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PREFACE

Cardiac electrophysiology, both basic and clinical, continues to 
advance rapidly with new observations almost daily. Multiple 
electrophysiologic journals now publish so many articles, it is 
hard to stay abreast of new information vitally useful at the bench 
and bedside. While the sixth edition of Cardiac Electrophysiology: 
From Cell to Bedside was published in 2014, this rapid pace of new 
discovery compelled us to create the seventh edition in record 
time.

Not only have we advanced the publishing date, we have also 
added to the total number of chapters—from 132 to 139. In addi-
tion to all chapters being totally revised by international authori-
ties who are experts in their fields, we have provided 19 totally 
new chapters in basic and clinical arenas. We have continued the 
full color display and the electronic version inaugurated with the 
sixth edition. Each chapter is crammed full with the latest infor-
mation in that particular area, while the website provides space 
for overflow information, figures, tables, and videos.

We hope Cardiac Electrophysiology: From Cell to Bedside con-
tinues to be the go-to reference source for all levels of learners, 
from basic scientists to clinicians, for those early in their careers 
to those well advanced. We—the editors—have strived in our 
careers to blend basic with clinical in a bidirectional effort and 
have patterned this book with that in mind.

As before, the first half provides the foundation of basic elec-
trophysiology, including sections on Structural and Molecular 
Bases of Ion Channel Function, Biophysics of Cardiac Ion Chan-
nel Function, Intermolecular Interactions and Cardiomyocyte 
Electrical Function, Cell Biology of Cardiac Impulse Initiation 

and Propagation, Models of Cardiac Excitation, Neural Con-
trol of Cardiac Electrical Activity, Arrhythmia Mechanisms, 
Molecular Genetics and Pharmacogenomics, and Pharmacologic, 
Genetic, and Cell Therapy of Ion Channel Dysfunction.

The second half is devoted to clinical cardiac electrophysiol-
ogy, including sections on Diagnostic Evaluation, Supraventricular 
Tachyarrhythmias, Ventricular Tachyarrhythmias, Syncope and 
Bradyarrhythmias, Arrhythmias in Special Populations, Pharma-
cologic Therapy, Cardiac Implantable Electronic Devices, Cath-
eter Ablation, Surgery for Arrhythmias, and New Approaches.

New for this edition is the addition of William G. Stevenson 
as an editor. Bill is well known to the electrophysiology commu-
nity and joined us in preparation to take over the role of Doug 
Zipes for the eighth edition.

We would like to thank our spouses, Joan Zipes, Paloma Jalife, 
and Lynne Stevenson, for their love and support, and for putting 
up with the countless hours demanded of such a project.

We would also like to thank all of our colleagues who gener-
ously contributed their time, talents, and efforts to this book, and 
Lucia Gunzel, Dolores Meloni, and Kristine Feeherty at Elsevier 
for help with the publication.

Finally, we thank the readers who use our book as their learn-
ing manual and source for fact checking. We hope this edition 
continues the tradition of the past and meets your standards.

Douglas P. Zipes
José Jalife

William G. Stevenson
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Voltage-gated sodium channels initiate action potentials in 
nerves, cardiac myocytes, and other excitable cells.1,2 They are 
responsible for the propagation of action potentials through the 
atria, the conduction system, and the ventricles of the heart. As 
shown in Fig. 1.1, action potentials in atrial and ventricular mus-
cle fibers rise rapidly from a resting potential of about −80 mV 
and reach their peak within 1 ms. During this brief interval, car-
diac sodium channels respond to the change in pacemaker poten-
tial as it reaches a threshold and open to allow the rapid entry of 
sodium ions (Na+). Sodium channels begin to inactivate as soon as 
they open and are inactivated to 98% or 99% completion within a 
few milliseconds. The plateau phase of the cardiac action poten-
tial is generated by the opening of voltage-gated calcium channels 
(see Chapter 2), and the cell is finally repolarized by slower open-
ing of voltage-gated potassium channels (see Chapter 3). The rate 
of conduction of the action potential through the cardiac tissue 
depends directly on the rate of rise of the cardiac action potential 
and therefore on the density of active sodium channels and their 
rate of activation.

