias has consider-
ably increased. However, the major genes that account for a large fraction of the
cases remain limited. “Minor” genes are usually poorly characterized in terms of
function and pathophysiological role. As a consequence, the identification of
variations in these genes often leads to results that are difficult to interpret. Genetic
testing interpretation is also particularly challenging owing to the overlapping,
variable and incompletely penetrant nature of the clinical presentations of the
channelopathies.

Next-generation sequencing (NGS) technologies rapidly developed in diagnostic
laboratories and have become a routine approach. However, the sequencing scale is a
matter of debate. Indeed, the technologies allow to focus the screening on panels of
20–200 genes, explore the whole coding region of the genome (whole exome
sequencing (WES)) or even give access to the whole genome of a patient. Target
resequencing panels (TRP) is commonly employed for diagnostic purposes given the
reasonable cost, high sequencing coverage and limited interpretation and ethical
issues. Different TRP strategies can be applied from a cardiac panel with 60–180
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genes covering “all” (channelopathies and cardiomyopathies) known genes or an
arrhythmia panel focused on 20–60 genes directly associated with genetic electrical
defects or even a restricted panel containing only the “key” genes corresponding to
the most prevalent cardiac arrhythmia genes. The use of small panel focusing on
well-characterized genes aims to reduce the number of genes tested and then limit
the identification of variant with uncertain interpretation. The pros and cons related
to the different approaches using NGS technologies are discussed further.

13.3 Genetic Testing for Inheritable Cardiac Channelopathies:
Daily Practice

13.3.1 Brugada Syndrome (BrS)

13.3.1.1 Clinical Description
Brugada syndrome (BrS) was first described in 1992 (Brugada and Brugada 1992)
and was based on a familial form of ventricular fibrillation associated with a singular
ECG pattern. The latest guidelines define a diagnosis of BrS diagnostic as follows:
“patients with ST-segment elevation with type 1 morphology�2 mm in one or more
leads among the right precordial leads V1 and/or V2 positioned in the second, third,
or fourth intercostal space, occurring either spontaneously or after provocative drug
test with intravenous administration of sodium channel blockers” (Priori et al. 2015).
The prevalence of BrS is estimated at approximately 0.05% in Europe and is higher
in Asia (0.12%)—particularly in Thailand, the Philippines and Japan. The mean age
on diagnosis is 40. BrS predominantly affects (80%) males after puberty (Andorin
et al. 2016) and is associated with sudden cardiac death occurring mostly at rest
(Tomaselli and Barth 2016).

13.3.1.2 Genetic Testing
The first gene identified was the SCN5A gene encoding for the major cardiac sodium
channel NaV1.5 (Chen et al. 1998). The prevalence of mutations in SCN5A is from
20 to 25% of the cases and remains the major gene in BrS (Crotti et al. 2012; Le
Scouarnec et al. 2015). So far, 24 genes have been described as harbouring rare
genetic variations in BrS patients (Table 13.1). They can be categorized in three
main groups according to whether they affect the sodium (INa; SCN5A, GPD1L,
SCN1B, SCN3B, RANGRF, SCN2B, PKP2, SLMAP, SCN10A and FGF12), potas-
sium (IK; KCNJ8, KCNH2, KCNE3, KCND3, KCNE5, KCND2, SEMA3A, ABCC9
and KCNAB2) or L-type calcium (ICa-L; CACNA1C, CACNB2B and CACNA2D1)
currents. The last two associated genes affect non-selective channels (HCN4 and
TRPM4). It should be noted that among the BrS-associated genes, only two (GPD1L
and KCNAB2) have been uncovered by the powerful and hypothesis-free familial
approach. Moreover, apart from the SCN5A gene, the contribution of other genes
remains extremely low or uncertain for some of them (Fig. 13.1) (Le Scouarnec
et al. 2015).
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The autosomal dominant model was the first genetic model proposed. However,
the segregation study of SCN5A mutations among BrS pedigrees revealed a low
penetrance and a variable expressivity of the pathology suggesting modulating
factors (Probst et al. 2009). Despite the low predictive value of SCN5A status, the
genotyping of this sodium channel remains the gold standard for BrS genetic testing
since loss of function of the NaV1.5 channel has been clearly implicated in BrS
pathophysiology (Tan et al. 2003). Furthermore, clear evidence exists describing the
genotype/phenotype relationship between SCN5A carriers and conduction defects
increasing the risk of arrhythmia (Probst et al. 2010). All in all, approximately
300 distinct SCN5A mutations have been described in patients with the disorder.

Fig. 13.1 Decision tree
model for genetic testing in
Brugada syndrome
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Of these, two-thirds are missense variations and one-third are nonsense mutations,
splice-site mutations and small insertions/deletions that lead to a truncated channel
protein (Kapplinger et al. 2010). Other genes can be screened secondarily if SCN5A
screening remains negative (see decision tree in Fig. 13.1), but extreme caution must
be taken for variant interpretation since little evidence has been noted until now
(Le Scouarnec et al. 2015).

Genetic testing plays a major role in the presymptomatic screening of BrS
relatives. In the context of BrS families presenting a SCN5A mutation, genetic
screening turns out to be of interest especially when ECG (even after provocative
test) fails to diagnose the patient (Probst et al. 2009). Presymptomatic genetic testing
appears to be even more pertinent in the context of early childhood when provoca-
tive tests using sodium blockers are not systematically performed for questionable
relevance. Moreover, episodes of fever are frequent in the young, increase the risk of
arrhythmia and emphasize the importance of identifying such individuals. Of note, a
recent study on young BrS cases shows that genetic testing can uncover a higher
proportion of SCN5Amutations (47%) than in adults—supporting the important role
of genetic testing.

About 70% of BrS cases remain negative after genetic testing. The first explana-
tion could be the fact that variants within the candidate genes cannot be detected with
the sequencing technologies. Indeed, large rearrangements such as large deletion or
insertion [also called copy number variation (CNV)] require additional methods for
detection such as MLPA (multiplex ligation-dependent probe amplification). This
investigation appears to be more and more performed (Selga et al. 2015; García-
Molina et al. 2013; Koopmann et al. 2007), but few CNV have been reported so far
(Eastaugh et al. 2011). Another hypothesis would be that additional genes could
remain uncovered. Furthermore, a recent genome-wide association study suggested
that BrS could follow a more complex genetic model than the Mendelian model
commonly applied with the combination of common and rare variants of different
size effects influencing the risk of developing BrS (Bezzina et al. 2013). Another
hypothesis to explain the two-thirds of BrS cases with missing molecular diagnosis
could be the presence of acquired Type I BrS ECG in the general population. Drugs
have been identified as capable of inducing Type I BrS ECG—especially psychotro-
pic and analgesic-anaesthetic drugs (Konigstein et al. 2016). An up-to-date list of
drugs is accessible online to warn BrS patients about increasing their risk of
arrhythmia with such drugs (http://www.brugadadrugs.org/) (Postema et al. 2009).

13.3.2 Long QT Syndrome (LQTS)

13.3.2.1 Clinical Description
Congenital long QT syndrome (LQTS) is a group of cardiac “channelopathies”
characterized by delayed ventricular repolarization manifesting as QT interval
prolongation on the ECG in the setting of a structurally normal heart (Morita et al.
2008). The prevalence of LQTS varies from 1/2000 to 1/5000 (Goldenberg and
Moss 2008; Schwartz et al. 2009), with a female predominance (2/3 of the patients)
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(Imboden et al. 2006). LQTS also shows variable expressivity and incomplete
penetrance (Roden 2008). The first descriptions of the disease were provided by
Jervell and Lange-Nielsen in 1957 (Jervell and Lange-Nielsen 1957) and by Romano
and Ward (Ward 1964; Romano et al. 1963). Electrocardiographic findings are
characterized by the presence of a prolonged heart rate-corrected QT interval on
ECG (QTc). LQTS can be diagnosed in the presence of a QTc> 480 ms (Priori et al.
2015). The length of the QT interval is associated with the risk of syncope and
sudden death. There is a high risk when QTc > 500 ms and an extremely high risk
when QTc > 600 ms (Goldenberg and Moss 2008). The presence of T-wave
alternans despite proper therapy is a sign of electrical instability and requires
preventive measures. Patients with syncope or cardiac arrest before the age of
7, especially in their first year of life, have a higher risk of arrhythmias and sudden
death (Priori et al. 2004; Spazzolini et al. 2009).

13.3.2.2 Genetic Testing
Genetic testing is part of the diagnostic criteria of LQTS (Priori et al. 2013). LQTS is
most often inherited in an autosomal dominant manner (Romano-Ward syndrome)
(Schwartz et al. 1993) and rarely in an autosomal recessive manner associated with
sensorineural deafness (Jervell and Lange-Nielsen syndrome).

To date, more than 1200 pathogenic variations have been identified in 17 different
genes (KCNQ1, KCNH2, SCN5A, ANK2, KCNE1, KCNE2, KCNJ2, CACNA1C,
CAV3, SCN4B, AKAP9, SNTA1, KCNJ5, CALM1, CALM2, TRDN and TECRL)
(Table 13.2) (Tester and Ackerman 2014). A causal mutation is found in these genes
in 80–85% of LQTS patients. However, LQTS1 (KCNQ1; 35% of the cases),
LQTS2 (KCNH2; 30% of the cases) and LQTS3 (SCN5A; 10% of the cases)
comprise 90% of the LQTS mutations (Fig. 13.2) (Tester and Ackerman 2014,
2008). The majority of LQTS-causing mutations are coding-region single-nucleotide
substitutions or small insertions/deletions. However, a few large gene
rearrangements involving single or multiple exons deletions/duplications have
been described (Barc et al. 2011).

LQTS is probably the heritable arrhythmia syndrome for which the genotype-
phenotype relationship has been the most understood in terms of clinical
manifestations, risk stratification and response to therapy. The phenotype-genotype
association could facilitate phenotype-directed genetic testing. Indeed, genotype can
be inferred by thorough clinical evaluation: swimming, physical exertion or emo-
tional stress cardiac events strongly indicate mutations in KCNQ1. Cardiac events
triggered by auditoria stimulation strongly indicate mutations in KCNH2, and
symptoms at rest or during sleep are generally observed in LQT3 (Schwartz et al.
2001). T-wave morphology could also help to distinguish different LQTS subtypes:
LQT1 exhibits a broad-based T-wave, LQT2 exhibits a low-amplitude notched or
biphasic T-wave and LQT3 exhibits a late-appearing T-wave. These gene-suggestive
ECG patterns could be helpful in guiding genetic testing, but exceptions to these
relatively gene-specific T-wave patterns exist. Of note, from 20% to 25% of the
patients with a long QT syndrome confirmed by the presence of a mutation could
have a normal QTc (Priori et al. 2003; Goldenberg et al. 2011).
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Moreover, the risk of arrhythmia is higher in LQT1 and LQT2 patients with a
QTc > 500 ms and LQT3 in men whatever the interval QT duration. Mutation
location can also be interpreted: mutations in the cytoplasmic loops of LQT1,
mutations with dominant negative ion current effects and mutations in the pore-
loop region of LQT2 have been associated with a different risk of cardiac events
(Barsheshet et al. 2012; Moss et al. 2002; Shimizu et al. 2009; Migdalovich et al.
2011). In contrast, mutations in the C-terminal region tend to be associated with a
milder phenotype (Donger et al. 1997; Crotti et al. 2007).

Genetic testing for the major forms of LQTS (KCNQ1, KCNH2 and SCN5A) has
a major role in the diagnosis of probands, risk stratification, familial screening and
treatment and could be proposed soon after birth. This is applicable only for
pathogenic variations. However, many variations are classified as variants of
unknown significance (VUS) and remain uninterpretable and therefore have no
clinical impact (Steffensen et al. 2015). In contrast, 15–20% of patients have
negative genetic tests, but that does not rule out the presence of the disease.

Fig. 13.2 Decision tree model for genetic testing in long QT syndrome
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Mutations in other genes (LQT9 to 13) have been identified in a few patients, and
their prevalence in LQTS requires evaluation (Schwartz et al. 2012).

Very recently, mutations in calmodulin (CALM1, CALM2), triadin (TRDN) and
TECRL genes have been associated with highly lethal arrhythmias in the settings of
LQTS and catecholaminergic polymorphic ventricular tachycardia (CPVT)
(Altmann et al. 2015; Pipilas et al. 2016; Devalla et al. 2016; Nyegaard et al.
2012; Crotti et al. 2013; Marsman et al. 2014).

Syndromic Forms of LQTS
Syndromic forms of LQTS have also been reported as presenting a broader cardiac
phenotype than QT interval prolongation or extracardiac abnormalities.

LQT4: Ankyrin-B Syndrome
Ankyrin-B syndrome presents a complex cardiac phenotype including QT interval
prolongation, bradycardia, sinus node dysfunction, atrial fibrillation and ventricular
arrhythmia (Schott et al. 1995; Le et al. 2008). Of note, the ANK2 gene encodes for a
non-channel protein but is essential for targeting and stabilization of structural
proteins and ion channels. Remarkably, most of the mutations are gathered within
the death/C-terminal domain of the protein (Hashemi et al. 2009).

Lange-Nielsen Syndrome
A recessive form of LQTS, the Jervell and Lange-Nielsen syndrome is caused by
homozygous or compound heterozygous mutations in KCNQ1 or its auxiliary
subunit KCNE1. It is characterized by a congenital deafness, a prolonged QTc on
ECG (>500 ms) and ventricular tachyarrhythmias. This syndrome is very rare
(1/200,000 to 1/1,000,000) but virulent, and in 50% of the cases, the pathology
manifests before the age of 3 (Pagon et al. 1993).

Andersen-Tawil Syndrome (ATS)
The Andersen-Tawil syndrome is characterized by periodic paralysis, a prominent U
wave, a long QT interval with ventricular arrhythmias predisposing to sudden
cardiac death and dysmorphic features: short stature, scoliosis, low-set ears, widely
spaced eyes, small mandible, clinodactyly, brachydactyly and syndactyly. ATS is
inherited in an autosomal dominant manner with variable penetrance. Mutations in
the KCNJ2 gene, encoding the alpha subunit of the Kir2.1 potassium channel, are
implicated in 60% of the cases. A mutation in the KCNJ5 gene, encoding the alpha
subunit of the Kir3.4 potassium channel, has also been described (Kokunai et al.
2014).

Timothy Syndrome (TS)
The Timothy syndrome is caused by mutations in the CACNA1C gene (LQT8)
encoding the alpha subunit of the CaV1.2 calcium channel. The syndrome often
results from de novo mutation or from germinal mosaicism in one of the parents.
Genetic testing of this syndrome is singular owing to its genetic homogeneity since
the cases described so far have been carrying the p.G406R or p.G402R gain-of-
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function mutations (Tester and Ackerman 2014). This is a multisystem disease
characterized by cardiac, hand/foot, facial and neurodevelopmental features. Typical
cardiac findings include a rate-corrected QT interval >480 ms, functional 2:1 AV
block with bradycardia, tachyarrhythmias and congenital heart defects. The diagno-
sis of Timothy syndrome is generally made within the first few days of life although
it may be suspected prenatally by identifying 2:1 AV block or bradycardia in the
foetus (Pagon et al. 1993).

Thus, based on the LQT clinical presentation and potential associated cardiac or
not cardiac symptoms, genetic testing is proposed to be performed according to the
decision tree presented in Fig. 13.2.

13.3.3 Short QT Syndrome (SQTS)

13.3.3.1 Clinical Description
SQTS was first described in 2000 and remains one of the rarest channelopathies
(Gussak et al. 2000). Prevalence is difficult to estimate because of the limited
number of patients (Gollob et al. 2011). SQTS leads to palpitation, syncope and
sudden cardiac death, typically during childhood. It is characterized by a short QT
interval on the ECG with peaked T-wave and a high risk of fatal arrhythmias (Patel
et al. 2010).

A complete consensus of the cut-off value of QT interval does not exist yet.
Diagnostic criteria have been proposed: for QTc <330 ms or <360 ms (350 ms in
men and 365 ms in women) if associated with a pathogenic mutation, a family
history of SQTS, VT/VF with normal structural heart or of sudden death before the
age of 40 (Gollob et al. 2011; Bjerregaard 2011; Veltmann and Borggrefe 2011). Of
note, patients with SQTS present a fairly similar QT interval whatever the heart rate
variations requiring no or very little heart rate correction. Patients with the shortest
QT duration present the highest risk of rhythmic events (Giustetto et al. 2011).

An implantable defibrillator is indicated in high-risk SQTS patients who have
experienced VT/VF or resuscitated sudden death and in patients with a familial story
of cardiac sudden death. Treatment with quinidine could be an alternative because of
its prolongation of QT duration (Priori et al. 2015; Giustetto et al. 2011; Gaita et al.
2004).

13.3.3.2 Genetic Testing
Pathogenic variations have been described in 6 genes (KCNQ1, KCNH2, KCNJ2,
CACNA1C, CACNB2B and CACNA2D1) harbouring mutations that mirror the
functional effect of those encountered in LQTS (Brugada et al. 2004; Bellocq
et al. 2004; Priori et al. 2005; Antzelevitch et al. 2007). Mutations in potassium
channel genes produce a gain of function, and in contrast, mutations in the calcium
genes produce a loss of function resulting in shorter AP durations. Mutations in these
genes account for 50% of SQTS cases according to the literature, but in clinical
practice, the diagnostic yield of genetic testing is very modest in these genes, which
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supposes that there are other causal genes and that a negative genetic cannot exclude
the diagnosis.

13.3.4 Catecholaminergic Polymorphic Ventricular Tachycardia
(CPVT)

13.3.4.1 Clinical Description
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a hereditary
arrhythmogenic disease that is responsible for familial forms of sudden death in
infants and young adults. The prevalence for CPVT in the general population is
estimated to be 1/10,000 (Van der Werf and Wilde 2013). Arrhythmias occur as
recurrent syncope triggered by adrenergic stimulation such as emotional or exercise
stress, while baseline ECG is often normal and cardiac imaging reveals no structural
abnormality (George et al. 2007). Approximately, 30% of patients with CPVT
develop symptoms before 10 years of age and 60% before 40 years (Liu et al.
2008; Ackerman et al. 2011). A family history of exercise-related syncope, seizure
or sudden death is reported in 30% of the patients. As with LQTS1, swimming is a
potentially lethal arrhythmia precipitating CPVT, and the symptoms are often
attributed to alternative diagnoses, most commonly epilepsy. Drug challenge with
epinephrine or isoproterenol may elicit arrhythmias. In the absence of beta-blocker
treatment, VT/VF and syncope are associated with a high rate of recurrence with
30–50% mortality before the age of 40 years (Hayashi et al. 2009). Beta blockers,
combined with restriction of exercise and avoidance of stressful situations, are the
first-line therapy for CPVT. All patients and family members who harbour a disease-
causing mutation, irrespective of symptoms, should be treated with beta blockers.
Left cardiac sympathetic denervation or ICD implantation could be effective to
prevent recurrent VT/VF and SCD in patients intolerant to beta blockers or for
those with persistent symptoms or arrhythmias despite treatment (Wilde et al. 2008).
However, CPVT patients appear to be very sensitive to catecholamines, and the
subsequent ICD shock has a high probability of initiating a vicious cycle with
multiple shocks caused by recurrent ventricular tachycardia or VF (Wilde et al.
2008).

13.3.4.2 Genetic Testing
The presence of a pathogenic mutation is of diagnostic value. Two genetic models of
CPVT have been identified: an autosomal dominant form due to mutations in the
cardiac ryanodine receptor 2 (RYR2) gene and less common autosomal recessive
forms due to mutations in the CASQ2, TRDN and more recently TECRL genes
(Table 13.3) (Devalla et al. 2016). Mutations in RYR2 are found in 50%–60% of
CPVT cases, whereas mutations in CASQ2 and TRDN are found in less than 10% of
CPVT patients (Fig. 13.3) (Roux-Buisson et al. 2012; Rooryck et al. 2015). Rarely,
mutations are found in calmodulin genes (CALM1, CALM2 and CALM3), the
KCNJ2 gene (Andersen-Tawil syndrome also known as LQT7) and the ANK2
gene (also known as LQT4) (Nyegaard et al. 2012; Mohler et al. 2004; Tully et al.
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2015). A locus associated with an early-onset lethal form of recessive CPVT was
found on chromosome 7p14-p22, but so far no gene has been identified (Bhuiyan
et al. 2007).

Interestingly, RYR2 mutations cluster in both N- and C-terminal domains of the
protein and within transmembrane domains (Priori and Napolitano 2005). Forty
percent of all RYR2 mutations are estimated to be de novo mutations. Only rare
cases of rearrangements have been described and remarkably all concern RYR2
exon3 (Bhuiyan et al. 2007; Campbell et al. 2015). Since SCD can be the first
manifestation of CPVT, genetic testing is clinically relevant, especially for the care
management of family members.

