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Foreword

The field of cardiac electrophysiology has undergone dramatic
increases in new basic and clinical knowledge, ranging from the
pathophysiology of heart rhythm disturbances, to cellular and
molecular research, to expanding clinical diagnostics and thera-
peutics. These have been accompanied by huge advances in tech-
nology. All of this has emerged over a relatively short period of
approximately 50 years, with particularly dramatic acceleration
during the past 10 years. From its beginnings in deductive reason-
ing applied to clinical electrocardiography—leading ultimately to
insights into ion channel physiology, the translation of genetics
and genomics to clinical concepts, the development of highly
specialized procedures, and the related evolution of technologi-
cally advanced device therapy—the field has constantly pushed
on its borders of knowledge in the directions of the basic sciences,
bedside clinical skills, and advanced therapeutics.

In an attempt to bring together the multiple aspects of the field
of cardiac electrophysiology into a single source of information
for the convenience of both researchers and clinicians, the first
edition of the multi-authored text Electrophysiological Disorders
of the Heart was developed and edited by Sanjeev Saksena and
John Camm. Published in 2005, the book provided broad cover-
age of the relevant knowledge base in this field at the time and
was well received. However, with the continued growth of the
knowledge base since then, and evolution of new horizons in the
field of electrophysiology—such as the rapidly evolving field of
genetics and genomics, interventional procedures for common
arrhythmias such as atrial fibrillation, and better insight into both
rare clinical arrhythmia syndromes and the evolution and testing
of noninvasive testing techniques—an update of the content was
necessary.

In the second edition of Electrophysiological Disorders of the
Heart, Saksena and Camm have expanded existing topics, added

new topics of current interest, and broadened the scope of the
book in areas that were touched upon less comprehensively in the
previous edition. The added topics include the fields of noninva-
sive electrophysiological imaging and its current and future appli-
cations for clinical evaluation and risk profiling, a broader
development of topics in pediatric electrophysiology, and com-
prehensive coverage of the topics of ablation techniques and
devices for cardiac arrhythmias.

Updating the original content and adding new content could
stand alone in identifying the value of the text, but, in addition to
that, the editors have taken care to provide insights into where
each of the subfields within the general topic may be heading in
the future, providing the investigator and the clinician with ori-
entation in anticipation of future progress. It is axiomatic in
science that narrow fields of study tend to expand beyond their
original boundaries; the second edition of Electrophysiological
Disorders of the Heart passes the previous boundaries, taking the
readers to the current boundaries, and giving glimpses into future
directions. As such, the primary editors, Drs. Saksena and Camm,
as well as the section editors, Drs. Penelope Boyden, Paul Dorian,
Nora Goldschlager, Victoria Vetter, and Wojciech Zareba, are to
be commended for their efforts and congratulated on the final
product.

Robert ]. Myerburg, MD
Agustin Castellanos, MD

Division of Cardiology

University of Miami School of Medicine
Miami, Florida
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Foreword

This is a new edition of a book whose previous edition was well
appreciated by the cardiac arrhythmia community. Obviously, the
many advances in recent years in basic and clinical arrhythmology
require a timely review of what has been accomplished, more so
because the increasing use of the Internet as a (the only?) source
of information favors the development of tunnel vision. The
person performing catheter ablation of atrial fibrillation becomes
inclined to focus on Internet information for what is new in his
or her area of daily activities and not follow new developments in
genetic arrhythmology or advances in the electrocardiography of
arrhythmias. Therefore, the challenge for the editors was to ask
key leaders from the different clinical areas to present new infor-
mation in an easily readable format.

I recommend this book. All the editors and authors lived up
to the expectations created by the first edition. For me, it reflects
the incredible progress we are making in our understanding of
basic mechanisms, including the genetic background, and our

growing ability to diagnose, risk stratify, and treat cardiac
arrhythmias.

Still, we are not at the end of the line. To name a few areas:
sudden cardiac death continues to elude us. Better selection of
candidates for device therapy for primary prevention of sudden
cardiac death and cardiac resynchronization therapy for heart
failure, leading to better guidelines, is needed. Will cell transplan-
tation be able to restore cardiac function? Will pharmacogenetics
make drug therapy more effective and safe? And so on.

So, digest this new edition well. Five years from now you will
need a new one!

Hein Wellens

University of Maastricht
Maastricht, The Netherlands
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Preface

In the theatre, the second act inevitably builds on the first act. In
medicine, swift progress in medical knowledge often requires a
second edition of a textbook to revisit, and even rebuild, part of
the original foundation. In the first edition of this book, we sought
to “analyze and distill new information and meld it with classical
concepts of arrhythmology” We have continued this effort in this
edition, but with the realization that the foundations of knowl-
edge in our discipline have broadened, often with completely new
and novel constructs. Our original goal of approaching the subject
matter from the viewpoint of the practicing clinician involved in
the care of the arrhythmia patient or the scientist in search of
understanding of disease states or current therapies remains unal-
tered, but the addition of new sections and the expansion of
existing ones have become necessary. Since the publication of the
first edition, advances in the basic and translational sciences and
therapeutic technology have had continuing impact on clinical
practice in cardiac arrhythmias. A strong focus on evidence-based
outcomes, including understanding their methodology, is now a
cornerstone of modern clinical practice and a major theme in this
new edition. Thus, comprehensive analysis of clinical trials is pre-
sented by experts.

Keeping pace with changes in information delivery methods
has resulted in a dynamic Expert Consult companion web site to
this text. This site will be periodically updated with important new
developments. Multimedia presentations are a new aspect of this
book to enhance content delivery. Video presentations are linked
to the online version of this text that appears on Expert Consult
and have been incorporated in technical and procedural chapters.
An exhaustive bibliography is available in this online version of
the text to allow more content in the physical book and provide
a handy reference for searches on a topic.