Much is now known about the molecular mechanisms of acti-
vation, inactivation, and ion conduction by the sodium channel 
protein, as is summarized in this chapter. Multiple genes encode 
sodium channel subunits, and the distinct sodium channel sub-
types exhibit subtle differences in functional properties and dif-
ferential distribution in subcellular compartments of cardiac 
myocytes. These differences in the function and localization of 
sodium channels may contribute to their specialized functional 
roles in cardiac physiology and pharmacology.

Subunit Structure of Sodium Channels
Sodium channel proteins purified from excitable cells are com-
plexes composed of an ∼260-kDa α-subunit in association with 
one or two auxiliary β-subunits of ∼33 to ∼39 kDa in size.3 
Purified sodium channel complexes of α- and β-subunits are 
sufficient for voltage-dependent gating and ion conduction in 
artificial lipid membranes, and expression of the α-subunit alone 
is sufficient for physiological function in recipient nonexcitable 
cells; this indicates that the α-subunit has all of the structural 

elements required for voltage-dependent gating and ion conduc-
tion.4–6 The primary sequence predicts that the sodium channel 
α-subunit folds into four internally repeated domains (I to IV), 
each of which contains six α-helical transmembrane segments 
(S1 to S6; Fig. 1.2).3,6–8 In each domain, segments S1 through S4 
serve as the voltage-sensing module, and segments S5 and S6 and 
the reentrant P-loop between them serve as the pore-forming 
module. One large extracellular loop connects either the S5 or S6 
transmembrane segment to the P-loop in each domain, whereas 
the other extracellular loops are small. Large intracellular loops 
link the four homologous domains, and the large N-terminal 
and C-terminal domains also contribute substantially to the 
mass of the intracellular face of the sodium channels. This view 
of sodium channel architecture, originally derived from hydro-
phobicity analysis of the amino acid sequence,7 has largely been 
confirmed by biochemical, electrophysiological, and structural 
experiments.3,9

Initial purification studies of sodium channels identified aux-
iliary β1- and β2-subunits.4 These subunits have a single trans-
membrane segment, a large N-terminal extracellular domain, and 
a short C-terminal intracellular segment (see Fig. 1.2).10,11 The 
β-subunits interact with α-subunit extracellular domains, modu-
lating α-subunit function and enhancing their cell surface expres-
sion.10–13 They also serve as cell adhesion molecules by interacting 
with extracellular matrix proteins, other cell adhesion molecules, 
signaling proteins, and cytoskeletal linker proteins.14–20 These 
interactions are thought to localize and stabilize sodium channels 
in specific subcellular compartments and to bring crucial signal-
ing molecules to the sodium channel to regulate it. Deletion of 
the genes encoding β-subunits causes alterations in sodium chan-
nel function; reduced action potential conduction and abnormal 
development of myelin folds in axons; hyperexcitability and epi-
lepsy in the brain; and arrhythmias in the heart.21–23 

Three-Dimensional Structure of Sodium 
Channels
Sodium channel architecture has been revealed in three-dimen-
sions through determination of the crystal structure of the bacte-
rial sodium channels at high resolution (2.7 Å) (Fig. 1.3).9,24 This 
ancient sodium channel has a simple structure: four identical sub-
units, each similar to one homologous domain of a mammalian 
sodium channel but without the large intracellular and extracel-
lular loops of the mammalian protein.9 Knowledge of the struc-
ture has revealed a wealth of new information about the structural 
basis for sodium selectivity and conductance, the mechanism for 
blockage of the channel by therapeutically important drugs, and 
the mechanism of voltage-dependent gating. As viewed from the 
top, NavAb has a central pore surrounded by four pore-forming 
modules composed of S5 and S6 segments and the intervening 
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P-loop (see Fig. 1.3A, blue). Four voltage-sensing modules com-
posed of segments S1 to S4 are symmetrically located around the 
outer rim of the pore module (see Fig. 1.3A and B, red and green). 
The transmembrane architecture of NavAb shows that the adja-
cent subunits have swapped their functional domains such that 
each voltage-sensing module is most closely associated with the 
pore-forming module of its neighbor (see Fig. 1.3C). It is likely 
that this arrangement enforces concerted gating of the four sub-
units or domains of the sodium channels.