At present, there is no genotype-based risk stratification or therapeutic approach
in CPVT. Nearly one-third of possible or atypical LQTS cases with exertion-induced
syncope have also been identified as positive for an RYR2 mutation, and accord-
ingly, a clinical presentation of exercise-induced syncope and a QTc <460 ms
should always first point to the consideration of CPVT rather than the so-called
concealed or normal QT interval LQT1 (Medeiros-Domingo et al. 2009).

Since clinical overlap have been described between CPVT and cardiomyopathy
cases (OMIM#604772), cardiomyopathy-related genes may be considered in case of
negative diagnostic from the screening of the first and second gene panels
(Fig. 13.3).

Table 13.3 Genes identified in catecholaminergic polymorphic ventricular tachycardia (CPVT)

Type
(OMIM) Locus Gene Protein Transmission Frequency OMIM

CPVT1 1q43 RYR2 Ryanodine
receptor 2

AD 40–60% 180902

CPVT2 1p13.1 CASQ2 Calsequestrin 2 AR 1–2% 114251

17q24.3 KCNJ2 Potassium
voltage-gated
channel
subfamily J
member 2

AD Rare 600681

CPVT5 6q22.31 TRDN Triadin AR Rare 603283

4q25-
q26

ANK2 Ankyrin 2 AD Rare 106410

CPVT4 14q32.11 CALM1 Calmodulin 1 AD Rare 114180

2p21 CALM2 Calmodulin 2 AD Rare 114182

19q13.32 CALM3 Calmodulin 3 AD Rare 114183

4q13.1 TECRL Trans-2.3-enoyl-
CoA reductase-
like protein

AR Rare 617242

AD autosomal dominant, AR autosomal recessive
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13.3.5 Cardiac Conduction Defect (CCD)

13.3.5.1 Clinical Description
Cardiac conduction defect (CCD) is a rare disorder associated with a risk of sudden
death in the absence of pacing. Progressive cardiac conduction defect (PCCD), also
called Lenegre-Lev disease, is the most frequent form, affecting the His-Purkinje
pathway, and may progress to complete atrioventricular block (AVB) (Lev 1964;
Lenegre 1964). Diagnosis relies on echocardiogram (ECG) findings showing an
advanced conduction defect. Congenital structural CCD can be part of a syndrome
and be associated with abnormalities in other organ systems or cardiac
malformations including atrial septal defects, ventricular septal defects and tetralogy
of Fallot (Baruteau et al. 2015).

Patients who receive pacemaker implantation appear to present an excellent
prognosis except in those with LMNA mutations (see also below) which can lead

Fig. 13.3 Decision tree model for genetic testing in catecholaminergic polymorphic ventricular
tachycardia
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to ventricular tachycardia and sudden cardiac death. In this population, ICD implan-
tation is recommended in case of severe cardiac conduction defect (Anselme et al.
2013).

13.3.5.2 Genetic Testing
Transmission is usually autosomal dominant with incomplete penetrance and vari-
able expressivity. Inherited forms of CCD are attributed to mutations in a wide
variety of genes impacting the process of action potential generation and propaga-
tion. These electrical disturbances concern mainly isolated form of conduction
defects and involve cardiac ion channel genes (SCN5A, HCN4, TRPM4, SCN1B)
and cytoskeletal and inner nuclear membrane genes (LMNA). Mutations appear more
frequently in SCN5A (Schott et al. 1999; Probst et al. 2003; Watanabe et al. 2008;
Liu et al. 2010; Stallmeyer et al. 2012; Daumy et al. 2016). Point mutations and more
rarely rearrangement in the gene encoding lamin A/C (LMNA) can lead to dilated
cardiomyopathy associated with cardiac conduction system disease and arrhythmias
and also to isolated CCD (Marsman et al. 2011). Genetic testing in suspected LMNA
patients is of great interest since LMNA carriers present a high risk of SCD and a poor
prognosis (Wolf and Berul 2006; Wolf et al. 2008). A mutation in the GJA5 gene
encoding the gap junction Cx40 gene was identified in a family with progressive
cardiac conduction defect (PCCD) characterized by AV block and wide QRS bundle
branch block (Makita et al. 2012). Mutations in PRKAG2, which encodes for a
regulatory subunit (γ-2) of adenosine monophosphate-activated protein kinase
(AMPK), were found in patients with the Wolff-Parkinson-White (WPW) syn-
drome, a disease characterized by ventricular pre-excitation, atrial fibrillation and
conduction defects such as sinoatrial and atrioventricular block and cardiac hyper-
trophy (Fig. 13.4; Table 13.4) (Wolf and Berul 2006). In the absence of mutations
among the above candidate genes, the screening of the cardiomyopathy-associated
genes might be considered (Sisakian 2014). Furthermore, in case of atrial septal
defect (ASD), abnormalities in transcription-factor NKX2–5, GATA4 and TBX5 have
been reported in congenital atrioventricular block (Schott et al. 1998; Garg et al.
2003; Basson et al. 1994).

13.3.6 Arrhythmogenic Right Ventricular Cardiomyopathy/
Dysplasia (ARVC/D)

13.3.6.1 Clinical Description
Arrhythmogenic right ventricular cardiomyopathy/dysplasia is a heritable cardiomy-
opathy characterized by life-threatening ventricular arrhythmias and progressive
dystrophy of the ventricular myocardium with fibrofatty replacement. Generally
referred to as a right ventricular disease, left or bi-ventricular forms prompted the
use of the broader term arrhythmogenic cardiomyopathy (Bhonsale et al. 2015). The
estimated prevalence in the general population is 1/2000–1/5000 with an age-related
penetrance (usually adolescence-young adulthood) (Corrado et al. 2017). Moreover,
ARVC/D more frequently affects males than females (up to 3:1) despite a similar
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prevalence of carrier status between sexes (Bhonsale et al. 2015). ARVC/D could
account for up to 20% of cases of aborted cardiac arrest and SCD in the young,
especially in athletes (Corrado et al. 2017).

Multiple criteria are required for diagnosis combining repolarization
abnormalities, morpho-functional alterations, histopathological features on
endomyocardial biopsy, family history and genetics, but diagnosis of ARVC/D is
often complicated by its evolution over time (Marcus et al. 2010). Patients typically
present with symptomatic ventricular arrhythmias, characterized by premature ven-
tricular contraction (PVC) or VT with LBBB morphology and T-wave inversion in
V1–V3 leads on basal electrocardiogram, leading to syncope or cardiac arrest. The
first symptoms manifest before the age of 40 and are encountered in the large
majority of patients (Orgeron and Calkins 2016).

Fig. 13.4 Decision tree model for genetic testing in cardiac conduction defect
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13.3.6.2 Genetic Testing
ARVC/D is inherited predominantly as an autosomal dominant trait with incomplete
penetrance and with a variable age-dependent expressivity. Inter- and intra-familial
variation in disease severity and expressivity is frequently observed with coexistence
of both classic RV and dominant LV pattern in the same family and/or life-
threatening ventricular arrhythmias in probands vs. a more favourable prognosis in
relatives (Sen-Chowdhry et al. 2007). In a few cases, ARVC/D inheritance follows
an autosomal recessive trait (Naxos disease or Carvajal syndrome). These ARVC/D
patients present extracardiac symptoms such as a cutaneous phenotype
(palmoplantar keratoderma) and woolly hair (Corrado et al. 2017). ARVC/D is
widely considered to be a desmosomal disease. Desmosomes are one of the junc-
tional complexes at the intercalated disc that are essential for the structural and
functional integrity of cardiac tissue. Desmosomal gene mutations lead to defective
desmosomal components and to the development of structural abnormalities.
Mutations in five desmosomal genes have been identified: plakophilin-2 (PKP2)
desmoplakin (DSP), desmocollin-2 (DSC2), desmoglein-2 (DSG2), plakoglobin
(JUP) and more recently the cadherin 2 (CDH2) (Mayosi et al. 2017).
Non-desmosomal genes, transmembrane protein 43 (TMEM43), desmin (DES),
lamin A/C (LMNA), titin (TTN), phospholamban (PLN) and alpha T-catenin
(CTNNA3), have been associated with atypical forms of ARVC/D. Mutations in
the regulatory region of transforming growth factor beta-3 (TGFB3) have also been
reported, but their pathogenicity is still controversial. Rarely, mutations in the RYR2
gene and the SCN5A gene have been described (Table 13.5) (Te Riele et al. 2017).
ARVC/D gene mutations are found in approximately 60% of ARVC/D index cases,
of which the majority are desmosomal gene mutations (PKP2 10–45%, DSP

Table 13.4 Genes identified in cardiac conduction defect (CCD)

Type
(omim)

Locus
(HGNC) Gene Protein Transmission OMIM

PFHB-
1A

3p22.2 SCN5A Nav1.5 AD 600163

1q22 LMNA Lamin A/C AD/AR 150330

19q13.11 SCN1B Sodium channel, voltage-
gated, type i, beta subunit

AD 600235

PFHB-
1B

19q13.33 TRPM4 Transient receptor potential
cation channel, subfamily M,
member 4

AD 606936

HCN4 AD

5q35.1 Nkx2.5 nk2, drosophila, homolog of, e;
nkx2e

AD 600584

Cardiac-specific homeobox 1;
csx1

1q21.2 GJA5 Gap junction protein, alpha-5 AD 121013

7q36.1 PRKAG2 Protein kinase, amp-activated,
noncatalytic, gamma-2

AD 602743

AD autosomal dominant, AR, autosomal recessive, PFHB progressive familial heart block
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10–15%, DSG2 7–10%, DSC2 1–2%, JUP 1–2%) (Fig. 13.5), but the proportion of
causal genes differs according to cohort location and ethnicity (Ohno 2016). Com-
pound/digenic mutations may be found in 10–25% of patients and lead to earlier
onset of symptoms, and carriers of mutations in DSP are more likely to present with
left ventricular dysfunction, heart failure and SCD than carriers with mutations in
PKP2 (Bhonsale et al. 2015; Rigato et al. 2013). Among single mutation carriers,
premature truncating, splice-site and missense mutations were identified in, respec-
tively, 60%, 23% and 14% of cases, but the outcomes did not differ significantly
(Bhonsale et al. 2015). Entire PKP2 exons or even whole gene deletions have been

Fig. 13.5 Decision tree model for genetic testing in arrhythmogenic right ventricular cardiomyop-
athy/dysplasia
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recently described in families with a frequency of approximately 2% (Roberts et al.
2013; Li Mura et al. 2013).

While the 2010 Diagnostic Task Force Criteria include identification of a putative
ARVC/D susceptibility gene mutation as a new major diagnostic criterion, genetic
testing should be used as a confirmatory tool for diagnosis of ARVC/D in index
cases (Fig. 13.5). Presymptomatic screening is recommended in family members. If
they carry the same mutation, they will then require clinical evaluation and long-
term observation. Nevertheless, genetic findings require careful interpretation owing
to the large number of genetic variants of uncertain significance (Andreasen et al.
2013).

13.3.7 Role of Genetic Testing in Sudden Unexplained Death (SUD)

13.3.7.1 Clinical Description
Sudden cardiac death is responsible for a large proportion of sudden unexpected
deaths (SUD) in young individuals. A national study in Denmark estimated that
SUD represents 29% of the deaths in persons aged 1–35 years after medicolegal
investigation (Winkel et al. 2011). In 5–10% of all cases, SUD is caused by inherited
cardiac diseases, especially cardiac channelopathies such as long QT syndrome,
short QT syndrome, Brugada syndrome, catecholaminergic polymorphic ventricular
tachycardia, progressive cardiac conduction disorder or early repolarization syn-
drome (Hayashi et al. 2009). In these cases, SUD may represent an early malignant
arrhythmogenic presentation, preceding the development of the ECG indices. There-
fore, when no identifiable ECG abnormalities can be observed or when only a post-
mortem blood sample can be collected, genetic testing may provide insight into the
causal mechanism leading to (fatal) arrhythmia. Comprehensive clinical investiga-
tion of SCD families would identify causes of death in 40% of cases, demonstrating
that SCD were probably due to inherited heart disease (Tan et al. 2005; Behr et al.
2008). Next-generation sequencing (NGS), with the ability to screen hundreds of
genes simultaneously, could provide confirmation of the clinical investigation or
become the only possibility to point clinicians to a clinical diagnosis and identify the
relatives at risk of similar severe arrhythmia. Furthermore, when patients present a
borderline phenotype, genetic testing could encourage clinicians to further look for
specific ECG abnormalities and employ adapted provocative tests.

13.3.7.2 Genetic Testing
The identification of the genes associated with cardiomyopathies and
channelopathies has provided insights into disease mechanisms of cardiac arrest.
Most genetic studies have focused on cardiac channelopathy-associated genes.
Mutation analysis in 5 LQTS genes (KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2)
identified pathogenic variations in 11–17% of SCD cases (Chugh et al. 2003;
Skinner et al. 2011; Winkel et al. 2012). More recently, post-mortem genetic testing
for a large cohort of cases of autopsy-negative sudden unexplained deaths identified
putative pathogenic variations in LQTS and CPVT genes in 20% of the cases (Tester
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et al. 2012). Another study on 34 genes of channelopathies identified 3 likely
pathogenic variants in KCNH2, SNTA1 and RYR2 in 3 out of 15 (20%) SUD cases
(Hertz et al. 2015). A prevalence of 5–10% of variants in the CPVT-associated gene
RYR2 has been found in sudden infant death syndrome cases (Larsen et al. 2013).
Exome analysis of 28 cases of autopsy-negative sudden unexplained death identified
3 rare variants in KCNQ1 and KCNH2 genes in 3 SUD cases (10%) and 4 rare
variations in cardiomyopathy genes (DSP, MYBPC3 and TTN) (Bagnall et al. 2014).
A recent screening of 100 genes in 61 cases of autopsy-negative sudden unexplained
death (<50 years) identified likely pathogenic variants in 34% of the SCD cases,
40% associated with inherited cardiomyopathies and 60% associated with
channelopathies (Christiansen et al. 2016).

However, the use of genetics as a clinical diagnostic tool must always be
considered the context of the clinical case. Therefore, particularly in the context of
SCD, genetic testing should complement or guide but never supplant the clinical
investigation and segregation analyses. Without a clear clinical picture and a clear
correlation between the disease and the genetic variants, causality may be
nonconclusive, since several genes have been linked to several phenotypes or
SCD could be caused by other unknown genetic causes or factors.

13.4 Genetic Testing and Technological Evolution: Progress
and Side Effects

13.4.1 The Next-Generation Sequencing: High Throughput
and Low Cost

As described above, the number of channelopathy-associated genes has increased
dramatically in the last decades. With capillary sequencing, genetic testing was
restricted to the major genes since this molecular analysis was expensive and had
limited throughput. Since 2011, next-generation sequencing has revolutionized
genetic diagnostics by offering the possibility to screen thousands of genes simulta-
neously coupled with a dramatic reduction (10,000-fold; www.genome.gov/sequenc
ing costs) in sequencing cost (Kingsmore and Saunders 2011). However, knowing
the number of genes to explore is crucial since one must maintain a good ratio in
order to guarantee a reasonable cost (number of genes to be sequenced), data that are
of sufficient quality to interpret the results (depth of sequencing) and a throughput
that is compatible with an analysis of numerous samples. A minimum mean depth of
30X has been considered reasonable to achieve confident variant calls. In the
absence of consensus gene design for channelopathies, a rationalized approach
could consist in defining a set of genes comprising the channel subunits and partners
predominantly implicated in rhythm disorders (see above). In case of negative
results, a second panel that includes all genes associated with any primary rhythm
disorders or even cardiomyopathies could be employed (Novelli et al. 2016).
However, our broad sequencing capability could be moderated by interpretation,
ethical and storage issues.

13 Genetic Testing for Inheritable Cardiac Channelopathies 345

http://www.genome.gov/sequencing
http://www.genome.gov/sequencing


13.4.2 The More You Sequence, the More Complex Will Be
the Interpretation

As illustrated by the genetics of the channelopathies, we observed a large genetic
heterogeneity among each clinical entity coupled with gene overlap between them
(Fig. 13.6). This gene overlap could also reveal a potential continuum among these
channelopathies (Makita 2009). Moreover, several studies have reported
channelopathies due to double mutations harboured by different genes (Kapplinger
et al. 2010, 2009; Bauce et al. 2010). These observations suggest the need to screen
large panels of genes. These panels are now widely employed within the molecular
diagnostic centres covering between 50 and 200 candidate genes according
technologies and diseases targeted. The continuous reduction of the sequencing
cost tends to switch to whole exome (all coding regions of the genome) sequencing
(WES), or even whole genome sequencing (WGS), to overcome the limitation of the
panel(s). However, reagent cost for capturing approximately 100 genes remains
4 times lower than for WES and 10 times cheaper than for WGS. Aside from the
financial point of view, drawbacks need to be anticipated before producing and
analysing a large/whole gene scan. First of all, besides the promise that all coding
regions and then the “Mendelianome” will be covered by a WES, daily practice
reveals that WES actually provides a poorer coverage (% of targeted bases covered
at a defined mean depth) than the targeted gene panels (Pua et al. 2016). Coverage
for genetic diagnostic is crucial since all candidate DNA base pairs have to be
confidently explored. Whole genome sequencing presents the advantage of uni-
formly covering the genome and facilitating genomic rearrangement identification
(Sudmant et al. 2015) but at twice the WES price.

Today, genetic diagnostics face the challenge of variant interpretation uncovered
by the large-scale sequencing technologies offering the advantage of simultaneously
screening hundreds of candidate genes but at the same time revealing multiple rare
genetic variations of unknown significance (Novelli et al. 2016). For example, rare

Fig. 13.6 (a) SCN5A overlap syndromes and (b) genetic continuum among the cardiac
channelopathies
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genetic variations in associated channelopathy genes are also commonly found in the
general population (Risgaard et al. 2013; Ghouse et al. 2017; Paludan-Müller et al.
2017). Large databases such as gnomad.broadinstitute.org consisting of >120,000
exomes and>15,000 whole genomes currently constitute a powerful tool to estimate
the minor allele frequency (MAF) of a candidate variant. In addition, such databases
furnish MAF in different broad categories of ethnicities which could help in the
possible absence of demographically matched controls to prevent false-positive
mutation. For this reason, numerous countries have developed their own national
databases to reflect the specific genetic architecture of their population (Zawistowski
et al. 2014). However, the rarity of a variant does not make it necessarily causal, and
it can even turn out to be a variant of uncertain/unknown significance (VUS). Indeed,
within an exome, between 300 and 600 rare variants will be identified which
obviously do not at all cause a pathologic phenotype (Tennessen et al. 2012).
Then, considering that 12,958 (64%) out of 20,344 genes in the genome (http://
www.proteinatlas.org/) are expressed in the cardiac tissue, we can estimate that
between 200 and 400 of them could be of potential interest in a context of a patient
presenting a cardiac disease. This estimation puts into perspective the challenge of
the number of variants generated by the NGS and our ability to provide a pertinent
molecular diagnosis. Misinterpretation of a VUS can lead to inappropriate treatment
such as an implantable cardioverter-defibrillator which could have a dramatic impact
on the patient’s quality of life with possible severe complications and potentially
serious psychologic consequences (Ackerman 2015).