We have continued in our belief in moving away from special-
ized segmentation of information in this field. In addition, the
section editors of this text have preferred a presentation oriented
more toward disease states and clinical syndromes. This book
remains a detailed clinical reference yet is still sufficiently detailed
to serve as a comprehensive reference in all of its sections. Four
new sections have been added to broaden the scope of the book.
These include clinical electrophysiological techniques, cardiac
pacing, and noninvasive electrophysiology as separate sections
still linked to the diagnostic and treatment sections on cardiac
arrhythmia and clinical syndromes. These sections now provide
a comprehensive review of each area. Clinical electrophysiological
techniques from basic methods to individual procedures for each
dysrhythmia are fully detailed for practicing clinical electrophysi-
ologists or cardiologists wanting to familiarize themselves with
laboratory techniques. The cardiac pacing section provides
treatment of pacemaker technology, engineering, physiology,
and clinical implementation of device therapy and serves as a
reference for all practitioners and researchers involved in the
delivery of pacemaker therapy. Noninvasive electrophysiology has
expanded into a stand-alone section with individual chapters
examining all methods in current clinical practice that are now

widely used by cardiologists and electrophysiologists alike in the
assessment of the arrhythmia patient. A new section on pediatric
electrophysiology reflects the burgeoning knowledge base and
patient care needs in this segment of the arrhythmia patient pop-
ulation. Pediatric and adult cardiologists as well as arrhythmia
specialists are now actively and directly engaged in care of these
patients. The need for continuity of arrhythmia care for pediatric
patients into their adult years and the importance of excellent
arrhythmia care in the early years are now also important public
health challenges.

The original book sections have also been seriously reengi-
neered. The underlying basic science in this field has been com-
prehensively expanded and rearranged in two subsections, the
first focusing on concepts of normal and abnormal physiology and
the second on clinical investigation methods and therapies in
current use. This new structure provides the reader with a full
view of the enormous advances in our fundamental understand-
ing of normal and disease states as well as the scientific bases of
diagnostic and treatment methods. The section on cardiac
rhythms and arrhythmias, despite extensive revisions, has main-
tained its distinct multi-authored chapter format that was widely
appreciated in the first edition. Clinical syndromes have been
updated, but the disease state model for the clinician involved in
longitudinal care is continued. Finally, the section on therapeutics
and interventional therapies provides state-of-the-art informa-
tion on current treatment methods and strategies, with particular
focus on evidence-based analysis and current practice guidelines.
Each subsection provides a complete treatment of the individual
therapeutic approach (drug, device, or procedural). Device
therapy from implantation to surveillance methods and the full
array of interventional mapping and ablation procedures (both in
the catheterization laboratory and operating room) with their
target population provide the clinician with a complete under-
standing of all potential options for patient care. Each subsection
is designed to provide the arrhythmia specialist, cardiologist, or
interventional electrophysiologist with an understanding of the
fundamentals as well as current applications of arrhythmia
therapies.

Each of these nine sections can stand alone as a focused mono-
graph for different educational needs, yet each section comple-
ments other discussions elsewhere in the book. Overlap between
sections and chapters has been limited as far as is feasible without
disruption of presentation. The use of multi-authored chapters in
Section V reflects our continuing bias that the information base
needed for such synthesis is vast, requiring experts in each area
of study to provide the core knowledge needed for that topic. This
results, in our view, in a particularly compelling and authoritative
treatment of the subject. We believe this will serve as a reference
text for students of this field in any country and is particularly
suitable for those seeking advanced certification in clinical cardiac
electrophysiology.

To achieve such an ambitious revision would have been incon-
ceivable without the energy, support, and commitment of a truly
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international team of of co-editors and authors and the editorial
team at our individual institutions and Elsevier. These individual
contributions reflect the global interest in this field, and this
unique worldwide effort has produced a truly international text-
book. We have been extraordinarily fortunate to assemble a team
of editors who have the knowledge and experience to provide a
bridge between classic concepts and the most recent develop-
ments in the field. These distinguished educators brought their
individual ideas and editorial skills to produce the core sections
of this text. The individual authors and coauthors, now number-
ing 227 authors from 14 countries, provided the momentum for
this project. Their wealth of knowledge, experience, and insight
have made the content of this text unique in its spectrum and
utility to the reader. To our contributors, we can only express our
deepest gratitude and hope that the final product is, for them,
in small measure a worthwhile outcome of their efforts.

In shepherding this project, we could not have arrived at our
destination without the continuous support of our staff, col-
leagues, and the editorial and production staff at Elsevier. In par-
ticular, we would like to thank and acknowledge the contributions
of Ms. Celeste Simmons, Dr. Irina Savieleva, Ms. Joan Ryan, Ms.
Natasha Andjelkovic, Ms. Carrie Stetz, and Ms. Dolores Meloni.
As senior editors, we have had the opportunity to shape this
book, and this has in turn helped us redefine and revisit our own
ideas on the educational needs and best information delivery
techniques in cardiac arrhythmology. It is our sincere hope that
this textbook will continue to fulfill the expectations of our readers
and compel and expand their interest in this great discipline.
Should it do so, this second act will have found its raison détre.

Sanjeev Saksena
A. John Camm



Worship the spirit of criticism. If reduced to itself, it is not an awakener
of ideas or a stimulant to great things; but without it everything is
fallible; it always has the last word.
—Louis Pasteur
November 14, 1888



Basic Electrophysiological Procedures

for the Clinician

David S. Park and Glenn 1. Fishman

Over the past 50 years electrophysiologists have unraveled many
of the molecular and cellular underpinnings of normal and patho-
logic cardiac rhythms. Innovations in the fields of molecular
biology and biophysics have dramatically enhanced current
understanding of action potentials, conduction properties, and
ion channel physiology. This chapter discusses the experimental
tools that have proved indispensible for the study of cardiac
electrophysiology.