A comparison of the primary structures of the isoforms of 
auxiliary β-subunits to those of other proteins has revealed a 
close structural relationship to the family of proteins that con-
tain immunoglobulin-like folds, which includes many cell adhe-
sion molecules.10,11,25,26 The extracellular domains of these type-I 
single-membrane-spanning proteins have been predicted to fold 
in a similar manner to that of myelin protein P0, whose immuno-
globulin-like fold is formed by a sandwich of two beta sheets held 
together by hydrophobic interactions (see Fig. 1.2).27 Three-
dimensional structures of the extracellular domains of the β3- and 
β4-subunits confirm these expectations.28,29 As would be expected 
from having structures that resemble cell adhesion molecules, 
NaVβ-subunits interact with extracellular matrix molecules, other 
cell adhesion molecules, and intracellular cytoskeletal and signal-
ing proteins.14–18 In addition, homophilic and heterophilic inter-
actions of β-subunits have been demonstrated at both cellular and 
structural levels.20,30 

Sodium Channel Structure and Function
The three key functions of sodium channels were defined in a 
classic study1 as (1) voltage-dependent activation, (2) fast inac-
tivation, and (3) selective ion conductance. Building on this 
foundation, detailed biophysical studies have revealed the ion 
selectivity of the channel pore, detected the movement of the 

voltage sensors as a capacitative gating current, and developed 
mechanistic models for these essential channel functions.2,31 
Recent structure-function studies that employed molecular, bio-
chemical, structural, and electrophysiological techniques have 
resulted in a clear understanding of the molecular and structural 
basis for these sodium channel functions.

Outer Pore and Selectivity Filter
Voltage clamp studies showed that sodium channels are highly 
selective for sodium versus potassium and other monovalent 
cations.2,32 Because of the high energy of hydration of Na+, 
theoretical considerations predicted there would be an outer, 
high-field-strength site that would partially dehydrate the per-
meating ion, and two inner sites that would conduct and rehy-
drate the permeant Na+ ion.33 Analysis of ion selectivity and 
blocking by tetrodotoxin and saxitoxin led to a model in which 
these toxins can plug the selectivity filter in the outer pore of 
sodium channels.34 Mutational analysis identified a key glutamate 
residue in the membrane-reentrant loop in domain I as a crucial 
residue for tetrodotoxin and saxitoxin binding.35 Further studies 
revealed a pair of important amino acid residues, mostly nega-
tively charged, in analogous positions in all four domains (see 
Fig. 1.2, small white circles).36–38 The mutation to glutamates of a 
set of four residues in analogous positions in each domain (aspar-
tate in domain I, glutamate in domain II, lysine in domain III, 
and alanine in domain IV, DEKA) confers calcium selectivity39; 
this indicates that the side chains of these amino acid residues are 
likely to interact with sodium ions as they are conducted through 
the ion selectivity filter of the pore, thus conferring sodium selec-
tivity. Mutations in this ring of four amino acid residues have 
strong effects on selectivity for organic and inorganic monovalent 
cations, which is in agreement with the idea that they form the 
selectivity filter, and structure-function studies suggest specific 
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150 Å2). (B) Side view of NavAb. (C) Structural elements in NavAb. The structural components of 
one subunit are highlighted (1 to 6, transmembrane segments S1 to S6). (Modified from Payandeh J, 
Scheuer T, Zheng N, Catterall WA. The crystal structure of a voltage-gated sodium channel. Nature. 
2011;475:353-358.)
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structural interactions and functional roles for the P-loops from 
the four domains.40–43