This led to re-evaluation of the criteria defining the pathogenicity of a variant and
then to modification of genetic test interpretations in order to avoid false positives
(Ackerman 2015). Segregation studies among family members and/or functional
experiments constitute the best approaches for causal mutation validation but remain
rare owing to the time and cost investment required and are not adapted to a large
number of variants. This sequencing technology revolution could therefore change
the skill profiles required for genetic testing. High-throughput functional screening
(in vitro) technologies to cope with massive VUS identification could emerge to
characterize the variants isolated by data analysis and interpretations performed by
bioinformatics. Indeed, after filtering out common variants by checking their MAF
which is available in large public databases, additional tools could guide a geneticist
to isolate the causal variant. The type of mutation can be considered (missense,
nonsense, frameshift or splice-site variants) especially when loss of function of the
protein can be predicted. Another argument of causality can reside into a previous
observation of this variation in patients presenting the same phenotype and listed in
dedicated databases (HGMD http://www.hgmd.cf.ac.uk/ac/index.php, CLINVAR
www.ncbi.nlm.nih.gov/clinvar). When a variant is rare but never found in patients
or in dedicated databases and no family members could have been tested, multiple
algorithms can be used to indicate the likelihood of variant pathogenicity. These
tools can combine information from nucleotide or/and amino acid conservation
among species or include parameters such as modification of amino acid polarity
or/and 3D protein structure. Others combine several algorithms to provide a consen-
sus score (Table 13.6). Guidelines for interpretation and classification of genetic
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Table 13.6 Non-exhaustive list of tools for variant consequence prediction

Name Methods REF/PMID

CADD Combined annotation-dependent depletion
(CADD) is a framework that integrates multiple
annotations into one metric by contrasting
variants that survived natural selection with
simulated mutations

24487276

Condel Consensus deleteriousness score of
MutationAssessor and FATHMM

21457909

ENTPRISE A boosted tree regression machine-learning
approach to predict human disease-associated
amino acid variations by utilizing a
comprehensive combination of protein
sequence and structure features

26982818

FunSeq2 The pipeline has a weighted scoring system
combining: Inter- and intraspecies conservation,
loss- and gain-of-function events for
transcription-factor binding, enhancer-gene
linkages and network centrality, and
per-element recurrence across samples. We
further highlight putative drivers with
information specific to a particular sample, such
as differential expression

25273974

GWAVA Based on a wide range of annotations of
non-coding elements (largely from ENCODE/
GENCODE), along with genome-wide
properties such as evolutionary conservation
and GC-content

https://www.sanger.ac.
uk/sanger/StatGen_
Gwava

iFish Gene-specific and family-specific customized
classifiers. Bayesian model

27527004

LoFtool LoFtool provides a rank of genic intolerance
and consequent susceptibility to disease based
on the ratio of loss of function (LoF) to
synonymous mutations for each gene in 60,706
individuals from ExAC, adjusting for the gene
de novo mutation rate and evolutionary protein
conservation

27563026

Mechismo Enables simultaneous consideration of
thousands of 3D structures and biomolecular
interactions to predict rapidly mechanistic
consequences for mutations and modifications.
Compares to protein close in structure but not
necessarily in sequence

25392414

MutationAssessor Functional impact score (FIS) for amino acid
residue changes using evolutionary
conservation patterns

21727090

MutationTaster2 Comprises evolutionary conservation, splice-
site changes, loss of proteinfeatures and
changes that might affect the amount of
mRNA. Bayesian model

20676075

(continued)
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variations are proposed by the American College of Medical Genetics and Genomics
to evaluate the pathogenicity of a variant (Richards et al. 2015).

This unexpected number of rare variants that harbours a genome and the difficulty
of their interpretation could reinforce, especially for rare diseases such as
channelopathies, the benefit of gathering clinical and genotype information in
common databases to improve the knowledge acquired by the number of cases
explored.

Table 13.6 (continued)

Name Methods REF/PMID

PaPi Classify and score human coding variants by
estimating the probability to damage their
protein-related function. Consists in using
pseudo amino acid composition (PseAAC)
through which wild and mutated protein
sequences are represented in a discrete model.
Thenmachine learning (random forest). Uses
the scores of SIFT and PolyPhen for training

25928477

PolyPhen-2 Compare to homologous protein sequences,
then prediction of 3D structure. Compare of
structures and merging proteins in cluster. Score
calculation on the cluster with the interest
protein

12202775

PON-P2 Random forest algorithm and machine
learning. PON-P2 is a novel tool that employs
features of evolutionary sequence conservation,
properties of amino acids, GO annotations and
functional annotations

25647319

PredictSNP2 Consensus on eight established prediction
tools: MAPP, nsSNPAnalyzer, PANTHER,
PhD-SNP, PolyPhen-1, PolyPhen-2, SIFT and
SNAP

27224906

PROVEAN This alignment-based score measures the
change in sequence similarity of a query
sequence to a protein sequence homolog before
and after the introduction of an amino acid
variation to the query sequence

25851949

REVEL Make a consensus between: MutPred,
FATHMM, VEST, PolyPhen, SIFT,
PROVEAN, MutationAssessor,
MutationTaster, LRT, GERP, SiPhy, phyloP
and phastCons

27666373

SIFT Compare to homologous protein sequences:
The more the position is conserved in evolution,
the more mutation is supposed to be damaging

11337480
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13.4.3 Genetic Testing and the Impact of Identifying a Mutation
for Relatives and Predictive Testing

Because of the complexities involved, genetic testing should only be performed in
dedicated specialized centres such as a cardiac genetics clinic or clinical genetics
service where appropriate family management and genetic counselling before and
after testing can be offered. This should be performed by cardiologists, nurses,
clinical geneticists and genetic counsellors with specialized training in cardiovascu-
lar genetics.

Identification of a mutation in a family can often explain why the disease has
occurred. It also allows for cascade testing of other affected and unaffected family
members. Testing of affected family members is performed as a confirmation of their
disease status and to exclude the possibility of a “phenocopy” (i.e. an individual who
has an acquired rather than genetic cause of the same condition as other members of
a family). This enables an accurate risk assessment for their offspring. Asymptom-
atic family members can be offered a predictive genetic test to clarify whether they
are at risk of developing clinical disease and to determine the inheritance risk to their
children. There may also be implications for participation in sports and employment.

13.4.4 Genetic Testing and Psychological Impact

The quality of life and psychological stress of cardiac variant carriers are most often
not evaluated. A few studies have provided a quantification of the level of anxiety
and depression in cardiac mutation carriers and their relatives (Hendriks et al. 2008;
Christiaans et al. 2009). Genetic testing can help with anxiety regarding the disease
especially when the clinical diagnostic is uncertain. Stress should also be considered
in partners since the degree of anxiety is higher in carrier partners than in those of
noncarriers. In this context, genetic counselling is essential to answer the questions
generated by the clinical and genetic diagnosis to prevent anxiety. The uncertainty of
the functional effect of VUS and, more generally, the large number of rare variants
present in all individuals could also give rise to anxiety in genetic counsellors
(Spoonamore and Ware 2016).

13.4.5 Large-Scale Sequencing and Incidental Findings

Aside from the complex VUS interpretation, known causal mutation may be uncov-
ered and sometimes aside from the initial indication of cardiac diseases. These
incidental findings are a matter of clinical and ethical debate since it is difficult to
assess a clear benefit for a patient and/or a clinician to be informed of such mutations.
The American College of Medical Genetics and Genomics (ACMG) recommends
reporting variants belonging to a defined list of genes to an appropriate clinician for
re-evaluation and surveillance of the patient and his family. The ACMG proposes a
list of 57 genes associated with 24 syndromes, cancer, endocrinal or cardiac diseases.
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Of note, this recommendation concerns 9 channelopathy-associated genes and
11 cardiomyopathy genes (Green et al. 2013; Kalia et al. 2017). This risk should
be well explained to the patient before performing a whole exome scan.

13.4.6 Large-Scale Sequencing Data, Storage and Privacy

The rapid development of sequencing throughput has encouraged us to screen
increasingly larger numbers of genes and the entire genome in the very short term.
Thus, there have been problems in bioinformatics to handle and characterize the
great number of rare variants contained within the genome. Moreover, large-scale
sequencing, in particular whole genome screening, also implies anticipating storage
capability since data associated with the sequencing of a whole genome represents
approximately 120GB. A 3-day run of a last-generation sequencer (i.e. Illumina X
Ten solution) produces 16 whole genomes and 1.8 TB of data. For example, a centre
such as UPPMAX accumulated 2200 TB of data from 2011 to the end of 2015
(Spjuth et al. 2016). In addition, whole genome data requires secure storage since
they contain sensitive and private information. Aside from storage, privacy must be
maintained during the phases of alignment, calling or comparison with public
databases when they are not performed on a local level (Akgün et al. 2015). These
large genome scans shake our habits and require thought before rushing into data
production.

13.5 Conclusion

The last decade saw the new high-throughput sequencing technologies offering the
opportunity to screen first a large panel of candidate genes, then all coding region
and now the whole genome for a continuously decreasing cost. This allowed
improving the efficiency of the genetic testing and consequently the care manage-
ment for the patient and their family members. This opportunity to always screen
more genes revealed also the high prevalence of rare variants present in the genome
and therefore brings us to a new challenge consisting of isolate one(s) with an impact
on the cardiac phenotype.
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Abstract
Light microscopy has long been at the forefront of biological research, perhaps
most significantly in the form of fluorescence microscopy. This technique, paired
with the ongoing discovery and synthesis of increasingly brilliant fluorophores,
allows for visualization of the internal machinations of cells with molecular
specificity. However, until recently, a persistent limitation of fluorescence
microscopy—the diffraction of visible light—has restricted elucidation of the
subcellular organization and localization of molecules to spatial resolutions of
200–300 nanometers. The invention and implementation of several super-
resolution fluorescence microscopies (SRFMs) over the last 10 years have
circumvented this diffraction limit and allowed up to tenfold improvements in
resolution. Applications of SRFM in cardiology research have already
illuminated aspects of the cardiac nanoscale architecture which were previously
unobservable, opening the door for new avenues of research. These discoveries
include the sub-diffraction structure of the intercalated disk, the t-tubular net-
work, and excitation-contraction coupling. In this chapter we will review SRFM
methodologies, present some examples of their successful application in cardiac
research, and discuss the techniques’ advantages, ongoing challenges, and future
potential.
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Abbreviations

CLEM Correlative light-electron microscopy
FP Fluorescent protein
LM Light microscopy
PALM Photoactivation localization microscopy
SIM Structured illumination microscopy
SMLM Single-molecule localization microscopy
SRFM Super-resolution fluorescence microscopy
STED Stimulated emission depletion microscopy
STORM Stochastic optical reconstruction microscopy

14.1 Introduction

Although the inventor of the compound microscope is a lingering point of conten-
tion, simple optical microscopes became available sometime in the seventeenth
century, and in 1665 Robert Hooke coined the word “cell” and published what
many consider to be the first important work on microscopy, Micrographia, a book
which included illustrations of different microscopically examined specimens. Fol-
lowing this, single high-magnification lenses and compound microscopes were
popularized as a technique for biologists by other scientists including Antonie van
Leeuwenhoek and Marcello Malpighi. This soon allowed for the discovery and
characterization of numerous previously undetectable organisms and cells such as
bacteria, muscle fibers, and erythrocytes.

However, the technical difficulties of improving seventeenth-century
microscopes, in particular due to problems with lens development and configuration,
severely hindered further applications. Then, during the second half of the nineteenth
century, Ernst Abbe described the principles of image formation in light microscopy
and developed various new and improved lenses, and August Köhler invented
Köhler illumination allowing for even sample illumination, adjustable contrast,
and exclusion of the illumination source. This led to a breakthrough in the design
and manufacturing of commercially available microscopes and reinstated optical
microscopy as the key tool of biologists.

Following this, fluorescence microscopy was developed, with fluorophore dis-
covery and synthesis, alongside labeling approaches, taking center stage. The first
major advancement was the production and application of fluorescently labeled
antibodies by Albert Coons in 1941 that enabled labeling of various cellular
structures with bright synthetic fluorophores. This was followed in the 1990s by
the utilization of the green fluorescence protein (GFP) as a fusion tag for live-cell
imaging, which in turn catalyzed the development of a plethora of other FPs
spanning the visible spectrum. Together, these advances allow for the fluorescent
visualization of the subcellular landscape with, importantly, multiplexed molecular
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specificity. However, despite these improvements in labeling, as well as techno-
logical improvements to the microscopes themselves, fluorescence imaging remained
limited by the diffraction of visible light, a physical reality of the wave nature of
photons described by Ernst Abbe in the nineteenth century. Diffraction limited the
best possible spatial resolution of light microscopy to no better than a few hundred
nanometers, causing blurriness in images and dictating hundreds of nanometers of
uncertainty to molecular localizations and structures.

Recently, however, a revolution in fluorescence microscopy occurred with the
development of techniques, collectively known as super-resolution fluorescence
microscopy (SRFM), which circumvent the diffraction limit. This is achieved in
one of two ways: either deterministically by structuring the illumination light or by
stochastically imaging, and thus localizing, fluorophores individually. The impor-
tance of these novel technologies was recently recognized with the Nobel Prize in
Chemistry in 2014.

SRFM has instigated a new era in fluorescence microscopy in which molecular
specificity can now be paired with molecular localization. This allows for visual-
ization of nanoscale architecture providing insight into the organization, orientation,
and interactions of biomolecules in complex structures such as the synaptic button in
neurons (Tang et al. 2016; Wilhelm et al. 2014; Dani et al. 2010), focal adhesions
(Case et al. 2015; Kanchanawong et al. 2010), and nuclear pores (Loschberger et al.
2014; Szymborska et al. 2013).

Here we describe the different SRFM techniques available and review some of
the applications of these methods in cardiac research. We also discuss SRFM
limitations, other applications, and future potential.

14.2 Methods

SRFM encompasses several techniques which can broadly be classified as either
relying on a deterministic approach which uses spatially patterned illumination light
or on a stochastic approach which detects single fluorophores. Both (1) structured
illumination microscopy (SIM) and (2) stimulated emission depletion microscopy
(STED) are popular examples of the former, whereas (3) single-molecule local-
ization microscopy (SMLM) describes several variants of the latter.

14.2.1 Structured Illumination Microscopy

SIM is a widefield approach which relies on the structuring of light using a grid
pattern which generates a sinusoidal excitation pattern of known spatial frequency,
orientation, and phase. The grid is rotated in steps to acquire different images that are
processed to extract high-frequency information and produce a reconstructed image
with a twofold improvement in lateral resolution (~100 nm) (Fig. 14.1) (Langhorst
et al. 2009).
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While SIM setups have been available for longer than both STED and SMLM,
there are relatively few published studies that use SIM to study cardiac architecture.
In one of these studies, Granzier et al. labeled different regions of the protein Titin to
study the role of the I-band/A-band junction on the strain on the molecular spring
elements, uncovering biomechanical sensing associated with cardiac hypertrophy
(Granzier et al. 2014). In another study, Lukyanenko et al. used SIM to localize Ca2+

/calmodulin-activated phosphodiesterase type 1A (PDE1) in sinoatrial nodal cells
(Lukyanenko et al. 2016). This study shows that PDE1 localizes beneath the cell
surface in sinoatrial nodal cells, an observation which provides insight into
mechanisms for maintaining Ca2+ signaling and pacemaker function.

14.2.2 Stimulated Emission Depletion Microscopy

STED microscopy also relies on introducing patterns into the illumination light, but
instead of a grid arrangement as in SIM, STED couples a conventional confocal
illumination pattern with an overlapping torus-shaped “depletion” beam.
Fluorophores illuminated by this depletion beam, i.e., those located away from the
center of the focused confocal excitation beam, undergo stimulated emission and do
not fluoresce. Consequently, any detected photons are known to originate in the
sub-diffraction area where the torus beam does not overlap the excitation beam (Hell
and Wichmann 1994). By raster scanning a sample with these two overlapping lasers
using discrete acquisition steps of sub-diffraction size (usually 10–20 nm), a super-

Fig. 14.1 An overview of the STED and SIM approaches to SRFM
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resolution image can be obtained without any further processing (Fig. 14.1). The
lateral resolution that can be achieved with this technique ranges from 20 to 70 nm
and is dependent on the intensity and size of the depletion beam, as well as the
scanning step size.

Because of its commercial availability, live-cell applicability, and compatibility
with many conventional fluorophores, STED microscopy has been used in several
investigations into cardiac cell architecture and molecular organization. In a study
published byWagner and colleagues, STED microscopy was used to image t-tubular
organization in live cardiomyocytes and to follow remodeling after myocardial
infarction (Wagner et al. 2012). The improved image resolution allowed detection
of enlargement of the t-tubule cross sections as well as network-wide remodeling.
These changes in the t-tubule morphology could explain the early excitation-
contraction uncoupling observed during heart failure development after myocardial
infarction.

STED was also used to unravel the molecular mechanisms of atrial fibrillation
(AF) in research by Macquaide et al. which visualized the organization of the
ryanodine receptor (RyR) in atrial myocytes (Macquaide et al. 2015). Analysis of
these images revealed that although there was no change in RyR cluster size, the
distance between clusters was reduced in AF. It was also found that RyR clusters
grouped into Ca2+ release units (CRUs) were bigger and contained more RyR,
although CRU organization (ratio RyR: total area per CRU) was more fragmented
in AF myocytes. Moreover, the frequency of CRU along the z-line, as well as
between z-lines, was increased in AF. Together these observations suggest that the
probability of CRU firing and propagated Ca2+ release in AF could be increased,
which would correlate with a higher Ca2+ spark frequency and duration.

The organization of ion channels at the intercalated disk has also been
investigated using a modified version of STED microscopy called gated STED
(gSTED). Veeraraghavan et al. described in two papers the distribution of sodium
channels (NaV1.5) (Veeraraghavan et al. 2015) and potassium channels (Kir2.1)
(Veeraraghavan et al. 2016) in the connexin43 (Cx43) gap junction perinexus
area. gSTED differs from conventional STED microscopy in that it takes into
consideration the fluorescence lifetime of detected emitters. Although the STED
depletion beam cannot deplete all fluorophores outside the center of the excitation
ring, it does affect the lifetimes of these fluorophores, thus providing a useful means
of excluding erroneous emissions and allowing improved spatial resolutions. gSTED
of guinea pig tissue sections and neonatal rat ventricular myocytes demonstrated that
approximately one third of NaV1.5 and Kir2.1 clusters localize within 200 nm of a
Cx43 cluster (perinexus area). These results, combined with some functional data
and mathematical modeling, suggest that the perinexus is a specialized nanodomain
surrounding the gap junction plaque, which plays a role in the propagation of
electrical excitation via ephaptic transmission.
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14.2.3 Single-Molecule Localization Microscopy

SMLM encompasses dozens of methods which all make use of stochastic single-
molecule fluorescence emission and localization to construct super-resolution
images. In 2006 three groups independently published the first SMLM methods:
stochastic optical reconstruction microscopy (STORM) (Rust et al. 2006),
photoactivation localization microscopy (PALM) (Betzig et al. 2006) and fluores-
cence PALM (FPALM) (Hess et al. 2006). These methods, along with the variations
that followed, take advantage of the intrinsic photophysics of fluorophores which
allow switching between emissive and dark states or between different absorption/
emission wavelengths. In taking control of this switching, single fluorophores in
densely labeled areas can be imaged individually by switching all surrounding
fluorophores to a dark state or different color. This can be achieved with small
synthetic fluorophores by inducing a reduced state via the semi-stable triplet state, or
in fluorescent proteins via bleaching, or by several other photophysical/photo-
chemical means (Reid and Rothenberg 2015). This on/off blinking behavior (rate of
transition and “off” state duration) is different for each fluorophore and nanoscale
cellular environment, and so optimization of fluorophore blinking must be achieved
empirically through a combination of irradiation intensity, fluorophore concen-
tration, and buffer conditions (e.g., oxidizing agents, reducing agents, and aqueous
oxygen).

Once good fluorophore blinking is achieved, to obtain a super-resolved image,
many thousands of frames are acquired with a different subset of fluorophores
stochastically switched “on” in each frame. These movies are then processed using
single-molecule emission finding and fitting algorithms which can determine, to
within a few nanometers precision, the locations of each individual fluorophore
(Fig. 14.2).

In particular, the direct STORM (dSTORM) (Heilemann et al. 2008) imaging
approach which makes use of many commercially available antibody-conjugated
fluorophores has found much use in biological research including applications to
elucidate macromolecular complexes in cardiac cells. Soeller and colleagues have
focused on the organization of the ryanodine receptor in several papers (Baddeley
et al. 2009; Hou et al. 2015; Wong et al. 2013). In their SMLM imaging, they
demonstrated for the first time that RyR clusters vary widely in both shape and
size. Interestingly, edge-to-edge distances showed that most of the clusters were
within a distance of less than 100 nm with neighboring clusters suggesting the
potential formation of “superclusters” that could facilitate the coupling of these
receptors and trigger Ca2+ release cascades. Further studies have looked at the
interaction of junctophilin-2 with RyR (Jayasinghe et al. 2012; Munro et al. 2016)
and the Na+/Ca2+ exchanger (NCX) (Wang et al. 2014). De La Fuente et al. also
performed super-resolution imaging of the mitochondrial calcium uniporter in car-
diac mitochondria, demonstrating its association to the sarcoplasmic reticulum and
RyR clusters (De La Fuente et al. 2016).

Our group has further taken advantage of the improved resolution of SRFM to
probe the molecular architecture of the intercalated disk in cardiomyocytes. In our
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first study, we demonstrated that Cx43 and plakophilin-2 (PKP2), molecules that
pertain to gap junctions and desmosomes, respectively, also interact at the membrane
in neonatal cardiomyocytes (Agullo-Pascual et al. 2013). Moreover, when silencing
the anchoring protein ankyrin-G, this interaction was reduced, and Cx43 organi-
zation was altered. These observations were further supported by Monte-Carlo
simulations that demonstrated that the detected cluster overlaps were not random
but a functional event. Follow-up studies continued to investigate the interactions
between the different complexes that localize at the intercalated disk such as Cx43/
gap junctions with sodium channels (NaV1.5) (Agullo-Pascual et al. 2014) and PKP2
with NaV1.5 (Cerrone et al. 2014). The nanoscale resolution obtained with dSTORM
images allowed us to look at the organization and interaction between proteins as

Fig. 14.2 Single-molecule localization microscopy. (a) Illustration of data acquisition for SMLM.
Only a subset of fluorophores are in the “on” state in each frame allowing localization of each single
molecule with nanometer accuracy. (b) An isolated adult mouse cardiomyocyte stained for
N-cadherin (red) and NaV1.5 (green). The top panel shows a TIRF image (diffraction-limited),
while the bottom panel shows the super-resolved image of the same cell with improved resolution.
(c) Zoom regions of B show the enhanced spatial resolution achieved by SMLM. Scale bars: 5 μm
(b), 400 nm (c)
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well as trafficking to the intercalated disk. Furthermore, the decreased sodium
current measured by patch clamp in cardiomyocytes from these mice
(Cx43D378stop (Agullo-Pascual et al. 2014) and PKP2-Hz30) correlated with a
decrease in both the number of NaV1.5 clusters and the number of microtubule
plus-end protein EB1 clusters at the intercalated disk.