Electrophysiology Basic Concepts

All cells maintain electrochemical gradients across their mem-
branes through the action of a panel of pumps, channels, trans-
porters, and exchangers. The resulting voltage difference across
the cell membrane is known as membrane potential (E). Although
all cells maintain a resting membrane potential, excitable cells
such as neurons and myocytes have the ability to generate tran-
sient, reversible, electrochemical wavefronts referred to as action
potentials. Action potentials allow rapid signal propagation across
the cell membrane. In the heart, each type of cardiac cell (e.g.,
nodal, atrial, ventricular, Purkinje) has a characteristic action
potential that is determined by the panel of ion channels expressed
(Figure 1-1, A and B)."* The action potential of the cardiac ven-
tricular myocyte is composed of five phases (Figure 1-1, C)." Phase
4 of the action potential is the resting membrane potential, which
corresponds to cellular diastole. Phase 0 is the rapid depolariza-
tion phase driven by the influx of sodium (Na) ions. Phases 1 to
3 correspond to repolarization of the cell membrane. Phase 2, or
the plateau phase, is maintained by the sustained influx of calcium
ions and the efflux of potassium ions. This influx of calcium (Ca?**)
activates Ca**-induced Ca®* release from the sarcoplasmic reticu-
lum (SR), thereby activating myocyte contraction. Action poten-
tials travel rapidly from cell to cell through low-resistance
intercellular communication points called gap junctions. This
behavior synchronizes electrical activation and facilitates coordi-
nated muscular contraction.

The ability to study action potentials and ionic currents in
biologic tissues was made possible by modeling the cell as an
electrical circuit.’ The ionic current (I, measured in amperes) is
the net flow of ions down their electrochemical gradients via their
respective channels and transporters. The cell membrane, a lipid
bilayer, serves as a capacitor (F, measured in farads), storing
charge in the form of electrochemical gradients. The resistance
(R, measured in okms) to ionic current depends on many factors,
such as the gating characteristics of ion channels, number of avail-
able channels, and posttranslational modification of channel pro-
teins. The gating properties of ion channels vary, depending on

specific channel type, but may be regulated by factors such as
transmembrane voltage, ligands such as drugs, hormones or
intracellular second messengers, mechanical forces, as well as
the coexpression of regulatory subunits.* Conductance (g), or the
measure of ease of ionic current flow, is the inverse of resistance
(g = 1/R). According to Ohm’s law, the membrane potential (E)
equals the product of ionic currents (I) and channel resistances
(R), E = IR. If conductance remained constant, the relationship
between the current and the potential would be linear. However,
because the conductance of ion channels is not constant, the
resistor is non-Ohmic; therefore, the current-voltage relation is
nonlinear. A simplified example of a cellular circuit is given in
Figure 1-2.%°

Electrophysiologic Tools

Willem Einthoven’s contribution of surface electrocardiography
(ECG) was the first of many innovations that would begin to detail
the heart’s electrical behavior. The ECG represents the summa-
tion of the global electrical activity occurring in the heart. Despite
the great success of the ECG as a clinical and laboratory tool, it
lacks the temporal and spatial resolution needed to identify the
local electrical events that underlie the surface ECG. Significant
advancements in cellular biology and molecular biology, coupled
with ever-smaller electrode designs, have made it possible to
record membrane currents with much higher resolution, includ-
ing at the single-channel level. The fundamentals of the electro-
physiological test are (1) biologic tissue as the source of electrical
activity and (2) a means of recording electrical activity (i.e., elec-
trodes or fluorescent dyes). The remainder of this chapter is
divided into four sections: (1) experimental preparations, (2)
electrode-based studies, (3) optical mapping, and (4) molecular
and genetic tools.

Experimental Preparations

Experimental preparations range from intact animals to artificial
membrane systems. Each preparation has its own strengths and
weaknesses as a model system. Therefore the suitability of the
preparation for a particular question must always be considered
before experimentation.

Intact Animal

Study of cardiac electrical activity in a live animal is the most
physiologically representative model system. All the available
tools used in human electrophysiologic testing are readily
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FIGURE 1-1 A, Schematic of action potential waveforms and propagation in the human heart. B, Murine action potential waveforms. C, Human
ventricular action potential waveform with corresponding ionic currents. AV, Atrioventricular node; LV, left ventricle; RV, right ventricle; SA, sinoatrial
node. (From Nerbonne JM, Kass RS: Molecular physiology of cardiac repolarization, Physiol Rev 85[4]:1205-1253, 2005; and Mangoni ME, Nargeot J: Genesis
and regulation of the heart automaticity, Physiol Rev 88[3]:919-982, 2008.)

available for animal studies as well. Intracardiac® and epicardial
electrograms,” monophasic action potentials,® and multiple-
electrode mapping’ techniques have all been used in a variety of
species. However, if the ultimate goal is to understand human
physiology and pathophysiology, then the choice of species for
experimentation becomes a significant issue because there
are considerable interspecies differences. In the case of infarct

models, dogs and guinea pigs both manifest extensive coronary
collateralization that limits the transmural extent of infarction.
The porcine coronary system, however, more closely resembles
the human anatomy and therefore serves as a better infarct
model.

The murine system deserves special attention, given its
increasing use in biologic research. Ease of handling, breeding,
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FIGURE 1-2 The Hodgkin and Huxley electrical circuit model. A, Current flowing across the membrane can be carried via a membrane capacitor or
through ion channels situated in parallel. Voltage-gated channels are voltage dependent and time dependent and display nonlinear conductance (gy,
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jon at steady state is designated as Ey,. B, Corresponding cellular membrane with ion channels and electrochemical gradients. (From Carmeliet E,
Vereecke J: Cardiac cellular electrophysiology, Norwell, MA, 2001, Kluwer Academic Publishers.)

and amenability to genetic manipulation has allowed the mouse
to supplant many larger animals that were used in classic studies
of cardiac electrophysiology. Despite these advantages, the human
and the murine cardiovascular systems have clear differences. The
average lifespan of inbred mouse strains is approximately 2.7
years, making chronic diseases such as atherosclerosis nonexis-
tent in unmanipulated animals. The significant differences in the
coronary anatomy between mice and humans result in different
infarct distributions after coronary ligation."’ The average heart
rate of a mouse is between 400 and 600 beats/min at rest com-
pared with humans, which is between 60 and 100 beats/min.
Murine cardiomyocytes have relatively short action potential
durations, making comparisons of the mechanisms of arrythmo-
genesis and effects of antiarrhythmic drugs with those of their
human counterparts difficult (see Figure 1-1, A and B)."* These
factors must be considered when designing experiments and
drawing conclusions from murine studies.