The overall pore architecture in the bacterial sodium chan-
nel NavAb includes the following component structures: a large 
external vestibule; a narrow ion selectivity filter that contains the 
amino acid residues shown to determine ion selectivity in verte-
brate sodium and calcium channels; a large central cavity filled 
with water and lined by the S6 segments; and an intracellular 
activation gate formed at the crossing of the S6 segments at the 
intracellular surface of the membrane (Fig. 1.4A).9,24 The activa-
tion gate in the NavAb structure is tightly closed (Fig. 1.4B), and 
there is no space for ions or water to move through it. This gen-
eral architecture resembles voltage-gated potassium channels (see 
Chapter 3). However, although the overall pore architecture of 
sodium and potassium channels is similar, the structures of their 
ion selectivity filters and their mechanisms of ion selectivity and 
conductance are completely different. Potassium channels select 
the potassium ion (K+) through interacting directly with a series 
of four ion coordination sites formed by the backbone carbonyls 
of the amino acid residues that comprise the ion selectivity filter 
(see Chapter 3). No charged amino acid residues are involved, and 
no water molecules intervene between K+ ions and the interact-
ing backbone carbonyls in the ion selectivity filter of the potas-
sium channels. In contrast, the NavAb ion selectivity filter has a 
high field strength site at its extracellular end (Fig. 1.4C), which is 
formed by amino acid residues that are highly conserved and are 

key determinants of ion selectivity in vertebrate sodium and cal-
cium channels (see Fig. 1.2). This high field strength site’s dimen-
sions of approximately 4.6 Å square would allow Na+ with two to 
four planar waters of hydration to fit within it. This outer site is 
followed by two ion coordination sites formed by backbone car-
bonyls (Fig. 1.4D). These two carbonyl sites are perfectly designed 
to bind Na+ with four planar waters of hydration but would be 
much too large to bind Na+ directly. Thus the chemistry of Na+ 
selectivity and conductance is opposite to that of K+: negatively 
charged residues interact with Na+ to remove most (but not all) 
of its waters of hydration, and Na+ is conducted as a hydrated ion, 
interacting with the pore through its inner shell of bound waters.

Molecular dynamics simulations have revealed additional 
details of the mechanism of the ion conduction process. Remark-
ably, the negatively charged glutamate side chains at the high 
field strength site coordinate an approaching Na+ ion and move 
with it into the selectivity filter in a “dunking” motion that 
involves rotation at a single torsion angle in the glutamate side 
chain.24,44 Different numbers of glutamate side chains move with 
the individual Na+ ions, and the displacement of waters of hydra-
tion is proportional to these interactions with the glutamate side 
chains. Thus, in contrast to classical views of a static selectivity 
filter, molecular dynamics simulations of sodium conduction in 
the structure of the NavAb selectivity filter reveal the direct cata-
lytic participation of glutamate side chain motions in each ion-
conducting event. 
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Voltage-Dependent Activation
The voltage dependence of the activation of sodium channels 
derives from outward movement of approximately 12 gating 
charges as a consequence of depolarization of the membrane and 
reduction of the membrane electrical field.31,45 The S4 segments 
of each homologous domain serve as the primary voltage sensors 
for activation.7,8 These contain repeated motifs of a positively 
charged amino acid residue followed by two hydrophobic resi-
dues, which creates a transmembrane spiral of positive charges. 
Upon depolarization, outward movement and rotation of S4 are 
thought to initiate a conformational change that opens the sodium 
channel pore.7,8 This “sliding helix” or “helical screw” model is 
supported by strong evidence. For example, neutralization of the 
positively charged residues in S4 reduces the voltage-dependence 
of the gating.46 The outward and rotational gating movement 
of the S4 segment has been detected directly by the reaction of 
substituted cysteine residues in S4 segments with extracellular 
sulfhydryl reagents following channel activation, and by analysis 
of the movement of fluorescent probes incorporated into these 
substituted cysteine residues.47,48 Further support for this mecha-
nism derives from a wide range of structure-function studies,49 
including extensive disulfide crosslinking studies of substituted 
cysteine residues that have charted the exchange of ion pair part-
ners during activation.50–53 In four-domain mammalian sodium 
channels, there is a hierarchy of activation of the four voltage sen-
sors. Studies of fluorescently labeled S4 segments show that the 
voltage sensors of domains I to III activate rapidly, whereas the 
S4 segment of domain IV activates much more slowly.54