So far, we have only discussed the highlighted SRFM methodologies in their 2D
super-resolution capabilities and applications because in the vast majority of SRFM
research, only lateral imaging is undertaken or required. 3D modifications are
available; however, they are often more complicated to implement and use and
inevitably suffer from decreased temporal resolution and increased data handling
and storage difficulties, two problems which are already limiting to 2D SRFM.
Nonetheless, visualization of 3D organization can be key to an experiment, and so,
in some cases, the trade-off is deemed necessary. In these cases, 3D-SIM is usually
the most approachable because it is inherently a three-dimensional approach, need-
ing only for the grated illumination pattern to be oriented axially as well. Further-
more, most commercial SIM microscopes are outfitted with both software and
hardware for 3D imaging. Similarly, because of its confocal excitation scheme,
STED can be used to produce 3D data simply by producing z-slices, albeit with
diffraction limited z-resolutions. Alternatively, sub-diffraction axial resolutions can
be realized by applying a second depletion beam which depletes fluorophores away
from the center of the illumination beam in xz space.

In SMLM methodologies, many different approaches have been described for
generating 3D data; in particular, these efforts have focused on manipulation and
examination of single-molecule emission patterns [point spread functions (PSFs)] to
encode and extract axial position information. For example, interferometric PALM
uses two objectives and imaging paths allowing for the same photon to travel two
paths and then recombine and self-interfere. The difference in distance traveled by
the photon along the two paths is dependent on the fluorophore’s axial position
which can thus be calculated from the detected difference in phase amplitude of the
self-interfering photon and the unaffected photon (Shtengel et al. 2009). Structures
like focal adhesions and microtubules have been resolved in three dimensions at the
nanometer scale using this approach (Case et al. 2015; Kanchanawong et al. 2010;
Shtengel et al. 2009).

Biplane 3D also employs two imaging paths, introducing a slight difference in the
distance between the objective and two cameras so that PSFs appear with different
intensities and sizes (Proppert et al. 2014). More recently, algorithms have been put
forward to extract z-information from 2D SMLM data, with the caveat that the
distance from the imaging plane deduced is not identifiable as above or below
(Franke et al. 2017). Huang et al. proposed an astigmatic approach to achieving
3D-SMLM in which a weak cylindrical lens is introduced into the emission path to
distort the PSF in a predictable fashion based on axial position. Fluorophores above
the imaging plane appear elongated along one lateral axis, while those below the
imaging plane appear elongated in the other lateral axis (Huang et al. 2008). The
ratio of the PSF size in the two axes can then be used with a calibration curve of
known z-position PSF xy ratios to construct a 3D image (Fig. 14.3).
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Fig. 14.3 Three-dimensional SMLM by astigmatism. (a) Diagram of 3D-SMLM system. (b)
Examples of astigmatic images of a 100 nm diameter fluorescent bead in different axial positions.
(c) A calibration curve used to generate 3D-SMLM images. The z-position is determined by the
width minus height of the point spread function (PSF). (d) 3D-SMLM image of the cell end of an
isolated adult mouse cardiomyocyte stained for N-cadherin (magenta) and NaV1.5 (green). Top
images show a 2D z-color coded image of N-cadherin (left) and of NaV1.5 (right). Bottom image
shows the 3D view of the same region
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Using astigmatic 3D-SMLM, the periodic actin/spectrin cytoskeletal structure in
axons has been discovered (Xu et al. 2013). Our group has also used this method to
describe the distribution of sodium channels at the intercalated disk and their relation
to adhesion molecules (Leo-Macias et al. 2016). Using two-color 3D super-
resolution, we found that 35% of NaV1.5 clusters co-localized with, or were within
100 nm of, N-cadherin clusters. Moreover, analysis of the cluster dimensions
demonstrated a correlation with the predicted dimensions measured by angle view
patch clamp. These observations lead us to speculate that the presence of adhesion/
excitability nodes at the intercalated disk facilitates cross talk between the contractile
and electrical apparatus.

14.3 Correlative SMLM and Electron Microscopy

Conventional fluorescence microscopy allows protein imaging in living cells with
high molecular specificity but without significant insight into their ultrastructural
context. Electron microscopy, on the other hand, provides a high level of detail at the
ultrastructural level but is lacking in molecular specificity and multiplex capability.
Because the strengths of these techniques are exceptionally complementary, their
combination in correlative light-electron microscopy (CLEM) has the potential to fill
many gaps in biological imaging research. Indeed, successful CLEM studies, espe-
cially those that make use of SRFM, have demonstrated the ability to precisely
localize specific proteins within the highly detailed ultrastructural landscapes of their
native cellular contexts.

Many protocols for CLEM have been developed in recent years, but the technique
remains challenging due to differences in sample preparation requirements for
fluorescence microscopy and EM (Johnson et al. 2015; Paez-Segala et al. 2015).

One particular example of CLEM is the visualization of NaV1.5 ion channels.
These were imaged in relation to the adhesion protein N-cadherin within the
ultrastructural context of thin sections of ventricular tissue (Fig. 14.4) (Leo-Macias
et al. 2016). After SMLM imaging of the ion channel and adhesion proteins, the
sample was processed for, and imaged using, transmission electron microscopy
(TEM). The SMLM and EM images were overlaid using fiducial markers visible
in both images, allowing specific selection and further study of those NaV1.5 clusters
located at the membrane of the end-to-end contact of the cardiac cells, the so-called
intercalated disc. Further analysis of these regions revealed that NaV1.5 prefer-
entially aggregates with the adhesion molecule N-cadherin. The combination of
this result with electrophysiology and adhesion strength experiments demonstrated
that these clusters are major contributors to cardiac sodium current and that loss of
NaV1.5 expression reduces intercellular adhesion. These adhesion/excitability nodes
are proposed to be key sites for cross talk of the contractile and electrical molecular
apparatus and may represent the structural substrate of cardiomyopathies in patients
with mutations in molecules of the VGSC complex, as was the case in this report
(Te Riele et al. 2017).
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14.4 Advantages of SMLM and Ongoing Challenges

The SRFM approaches described here offer imaging capabilities that surpass the
diffraction limit of light, but each comes with its own advantages and limitations.
While SIM provides only a twofold improvement in resolution (lateral resolution of
120 nm) and is technologically complex, the availability of commercial instruments
and its ease of use makes the technique approachable. This is particularly true when
one takes into account the interchangeability of conventional fluorescence
microcopy samples with SIM samples: any conventional fluorophore can be used,
and live-cell imaging is constrained only by temporal resolution. Given the resolu-
tion provided in SIM, it is therefore recommended only when studying big cellular
complexes like sarcomeres (Granzier et al. 2014). In comparison, STED and SMLM
offer resolutions well below 100 nm that allow the study of molecular interactions
and complexes, but despite commercial instruments being available and homebuilt
instrumentation relatively straightforward (especially for SMLM), both methods
suffer from more complicated sample preparations. STED relies on extremely
resilient fluorophores which can be depleted but do not easily bleach or blink,
while SMLM requires dyes which can be manipulated to blink. In both cases, the
dyes must fulfill the requirements of the imaging methodology while also integrating
into the sample with high specificity and, especially in the case of live cells, minimal
perturbation to the sample. Of the available SRFMs, SMLM is arguably the most
widely used (Huang et al. 2009), and so below we will primarily focus on the
specifics of SMLM.

Fig. 14.4 Correlative light—electron microscopy. (a) Protocol for CLEM. Sample is mounted on
an EM finder grid. After immunolabeling and addition of fiducial markers, the sample is imaged
first for SMLM and then further processed for EM imaging. The same imaged region can be
localized using the features on the grid, and the images are aligned using the fiducial markers that
can be detected on both images. (b–d) Detection of N-cadherin (magenta) and NaV1.5 (green) in a
mouse heart tissue section by CLEM. (e) Zoom regions at the intercalated disk show localization of
adhesion molecules and sodium channels in close apposition. Scale bar: 5 μm (a), 2 μm (b–d),
200 nm (e)
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Despite its increasing number of applications, SMLM remains an emerging,
highly specialized method, and several considerations need to be taken into account
in order to perform a successful experiment. Optimization of sample preparation and
imaging conditions are among the most important steps. This is because all nonspe-
cific fluorophore labeling and sample degradation during fixation and imaging will
result in false-positive localizations in the final SMLM image, as will low signal to
noise and overlapping single molecule blinks. Furthermore, while the localization
precision of SMLM data relies predominantly on the number of photons detected in
a single-fluorophore signal, the spatial resolution relies not only on the precision but
also the labeling type and degree of success and is strongly impacted by the presence
of any imaging artifacts. Apart from nonspecific labeling, many of these artifacts
come from suboptimal fluorophore blinking, which can be affected by several
parameters:

– Imaging buffer: The blinking properties of fluorophores arise from electronic and
structural changes in dye molecules. In many respects it is a stochastic process
that arises from the recurring transition of the emitter between a non-emissive
state (off) and an emissive state (on). A table of the most prevalent SMLM
fluorophores is provided in Table 1 in Reid and Rothenberg (2015). For many
conventional organic fluorophores, the off state is achieved by reduction of the
semi-stable triplet state by an added reductant such a mercaptoethylamine. Return
to the emissive on state is often caused by collision of dark reduced fluorophores
with aqueous oxygen, and so controlling its concentration can also control
blinking kinetics. This can be achieved by addition of an oxygen scavenging
system, the most common of which comprises of glucose, glucose oxidase, and
catalase. An added advantage of oxygen scavenging is that aqueous oxygen is
responsible for some irreversible photobleaching events which are also undesired
in SMLM experiments.

– Laser intensity: The number of cycles per second of fluorophores, between the
ground and excited electronic states as achieved by photon absorption, vibrational
relaxation, and photon emission, is largely dependent on photon flux. The
probability of transition of an excited fluorophore to the semi-stable triplet state
from which it can be reduced and stably switched off is stochastic, and so the
probability of such a transition occurring in a given time also correlates directly
with laser intensity. In contrast, laser intensity does not largely affect the proba-
bility of an off to on transition over a given time.

– Signal to noise ratio: In SMLM it is important to detect as many photons as
possible from a single fluorophore in order to localize the molecule with nano-
meter precision. Therefore, overlapping PSFs, out-of-plane fluorescence, and
autofluorescence can all interfere with the successful detection and localization
of single molecules. In order to improve signal to noise, a total internal reflection
fluorescence (TIRF) or highly inclined and laminated optical sheet (HiLo) con-
figuration can be implemented. Both techniques angle the incident light so that
only a fraction of the sample interacts with the incident light, thereby removing
noise from out-of-plane fluorescence. In TIRF, an evanescent wave is used to
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excite fluorophores within only a few hundred nanometers of the coverslip, while
HiLo can be adjusted to excite fluorophores across variable depths of several
microns.

– Labeling density: To achieve ultrastructural insight using SMLM, very high
labeling densities must be used as described by the Nyquist sampling theory.
Simply put, to achieve a true spatial resolution of x nm, a fluorophore must be
localized every x/2 nm in the target structure. If SMLM is being used to quantify
single-molecule distributions or interactions, it is similarly very important to
achieve a high degree of labeling so as to not underestimate interactions. By
altering acquisition parameters, namely, laser intensity and the concentrations of
reductant and molecular oxygen, very densely labeled samples can be
manipulated to optimize the ratio of fluorophores in the dark state to those in
the emissive state. Over-labeling of samples for SMLM therefore only occurs
when increased antibody aggregation and nonspecific labeling are observed.

Ideal SRFM experimental conditions vary widely depending on the target of
interest, the fluorophores used, and the sample itself; therefore, extensive and careful
optimization must be undertaken for each new experiment (Whelan and Bell 2015).

Analysis and rendering of SMLM data present a further challenge despite the
availability of dozens of free software suites, ImageJ plug-ins, and open access codes
[for a summary and comparison of algorithms, see Sage et al. (2015)]. Each of these
analytical tools attempts to detect and localize each single-molecule emission within
a data set, thus generating a list of coordinates which can be rendered into an
“image.” Most of these approaches can be distilled into three steps: first, detection
of a potential single-molecule emission, usually by searching for local maxima;
second, determination of the precise localization of the single-molecule emitter by
fitting a Gaussian or arbitrary PSF; and finally rendering of the localized coordinates
in 2D or 3D space. Various degrees of complexity and flexibility exist within and
between the algorithms. Denoising (e.g., band/low-pass filtering and wavelet trans-
formation) and thresholding can be used to process the raw data for detection of
single-molecule emissions, while localization can be achieved using least squares,
maximum likelihood, center of mass, or center of symmetry methods, among others.
Each method generates different SMLM data with quantifiable detection rates,
including false negatives and positives, localization accuracies, and spatial
resolutions. The usability (computational costs and interface) and speed of different
algorithms should also be taken into account. Because of this variability, multiple
algorithms should be considered and trialed. Ongoing awareness of the degree, to
which SMLM renderings are often affected by artifacts, are not “real” images, and
are not comparable to other fluorescence images, is also important.

Partly because of the non-real nature of SMLM images, analysis often poses new
challenges with many established approaches, such as those used for confocal
fluorescence images, frequently proving inadequate. Inherent to the tenfold improve-
ment in lateral resolution, SMLM provides nanometer-precise dimensions of
ultrastructures and clusters and elucidates sub-diffraction distributions and inter-
molecular/intercluster distances. Because SMLM provides images of single-molecule
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locations, it also depicts molecular-level colocalizations and interactions, even
allowing for quantification of these relations as well as molecular density. This is a
key advantage over conventional fluorescence imaging which lacks single-molecule
sensitivity and routinely relies on detection of clustered molecules, disregarding the
diffuse “background” level of fluorophores. While many image parameters can be
extracted from SR images manually, in order to harness the full capabilities of SMLM
in biomedical research, new standardized tools for automated big data analysis are
needed. Several such tools are already available for analysis of protein clusters
(Andronov et al. 2016), intermolecular interactions and the formation of higher-
order molecular complexes (Caetano et al. 2015), microtubule networks (Zhang
et al. 2017), three-color molecular correlation (Yin and Rothenberg 2016), and
general SMLM data (Malkusch and Heilemann 2016). However, with any new
research endeavor, a robust analytical approach must be devised; thus, most success-
ful applications of SMLM will rely on collaboration with computational science and
bioinformatics specialists.

14.5 Future Potential

Taking into account the many different aspects and complexities of SMLM
discussed, its use remains highly specialized and challenging. In particular the highly
interdisciplinary demands of SMLM require that research groups making use of the
method possess a breadth of skills including optics, photophysics, photochemistry,
coding, and mathematics, and the biology required to not only prepare and handle
samples but to pose relevant questions. Increased interest from the biomedical
research community has encouraged various microscopy companies to develop
systems with integrated single-molecule capabilities, but while these commercial
microscopy systems provide an impressive array of imaging modalities, they are
extremely costly, especially as compared to in-house customized or standard com-
mercial microscopy systems (Holm et al. 2014). Moreover, having a commercial
SMLM setup does not assist with the more difficult aspects of devising and carrying
out experiments, including optimization of sample preparation and imaging acqui-
sition parameters and data analysis. Because these challenges are ongoing, an ability
to carry out these optimizations and troubleshoot SMLM experiments is integral.

Of the various potential uses of SMLM in biomedical research, perhaps the most
sought after is live-cell imaging. It is particularly difficult to generate live-cell
SMLM data because typically a single SMLM image takes longer than a minute to
acquire; this temporal resolution is not useful for imaging many cellular processes,
and so methods which make use of far fewer frames or rolling averages are often
implemented. Live-cell imaging is also limited by the fluorophores available, the
majority of which are less bright, less capable of “blinking,” and more likely to
photobleach than the synthetic dyes used for fixed-cell imaging. This has led to
continuing development of better fluorescent proteins for live-cell SMLM
applications, as well as novel methods for delivery of synthetic fluorophores
(Chang et al. 2012; Teng et al. 2016; Hennig et al. 2015; Kube et al. 2017).
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Despite the difficulties associated with establishing and applying SRFM methods
within the lab, the potential insights afforded by these new and exciting techniques
unquestionably make their uptake worth the effort. Aside from the specific
applications of SMLM to cardiac research that we have outlined in this chapter,
many other successful applications to biomedical research can be found in the
literature. Moreover, SMLM has potential clinical applications and has already
been used in personalized disease modeling. Te Riele et al. used SMLM to assess
the molecular basis for arrhythmogenic cardiomyopathy in induced pluripotent stem
cell-derived cardiomyocytes generated from peripheral blood mononuclear cells
from a patient carrying a SCN5A mutation (Fig. 14.5) (Te Riele et al. 2017). Using
SMLM, they demonstrated a reduction in the number of sodium channel clusters at
junctional sites, which correlated with a reduced sodium current. A reduction in the
number of N-cadherin clusters was also observed at the junctional sites potentially
revealing a noncanonical mechanism of NaV1.5 to alter intercellular adhesion that
can lead to an AC phenotype. This study, along with the others presented here,
highlights the vast future potential of SMLM, spanning fundamental and biomedical
research and even opening new avenues of investigation in translational and clinical
medicine.
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Fig. 14.5 Application of SRFM for patient-specific diagnosis. (a) Patient cells can be
reprogrammed to pluripotent stem cells (iPS cells) and then differentiated to cardiomyocytes.
These cells can then be characterized using different techniques like imaging or electrophysiology.
(b) Human iPSC-derived cardiomyocytes analyzed by SMLM. Staining for N-cadherin (magenta)
and NaV1.5 (green) shows the localization of N-cadherin at regions of cell–cell contact and NaV1.5
in close apposition. Scale bar: 4 μm (b left), 400 nm (b right)
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Ideally, studies investigating pathophysiological mechanisms of human arrhyth-
mia disorders should be performed in human subjects, their hearts, tissue, and
cells. Human cardiac tissues, however, are not easily accessible to experimental
electrophysiologists. Therefore, transgenic animal models (mouse, rabbit, and
pig) mimicking (several aspects of) the human disease phenotype have been
generated and utilized to gather mechanistic insight into cardiac channelopathies.

In this overview, we summarize advantages, limitations, and translational
value of the different available genetic animal models (mouse, rabbit, and pig)
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15.1 Introduction

To increase our understanding of the pathophysiology of human diseases, ideally,
human subjects, their organs, tissues, and cells should be studied. However, in-depth
mechanistic studies on alterations of cardiac electrophysiology and arrhythmogenesis
in channelopathies can only be performed to a very limited extent in human patients.
Particularly, mechanisms of arrhythmogenesis can only be assessed on certain levels,
e.g., in vivo and exceptionally—if available—on cellular levels in isolated or induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CM) (Hoekstra et al. 2012),
while assessment of whole human hearts remains an exception (Opthof et al. 2017).
Similarly, although the expression and biophysical characterization of mutated car-
diac ion channels in heterologous cellular expression systems have increased our
understanding of the electrophysiological basis of cardiac channelopathies
(Nerbonne et al. 2001; Nerbonne and Kass 2005), these cells cannot reflect the
endogenous cardiomyocyte environment and any potential electrical remodeling
that may occur in it due to the disease-specific ion channel mutations.

The advantage of using animals over human patients (or cellular systems) for
mechanistic studies is that animal models allow (1) to identify pathophysiological
mechanisms on multiple levels and (2) to conduct longitudinal studies in subjects
with a defined genetic background and without confounding comorbidities for the
assessment of factors that may alter the arrhythmic disease phenotype, allowing not
only observations but also defined quantitative pro- or anti-arrhythmic interventions.
This comes at the cost, however, of partially limited clinical transferability due to
some species differences in features of cardiac electrical function (Nerbonne et al.
2001; Salama and London 2007; Baczkó et al. 2016) that are responsible for
incomplete recapitulation of different aspects of the human disease. Therefore,
animal models that capture disease-specific essential aspects of human cardiac
pathophysiology (e.g., repolarizing ion channel function for long QT syndromes,
sodium channel function for Brugada syndrome and long QT type 3, and Ca2+

handling/ryanodine receptor properties for CPVT) are required for improving our
understanding of the complex, multidimensional alteration of physiological cardiac
function in channelopathies with the goal of “bench-to-bedside” translation
(Odening and Kohl 2016).