In addition to species-specific limitations, live animal models
are confounded by extracardiac variables, for example, neurohor-
monal effectors that cannot be completely controlled. Live animals
are incompatible with the study of unstable ventricular tachyar-
rhythmias and fibrillation. The type of anesthetic used can sig-
nificantly alter cardiac electrophysiology. For example, sodium
pentobarbital has been shown to alter action potential durations
and transmural repolarization gradients by affecting late sodium
currents in vivo."

The Langendorff Heart System

The isolated, perfused heart preparation first described by Oscar
Langendorff in 1895 allows physiologic evaluation of the beating
heart removed from the neurohormonal and hemodynamic envi-
ronment of the intact animal."” The Langendorff heart system

consists of an excised heart that is perfused in a retrograde
manner by cannulation of the aorta. When optimally perfused,
the isolated heart can continue to beat for several hours, allowing
detailed analysis of physiologic and pathophysiologic states
(Figure 1-3). The advantage of the Langendorff system is the
ability to manipulate many aspects of cardiac physiology in a
controlled setting. A variety of drugs, toxins, and neurohormonal
agents can be infused at specified levels. The isolated heart also
provides an opportunity to study arrhythmias that would be
hemodynamically unstable in a live animal model. Inducible
arrhythmias can be mapped by using standard electrode
techniques or optical mapping systems." In addition, such modi-
fications as whole-heart preparation allow hemodynamic mea-
surements such as preload and afterload."

The quality of preparation of the isolated heart is highly depen-
dent on the experience of the investigator. The method of sacrifice
before organ procurement and the ischemic time (time interval
between heart extraction and initiation of artificial perfusion) can
have a significant impact on the quality and internal consistency
of the data acquired. Another limitation is that the intact heart
makes further delineation of regional myocardial depolarization
and repolarization characteristics challenging.®

Wedge Preparations

The ventricular myocardium is a heterogeneous structure consist-
ing of three layers: (1) the epicardium, (2) the mid-myocardium,
and (3) the endocardium. The arterially perfused wedge prepara-
tion was developed by Yan and Antzelevitch in 1996 to study the
electrophysiologic heterogeneity of these myocardial layers in
dogs." The myocardial wedge is prepared by dissecting along the
vascular supply such that the tissue can be perfused during exper-
imentation. By isolating a three-dimensional wedge of ventricular
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FIGURE 1-3 The Langendorff heart preparation. The aorta is
cannulated and the coronary arteries are perfused in a retrograde
manner with oxygenated, nutrient-rich solution. Depending on the
height of the fluid column, a constant pressure of perfusate closes the
aortic valve and allows the solution to enter the coronary ostia. This
allows the heart to beat for several hours. Newer models use
mechanical pumps to deliver constant pressure or flow to the
coronary circulation. A pressure transducer catheter may be inserted
into the left ventricle to transduce systolic and diastolic

pressures. (From Hearse DJ, Sutherland FJ: Experimental models for the
study of cardiovascular function and disease, Pharmacol Res 41:597—-603,
2000.)

myocardium, the transmural preparation can be studied in elec-
trical and hemodynamic isolation (Figure 1-4).">'® As with Lan-
gendorff hearts, the quality of the wedge preparation depends on
the ischemic time. In addition, extensive dissection is necessary
to isolate a perfused wedge, leaving significant injury at exposed
edges. Wedges that are not adequately perfused must be dis-
carded. Wedge preparations have a limited lifespan, typically 4
to 5 hours, so experiments should be completed within this
timeframe."

Tissue Strips and Slices

Tissue slices are thin preparations of the myocardium that allow
diffusion of nutrients and gas exchange. These thin sections can
be isolated from various cardiac regions or transmural depths."”
Newer techniques use microtomes to section short-axis slices of

whole ventricles measuring 150 {m in thickness."® Once isolated,
activation mapping and action potential characteristics can be
evaluated (Figure 1-5).” Limitations are similar to those of wedge
preparations and include the need for long equilibration times (up
to 6 hours for epicardial strips) to resolve injury currents before
data acquisition."”

Dissociated Myocytes

Dissociated myocytes allow detailed electrophysiologic study of a
single cell. Myocyte isolates can be prepared from any species at
any developmental stage and from any cardiac region. Isolated
myocytes are usually prepared by enzymatic dissociation by using
trypsin, collagenase, or a combination of proteases. The ability to
study the action potential characteristics of a single cell by using
microelectrode techniques has yielded unparalleled insights into
how different cell populations functionally contribute to the
beating heart. Detailed study of the ion channels that dictate the
shape and duration of the action potential could not have been
possible without the isolated myocyte. Dissociated myocytes that
are virally transformed or harvested from genetically modified
mice expressing mutated ion channels have significantly increased
the understanding of human channelopathies.'” A significant
disadvantage of using isolated cells is the loss of the syncytium.
Significant changes or exaggeration of action potential features
make extrapolations to the intact heart challenging. Furthermore,
with prolonged time in culture, the electrophysiologic properties
of the myocyte tend to drift and become less representative of the
in vivo state.”"”

Artificial Bilayers

Bilayers, unlike an intact cell or native cell membrane, allow the
study of ion channels in a more controlled environment. Condi-
tions such as ionic concentration and lipid composition can be
precisely manipulated. The artificial bilayer also allows ion chan-
nels located on intracellular membranes, such as the ryanodine
receptor, to be studied electrophysiologically.” Single-channel
recordings have been performed on numerous channel proteins
by using planar bilayer techniques. The two major limitations of
this technique are (1) difficulty incorporating ion channels into
artificial membranes and (2) the inherent fragility of artificial
bilayers.**

Electrode-Based Tools

Electrodes transduce biologic, electrochemical activity into elec-
trical signals that can be recorded. Cardiac recordings of a single
channel to a whole heart can be made, so electrodes range in size
from micrometer-scale glass pipettes to macroscopic metallic
needles and discs. Recordings can be obtained extracellularly or
intracellularly, depending on the type and resolution of the data
needed.