In the structure of the bacterial sodium channel NavAb, the 
S4 segment is in a transmembrane position in its activated state 

and its positive charges are neutralized by negative charges in 
the nearby S1, S2, and S3 segments9 (Fig. 1.5A). This con-
formation is nearly identical to that of the voltage sensor of 
potassium channels (see Fig. 1.5A). In this snapshot of an acti-
vated voltage sensor, three gating charges (R1 to R3 in NavAb) 
interact with the extracellular negative cluster and are located 
on the extracellular side of the hydrophobic constriction site, 
which seals the structure to prevent leak of water and ions. 
At the resting membrane potential, the force of the electrical 
field (which is negative inside the cell) would pull the posi-
tive charges inward such that gating charges R2 to R4 interact 
with the intracellular negative cluster.53 Depolarization would 
abolish this force and allow an outward movement of the S4 
helix and its gating charges, catalyzed by the exchange of ion 
pair partners (see Fig. 1.5B; Video 1.1).53 After conformational 
changes have occurred in all four domains, the transmembrane 
pore can open and conduct ions (see Video 1.1).53 This struc-
tural model shows that the S4 segment and its gating charges 
move through a gating pore that narrows the transmembrane 
electrical field to a distance of N5Å allowing a short transit 
through the channel protein (see Video 1.1).53 

Pore Opening
These structural models allow the steps in the gating of a volt-
age-gated ion channel to be visualized.24,53 In the closed state, 
the negative internal membrane potential of −70 mV to −90 mV 
pulls the S4 gating charges inward by electrostatic force. The 
inward position of the S4 segment exerts a force on the S4–S5 
linker, straightens the S6 segment, and closes the pore at its inner 
mouth. Depolarization of the cell relieves the electrostatic force 
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FIGURE 1.5  The voltage sensing domain (VSD).  (A) Side view of the VSD illustrating the extracellular 
negative charge-cluster (red, ENC), the intracellular negative charge-cluster (red, INC), hydrophobic 
constriction site (green, HCS), residues of the S1N helix (cyan) and phenylalanines of the S2-S3 
loop (purple). S4 segment and gating charges (R1-R4) are in yellow. (B) Transmembrane view of the 
lowest-energy Rosetta models of the VSD of NaChBac in Resting State 1 (left) and Activated State 
3 (right). Side chains of the gating-charge-carrying arginines in S4 and key residues in S1, S2, and 
S3 segments are shown in stick representation and labeled. Gray, blue, and red atoms C, N, and O. 
The HCS is highlighted by orange bars. The majority of the lowest-energy models of Resting State 1 
predict that R1 forms hydrogen bonds with the backbone carbonyl of I96 (in S3) at the extracellular 
edge of the HCS. On the intracellular side of the HCS, R3 makes ionic interactions with the amino 
acid residues of the intracellular negatively charged cluster, including E70 (in S2) and D93 (in S3), 
and R4 forms an ion pair with D93 (in S3). The lowest energy models for Activated State 3 predict 
that R1 forms an ion pair with E43 (in S1), R2 forms an ion pair with E43 (in S1), R3 forms hydrogen 
bond with Y156 (in S5) and makes ionic interactions with D60 (in S2) and E43 (in S1), and R4 forms an 
ion pair with D60 (in S2). (Modified from Payandeh J, Scheuer T, Zheng N, Catterall WA. The crystal 
structure of a voltage-gated sodium channel. Nature. 2011;475:353-358; and Yarov-Yarovoy V, De-
Caen PG, Westenbroek RE, et al. Structural basis for gating charge movement in the voltage sensor 
of a sodium channel. Proc Natl Acad Sci U S A. 2012;109:E93-102.)
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FIGURE 1.6  The molecular mechanism of fast sodium channel inactivation.  (A) The hinged-lid 
mechanism. The intracellular loop connecting domains III and IV of the sodium channel is depicted 
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leucine 1488, phenylalanine 1489, and methionine 1490 (IFM) are illustrated in yellow. Threonine 1491, 
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mechanisms: the structure and function of voltage-gated sodium channels. Neuron. 2000;26:13-25.)