Both drug-induced and genetically modified animal models of various species
have been generated and utilized to investigate arrhythmic mechanisms in different
channelopathies [reviewed in Nerbonne et al. (2001), Salama and London (2007),
Nattel et al. (2008), Derangeon et al. (2012), Choy et al. (2016) and Lang et al.
(2016b)]. One main shortcoming of drug-induced animal models, however, is the
fact that most ion channel-blocking or ion channel-activating drugs are not channel-
selective, thus causing a “mixed” disease phenotype. In addition, drugs have to be
administered continuously to sustain the drug-induced “channelopathy,” thus
impeding detailed investigation of arrhythmic mechanisms and triggering free-
moving, non-anesthetized animals. Therefore, transgenic or genetically modified
animal models for channelopathies are generated aiming at (1) mimicking the
human disease genotype and phenotype and (2) gathering insights into disease-
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specific electrophysiological cardiac function and mechanisms of arrhythmogenesis
on cellular, tissue, organ, and in vivo levels and (3) for “bench-to-bedside” transla-
tion to improve diagnostic and therapeutic strategies in patients with channelopathy.

Small animals such as mice and rabbits are among the most commonly used
animal models in cardiac research, since they have relatively short generation times
and their handling is rather cost-effective. Most importantly, they have the added
advantage that they can be more easily subjected to genetic manipulation than larger
animals. Therefore, despite apparent differences between human and mouse cardiac
electrophysiology [reviewed in Nerbonne et al. (2001), Salama and London (2007)
and Baczkó et al. (2016)], the first (and most) genetic channelopathy models were
mouse models [reviewed in Nerbonne et al. (2001), Salama and London (2007),
Derangeon et al. (2012) and Choy et al. (2016)]. Thanks to novel developments in
animal transgenesis (Bősze et al. 2016), rabbits—representing a species that mimics
human cardiac electrophysiology surprisingly well (Nerbonne 2000; Valentin et al.
2004; Hondeghem 2016)—have also entered the range of species in whom genetic
manipulation can successfully replicate certain human cardiac diseases (Sanbe et al.
2005; Brunner et al. 2008;Major et al. 2016). Last but not least, a much larger species,
the pig—which even more closely resembles humans—has recently been success-
fully modified genetically to represent a channelopathy model (Park et al. 2015).

In the following, we will summarize advantages, limitations, and translational
value of the different currently available genetic (mouse, rabbit, and pig) animal
models for cardiac channelopathies: potassium channelopathies (long QT
syndromes; Tables 15.1, 15.2 and 15.3), sodium channelopathies (LQT3, Brugada
syndrome, cardiac conduction disease, and overlap syndrome; Table 15.4), and
catecholaminergic polymorphic ventricular tachycardia (CPVT; Table 15.5). The
different diseases and their clinical manifestation and treatment options, however,
are not reviewed again in detail; here the interested readers are encouraged to refer to
the respective preceding chapters in this volume.

15.2 Available Transgenic Animal Models of Cardiac
Channelopathies

15.2.1 Transgenic Animal Models for Long QT Syndrome Based
on Potassium Channel Mutations

Long QT syndrome (LQTS) is an inherited channelopathy characterized by
prolonged QT duration as manifestation of a prolonged cardiac repolarization (Priori
et al. 2001a). The disease is predominantly caused by autosomal dominant mutations
in genes encoding for repolarizing potassium channels (90%, KCNQ1: LQT1,
KCNH2: LQT2) and depolarizing sodium channels (5%, SCN5A: LQT3) (Priori
et al. 2001a). Patients are prone to develop polymorphic torsade de pointes ventric-
ular tachycardia (VT) and sudden cardiac death (SCD).
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15.2.1.1 Genetically Modified Mouse Models for Long QT Syndromes
with Potassium Channel Mutations

Since genetic manipulation has for a long time nearly exclusively been feasible in
mice and not in other larger mammals, the first transgenic (and knockout) animal
models for LQTS based on potassium channel mutations were mouse models
(London et al. 1998a, b). However, it has to be noted that pronounced species
differences in the expression and functional relevance of ion channel proteins and
currents conveying cardiac repolarizing, action potential shape and duration,
and consecutive surface ECG morphology have been identified between mice and
humans [reviewed in Nerbonne et al. (2001), Salama and London (2007) and Baczkó
et al. (2016)]. Briefly (and simplified), in mouse cardiomyocytes, the major
repolarizing currents are the fast and slow components of the transient outward K+

current Ito,f and Ito,s and the rapidly activating, slowly inactivating delayed rectifier
currents IK,slow1 and IK,slow2 (Nerbonne 2000; Nerbonne et al. 2001). In human
cardiomyocytes, in contrast, repolarization is driven by the transient outward K+

current Ito, the slow delayed rectifier K+ current IKs, the rapid delayed rectifier K+

current IKr, and the inward rectifier K
+ current IK1—with IKr and IKs being by far the

most important repolarizing currents (Nerbonne 2000; Nerbonne et al. 2001).
Since the 1990s a variety of different models (1) targeting mouse repolarizing

potassium currents or (2) introducing mutated human repolarizing potassium
channels have been generated and investigated in detail (Nerbonne et al. 2001;
Salama and London 2007) (see sections “Genetically Modified Mouse Models for
Long QT Syndrome with Alterations of Mouse Potassium Channels” and “Geneti-
cally Modified Mouse Models for Long QT Syndrome with Alterations of “Human”
Potassium Channels”). In these models, the so-called “dominant-negative”
(DN) transgenic strategy, e.g., the fact that the co-assembly of mutated and normal
channel subunits completely disrupts ion channel function, was utilized to decrease
the expression of functionally normal repolarizing potassium channel proteins.

Genetically Modified Mouse Models for Long QT Syndrome with Alterations
of Mouse Potassium Channels

(Partial) Imitation of Long QT Phenotype: APD, QT, and Arrhythmia
Mouse models with altered expression of mouse potassium channel α-subunits have
been crucial for our understanding of the functional relevance of molecularly distinct
subunits of repolarizing potassium channels (Nerbonne et al. 2001). Moreover, these
models either overexpressing dominant-negative loss-of-function mutations in
mouse repolarizing potassium channel genes or harboring targeted deletions of
these genes were able to partially mimic the human LQTS disease phenotype.
Dominant-negative transgenic mice expressing (1) an N-terminal fragment of
Kv1.1 (lack of the 4-aminopyridine (4-AP)-sensitive current IK,slow1), (2) a Kv1.5
pore mutation (similar lack of the 4-AP-sensitive current IK,slow1), (3) a Kv2.1
mutation (lack of IK,slow2), or (4) a truncated Kv4.2 as well as a Kv4.2 pore mutation
(lack of Ito,f) all demonstrated prolongation of the action potential duration (APD)
and/or the QT interval (Table 15.1; London et al. 1998a; Barry et al. 1998; Xu et al.
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1999; Wickenden et al. 1999; Li et al. 2004). Similarly, the targeted disruption of
KChIP2—an auxiliary subunit of the Kv4.x family necessary for regular trafficking
of channel proteins to the cell membrane—that results in a lack of Ito led to a
prolongation of APD and QT (Kuo et al. 2001). Other mice with targeted deletions
of mouse channel subunits (Kv1.4�/� lack of Ito,s; Kv4.2

�/� lack of Ito,f), in contrast,
had no APD or QT prolongation at all (London et al. 1998b; Guo et al. 2005).

However, only some of these models exhibited short spontaneous and/or induc-
ible ventricular arrhythmia (London et al. 1998a; Xu et al. 1999; Kuo et al. 2001;
Kodirov et al. 2004), particularly when dominant-negative mutations in several ion
channel genes were combined (Guo et al. 2000; Kodirov et al. 2004)—while others
seemed to be protected from arrhythmia despite their prolonged cardiac repolariza-
tion (Li et al. 2004; Barry et al. 1998; Brunner et al. 2001). Of note, interestingly, in
Kv1.1DN mice, the major arrhythmia was monomorphic and not polymorphic
torsade de pointes tachycardia that typically develops in human LQTS (London
et al. 1998a), indicating potentially different mechanisms of arrhythmogenesis in
murine and human hearts. SCD due to VT/VF, however, was not observed in any of
these LQTS mouse models.

Electrical Remodeling
A compensatory upregulation of repolarizing currents not affected by the mutation
was observed in many of these mouse models and may be (partially) responsible for
a lack of APD/QT prolongation or lack of arrhythmia: Kv4.2 DN transgenic mice
lacked Ito,f but demonstrated a compensatory upregulation of Kv1.4/Ito,s leading to
APD and QT prolongation but without arrhythmia (Barry et al. 1998). Similarly,
mice with a targeted deletion of Kv4.2 completely lacked Ito,f and showed compen-
satory upregulation of Ito,s and downregulation of the accessory subunit KChIP2 and
consequently lacked APD or QT prolongation (Guo et al. 2005). Gene-targeted mice
in which Kv1.5 was replaced by Kv1.1 (SWAP) lacked IK,slow1 and demonstrated
upregulation of Kv2.1/IK,slow2 resulting in a lack of APD prolongation (London et al.
2001). Whether a likewise electrical remodeling with compensatory upregulation of
other repolarizing ion currents also occurs in human cardiomyocytes is unclear and
remains to be elucidated.

Mechanisms of Long QT-Related Arrhythmia
To gather insights into mechanisms responsible for long QT-related arrhythmia, not
only the abovementioned “monogenic” LQTS mouse models were generated, but
experiments intercrossing two specific models were also performed to investigate the
impact of the combined lack of several repolarizing ion currents on arrhythmogenesis.
Cross-breeding Kv4.2 DN mice with Kv1.4�/� mice yielded mice that completely
lacked Ito (Ito,s and Ito,f) and had very pronounced APD/QT prolongation, with
increased early afterdepolarization (EAD) formation and spontaneous ventricular
arrhythmia (Guo et al. 2000). Similarly, crossing Kv1.1 DN and Kv2.1 DN mice
resulted in mice lacking both IK,slow1 and IK,slow2 with pronounced APD/QT
prolongation and spontaneous and inducible arrhythmia (Kodirov et al. 2004).
Cross-breeding Kv1.1 DN with Kv4.2 DN mice (lack of IK,slow1 and both components
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of Ito), in contrast, let to mice with pronounced prolongation of cardiac repolarization
but lack of arrhythmia (Brunner et al. 2001). These models revealed the importance of
a heterogeneously prolonged cardiac repolarization for LQTS-related arrhythmia
formation and an anti-arrhythmic effect of a regionally more homogenous AP
prolongation (Baker et al. 2000; Brunner et al. 2001; Kodirov et al. 2004; London
et al. 2007).

However, due to the above indicated differences in cardiac electrophysiology, the
clinical relevance of mechanistic findings gathered in these potassium channel-
targeting mouse models to human LQT1 and LQT2 remains elusive. Moreover, in
transgenic or gene-targeted mouse models of LQTS in general, electrical remodeling
(compensatory upregulation of other ion currents) and structural remodeling (fibro-
sis) are common, which may itself affect arrhythmogenesis, thus limiting their
transferability to human pathophysiology (Koren 2004; Salama and London 2007).

Genetically Modified Mouse Models for Long QT Syndrome with Alterations
of “Human” Potassium Channels
Another approach to investigate LQTS in mouse models is to modify human
potassium channel genes or their mouse equivalents. Several groups have generated
mouse models with dominant-negative loss-of-function mutations of human
voltage-gated potassium channels KvLQT1/KCNQ1 (LQT1), HERG/KCNH2
(LQT2), minK/KCNE1 (LQT5), or Kir2.1/KCNJ2 (LQT7) or knockouts of the
mouse-equivalent genes (Table 15.2), aiming at a better imitation of the human
LQTS phenotype [reviewed in Nerbonne et al. (2001) and Salama and London
(2007)]. As different repolarizing voltage-gated potassium currents determine car-
diac repolarization in murine and human cardiomyocytes (Nerbonne 2000), how-
ever, these mouse models representing LQT types 1, 2, 5, or 7 have failed to
completely mimic the human disease phenotype. Only some of the models
demonstrated APD/QT prolongation, and all failed to show any spontaneous ven-
tricular arrhythmia (Table 15.2).

(Partial) Imitation of Long QT Phenotype—APD, QT, and Arrhythmia: KCNQ1—LQT1
Consequences of a reduction or elimination of IKs have been investigated in KCNQ1
knockout and dominant-negative mouse models. Similarly as human patients with
Jervell and Lange-Nielsen syndrome—an autosomal recessive form of LQT1—homo-
zygote mice with targeted disruption of Kcnq1 (Kcnq1�/�) had bilateral sensorineural
deafness (Lee et al. 2000; Casimiro et al. 2001). The cardiac phenotype, however, was
less clear. While some Kcnq1�/� mice [deletion of exon 1 (Lee et al. 2000)] had normal
QT, other Kcnq1�/� mice [deletion of exon 2 (Casimiro et al. 2001)] demonstrated QT
prolongation but no corresponding changes in endocardial or epicardial monophasic
action potentials (Table 15.2), indicating a less predominant role for KCNQ1/IKs in
ventricular repolarization in mice than in human. In dominant-negative KCNQ1 DN
mice (Demolombe et al. 2001), in contrast, prolonged QT and APD were observed and
were associated with sinus node dysfunction and alterations of AV nodal conduction,
suggesting that KCNQ1/IKs may play a role in sinus node automaticity and impulse
propagation through the AV node in murine hearts. KCNQ1 DN mice were further
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utilized to investigate differential effects of IKr and Ito blocking drugs (Lande et al. 2001),
demonstrating a QT prolonging effect of Ito blockers (but—contrasting with effects
observed in humans—not of IKr blockers) and slowing of sinus automaticity with IKr
blockade, thus further dissecting the functional role of various repolarizing ion currents
in different parts of the heart.

(Partial) Imitation of Long QT Phenotype—APD, QT, and Arrhythmia: KCNH2—LQT2
Similarly as suggested by pharmacological experiments, the selective knockout of
mouse Merg1b potassium channel (Kcnh2/Merg�/�) (Lees-Miller et al. 2003) or the
elimination of IKr due to a cardiac-specific overexpression of the dominant-negative
pore mutation HERG-G628S (Babij et al. 1998) [which confers a pronounced
phenotype in human patients (Sanguinetti et al. 1996)] both did not prolong QT
intervals but caused sinus bradycardia (Table 15.2). These findings indicate a very
limited role of IKr in murine ventricular repolarization but some importance in sinus
node electrophysiology. Similarly as in models targeting mouse potassium channels,
the lack of a cardiac phenotype may also be partly due to compensatory upregulation
of other ion currents such as IKs (Lees-Miller et al. 2003). In contrast to these
observations, a more recent study (Salama et al. 2009) demonstrated that a partial
reduction of Merg1a protein/IKr current in heterozygous Merg1+/� mice may cause
APD prolongation and increased base-to-apex dispersion of repolarization thus
predisposing the heart to arrhythmia as demonstrated by increased VT inducibility.

(Partial) Imitation of Long QT Phenotype—APD, QT, and Arrhythmia: KCNE1—LQT5
Consequences of Kcne1/minK�/� knockout on murine cardiac electrophysiology are
conflicting: Several groups reported that minK�/� mouse models have reduced IKs
current densities but lack changes in QT (Kupershmidt et al. 1999) or in (right and
left ventricular) APD (Charpentier et al. 1998; Salama et al. 2009)—while others
have described QT abnormalities in response to heart rate changes with longer QT at
slow heart rates and a paradoxical shorter QT at fast heart rates (Drici et al. 1998)
(Table 15.2). In line with these observations, a recent study demonstrated prolonged
epicardial APD, resulting in increased transmural dispersion of repolarization
(Thomas et al. 2007). Earlier studies by the same group had additionally identified
slowing and increased dispersion of conduction velocities (Balasubramaniam et al.
2003). However, whether these are due to potential fibrotic remodeling or stem
directly from the knockout remains unclear. In Kcne1/minK�/� mice demonstrating
prolongation and increased dispersion of APD and conduction velocities, an
increased incidence of EADs and of inducible and spontaneous VT (particularly
upon complete cessation of ventricular pacing and hence during bradycardia) was
observed in Langendorff-perfused hearts ex vivo (Balasubramaniam et al. 2003;
Thomas et al. 2007). Of note, these ventricular tachycardias, however, were mono-
morphic [similarly as observed in Kv1.1DN mice (London et al. 1998a)] and not
polymorphic thus not corresponding to torsade de pointes tachycardia typically
observed in human LQTS patients. Interestingly, in these models the Ca2+ channel
blocker nifedipine exerted a pronounced anti-arrhythmic effect (Balasubramaniam
et al. 2003; Thomas et al. 2007). In another study, in which optical mapping
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experiments were performed in Kcne1/minK�/� mouse hearts that lacked APD
prolongation, in contrast, no arrhythmia was observed neither spontaneously nor
after ventricular stimulation (Salama et al. 2009).

(Partial) Imitation of Long QT Phenotype—APD, QT, and Arrhythmia: KCNJ2—LQT7
The effects of a reduction or elimination of Kir2.1/IK1 have been investigated using
gene-targeted knockout and dominant-negative transgenesis (Table 15.2): Ventricular
cardiomyocytes from Kcnj2/Kir2.1�/� knockout mice lacked IK1 and demonstrated a
pronounced APD prolongation and increased rates of spontaneous APs. No spontaneous
ventricular arrhythmia, however, was observed in Kcnj2/Kir2.1�/� mice in vivo
(Zaritsky et al. 2000). Similarly, cardio-selective overexpression of dominant-negative
Kir2.1 channel subunits (Kir2.1 DNmice) led to a nearly absent IK1 and prolonged APD
and QT (McLerie and Lopatin 2003). In addition, a prolongation of PR intervals and
QRS duration was observed, indicating a role of IK1 in controlling repolarization and
impulse propagation. Despite the prolonged cardiac repolarization in this model, how-
ever, no ectopic electrical activity and no VT were observed (McLerie and Lopatin
2003), further stressing the electrophysiological differences between mice and human in
terms of arrhythmogenesis.

Mechanisms of Long QT-Related Arrhythmia
Despite their lack of complete imitation of the human disease phenotype, insights
into mechanisms underlying long QT-related arrhythmia were also gathered with
these mouse models: the importance of an increased dispersion of repolarization for
arrhythmia formation (Thomas et al. 2007; Salama et al. 2009) was similarly
highlighted as with mouse models with alterations in mouse potassium channels.

15.2.1.2 Genetically Modified Rabbit Models for Long QT Syndromes
Based on Potassium Channel Mutations

Although the above described LQTS mouse models were able to partly mimic the
human LQTS phenotype, these models failed to show spontaneous sustained ven-
tricular arrhythmia or SCD thus limiting their value for the investigation of arrhyth-
mic mechanisms or anti-arrhythmic therapeutic approaches. This calls for a species
that more closely resembles humans such as the rabbit, which demonstrates pro-
nounced similarities to humans in terms of ion currents determining cardiac repolar-
ization, intracellular ion concentrations, and responses to electrophysiologically
relevant pharmacological interventions (Nerbonne 2000; Valentin et al. 2004;
Hondeghem 2016). In rabbit cardiomyocytes, cardiac repolarization is mainly driven
by HERG/IKr and (to a lesser degree) KvLQT1/IKs—similar as in human
cardiomyocytes (Salata et al. 1996; Nerbonne et al. 2001; Baczkó et al. 2016). In
addition, regional contractile and diastolic behavior of rabbit hearts resembles that of
human (Jung et al. 2012), and similar cardiac mechano-electrical coupling
mechanisms have been described (Quinn and Kohl 2016).
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Transgenic Rabbit Models for LQT1, LQT2, and LQT5—Imitation of Long QT
Phenotype
All available transgenic LQTS rabbit models have been engineered by cardio-
selective overexpression of dominant-negative mutated human genes encoding for
voltage-gated K+ channels KCNQ1/KvLQT1 (KvLQT1-Y315S, LQT1), KCNH2/
HERG (HERG-G628S, LQT2), or KCNE1/minK (KCNE1-G52R) driven by
β-myosin heavy chain promoters (Brunner et al. 2008; Major et al. 2016) [reviewed
in detail in Lang et al. (2016b)] (Table 15.3). In LQT1 or LQT2, rabbit
cardiomyocytes IKs (LQT1) or IKr (LQT2), respectively, were completely eliminated
resulting in prolongation of APD on the cellular and whole heart levels and
prolongation of ventricular refractoriness and QT duration in vivo (Brunner et al.
2008; Odening et al. 2010) (Table 15.3, Fig. 15.1a–c). In LQT2 rabbit hearts, an
increased spatial dispersion of APD was observed (Brunner et al. 2008; Odening
et al. 2013), and VT/VF were easily inducible with left ventricular (LV) epicardial
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stimulation (Brunner et al. 2008). Importantly, LQT2 rabbits even developed spon-
taneous polymorphic VT and SCD (Brunner et al. 2008; Odening et al. 2012)
(Fig. 15.1d), thus representing the first transgenic animal models mimicking the
complete electrical phenotype of LQT2. Transgenic LQT1 rabbits with a more
homogeneously prolonged APD without dispersion of repolarization, in contrast,
developed no spontaneous VT or SCD (Brunner et al. 2008). In transgenic LQT5
rabbits (Major et al. 2016), biophysical properties of IKs were altered with
accelerated deactivation kinetics. These rabbits exhibited only a very slightly
prolonged QT but an increased short-term beat-to-beat variability of the QT
(Major et al. 2016). Due to their reduced repolarization reserve, the phenotype was
augmented by IKr-blocking drug dofetilide, which further increased short-term
variability of QT and promoted drug-induced VT (Major et al. 2016) (Table 15.3).