Extracellular Recordings

Extracellular recordings can be acquired by using either unipolar
or bipolar lead systems. The surface ECG uses both bipolar and
unipolar recordings. Leads I, II, and III are bipolar leads, and the
remaining leads are unipolar. Unipolar leads have a single positive
pole and an “indifferent” pole acting as the ground, whereas
bipolar leads consist of a positive pole and a negative pole.
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left ventricular wedge preparation, Pharmacol Ther 119[2]:141-151, 2008.)

FIGURE 1-4 The myocardial wedge preparation. A, The perfused myocardial wedge is dissected along the vascular supply. A transmural
electrocardiogram (ECG) can be recorded with extracellular ECG electrodes. Epicardial, mid-myocardial, and endocardial action potentials can be
recorded by using floating microelectrodes. B, Simultaneous recordings of ECG, action potentials, and isometric contractile force from a rabbit wedge
preparation. T,., the interval between peak to end of the T wave, is a measure of heterogeneity of transmural repolarization. AR Action potential; ICF
isometric contractile force. (From Wang D, Patel C, Cui C, et al: Preclinical assessment of drug-induced proarrhythmias: Role of the arterially perfused rabbit
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FIGURE 1-5 Tissue strips can be prepared from any layer of the myocardium. In this example, an endocardial strip with an obliquely cut edge is
demonstrated. Once the injured myocardium has recovered, the oblique surface allows direct access to subendocardial cells for microelectrode
impalement. Simultaneous recordings of transmembrane action potentials from endocardial and subendocardial cells at varying cycle lengths (CL)
is shown. (From Anyukhovsky EP, Sosunov EA, Rosen MR: Regional differences in electrophysiologic properties of epicardium, mid-myocardium, and
endocardium. In vitro and in vivo correlations, Circulation 94[8]:1981-1988, 1996.)

Unipolar electrograms reflect local and distal depolarization and
repolarization events in the heart because they transduce any
biopotential above or below the indifferent pole. Bipolar electro-
grams record local electrical activity by summing the biopoten-
tials recorded by the two poles. The advantages of unipolar
recordings are that they provide a more sensitive assessment of
local activation; however, inclusion of far-field signals results in a
low signal/noise ratio, thus limiting spatial resolution.” Therefore

bipolar recordings are used for detecting discrete electrical events,
such as His bundle recordings.”

The electrophysiology study (EPS) uses a combination of uni-
polar and bipolar electrodes to evaluate the conduction properties
of normal and diseased tissue and to perform activation mapping
of arrhythmias. In 1996, Charles Berul reported the first in vivo
murine cardiac EPS using a combined endocardial and epicardial
approach.” His seminal work described normal sinus node
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FIGURE 1-6 Intracardiac electrograms in wild-type (WT) and connexin40 knockout mice (Cx40 —/-). A,
catheter. B, An octapolar electrode catheter was introduced via a right internal jugular vein approach. The catheter was positioned to situate the
center electrodes at the tricuspid valve annulus to record atrial, His bundle, and ventricular local electrograms by bipolar configuration. Wild-type mice
display normal surface electrocardiogram intervals and normal intracardiac atrial-His (AH) and His-ventricular (HV) intervals. In contrast, connexin40 null
mice display PR prolongation on the surface electrocardiogram and prolonged AH and HV intervals. (From Bevilacqua LM, Simon AM, Maguire CT, et al: A
targeted disruption in connexin40 leads to distinct atrioventricular conduction defects, J Intervent Card Electrophysiol 4(3):459-567, 2000.)

1.1 Fr octapolar murine electrophysiology

recovery times; atrioventricular (AV) conduction properties; and
atrial, AV, and ventricular effective refractory periods in mice.
Subsequently, an intracardiac, octapolar electrode catheter was
developed to study the murine AV nodal and infra-Hisian con-
duction system.” Intracardiac electrograms have been a powerful
tool in evaluating transgenic and knockout murine models
for conduction disturbances. For example, loss of connexin40
(Cx40), predominantly expressed in the atria and His-Purkinje
system, results in significant PR prolongation on surface ECG.
Further analysis with intracardiac EPS demonstrated prolonged
atrial-His (AH) and His-ventricular (HV) conduction times
(Figure 1-6).%

An extension of electrode-based tools is the multi-electrode
array (MEA). MEAs configure multiple electrodes onto array
assemblies that allow temporal and spatial resolution of impulse
propagation, creating an activation map. MEAs can be affixed to
different media, allowing direct contact of the electrodes to cells
or tissue. MEAs can be used on tissue culture plates, on patches,
and in “socks” for epicardial activation mapping, as well as on
catheters for intracardiac recordings.”® van Rijan et al. used MEA
technology to characterize Cx40 knockout mice using a 247-point
multi-terminal electrode arranged in a 19 x 13 grid.”” As shown
in Figure 1-7, activation maps created from the right and left
surfaces of the interventricular septa demonstrate right bundle
branch activation blockade and significantly delayed conduction
velocity in the left bundle branch in Cx40 null mice.”

Electrode techniques restricted to the epicardial or endocar-
dial surface limit the EPS to those regions of the myocardium.
However, as previously mentioned, the ventricular myocardium
consists of three layers—epicardial, endocardial, and mid-

myocardial—with different electrophysiologic properties. Acquir-
ing local electrograms from the mid-myocardial layer requires the
use of plunge or stab electrodes. By simultaneously recording
from all three sites, transmural heterogeneity can be studied. The
major limitation of plunge electrograms is the degree of injury
that results directly at the recording site. Injury patterns can sig-
nificantly alter electrogram morphology, requiring varying
degrees of time to resolve.”