pulling the S4 segment inward. In response to the change in elec-
trostatic force, the S4 segment moves outward, with each positive 
gating charge interacting with the charged amino acid side chains 
in turn to ease their movement through the voltage-sensing mod-
ule. When the R3 and R4 gating charges pass the hydrophobic 
constriction site in the center of the voltage sensor module, the 
outward force on the S4–S5 linker is sufficient to exert a torque 
on the pore-forming module and bend the S6 segment, resulting 
in the pore opening at its intracellular end. During activation of 
the voltage sensors of the sodium channels, the S4–S5 intracellu-
lar linkers in each domain (see Fig. 1.2) exert a force on the adja-
cent S6 segments, and the pore opens by bending and twisting 
the S6 segment (see Fig. 1.2). In bacterial voltage-gated potas-
sium channels and sodium channels, bending of the S6 segment 
occurs at a critical hinge glycine residue about one-third down 
the length of the S6 segment55–57; this bending motion allows the 
inner mouth of the pore to open (Videos 1.1 and 1.2)53 and allow 
rapid movement of the ions across the membrane. 

Fast Inactivation
Fast inactivation of the sodium channel is a critical process that 
occurs within milliseconds of the channel opening. The gener-
ally accepted model of this process involves a conserved inactiva-
tion gate formed by the intracellular loop connecting domains 

III and IV (see Fig. 1.2), which serves as a hinged lid that binds 
to the intracellular end of the pore and blocks it (Fig. 1.6).3 The 
intracellular perfusion of proteases prevents fast inactivation.31 
Site-directed antipeptide antibodies against the short, highly 
conserved intracellular loop that connects domains III and IV of 
the sodium channel α-subunit (see Fig. 1.2) were found to pre-
vent fast sodium channel inactivation, but this was not the case 
for antibodies directed to other intracellular domains.58,59 Fur-
thermore, the accessibility of this site for antibody binding was 
reduced when the membrane was depolarized to induce inactiva-
tion, which suggests that the loop connecting domains III and IV 
forms an inactivation gate that folds into the channel structure 
during inactivation.58,59 Cutting the loop between domains III 
and IV by expression of the sodium channel in two pieces greatly 
slows inactivation.46 Mutagenesis studies of this region revealed 
a hydrophobic triad of isoleucine, phenylalanine, and methionine 
(IFM) that is critical for fast inactivation (see Fig. 1.2, blue circle 
with “h”),60 and peptides containing this motif can serve as pore 
blockers and can restore inactivation to sodium channels that 
have a mutated inactivation gate.61 The latch of this fast inactiva-
tion gate is formed by the three key hydrophobic residues, IFM, 
and adjacent threonine (T). These results support a model in 
which the IFM motif serves as a tethered pore blocker that binds 
to a receptor in the intracellular mouth of the pore. Inactivation 
is impaired in proportion to the hydrophilicity of the amino acid 
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