In the following, we highlight mechanistic findings on the arrhythmic substrate,
pro-arrhythmic triggering factors, anti-arrhythmic agents, and electromechanical
dysfunction in transgenic LQTS rabbit models and their potential translational
application in the clinical management of LQTS patients in more detail.

Arrhythmic Substrate: Role of Spatial and Temporal Dispersion
of Repolarization
Studies in transgenic LQT1 and LQT2 rabbits highlight the major role of an
enhanced dispersion of repolarization in LQTS-related arrhythmogenesis: In LQT2
rabbit hearts, a pronounced dispersion of repolarization was identified in left and
right ventricles (Brunner et al. 2008; Odening et al. 2010, 2013), and optical
mapping visualizing VF initiation demonstrated that this enhanced regional disper-
sion of repolarization may cause unidirectional functional block and reentry forma-
tion (Brunner et al. 2008). Dispersion of repolarization can also occur in a dynamic
spatiotemporal fashion with pronounced beat-to-beat alternations and “out-of-
phase” heterogeneities between adjacent regions, the so-called discordant alternans.
In transgenic LQT2 rabbit hearts, this discordant alternans developed at physiologi-
cal heart rates and preceded VT/VF formation (Ziv et al. 2009). In contrast, in LQT1
hearts lacking regional or temporal dispersion of repolarization (Brunner et al. 2008;
Odening et al. 2010, 2013; Ziupa et al. 2014), no VT/VF could be induced,
suggesting that a regionally more homogeneous APD prolongation may exert a
protective effect. When LQT1 hearts were further stressed, however, by continuous
tachypacing to induce cardiac tachymyopathy, APD dispersion increased, spatially
discordant alternans developed, and VT/VF was easily inducible (Lau et al. 2015).

Triggers: Role and Mechanisms of Early Afterdepolarization
Clinical registry data suggest genotype-specific arrhythmic triggers in LQTS
patients: The constantly elevated adrenergic tone during physical exercise (particu-
larly during swimming) has been determined to promote arrhythmia in LQT1, while
a sudden sympathetic surge in episodes of rest through emotional stress and (audi-
tory) startle may trigger arrhythmia in LQT2 (Schwartz et al. 2001; Morita et al.
2008). In line with these observations, genotype-specific differences in the
mechanisms of EAD formation and arrhythmia initiation were demonstrated in
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LQT1 and LQT2 rabbits. In LQT2 cardiomyocytes, EADs developed during sudden
sympathetic surge, while continuous perfusion with isoproterenol prevented EAD
formation. In LQT1 cardiomyocytes, in contrast, continuous adrenergic stimulation
facilitated the occurrence of EADs (Liu et al. 2012). Different time courses in
sympathetic activation of cardiac ion currents may explain why different sympa-
thetic modes are associated with arrhythmia formation in different genotypes of
LQTS: Upon sympathetic stimulation, activation of ICa,L that may elicit EADs is
faster than the activation of IKs that shortens APD in LQT2 and acts as anti-
arrhythmic mechanism upon continuous adrenergic stimulation in LQT2. In addi-
tion, different modes of arrhythmia initiation and maintenance in different LQTS
genotypes were identified. While in LQT2 reentry formation played an important
role (Brunner et al. 2008), in LQT1 hearts, a novel mechanistic concept of LQTS-
related arrhythmogenesis was identified: Arrhythmia was initiated by focal
excitations arising particularly from the RV and was maintained by multiple shifting
excitation foci and bi-excitability (Kim et al. 2015).

Role of Electrical Remodeling
In transgenic LQTS rabbit models, a distinct interaction between IKr and IKs was
identified. In contrast to transgenic mouse models, in which electrical remodeling
with a partially compensatory upregulation of reciprocal repolarizing ion currents
has been observed (Koren 2004), in transgenic LQT1 and LQT2 rabbits, the
impaired repolarization reserve was further limited and the phenotype aggravated
by downregulation of the reciprocal repolarizing currents (Brunner et al. 2008; Ren
et al. 2010) due to direct KCNQ1 and HERG protein interactions (Organ-Darling
et al. 2013). Likewise, in transgenic LQT5 rabbits, the faster deactivation of IKs was
paralleled by a faster deactivation of IKr (Major et al. 2016). Whether electrical
remodeling mechanisms occurring in human LQTS cardiomyocytes more closely
resemble the changes in transgenic rabbit or mouse models still warrants detailed
investigation.

Investigation of Pro- and Anti-arrhythmic Effects of Drugs and Hormones
in LQTS
As transgenic LQTS rabbit models demonstrate a reduced repolarization reserve,
they may serve as particularly sensitive tools for in vivo and ex vivo drug testing to
identify potential pro-arrhythmic ion channel-blocking drugs and may be similarly
used to investigate genotype-specific efficacy of ion channel-activating drugs and
their potential application as genotype-specific therapies.

LQT1 rabbits lacking IKs and LQT5 rabbits with impaired IKs were demonstrated
to be particularly sensitive in identifying IKr-blocking properties of drugs showing
prolonged APD/QT, increased spatial dispersion of APD, increased short-term
variability of QT, and increased arrhythmia formation (Odening et al. 2008, 2010;
Ziupa et al. 2014; Major et al. 2016). Similarly, transgenic LQT2 rabbits
demonstrated a particularly high sensitivity to IKs- or IK1-blocking anesthetic agents
(Odening et al. 2008).
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Pronounced sex differences in arrhythmic risk have been identified in LQTS
patients with an increased risk for cardiac arrhythmic events in women after puberty
and a particularly high risk during the postpartum (particularly in LQT2 patients)
(Sauer et al. 2007), strongly suggesting that changing sex hormone levels may affect
LQTS-related arrhythmogenesis. Consequently, identifying pro- and anti-arrhythmic
effects of sex hormones has become an emerging field of interest in LQTS research,
with the goal of revealing underlying molecular mechanisms and identifying novel
potential therapeutic targets (Odening and Koren 2014). As in transgenic LQT2
rabbits ventricular arrhythmia and SCD also often occurred postpartum-related
(Brunner et al. 2008; Odening et al. 2012)—suggesting the existence of similar
arrhythmia-triggering mechanisms as in human LQTS patients—these models were
further utilized to explore sex hormone effects on arrhythmic triggers and substrate
(Odening et al. 2012): Estradiol exerted a pro-arrhythmic effect with an increased
incidence of lethal pVT by changing the pattern of APD dispersion and increasing
EAD formation upon sympathetic stimuli, while progesterone had an anti-
arrhythmic, protective effect that was based on a shortening of cardiac refractoriness,
a reduced formation of EAD, and stabilizing Ca2+ effects (decreased ICa,L density,
increased SERCA expression) (Odening et al. 2012). Further studies revealed that
progesterone increased SERCA by slowing its degradation, thereby shortening the
decay and duration of Ca2+ transients (Moshal et al. 2014). These studies suggest that
progesterone-based therapies may be considered as novel anti-arrhythmic approaches
in female LQTS patients.

Insights into Electro-mechanical Dysfunction in LQTS
Because electrical and mechanical cardiac functions are closely coupled, it stands to
reason that LQTS also causes mechanical dysfunction. Standard echocardiography
techniques have demonstrated globally normal mechanical function in structurally
normal hearts in LQTS. With the help of novel echocardiography or MRI techniques
that allow to investigate regional tissue velocities and strain, however, more and
more evidence is accumulating that diastolic relaxation may be impaired and con-
traction duration prolonged (Nador et al. 1991; Haugaa et al. 2010; Leren et al.
2015). Using phase-contrast-based MRI, a regionally heterogeneously reduced
diastolic function (reduced peak diastolic relaxation velocities and prolonged time-
to-diastolic peak as a marker for contraction duration) was demonstrated in trans-
genic LQT2 rabbits (Odening et al. 2013) (Fig. 15.2a–e) thus supplementing the
clinical data with important insights into regional mechanical heterogeneity. In
addition, a spatial correlation between the extent of electrical dysfunction
(prolongation of APD) and the impaired diastolic function (Odening et al. 2013)
and a correlation between mechanical dysfunction and arrhythmic risk were revealed
(Lang et al. 2016a): LQT2 rabbits exhibiting arrhythmia featured a more prolonged
time-to-diastolic peak and a more pronounced mechanical dispersion than those
without arrhythmia (Fig. 15.2e) with time-to-diastolic peak proving to be a better
predictor than QT/APD (Lang et al. 2016a). This strongly suggests a potential future
role for the assessment of mechanical dysfunction for risk stratification. Transgenic
LQT rabbit models may offer vast possibilities for further research investigating
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mechanisms underlying the observed mechanical dysfunction and its causative link
to arrhythmogenesis.

15.2.2 Transgenic Animal Models for Sodium Channelopathies:
Long QT Syndrome Type 3, Brugada Syndrome, Cardiac
Conduction Disease, and Overlap Syndrome

The SCN5A gene encodes the alpha subunit of the cardiac voltage-gated sodium
channel. While mutations in potassium channel genes alter cardiac repolarization
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(cm/s) in LV base, mid, and apical segments fromTPM inwild-type (WT) (n¼ 10) and LQT2 rabbits
(n¼ 9). LQT2 rabbits demonstrate a diastolic dysfunction with heterogeneously reduced peak radial
velocities compared to wild type. (d) Bull’s-eye plots displaying averaged heart rate—corrected time
to diastolic radial peak velocities (TTP, %) from TPM. Regional TTP—a marker for contraction
duration—prolonged in LQT2 (n ¼ 9) compared to WT females (n ¼ 10). (e) Bull’s-eye plots
displaying averaged heart rate—corrected time to diastolic longitudinal peak velocities (%). TTP are
prolonged in LQT2 rabbits with ventricular fibrillation during Langendorff perfusion (VF, n ¼ 10)
compared to those without arrhythmia (Non-VF, n¼ 33). Modified and adapted from Odening et al.
(2013) and Lang (2016a, b)
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(see Sect. 15.2.1), SCN5A sodium channel mutations may influence cardiac depolar-
ization and repolarization, thus causing different channelopathies such as LQT3
syndrome (Schwartz et al. 2001), Brugada syndrome (BrS) (Priori et al. 2002a),
cardiac conduction diseases (CCD), and overlap syndromes (Remme et al. 2008).

Mutations causing LQT3 are considered to disrupt fast inactivation of the sodium
current, allowing for a persistent (late) sodium current (INa,L) during the plateau
phase of the action potential (gain-of-function mutations), whereas mutations caus-
ing Brugada syndrome and cardiac conduction disease are considered to reduce the
total amount of available sodium current (loss-of-function mutations). Additionally,
an overlap phenotype may result from biophysical overlap with opposing alterations
of the peak sodium current (INa) and the persistent sodium current component (INa,L)
(Remme et al. 2006, 2008; Watanabe et al. 2011).

Notably, a single mutation in SCN5Amay even present with different phenotypes
(LQT3, BrS, or CCD) in different family members of one family (Remme et al. 2008).
Hence, in addition to the concept that defined mutations of SCN5A result in a gain-of-
function (LQT3) or loss-of-function (BrS or CCD) of the voltage-gated sodium
channel, other modifiers—such as sex, age, alternative splicing, single nucleotide
polymorphisms, or coinheritance of other genetic variations—may contribute to
disease penetrance and phenotype (Remme et al. 2008; Derangeon et al. 2012).

Since the cardiac voltage-gated sodium channel constitutes the main depolarizing ion
channel in various species including human and mice (Nerbonne and Kass 2005),
genetically modified mouse models have been largely used to investigate the electrical
consequences of different SCN5A mutations. Similarly as in human subjects, mouse
models of sodium channelopathies may demonstrate prominent QT prolongation (LQT3
pattern), features of BrS, cardiac conduction disease, or even an overlap syndrome
[reviewed in detail in Salama and London (2007), Charpentier et al. (2008), Remme
et al. (2008) and Derangeon et al. (2012); Table 15.4]. Therefore, in the following, the
different mouse (and pig) models are presented and discussed based on their “main”
clinical and electrical features.

15.2.2.1 Genetically Modified Mouse Models with Features of LQT3
(QT Prolongation)

Imitation of Long QT Phenotype—APD, QT, and Arrhythmia
Genetically altered or transgenic LQT3 mouse models are either heterozygous for
the knock-in +/Δ KPQ deletion in Scn5a (Nuyens et al. 2001; Head et al. 2005) or
overexpress the human SCN5A point mutations N1325S or F1759A (Tian et al.
2004; Wan et al. 2016). The +/Δ KPQ mouse model demonstrated increased sodium
current (INa and INa,L) and prolonged APD and QT intervals and also mimicked the
arrhythmic phenotype with increased EAD formation and spontaneous and inducible
polymorphic VT (pVT) (Nuyens et al. 2001; Head et al. 2005). Additionally, the +/Δ
KPQ mutation was associated with AV block in both human subjects and mice
(Zareba et al. 2001; Fabritz et al. 2010).

Similar to these knockout models, both transgenic mouse models (SCN5A-
N1325S and SCN5A-F1759A) demonstrated prolonged APD and QT interval and
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imitated LQT3 with the occurrence of spontaneous premature ventricular
contractions (PVC) and pVT (Tian et al. 2004; Wan et al. 2016). SCN5A-N1325S
mice even died from premature cardiac death, and SCN5A-F1759A mice developed
atrial fibrillation (the primary focus of the study byWan et al.) (Tian et al. 2004; Wan
et al. 2016). In cardiomyocytes of both transgenic models, only the persistent sodium
current (INa,L) was increased, and peak sodium current (INa) was not altered (Wan
et al. 2016).

LQT3 mouse models demonstrate prolonged APD and QT intervals; they develop
spontaneous and/or inducible ventricular arrhythmia and thus mimic the human
LQT3 phenotype considerably well. Additionally, the SCN5A-F1759A mice impres-
sively demonstrated INa,L-induced damage to the heart, since beside electrical
alterations, these mice developed pronounced macro- and microscopic alterations
(atrial and ventricular enlargement, myofibril disarray, fibrosis, and mitochondrial
injury) (Wan et al. 2016).

Mechanisms of Long QT-Related Arrhythmia
In human LQT3 patients, arrhythmia typically occurs during sleep and rest
(Schwartz et al. 2001). Similarly, cholinergic stimulation with carbachol (imitating
parasympathetic tone as during sleep and rest) induced arrhythmia in +/Δ KPQ mice
(Fabritz et al. 2003). Increase in APD dispersion and EAD formation during
bradycardia were detected as factors responsible for ventricular ectopy and pVT in
these mice. Accordingly, ventricular pacing suppressed EADs and prevented pVT
by reducing APD dispersion (Fabritz et al. 2003). However, +/Δ KPQ and SCN5A-
N1325S mouse models also displayed APD prolongation with (sudden) acceleration
of heart rate that was associated with EADs and triggered arrhythmia (Nuyens et al.
2001; Tian et al. 2004), indicating an additional pro-arrhythmic mechanism in these
mouse models compared to human subjects.

Investigation of Anti-arrhythmic Therapeutic Drug Effects
Aiming at optimizing therapeutic strategies for LQT3 patients, beta-blockers and
sodium channel blockers were extensively assessed in LQT3 mouse models
(Table 15.4).

Conflicting data has been presented regarding the efficacy of beta-blockers in
LQT3. Earlier studies in LQT3mouse models found that propranolol and esmolol did
not exert anti-arrhythmic effects (Head et al. 2005; Fabritz et al. 2010), while
adrenergic agonists suppressed arrhythmia (Nuyens et al. 2001; Fabritz et al. 2010).
However, a more recent study using (the same) +/Δ KPQ mice demonstrated that
pretreatment with propranolol protected +/Δ KPQ mice from carbachol-induced
VT/VF (Calvillo et al. 2014). Additionally, a recent study in LQT3 patients found a
reduced risk for arrhythmia with beta-blocker therapy in female LQT3 patients, while
the efficacy in males could not be determined conclusively due to the low number of
arrhythmic events (Wilde et al. 2016). To date, beta-blockers are recommended as a
cornerstone for the treatment of all human LQTS patients—including LQT3 (Priori
et al. 2015).
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Since an increased late INa,L has been demonstrated to be causally linked to
LQT3, the pharmacological blockade of this current should exert a mechanism-
directed, genotype-specific anti-arrhythmic effect. Indeed, it was demonstrated in
Scn5a +/Δ KPQ and SCN5A-N1325S mouse models that sodium blockers
mexiletine and flecainide suppressed arrhythmia in LQT3 (Tian et al. 2004; Head
et al. 2005; Fabritz et al. 2010). Similarly, recent clinical data demonstrate that LQT3
patients might benefit from sodium channel blockers (Moss et al. 2005, 2008; Priori
et al. 2015). The ESC guidelines for the prevention of SCD (2015) thus mention
sodium channel blockers (mexiletine, flecainide, or ranolazine) as a considerable
add-on therapy in patients with LQT3 and a QTc greater than 500 ms with a class IIb
recommendation (Priori et al. 2015). Since available agents do not only block late
sodium current but to some extent also peak sodium current, this therapeutic
approach should only be applied with caution in patients presenting with LQT3
and overlap syndrome (Moreno and Clancy 2012). However, more recently GS967
has been demonstrated to be a more selective inhibitor of INa,L in Scn5a1798insD/+

mice (Portero et al. 2017) and wild-type rabbit (Belardinelli et al. 2013).

15.2.2.2 Genetically Modified Mouse and Pig Models with Features
of Brugada Syndrome, Cardiac Conduction Disease,
and Overlap Phenotype

Imitation of Brugada Syndrome and Cardiac Conduction Disease Phenotype
Brugada syndrome (BrS) is characterized by typical right precordial coved-type ST
segment elevations and an increased risk for VT and SCD (Priori et al. 2002a).
Besides the characteristic ECG changes, patients with BrS frequently have conduc-
tion abnormalities, including prolonged PR and QRS intervals, particularly in case of
SCN5A mutations (Antzelevitch et al. 2005). Importantly, arrhythmia can be trig-
gered by increased body temperature (Antzelevitch and Brugada 2002).

In the heterozygous Scn5a+/� knockout mouse model and the Scn5aΔSIV/ΔSIV

knock-in mouse models, INa was decreased and significant cardiac conduction
disease with PR and QRS prolongation as well as AV conduction block was present.
QT intervals, however, were normal in both models (Papadatos et al. 2002; Shy et al.
2014) (Table 15.4). In Scn5a+/� mice ventricular refractoriness was prolonged, and
VT was inducible with programmed ventricular stimulation and even occurred
spontaneously upon aging (Papadatos et al. 2002), thus also imitating some
“Brugada-like” features. Scn5aΔSIV/ΔSIV mice, in contrast, did not develop arrhyth-
mia, and decreased INa was attributed to defective cell surface expression of sodium
channels (Shy et al. 2014).

Recently a transgenic pig model with features of BrS was generated using a human
SCN5AE558X/+ mutation resulting in decreased peak INa (Park et al. 2015)
(Table 15.4). Typical BrS-type ST elevations were not present at baseline and
could not be induced by sodium channel blocker flecainide, and no SCD was
observed during the first 2 years of life in SCN5AE558X/+ pigs. In Langendorff-
perfused SCN5AE558X/+ pig hearts, however, VT/VF was inducible by ventricular
pacing and by short-coupled ventricular premature beats. Of note, the arrhythmia
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often initiated in the RV free wall (Park et al. 2015)—similarly as observed in human
patients in whom the right ventricular outflow tract (RVOT) seems to be the source of
PVCs and arrhythmia (Rudic et al. 2016). The development of arrhythmia during
fever, a classical feature of BrS, was also imitated in SCN5AE558X/+ pigs’ hearts
ex vivo: Spontaneous and inducible VF occurred at 39 �C, while hearts were stable
and non-inducible at 35 �C (Park et al. 2015). Other non-specific features of BrS, e.g.,
conduction abnormalities such as a prolonged atrial-His and His-ventricular conduc-
tion intervals, were also present (Park et al. 2015). This model thus demonstrated
some characteristic features of BrS, such as the sensitivity to increased temperature
and increased VF inducibility (ex vivo), yet imitated the human phenotype incom-
pletely. Due to pronounced similarities of the pig’s cardiac physiology and anatomy
to human with similar heart rate, heart size, ion channels/currents, action potential
shape, and autonomic innervation (Park et al. 2015), the SCN5AE558X/+ pig model
may reveal more mechanistic insights into BrS and potential (pharmacological and
interventional) therapeutic strategies in the future.