One electrode-based method that takes advantage of the injury
pattern is the monophasic action potential (MAP). MAPs are
extracellularly recorded depolarization/repolarization wavefronts
that can reproduce the time course of action potentials recorded
intracellularly. This is achieved through the contact electrode
technique developed by Franz.® Although some controversy
regarding MAP generation exists, it is clear that a source of injury
must be applied to the myocardium to form a MAP* They have
been used to measure action potential duration and dispersion
characteristics (i.e., the differences in action potential duration at
different regions of the heart). One limitation of MAPs is that,
compared with transmembrane recordings, MAPs significantly
underestimate amplitude and maximum upstroke velocity.®

Intracellular Recordings

Intracellular recordings became possible with the development of
the microelectrode. The microelectrode consists of a glass pipette
pulled to a submicrometer tip filled with ionic solution. Micro-
electrodes are mounted onto mechanical micromanipulators that
allow single cells to be attached or pierced and electrochemical
activity to be recorded. On a single-cell level, current (current
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FIGURE 1-7 Activation mapping using multiple-electrode arrays in
wild-type and connexin40 (Cx40) null mice. A 247-electrode grid was
placed on the endocardial surface of the right and left interventricular
septa to generate activation maps and calculate conduction velocities.
Onset of far-field P waves was designated as t = 0, and time to
activation of the bundle branches (asterisk) was recorded and
displayed in color-coded format. Large deflections represent
depolarization of the interventricular septum. Note the right bundle
branch block and slowed conduction through the left bundle branch
in Cx40 knockout mice. (Reproduced from van Rijen HVM, van Veen TA,
van Kempen MJ, et al: Impaired conduction in the bundle branches of
mouse hearts lacking the gap junction protein connexin40, Circulation
103:1591-1598, 2001.)

clamp) or voltage (voltage clamp) can be controlled, and the resul-
tant effect on the current-voltage relationship can be studied.
Current clamp recordings are used to measure membrane poten-
tials while current injection is held constant. The system uses a
sharp glass microelectrode to impale cells to record resting mem-
brane potentials and action potentials (see Figure 1-1).

A voltage clamp recording sets the membrane voltage as a
fixed variable and then measures the effect on the net ionic
current. The voltage clamp fixes the membrane voltage via a dif-
ferential amplifier that adjusts for differences between the
recorded membrane potential and the desired potential by inject-
ing current to maintain the holding potential. Techniques have
been developed to parse out the contributions of individual ion
channels. To isolate particular ion currents, the composition of
the electrode filling solution can be manipulated by controlling
the intracellular concentration of ions or by introducing
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nonpermeable ions, specific chelators, intracellular drugs, or
second messenger analogs.”!

The patch clamp, a variation of the voltage clamp, was devel-
oped by Neher and Sakmann in 1976. The advantage of the patch
clamp is its ability to resolve single-channel recordings. Instead
of a sharp microelectrode impalement, the patch clamp uses a
blunt electrode that measures only a few microns. This fire-
polished tip allows a tight seal to be applied to the surface of the
cell membrane through light suction, thus effectively isolating a
small “patch” of membrane within the mouth of the electrode. An
effective seal produces a seal resistance greater than 10 giga-ohms
(thus the term gigaseal). The importance of a proper seal is
twofold: (1) the electrical isolation of the patched membrane and
(2) the significant reduction of background noise. These are highly
critical in single-channel recordings, for which current ampli-
tudes are extremely low. The variations of the gigaseal patch,
demonstrated in Figure 1-8, include the whole-cell patch, perfo-
rated patch, and excised patch. Cell-attached recordings provide
the most physiologic responses because the intracellular com-
partment is left intact. This was the method first used by Neher
and Sackmann to resolve ionic currents at a single-channel level.
The fine tip of the pipette electrode allows isolation of a single
channel or a few channels. An inside-out patch simply pulls away
the gigasealed patch from the cell such that the inside of the cell
membrane is exposed to the bath solution. These systems allow
manipulation of the intracellular environment, such as changes in
calcium concentration or introduction of secondary messengers.
An outside-out patch creates a gigaseal with the cell membrane
such that the exterior membrane is exposed to the bath solution.
The benefit of this system is that dose-response curves to drugs
or biochemical agents can be achieved by changing extracellular
bath conditions with a single patch. The main disadvantage of
excised patches is that the intracellular and extracellular environ-
ments are artificial. Whole-cell recordings are produced by suc-
tioning off the gigasealed patch such that the interior of the
pipette is continuous with the cell’s interior. This technique is
most akin to the classic, single-electrode voltage clamp, in which
the voltage electrode impales the cell’s interior. The advantage
over a voltage clamp is that the pipette is larger and, therefore,
has lower resistance over the microelectrode, thus offering better
signal fidelity. However, the larger pipette leads to eventual dilu-
tion of intracellular components, which is known as the dialysis
effect. Perforated patches overcome the dialysis effect by introduc-
ing perforations in the patch membrane with antibiotic agents.
This maintains the intracellular compartment for a longer period;
however, the added resistance of the perforated membrane dimin-
ishes the fidelity of the voltage and current recordings.”> An
example of single-channel and whole-cell patch clamp techniques
is given in Figure 1-9.%

Optical Techniques

Optical techniques use fluorescent dyes that allow visualization
of biologic processes, for example, electrical or metabolic activity,
at a subcellular or whole-organ level.** Over the past decade,
optical mapping has proved to be an invaluable tool in cardiac
electrophysiology. Electrode-based techniques have some limita-
tions, including technical difficulties of acquiring data from a
nonuniform structure, the inability to record during and after
defibrillation, and a limited ability to record repolarization char-
acteristics. These limitations have been overcome by optical
mapping systems. Advancements in the understanding of impulse
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FIGURE 1-8 Variations of patch clamp technique. A, Cell-attached patch, B, whole-cell patch, C, inside-out excised patch, D, outside-out excised
patch, £ perforated cell-attached patch. (From Ogden D, Stanfield P: Patch clamp techniques for single channel and whole-cell recording. Microelectrode
techniques: The Plymouth workshop handbook, ed 2, Cambridge, 1987, The Company of Biologists.)
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FIGURE 1-9 Patch clamp recordings from single channels and whole cells. Stable clones of CHO cells heterologously expressing the potassium
channel, HERG, were studied with cell-attached (left) and whole-cell (right) patch clamp techniques. HERG is a voltage-gated K* channel that is more
likely in an open-state at positive potentials. Single K* channel currents (left) or whole-cell K* current (right) can be measured by various voltage
protocols. (From McDonald TV, Yu Z, Ming Z, et al: A minK-HERG complex regulates the cardiac potassium current I(Kr), Nature 388[6639]:289-292, 1997.)
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FIGURE 1-10 Optical mapping to study impulse propagation.
Epicardial conduction velocity measurements were obtained from the
left ventricular surface of murine hearts. Representative optical maps
demonstrate slowing of conductance velocity when hearts were
treated with a relatively selective gap junction uncoupler,
18-glycyrrhetinic acid (GA). (From Qu J, Volpicelli FM, Garcia LI, et al: Gap
Jjunction remodeling and spironolactone-dependent reverse remodeling in
the hypertrophied heart, Circ Res 104[3]:365-371, 2009.)