Imitation of Overlap Syndromes
In contrast to the above described sodium channel mutations leading to distinct features
of LQT3 (predominant QT prolongation) or BrS (e.g., temperature sensitivity, VF
inducibility), other mutations in Scn5a resulted in an “overlap” phenotype—clinically
as well as biophysically (Table 15.4): In heterozygous Scn5a1798insD/+ knock-in and
transgenic SCN5A-D1275N mouse models, peak INa current (INa) was decreased, and
significant cardiac conduction disease with PR and QRS prolongation as well as AV
conduction block was present (Remme et al. 2006; Watanabe et al. 2011). In addition,
preferential conduction slowing in the right ventricle was observed—similarly as in BrS
(Remme et al. 2006). Persistent INa current (INa,L), however, was increased in both
mouse models resulting in prolonged APD and QT intervals as in LQT3 (Remme et al.
2006; Watanabe et al. 2011)—similar as observed in the human overlap phenotype.
These mouse models were thus able to demonstrate that one single SCN5A mutation
may indeed be sufficient to cause an overlap syndrome of cardiac sodium channelopathy
by differentially altering peak and late sodium current components (Remme et al. 2006;
Watanabe et al. 2011). Moreover, further insights into BrS-associated arrhythmogenesis
could be gathered with Scn5a1798insD/+ models, in which the reduced peak INa current
unmasked the maintenance of embryonic slow conduction in the adult RVOT that may
account for the preferentially slowed conduction and arrhythmia initiation in RVOT
observed in BrS (Boukens et al. 2013).

15.2.3 Genetically Modified Mouse Models for Catecholaminergic
Polymorphic VT

The clinical characteristics of catecholaminergic polymorphic VT (CPVT) are phys-
ical or psychological stress-induced bidirectional (bVT) or polymorphic VT (pVT)
and SCD in patients with normal baseline ECG and a structurally normal heart
(Priori et al. 2002b). CPVT is caused by mutations in genes encoding the cardiac
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ryanodine receptor (RyR2) or calsequestrin 2 (CASQ2), leading to defective
(“leaky”) RyR2 channels with enhanced Ca2+ releases from the sarcoplasmic reticu-
lum (SR) during adrenergic stimulation, delayed afterdepolarizations, and triggered
activity (Priori et al. 2001b; Lahat et al. 2001).

Several mouse models of CPVT have been generated by genetic modification of
RyR2, CASQ2, and the RyR2 stabilizer FKBP12.6 (Wehrens 2003; Cerrone et al.
2005; Song et al. 2007; Katz et al. 2010) (Table 15.5). All these mouse models
(except RyR2+/Ex3-del (Liu et al. 2014)) demonstrated bidirectional/polymorphic VT
and ventricular fibrillation (VF) during physical activity and after adrenergic stimu-
lation or caffeine challenge and thus mimicked the human CPVT phenotype.
Consecutively, these models have led to a better understanding of the pathophysio-
logy of CPVT, and several insights into pro- and anti-arrhythmic mechanisms have
been successfully implemented into improved anti-arrhythmic therapies in the
clinics (Watanabe et al. 2009; van der Werf et al. 2011).

15.2.3.1 Imitation of CPVT Phenotype and Insights into Arrhythmic
Mechanisms

The first model of CPVT was generated in 2003 by knockout of FKBP12.6, which
normally stabilizes RyR2. FKBP12.6�/� mice died from exercise-induced ventricu-
lar arrhythmia (Wehrens 2003). Although reduced binding of FKBP12.6 to RyR2 is
acknowledged as part of the pathophysiology of CPVT, thus far to the best of our
knowledge, no mutations in FKBP12.6 have been identified as causative for CPVT
in human patients (Song et al. 2007; Katz et al. 2010; Priori et al. 2013;
Sumitomo 2016).

In 2005, the first RyR2 knock-in mouse model was generated containing a hetero-
zygous RyR2R4496C mutation, the murine equivalent of the human RyR2R4497C muta-
tion (Cerrone et al. 2005). RyR2R4496C/+ mice imitated the human CPVT phenotype
and developed typical bVT and pVT during exercise stress testing and administration
of catecholamine or caffeine. Optical mapping demonstrated concentric epicardial
breakthrough patterns with focal origin in the His-Purkinje network as origin of the
VT (Cerrone et al. 2007). Moreover, in these mice a mechanistic link between the
gene defect and arrhythmia was established demonstrating abnormal Ca2+ release
during diastole that was further increased by beta-adrenergic stimulation (Fernandez-
Velasco 2009). Several other CPVT mouse models have been generated successfully
based on other RyR2 mutations (RyR2R176Q/+ (Kannankeril 2006), RyR2P2328S/+ and
RyR2P2328S/P2328S (Goddard 2008; Zhang 2013), RyR2R2474S/+ (Kobayashi et al. 2010),
RyR2S2246L10/+ (Suetomi et al. 2011), and RyR2A4860G/+ (Zhao 2015).

Furthermore, two CPVT mouse models have been created involving mutations in
CASQ2 gene, which encodes a calcium-binding reservoir protein within the SR
(Lahat et al. 2001). Both mouse models, CASQ2ΔE9/ΔE9 and CASQ2D307H/D307H,
imitate the human CPVT phenotype with exercise- and catecholamine-induced
bidirectional and polymorphic VT (Knollmann 2006; Song et al. 2007; Katz et al.
2010; Kurtzwald-Josefson et al. 2014) (Table 15.5). RyR2 and CASQ2 mouse
models all mimicked the human CPVT phenotype and were consecutively used
for pharmacological investigations of anti-arrhythmic treatment options (see below).
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15.2.3.2 Investigation of Anti-arrhythmic Therapeutic Drug Effects
Beta-blockers are recommended in human CPVT patients as first-line therapy (Priori
et al. 2015). However, clinical studies have shown that despite being treated with
beta-blockers, 47% of CPVT patients still develop arrhythmia (Priori et al. 2002b).
Accordingly, propranolol prevented epinephrine- and exercise-induced VT only
unreliably in RyR2R4496C/+, CASQ2ΔE9/ΔE9, and CASQ2D307H/D307H mice (Cerrone
et al. 2005, 2007; Katz et al. 2010). Due to only partial anti-arrhythmic efficacy of
beta-blockers, potential anti-arrhythmic effects of various other agents were studied
in detail in CPVT mouse models.

Recent data gathered in CASQ2ΔE9/ΔE9 mice suggest that catecholamines may
trigger arrhythmia not only via beta-receptor stimulation but also via alpha-receptor
stimulation: The alpha-agonist phenylephrine provoked VT in CASQ2ΔE9/ΔE9 mice,
while the alpha-antagonist phentolamine or the alpha-/beta-antagonist labetalol
abolished exercise- and epinephrine-induced arrhythmia, indicating that concomi-
tant block of beta- and alpha-adrenergic receptors could become a therapeutic option
for patients suffering from beta-blocker refractory arrhythmia (Kurtzwald-Josefson
et al. 2014).

Among class I anti-arrhythmic drugs, flecainide and propafenone effectively
suppressed exercise- and catecholamine-induced ventricular arrhythmia in CPVT
mice (Watanabe et al. 2009; Hwang et al. 2011), whereas lidocaine and
procainamide had no anti-arrhythmic effects (Watanabe et al. 2009; Katz et al.
2010; Hwang et al. 2011). Interestingly, direct inhibition of RyR2 by flecainide
with suppression of spontaneous Ca2+ release from SR in addition to the suppression
of triggered beats by sodium channel block was identified as its underlying anti-
arrhythmic mechanisms (Watanabe et al. 2009). Based on these experimental and
first clinical data (Watanabe et al. 2009; van der Werf et al. 2011) (as described in
detail in the Chap. 10), the ESC guidelines for the prevention of SCD (2015)
recommend the use of flecainide as add-on therapy in CPVT patients that remain
symptomatic with syncope or VT while on beta-blocker (Priori et al. 2013). Of note,
however, in another study flecainide surprisingly did not exert a relevant anti-
arrhythmic effect in CASQ2ΔE9/ΔE9 and CASQ2D307H/D307H mice (Katz et al. 2010).

Calcium blocker verapamil significantly loweredVT prevalence inCASQ2ΔE9/ΔE9

and CASQ2D307H/D307H mice and similarly effectively abolished stress-induced ven-
tricular arrhythmia in roughly half of CPVT patients still symptomatic despite
propranolol therapy (Katz et al. 2010). Besides classical anti-arrhythmic agents,
magnesium and dantrolene—both inhibiting RyR2 – decreased the incidence of
catecholamine-induced VT in CASQ2ΔE9/ΔE9, CASQ2D307H/D307H (Song et al.
2007), RyR2S2246L10/+ (Suetomi et al. 2011), and RyR2R2474S/+ mice (Kobayashi
et al. 2010).
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15.3 Advantages and Limitations of Current Transgenic Animal
Models for Channelopathies

Small animal models have the advantage of allowing conducting longitudinal studies
in subjects with a defined genetic background and without confounding
comorbidities for the assessment of factors that may alter the arrhythmic disease
phenotype. This particularly applies to mouse models since they are genetically
identical, resulting in a less heterogeneous phenotype (Davisson 1999). Moreover,
different genetic backgrounds of different mouse strains can be used to study the
modulatory effect of genetic modifiers on disease severity (Remme et al. 2009). As
mice have relatively short generation times, their handling is rather cost-effective,
and they can be more easily subjected to genetic manipulation than larger animals.
Thanks to novel developments in animal transgenesis (Bősze et al. 2016), rabbits
that have the added advantage of more closely mimicking human cardiac electro-
physiology (Nerbonne 2000) have also entered the range of species in whom genetic
manipulation can be more easily performed.

However, as described in detail in the introduction and the disease-specific
subchapters, species differences exist in cardiac electrophysiological properties,
channel composition, and Ca2+ handling (Nakata and Hearse 1990; Williams et al.
2000; Nerbonne et al. 2001; Salama and London 2007; Baczkó et al. 2016).
Therefore, most animal models of channelopathies can only mimic certain aspects
of the disease phenotype (see details in Sects. 15.2.1–15.2.3).

Apart from these species differences in cardiac ion channels and Ca2+ handling
properties, some other aspects may limit the use and transferability of findings to
human disease management:

1. A variety of different mutations in different genes can cause the abovementioned
channelopathies (or overlap syndromes), which can have very different impacts
on biophysical ion channel properties (e.g., reduction vs. complete loss of current,
changes in voltage dependency, changes in gating properties) and on arrhythmic
risk. When designing transgenic animal models for a given disease, one must
choose a single disease-causing mutation—ideally one that produces a pro-
nounced phenotype. Mutation-specific aspects on electrical dysfunction and
arrhythmogenesis, however, cannot be assessed with the limited amount of
different disease subtypes currently available or even one single animal model
for each channelopathy subtype. Here, “high-throughput” approaches combined
with computational modeling may add important information.

2. Moreover, species differences may exist also in electrical remodeling mechanisms
occurring secondary to ion channel mutations. In mouse models of LQTS, com-
pensatory upregulation of non-affected repolarizing ion currents—partially restor-
ing the reduced repolarization reserve—has been described (Koren 2004; Salama
and London 2007), while in rabbit models likewise, remodeling of repolarizing
ion currents was observed that may aggravate the disease phenotype (Brunner
et al. 2008; Major et al. 2016). Whether electrical remodeling mechanisms
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occurring in human LQTS cardiomyocytes more closely resemble the changes in
transgenic rabbit or mouse models still remains to be elucidated.

3. In addition, the current techniques used to generate genetic animal models, e.g.,
the complete knockout of cardiac ion channels or the dominant-negative
approach with cardio-selective overexpression of (mouse or human) disease-
causing genes rather than replacement of an endogenous gene with the human
disease-causing gene thus replicating the heterozygous situation found in human
patients, may cause additional differences in electrical remodeling. In the future,
this limitation may be overcome with novel genetic techniques such as CRISPR/
Cas9, which allows integration of the mutant human gene into the animal DNA
[as reviewed in Bősze et al. (2016)], to generate future transgenic animal models
for channelopathies that more closely resemble human patients genetically.

15.4 Clinical Implications/Translational Aspects

To improve medical anti-arrhythmic therapy in patients with inherited
channelopathies—particularly in those who are refractory to standard therapy—novel
(mechanistic) therapeutic concepts have to be evaluated preclinically. Since in vitro
testing in cellular systems cannot assess all multidimensional factors of
arrhythmogenesis, animal models of channelopathies are indispensable tools for preclin-
ical identification of anti-arrhythmic mechanisms and drug testing to improve patient
safety. Indeed, in all currently available genetic animal models for channelopathies,
mechanisms underlying anti-arrhythmic effects of currently used standard therapies have
been revealed, and several novel anti-arrhythmic treatment options have been identified;
some of these even have already entered the guidelines:

1. The identification of anti-arrhythmic effects of progesterone in LQT2 models
(Odening et al. 2012) has raised the awareness of the potential benefit of con-
traceptive drugs (minipills) in female LQTS patients (Moss 2012; Odening et al.
2016).

2. Studies identifying the anti-arrhythmic properties of late INa,L blockers in LQT3
models (Fabritz et al. 2003, 2010; Tian et al. 2004; Head et al. 2005) have led to
the development of more selective late INa,L inhibitors [such as GS967
(Belardinelli et al. 2013) and GS6615 (Rajamani et al. 2016)], which have already
entered phase 1 and 2 clinical trials (NCT01849003).

3. The identification of anti-arrhythmic effects of beta-blockers even in LQT3
models and the underlying mode of action (Calvillo et al. 2014) has led to a
change in the clinical practice in the treatment of LQT3 patients.

4. The identification of anti-arrhythmic effects of flecainide in CPVT models
(Hwang et al. 2011) has resulted in a class IIa recommendation to use flecainide
in CPVT patients still symptomatic while on beta-blocker therapy (Priori et al.
2015).
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15.5 Outlook

Despite their above discussed limitations, transgenic animal models for human
channelopathies have already been instrumental for identifying arrhythmic
mechanisms on the whole heart, cellular, and molecular levels (see details in
disease-specific Sects. 15.2.1–15.2.3) and will certainly further improve our mecha-
nistic insights into arrhythmogenesis in channelopathies. This knowledge will be
crucial to develop novel, mechanism-directed, genotype-specific therapeutic
strategies in the future. However, due to limitations intrinsic to the currently avail-
able transgenic animal models (see Sect. 15.3), several additional experimental and
clinical steps have to be taken to be able to transfer these insights from bench to
bedside.

1. Additional techniques such as the integration of experimental in vivo, whole-heart,
cellular, and ion channel data into computational models are warranted—particularly
to assess potential mutation-specific aspects since only limited animal models with
different mutations are currently available for the different channelopathies.

2. Novel techniques such as CRISPR/Cas9 must be employed to generate future
transgenic animal models for channelopathies that more closely resemble human
patients genetically [as reviewed in Bősze et al. (2016)]. Here, the generation of
additional animal models for the above presented channelopathies with different
mutations (that will allow experimentally assessing and comparing mutation-
specific disease patho-mechanisms and treatment options) as well as novel
transgenic animal models for other channelopathies are clearly warranted. In
this regard, transgenic rabbit models for short QT syndrome and LQT3 are
already in the pipeline to be published.

3. As genetic techniques develop further (and get less time-consuming and less
expensive), other species that more closely resemble (all) the different aspects of
human cardiac pathophysiology may be used for future generation of transgenic
animal models for channelopathies that may facilitate bench-to-bedside
translation.

4. Most importantly, several of the molecular findings gathered in transgenic
channelopathy animal models must still be verified in human diseased tissue
and cells (such as iPS-CM from patients) prior to their clinical application.
Although these iPS-CM also have some limitations in regard to ion current
composition compared to mature ventricular cardiomyocytes, here, quite some
work has already been done to generate and characterize disease- and patient-
specific iPS-CM for LQTS, BrS, and CPVT [as reviewed in Hoekstra et al.
(2012)], which will certainly supplement the insights gathered on the in vivo
and whole heart levels using animal models.
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Induced Pluripotent Stem Cell-Derived
Cardiomyocytes: Towards Personalized
Therapeutic Strategies?
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Daniel Sinnecker and Alessandra Moretti

Abstract
Human induced pluripotent stem cells, which can be generated from somatic cells
of healthy or diseased subjects, hold a great potential for research in the field of
cardiac channelopathies. This review discusses how these cells can be used for
disease modelling, as a safety pharmacology platform to assess the proarrhythmic
potential of drug candidates, and for developing personalized therapeutic
strategies by predicting individual drug responses as well as providing a system
for patient-specific cardiac gene expression profiling and in vitro testing of
patient-specific therapies.

16.1 Induced Pluripotent Stem Cells

Human pluripotent stem cells, such as embryonic stem cells (ES cells) derived from
the inner cell mass of a blastocyst, provide intriguing possibilities for cardiovascular
research (Fig. 16.1). On one hand, their capacity for indefinite self-renewal allows
their unlimited propagation and amplification in the laboratory. On the other hand,
their differentiation potential—pluripotency is defined as the ability to differentiate
into any cell type of the adult organism—makes them especially appealing to
researchers interested in myocardial biology, as primary human cardiomyocytes
from human patients or healthy individuals can be obtained only in a limited number
through invasive procedures and cannot be cultured in vitro for longer time periods.
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However, ethical considerations and consequent regulatory as well as funding
restrictions have interfered with a widespread use of these cells.

In 2006, Shinya Yamanaka and colleagues demonstrated that murine fibroblasts
could be “reprogrammed” to a pluripotent, ES cell-like state by forced expression of
a specific cocktail of transcription factors (Takahashi and Yamanaka 2006). These
cells, which were termed “induced pluripotent stem cells” (iPSCs), were not only
morphologically similar to murine ES cells but exhibited crucial properties of
pluripotent stem cells including the capacity to self-renew and the differentiation
potential to cell types representing all three germ layers (see Fig. 16.1), which was
demonstrated by teratoma formation after injection into immunocompromised mice.
Later, it was shown that iPSCs could also contribute to an embryo by chimera
formation and even be transmitted to the next generation through the germ line
(Okita et al. 2007).

Only one year after the first published report on murine iPSCs, the method was
successfully transferred to human cells independently in two laboratories (Takahashi
et al. 2007; Yu et al. 2007). This achievement has paved the way for disease

Fig. 16.1 Pluripotent stem cells as an inexhaustible source of cardiomyocytes and other cell types
for cardiovascular research. ES cells, embryonic stem cells; iPS cells, induced pluripotent stem cells
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modelling studies using patient-specific iPSC lines. The basic principle of such
disease modelling studies is to generate iPSC lines from a patient affected by a
genetically caused disease and to then differentiate these patient-specific iPSCs into
the disease-relevant somatic cell types (e.g. cardiomyocytes). The somatic cells,
which carry the patient’s genetic background, are then investigated in vitro to learn
more about the pathophysiology of the disease or to investigate disease-specific
therapies.

16.2 Modelling Channelopathies with Patient-Specific iPSC
Lines

The first cardiac diseases that have been successfully modelled using patient-specific
iPSCs were channelopathies such as the long-QT syndrome (Moretti et al. 2010).
The decision of several independent research groups to concentrate on this group of
diseases for their first iPSC-based disease modelling endeavours may have been
based on a number of reasons. First, channelopathies represent a relevant clinical
problem affecting many patients. For example, the prevalence of congenital long-QT
syndromes may be as high as 1 of 2000 newborn infants (Schwartz et al. 2009).
Second, important aspects of the pathophysiology—such as the prolongation of the
action potential in long-QT syndromes—develop in a cell-autonomous manner,
making this group of diseases amenable to in vitro modelling using single iPSC-
derived cardiomyocytes. Third, electrophysiological methods such as patch clamp
recordings allow the investigation of the disease phenotype at the molecular level.
Finally, due to the profound interspecies differences in cardiac electrophysiology,
genetically defined animal models for channelopathies have been often inconclusive
(London 2001; Nerbonne et al. 2001), making the human cell-based iPSC approach
particularly valuable.

The first channelopathy successfully modelled with patient-specific iPSCs was
the long-QT syndrome type 1 (LQT1), caused by a KCNQ1 R190Q mutation
(Moretti et al. 2010). This study, which will be briefly described in the following
paragraphs, can be seen as exemplary for several disease modelling studies that were
subsequently published, using similar methodology to investigate other
channelopathies, e.g. LQT1 caused by other KCNQ1 mutations (Egashira et al.
2012; Ma et al. 2015), Jervell and Lange-Nielsen syndrome (Zhang et al. 2014),
LQT2 (Itzhaki et al. 2011; Matsa et al. 2011; Lahti et al. 2012; Bellin et al. 2013;
Jouni et al. 2015), LQT3 (Fatima et al. 2013; Ma et al. 2013; Terrenoire et al. 2013;
Malan et al. 2016), LQT3/Brugada overlap syndrome (Davis et al. 2012), Timothy
syndrome (LQT8) (Yazawa et al. 2011), and catecholaminergic polymorphic ven-
tricular tachycardia (CPVT1) (Fatima et al. 2011; Jung et al. 2012; Itzhaki et al.
2012; Kujala et al. 2012; Zhang et al. 2013; Di Pasquale et al. 2013) and CPVT2
(Novak et al. 2012, 2015).

To generate a patient-specific iPSC model of LQT1 (Moretti et al. 2010), skin
biopsies were obtained from two family members affected by LQT1 caused by an
R190Q mutation in the KCNQ1 gene. This gene encodes the alpha subunit of the
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cardiac ion channel responsible for one important repolarizing potassium current, the
slow component of the delayed rectifier current IKs. The electrocardiograms (ECGs)
of both patients showed a prolonged QT interval. Skin fibroblasts were isolated from
the biopsies, and, as a control, fibroblasts from two healthy subjects were obtained.
Reprogramming to pluripotency was achieved by retroviral transduction of the
fibroblasts with the classical Yamanaka factors OCT3/4, SOX2, KLF4, and c-MYC.

To induce differentiation, the iPSC lines were aggregated to form so-called
embryoid bodies, in which differentiation into cell types representing all three
germ layers occurs spontaneously. After around 20 days, cardiomyocyte-containing
areas of the embryoid bodies started to exhibit spontaneous contractions. These
spontaneously contracting areas were microdissected and cultured further to promote
differentiation. For physiological characterization of the iPSC-derived cardio-
myocytes, the cells were then enzymatically dissociated to single cells and investi-
gated using whole-cell patch clamp electrophysiology.

Important aspects of the clinical phenotype of the LQT1 patients were
recapitulated in the patient-specific iPSC-derived cardiomyocytes. Action potentials
in patient-specific ventricular cardiomyocytes were significantly longer than in
controls, as expected given the prolonged QT interval of the patients. Most impor-
tantly, the shortening of the cardiac ventricular action potentials in response to
catecholamine stimulation or increased pacing rates—which is thought to be
mediated by activation of the IKs current—was blunted in the patient cells
(Fig. 16.2a). Current measurements showed that the IKs current was reduced by
75% in patient cardiomyocytes as compared to control cells (Fig. 16.2b). Additional
experiments showed that this was due to a dominant-negative effect of the R190Q
mutation: Trafficking of mutated KCNQ1 from the endoplasmic reticulum to the
plasma membrane was impaired, resulting in a reduction of the number of functional
ion channels available in the plasma membrane. Since the IKs channel contains a
tetramer of four KCNQ1 subunits, the incorporation of mutated subunits into
tetramers containing healthy subunits also interferes with the trafficking of these
healthy channel subunits, resulting in a current reduction by more than 50% in the
patients heterozygous for the R190Q mutation.

Besides action potential prolongation, another typical hallmark of the clinical
phenotype of long-QT syndromes are arrhythmias, which are typically triggered by
early afterdepolarizations (EADs) of the cell membrane, i.e. depolarizations that
occur during phase 2 or 3 of the action potential. Such EADs were also observed in
the patient-specific iPSC-derived cardiomyocytes, especially under conditions of
adrenergic stimulation. This effect was ameliorated by application of a beta blocker,
a drug clinically used to suppress arrhythmias in LQT1.
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16.3 Technical Developments in Cardiac Disease Modelling
with Patient-Specific iPSC Lines

Since the first studies, much progress has been made in different areas relevant for
iPSC-based cardiac disease modelling. These areas comprise reprogramming
methods, protocols for differentiation of iPSCs to cardiomyocytes, and novel pheno-
typic assays to characterize the iPSC-derived cardiomyocytes.

The conventional method of iPSC generation relies on retroviral gene transfer in
order to achieve expression of the reprogramming factors in the cells to be
reprogrammed (Takahashi and Yamanaka 2006). Since retroviruses stably integrate
into the genome of the host cells, this bears the potential of disrupting endogenous
genes or gene regulatory regions, which might result in unexpected behaviour of the
iPSCs and their progeny. Therefore, many efforts have been made to develop

Fig. 16.2 Modelling long-QT syndrome type 1 with patient-specific induced pluripotent stem
cells. Results of patch clamp experiments performed on ventricular cardiomyocytes generated from
a patient-derived induced pluripotent stem cell line carrying an R190Q KCNQ1mutation (LQT1) or
from a control line derived from a healthy individual (Control) are shown. (a) Action potentials
recorded at three different pacing frequencies (1 Hz, 2 Hz, and 3 Hz) are shown. The bar graph
shows the relative shortening of the action potential duration at 50% and at 90% of repolarization
(APD50 and APD90, respectively) at higher pacing rates, compared to 1 Hz pacing. (b) Tracings of
the IKs current (the slow component of the delayed rectifier potassium current), measured as the
E4031-sensitive component of the current elicited by a voltage step from �40 mV to þ30 mV.
Based on data published in Moretti et al. (2010)
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“footprint-free” reprogramming techniques, which ideally leave the genetic back-
ground of the cells unaltered.

Footprint-free reprogramming has been achieved by using nonintegrating viral
vectors, such as adenoviruses (Stadtfeld et al. 2008) or Sendai viruses (Fusaki et al.
2009), or virus-free DNA vectors such as plasmids (Okita et al. 2008), episomal
vectors (Yu et al. 2009), or transposons that can be excised from the genome after
successful reprogramming (Woltjen et al. 2009; Kaji et al. 2009). Alternative
approaches such as the use of synthetic modified messenger RNAs (Warren et al.
2010), the application of the reprogramming factors as recombinant proteins
(Kim et al. 2009), or even a completely chemically defined strategy using a cocktail of
small molecules (Hou et al. 2013) have been reported.

The progress in reprogramming technology has additional benefits besides the
ability to generate genetically unaltered iPSC lines. For example, the increasingly
used Sendai virus-based approach allows reprogramming of T lymphocytes from
peripheral blood (Seki et al. 2010; Orban et al. 2015), which makes iPSCs even more
easily available, given that drawing a blood sample is a less invasive procedure than
performing a skin biopsy, which also means that consent can be usually obtained
more easily.

Another area in which much progress has been made over the last 10 years is the
development of differentiation protocols to generate cardiomyocytes from iPSCs. A
simple method used in many of the initial disease modelling studies is the above-
described “embryoid body” technique, which relies on spontaneous differentiation.
A better understanding of the regulation of cardiac differentiation has resulted in
optimized protocols based on the sequential application of developmental cues that
artificially direct the differentiation of iPSCs towards the cardiomyocytic lineage
(Kattman et al. 2011; Burridge et al. 2012, 2014).

Cardiac differentiation strategies typically result in the generation of a mixture of
all subtypes of cardiomyocytes, i.e. ventricular, atrial, and nodal cells. Thus, another
area of intensive investigation is the development of subtype-specific differentiation
protocols. Efforts in this area have led to the identification of specific culture
conditions capable of directing differentiation more specifically towards the atrial,
ventricular, or nodal lineage (Zhang et al. 2011; Karakikes et al. 2014; Devalla et al.
2015; Protze et al. 2017).

Another technical aspect worth considering is the choice of the phenotypic assays
used to investigate the iPSC-derived cardiomyocytes. In the field of channelopathies,
patch clamp electrophysiology can be still considered the gold standard, as it allows
the assessment of different aspects of cellular electrophysiology, from single-
channel currents to action potential morphology and arrhythmias, with a high
precision. One important aspect of this method is that, by current clamp recordings
of action potentials, it permits the subtype identification of each investigated
cardiomyocyte based on the known subtype-specific action potential characteristics.
This may compensate for the lack of subtype specificity of the current differentiation
protocols. However, a major limitation of this method is its limited throughput.

In recent times, optical methods have been increasingly used as a higher-
throughput alternative to image electrical activity in iPSC-derived cardiomyocytes.
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These methods rely either on voltage-sensitive small-molecule dyes (Lee et al. 2012;
Lopez-Izquierdo et al. 2014; Kim et al. 2015) or on genetically encoded voltage
sensors (Chang Liao et al. 2015; Shinnawi et al. 2015; Song et al. 2015; Chen et al.
2017). While the information that can be obtained from such optical sensors is
limited compared to patch clamp electrophysiology (e.g. it is not possible to measure
actual transmembrane potentials, and the ability to track fast processes like the action
potential upstroke is hampered by the intrinsic kinetics of the optical sensors), the
approach provides an interesting complementation to standard methodology and has
some additional advantages besides the increased throughput, like the noninvasive-
ness that allows to perform serial measurements in the same cell over extended time
periods.

By expressing a voltage-sensitive fluorescent protein under the control of
cardiomyocyte subtype-specific promoters, it is even possible to perform subtype-
specific action potential recordings in ventricular, atrial, or nodal iPSC-derived
cardiomyocytes (Chen et al. 2017).

16.4 Important Limitations of iPSC-Derived Cardiomyocytes

Despite these technical advances, there are limitations of iPSC-derived cardio-
myocytes that should be considered in the planning and in the interpretation of
experiments using them as a model system for channelopathies. Cardiomyocytes
generated from iPSCs are more similar to foetal or neonatal than to adult cardio-
myocytes. This immature phenotype is not limited to cellular and subcellular
morphology [e.g. rounded rather than rod-shaped cell morphology, less organization
and alignment of myofibrils and lower numbers of mitochondria as compared to
adult cardiomyocytes, absence of T-tubules (Gherghiceanu et al. 2011)] but also
pertains to physiological parameters.

For example, ventricular-like iPSC-derived cardiomyocytes frequently show
automaticity (Zhang et al. 2009), while isolated adult ventricular cardiomyocytes
are electrically silent unless stimulated. The maximum diastolic potential of hiPSC-
derived cardiomyocyte is typically more positive than that of adult cardiomyocytes
(Ma et al. 2011; Honda et al. 2011). One explanation for these peculiarities of iPSC-
derived cardiomyocytes as compared to adult human cardiomyocytes is a reduced
level or even absence of the inwardly rectifying potassium current IK1 (Ma et al.
2011; Doss et al. 2012), a potassium current that plays an important role in setting
the resting membrane potential to negative values.

Several approaches to address this issue have been proposed. Selection of quies-
cent rather than spontaneously beating cardiomyocytes for further analysis may be a
way to investigate more mature cells with less depolarized action potentials (Davis
et al. 2012). Overexpression of the ion channel subunit responsible for IK1
(Vaidyanathan et al. 2016) or artificial addition of simulated IK1 in patch clamp
studies using the dynamic clamp technique (Meijer van Putten et al. 2015; Bartolucci
et al. 2015; Rocchetti et al. 2017) are alternative approaches to make the action
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potential of iPSC-derived cardiomyocytes more similar to that of adult
cardiomyocytes.

16.5 Safety Pharmacology: A First “Real-World” Application
of iPSC-Derived Cardiomyocytes?

Already in the first reports of the generation of human iPSCs, it was speculated that
these cells bear a great potential for drug development and safety pharmacology
(Takahashi et al. 2007; Zaehres and Schöler 2007). It is quite likely that this
approach, which has been thoroughly pursued over the last decade, will be the first
broad application of iPSC-derived cardiomyocytes outside of academic research
laboratories.

Safety pharmacology in the field of cardiac arrhythmias suffers from the fact that
the profound species differences in cardiac electrophysiology between laboratory
animals such as mice and human patients result in a limited validity of animal
models. Expectations were that human iPSC-derived cardiomyocytes could be
used as an alternative model system that might more closely reflect the
electrophysiology of the human heart. Indeed, by now a large body of evidence
exists showing that cardiomyocytes generated from human iPSCs exhibit the
expected responses to cardiovascular drugs, such as beta receptor agonists or beta
blockers, or drugs with known cardiovascular side effects like QT interval
prolongation (Bellin et al. 2012; Sinnecker et al. 2014).

Drug-induced QT interval prolongation is a major concern in cardiac safety
pharmacology. A large number of drugs developed for cardiac and noncardiac
conditions have been shown to prolong the QT interval in the ECG, which is
associated with torsades de pointes, a potentially fatal form of ventricular tachycardia.
After a number of withdrawals of already-approved medications from the market due
to QT interval prolongation, a new preclinical and clinical screening paradigm has
been installed as an integral component of the drug development process. This
paradigm, which is formulated in the International Conference on Harmonization
(ICH) guidelines S7B and E14 (International Conference on Harmonization 2005a,
b), comprises preclinical assays in which drug actions on overexpressed ion channels
(most importantly, the hERG channel) and on cardiomyocytes from different labo-
ratory animal species are investigated, as well as clinical studies (thoroughQT studies
or TQT studies) in which the medication is administered to healthy individuals whose
QT interval is then monitored.

Since the adoption of this screening paradigm, there have been no more drug
withdrawals due to QT interval prolongation, indicating a sufficiently high sensitiv-
ity of these assays. However, there have been concerns that the specificity is not high
enough, which would mean that it is possible that substances which might never
cause torsades de pointes are identified as potentially dangerous and, thus, not
developed further. Indeed, several now widely used drugs which do not cause
torsades would have never reached the market if they would have undergone this
safety assessment (Sager et al. 2014).
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Human iPSC-derived cardiomyocytes, which can be used as a platform for safety
pharmacology assays (Liang et al. 2013; Mehta et al. 2013), might more closely
reflect the drug actions in patients compared to other preclinical models and,
therefore, could represent one way to overcome the known limitation of the currently
used screening standards. Indeed, the use of iPSC-derived cardiomyocytes is one
integral part of a recently proposed new proarrhythmia screening paradigm termed
the Comprehensive In Vitro Proarrhythmia Assay (CiPA) (Sager et al. 2014), which
is now being validated in multicentre studies and more and more adopted by
pharmaceutical companies (Colatsky et al. 2016).

16.6 Towards Personalized Therapeutic Strategies

It is increasingly recognized that the success of therapeutic interventions may
critically depend on patient-specific factors, such as the genetic background, and
that individualized therapies might be more effective than “one-size-fits-all” phar-
macotherapy in reducing disease burden in various areas of medicine. This notion,
combined with recent advances in next-generation sequencing and the ever-growing
armamentarium of -omics methods, has culminated in the proclamation of the “age
of personalized medicine” (Vaidyanathan 2012) and the launching of the Precision
Medicine Initiative (Collins and Varmus 2015). So far, the most remarkable
advances in personalized therapeutic strategies have been achieved in oncology,
owing on one hand to the realization that different tumours may carry different
genetic aberrations that may be targeted by different pathway-specific drugs and on
the other hand to the practical consideration that tumour specimens that can be
analysed by molecular methods are easily and routinely obtained from patients.
Cardiomyocytes generated from patient-specific iPSCs bear the potential to be used
in a similar way to elucidate specific molecular pathways involved in the patient’s
disease and to predict the efficacy of patient-specific therapies for cardiac diseases.

If patient-specific iPSC-derived cardiomyocytes are to be used to predict whether
a specific patient will respond to a medication, it has to be established to which
extent the drug response of the stem cell-derived cardiomyocytes indeed reflects the
reaction of the patient’s heart to the same medication. The most extensive study so
far addressing this question (Stillitano et al. 2017) was based on a cohort of
92 healthy subjects who were challenged with a single 80 mg oral dose of sotalol,
a drug known to prolong the QT interval in susceptible patients. The change of the
rate-corrected QT interval (QTc) due to this pharmacological challenge was deter-
mined for every subject, and the 20 subjects with the most extreme reaction (i.e. the
10 subjects with the smallest and the 10 subjects with the largest QTc change)
underwent skin biopsies from which iPSC lines were generated, which was success-
ful for 17 individuals. The iPSCs were differentiated to cardiomyocytes, and micro-
electrode arrays were used to record the field potential duration (FPD), which is an
in vitro measure for the duration of the cardiac action potential that is analogous to
the QT interval in the ECG. The effect of different doses of sotalol on this parameter
was assessed. Indeed, in the iPSC lines derived from the individual with the largest
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sotalol-induced QTc change, the sotalol-induced FPD change was significantly
bigger than in the lines derived from the subjects with the smallest QTc change.
Moreover, sotalol-induced arrhythmias were common in iPSC lines derived from the
individuals with the largest QTc change but not in those derived from the subjects
with the smallest QTc change. While these results are encouraging, it remains to be
seen whether a similar correlation between human subjects and their corresponding
iPSC lines will be also found for other drugs and physiological parameters other than
the QT interval.

Thanks to advances in DNA sequencing technology, the generation of genome-
wide expression data from tissue samples has become easier and more affordable.
Concurrently, bioinformatic tools to analyse such data become more and more
sophisticated and allow to infer which pathways are up- or downregulated in a
sample based on gene expression data. Cardiomyocytes generated from patient-
specific iPSCs might represent a platform to analyse cardiac gene expression without
the need of obtaining heart tissue from patients. A recent study (Matsa et al. 2016)
indicates that gene expression data from iPSC-derived cardiomyocytes indeed
provides meaningful data and might be even used to predict toxicity of certain
drugs. The authors of this study generated iPSC lines from fibroblasts of five healthy
female subjects. These iPSC lines were differentiated into cardiomyocytes, RNA
was isolated from these cardiomyocytes, and genome-wide gene expression analysis
was performed. Global gene expression patterns obtained by principal component
analysis and unsupervised hierarchical clustering clearly showed that gene expres-
sion signatures of cardiomyocytes generated from different iPSC clones from the
same subject were more closely related to each other than to cardiomyocytes
generated from different subjects. Notably, those genes that showed the highest
amount of inter-subject variation showed similar expression levels in different
clones from the same individuum. Then, iPSC lines from three patients with dilated
cardiomyopathy, of whom heart tissue specimens had been obtained during heart
transplantation or left ventricular assist device placement, were generated. Gene
expression signatures obtained from iPSC-derived cardiomyocytes were compared
with those obtained from native heart tissue samples from the same patients. This
analysis revealed that, albeit the expression levels of several cardiac maturation
markers were lower in iPSC-derived cardiomyocytes, gene expression patterns in
hiPSC-derived cardiomyocytes to some extent mimicked those in heart specimens.
Encouraged by these results, the authors performed toxicology analysis using a
commercially available tool that predicts the overall likelihood of adverse cellular
function based on the expression levels of interacting genes involved in certain
pathways. This analysis predicted inter-subject differences in the susceptibility to
oxidative stress mediated through the nuclear factor erythroid 2-like 2 (NEE2L2 or
NRF2) pathway. By using the drugs tacrolimus and rosiglitazone, the authors of the
study were able to recapitulate the predicted differences in susceptibility to
cardiotoxicity in cardiomyocytes generated from the different iPSC lines.

Innovative therapies for genetically caused heart diseases may be patient- or
mutation-specific. Human iPSC-derived cardiomyocytes might represent an ideal
in vitro system to evaluate such mutation-specific therapies. For example, it has been
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demonstrated that an allele-specific small interfering RNA (siRNA) could rescue the
action potential prolongation caused by a KCNH2mutation associated with long-QT
syndrome 2 (Matsa et al. 2014). The KCNH2 gene encodes the alpha subunit of the
hERG potassium channel, and the mutated KCNH2 subunits are not glycosylated
properly and are, thus, not properly transported to the plasma membrane. Moreover,
the hERG channel contains four KCNH2 subunits, and the mutated subunits also
interfere with intracellular trafficking of healthy subunits (the patient being a hetero-
zygous mutation carrier), resulting in a dominant-negative effect. It was demon-
strated using patient-specific iPSC-derived cardiomyocytes that treatment with a
siRNA that specifically knocked down the mutated KCNH2 allele could overcome
this dominant-negative mechanism, resulting in a significant reduction of the action
potential duration.

16.7 Conclusion

Human induced pluripotent stem cells provide intriguing possibilities for cardio-
vascular research (Fig. 16.3). Patient-specific iPSC models have been widely used to
investigate patho-mechanisms and possible treatments of cardiac channelopathies.
Moreover, these cells hold great promise as a safety pharmacology platform to assess

Fig. 16.3 Patient-specific induced pluripotent stem cell-derived cardiomyocytes as a basis for
personalized diagnostic and therapeutic strategies
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the proarrhythmic potential of drug candidates, which might become the first broad
application of iPSC-derived cardiomyocytes outside of academic research labo-
ratories. Finally, these cells might be instrumental in developing personalized
therapeutic strategies for heart disease by predicting individual drug responses, by
providing a platform for patient-specific cardiac gene expression profiling, and as an
in vitro test system for patient-specific therapies.
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