generation and propagation in the mechanisms of supraventricu-
lar and ventricular arrhythmias and advancements in recording
electrical activity during stimulation or defibrillation have all been
made possible through optical mapping techniques. The effect of
channel mutations, pathologic states, or drugs on cardiac conduc-
tion velocity can be readily studied, as shown in Figure 1-10.*

Although the repertoire of available dyes has grown, voltage-
sensitive dyes remain the cornerstone of cardiac optical mapping.
Voltage-sensitive dyes interact with the cell membrane and emit
fluorescent signals in proportion to the membrane potential.
Ideally, potentiometric dyes should react to voltage changes on a
microsecond time scale, maintain a linear response curve, have
relatively low toxicity, and exert minimal biologic activity. Optical
recordings of cardiac action potentials have been very consistent
with transmembrane recordings and surface ECGs. Modifications
to the technique include the concomitant use of voltage-sensitive
and calcium-sensitive dyes that fluoresce at different emission
spectra, allowing simultaneous recording. This allows the study
of the relationship between calcium handling and action potential
characteristics.**

Movement artifact can significantly degrade optical action
potential images, so mechanical or pharmacologic stabilization is
often needed to achieve optimal recordings. The emission spectra
of voltage dyes do not give absolute measurements of the mem-
brane potential. Instead, they accurately reflect relative changes
in the membrane potential as a function of time. Despite these
limitations, the next generation of optical imaging techniques
promises a broader array of biosensitive dyes and detectors with
improved tissue penetration that offer three-dimensional optical
mapping.*

Genetic Approaches to Electrophysiology

Molecular cloning technology has revolutionized modern cardiac
electrophysiology. Genes can be cloned into expression con-
structs that are driven by various viral or mammalian promoters.
Ion channels can be genetically manipulated using polymerase
chain reaction (PCR)-based technology to express missense,
nonsense, and frame shift mutations that mimic human disease
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or create novel mutations at putative functional or regulatory
sites. These gene products can then be expressed in virtually any
cell type or introduced into transgenic mice by traditional trans-
fection techniques or viral transduction strategies.

Heterologous Expression Systems

The expression of ion channels in heterologous cells allows
channel properties to be studied free of the native cellular envi-
ronment. This offers the investigator an increased level of control
by limiting exposure to accessory proteins (subunits, second mes-
sengers, scaffolding proteins, dimerization partners) and post-
translational modifications (phosphorylation, glycosylation)
that may alter channel function in the endogenous cell. The
best-characterized cellular systems for cardiac electrophysiology
include the Xenopus laevis frog oocyte and immortalized mam-
malian cell lines. Each offers unique advantages to the study of
cardiac cellular electrophysiology.*”**

X. laevis oocytes have long been used in cellular electrophysi-
ology because of their large size and ability to express heterolo-
gous proteins effectively.®® Their size (approximately 1 mm)
makes them well suited for nucleic acid injection and microelec-
trode recording. After direct injection of complementary ribo-
nucleic acid (cRNA) or complementary deoxyribonucleic acid
(cDNA) encoding the channel of interest, current recordings can
be made the next day for the former or after several days for the
latter. Another benefit of the large size of X. laevis oocytes is that
they make it possible to perform standard two-electrode voltage
clamp recordings, which obviate the need for more expensive
equipment for smaller cells. In addition, the endogenous currents
of Xenopus oocytes are small relative to the large-amplitude het-
erologous current, making detection with low-noise equipment
unnecessary. The next generation of Xenopus oocyte technology
takes advantage of these benefits in high-throughput methods
that allow multiple cells to be studied in parallel with automated
systems. This will greatly enhance screening protocols for expres-
sion libraries, mutational analysis, and drug testing.*’

Established mammalian cell lines offer a more physiologically
similar cellular environment for analysis of murine and human
channels. Commonly used cell lines include mouse fibroblasts
(L cells), human embryonic kidney cells (HEK293), SV40-
immortalized, African green monkey (Cos) cells, and Chinese
hamster ovary (CHO) cells. These cell lines are easily grown in
culture, are readily transfectable, are capable of high-level, exog-
enous protein expression, and have relatively few endogenous
currents. Stable transfection of wild-type or mutant channels can
be achieved by introducing antibiotic selection. Known mutations
from human channelopathies can be propagated in stable cell
lines, allowing detailed electrophysiologic analysis. Because
clones of stable transfectants have more uniform expression
levels, the effects of changing conditions on channel function can
be studied.

Methods of Gene Delivery

Transfection protocols use various nonviral means of introducing
nucleic acid into cells. The standard techniques use calcium phos-
phate, cationic polymers, liposomal, nanoparticles, and electro-
poration. Calcium phosphate transfection is an inexpensive
method that allows calcium phosphate—bound DNA to be taken
up by dividing cells. Cationic particles, such as DEAE-dextran,
bind negatively charged DNA that is taken up by cells through
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Table 1-1 Comparison of Major Viral Vector Systems for Cardiovascular Gene Transfer

VECTORS ADENOVIRUS
Functional titer (per mL) Up to 10"
Genome dsDNA

Insert capacity 7-30 kb
Integration No

Pattern of transgene expression Transient

Cell cycle-dependent transduction No

Host/vector interactions Cytotoxic and immunogenic
Clinical trial approved Yes

ds, Double-stranded; ss, single-stranded.

ADENO-ASSOCIATED VIRUS LENTIVIRUS
Up to 10" Up to 10°
SSDNA SSRNA

4.8 kb 7-10 kb

Yes: chromosome 19 for wild-type Pseudorandom
No: for recombinant vectors

Long term Long term

No No

Minimally immunogenic Minimally immunogenic

Yes No

From Ly H, Kawase Y, Yoneyama R, et al: Gene therapy in the treatment of heart failure, Physiology 22:81-96, 2007.

endocytosis. Liposomal-based transfection packages DNA into
liposomes that gain entry into the cell by fusing with cell mem-
branes. Nanoparticles can be made of gold or magnetic particles
that are bound to DNA and subsequently delivered into cells by
mechanical or magnetic force, respectively.

Viral vectors as a means of gene delivery have become main-
stream because of their high transduction efficiencies of postmi-
totic cells. Ideally, viral vectors should be replication defective to
minimize risk to handlers, have low cytotoxicity, have minimal
biologic activity, and be able to infect postmitotic cardiomyo-
cytes. The viruses most commonly used in cardiac electrophysiol-
ogy that satisfy these criteria are adenovirus, adeno-associated
virus (AAV), and lentivirus (Table 1-1).%

Adenovirus, a double-stranded DNA virus, is the most com-
monly used viral delivery system in cardiovascular research. The
advantages of adenovirus include its broad tropism for cardiovas-
cular cells, nearly 100% transduction efficiency, high levels of
protein expression, ability to transduce nondividing cells, and
third-generation vectors that can accommodate inserts up to
30 kb. Adenovirus has been used to express channel proteins both
in in vitro and in vivo systems. In addition, the viral DNA remains
episomal, minimizing the risk of insertional mutagenesis, although
this feature also means that expression is transient. Another limit-
ing feature of adenovirus is the profound inflammatory response
that can be seen in animals and humans.***

AAV overcomes many of the shortcomings of adenovirus and
will likely supplant adenovirus in cardiovascular therapeutic
applications. Recombinant AAV is a single-stranded DNA virus
that has no known pathogenicity in humans, has minimal immu-
nogenicity, and transduces nondividing cells. On conversion to
double-stranded DNA, the recombinant AAV vector remains
stable for years as an episomal concatamer in postmitotic host
nuclei. One significant drawback of the AAV system is the limited
insert capacity of approximately 4.8 kb.*

Lentivirus is a single-stranded RNA retrovirus derived from
the human immunodeficiency virus 1 (HIV-1) that transduces a
wide array of cell types through genomic insertion. Genomic
integration is the major advantage of lentiviral vectors over ade-
novirus and AAV systems because integrated genes can be passed
on to daughter cells. Unlike other retroviruses, lentivirus is able
to transduce dividing and postmitotic cells, making them widely
used in cardiovascular research. One of their major emerging uses

is the gene-silencing technique using RNA interference technol-
ogy.** The major issue with the lentivirus system concerns bio-
safety. Elimination of accessory genes, separation of packaging
genes into different plasmids, and modifications of the long
terminal repeats have minimized these risks.”

RNA Interference Technology

RNA interference (RNAI) plays a major role in the regulation of
gene expression. One pathway of the RNAI system uses short
interference RNA (siRNA) that forms a complex with the RNA-
induced silencing complex (RISC). RISC, in turn, degrades mes-
senger RNA (mRNA) that is complementary to the siRNA. The
two methods of introducing siRNA into a cell are (1) transient
transfection of synthetic siRNA and (2) transfection or transduc-
tion of expression vectors encoding short hairpin RNA (shRNA)
under the control of RNA polymerase III promoters. sShRNA is
then processed into functional siRNA through ribonuclease
activity.”

shRNA constructs can be designed for any gene through pub-
lished protocols and packaged into lentiviral vectors for the cre-
ation of stable cell lines or transgenic knockdown animals.”
RNAi-knockdown animals can be produced significantly faster in
this manner than by using traditional knockout methods. Condi-
tional expression of the RNAI system is also available to regulate
the temporal and spatial knockdown of genes. RNAi-based tech-
nology typically achieves 85% to 95% gene downregulation, so the
technique is ineffective if a protein can function at 5% expression
levels.*

Genetically Modified Mice

Genetically engineered murine models have contributed enor-
mously to the understanding of ion channel function in vivo. Mice
can be engineered to underexpress or overexpress wild-type or
mutant proteins in a time-specific and tissue-specific manner.
Channel proteins subjected to site-directed mutagenesis can be
expressed in mice to model human channelopathies or be used
for mutational analysis.

The generation of transgenic mice uses the same strategy for
creating stable transfected cell lines. Typically, fertilized murine
eggs are injected with an expression vector that codes a gene of



interest driven by a ubiquitous or tissue-specific promoter.
Cardiac-specific expression in postnatal stages is usually achieved
with the o-myosin heavy chain (o-MHC) promoter. The strategy
of cardiac-specific expression of dominant negative ion channel
mutants was widely used in the study of long QT syndrome
(LQTS)."” Several transgenic lines need to be evaluated to confirm
that phenotypes observed in transgenic mice are not attributable
to insertional mutagenesis.

Gene targeting strategies alter the host genome through
homologous recombination, thereby mutating the endogenous
gene. This approach minimizes the risk of insertional mutagenesis
at unintended sites. In addition, expression of the modified gene
remains under the control of the endogenous promoter, allowing
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physiologic levels of expression. Advancements in genetic engi-
neering have now made knockout, knockin, and conditional
expression systems standard technology in the basic electrophysi-
ology research laboratory.

Knockout mice introduce inactivating mutations into the gene
of interest, typically by inserting an antibiotic resistance gene into
the coding region and disrupting normal transcription. In some
cases, a reporter gene, such as green fluorescent protein or LacZ,
is introduced as part of the knockout cassette replacing the
endogenous gene product with reporter gene expression. This
technique delivers a knockout and reporter system in one murine
model. A reporter mouse provides temporal/spatial expression
patterns of a gene of interest in vivo (Figure 1-11).°

FIGURE 1-11 Connexin40-enhanced green fluorescent protein reporter mice. Green fluorescent protein was placed under the control of the Cx40
promoter. Cx40 expression is restricted to the atria, coronary arteries, and parts of the cardiac conduction system. A, Atria (a) and coronary arteries
(arrows). B, Atria removed with cranial view of interventricular septum (arrow), with asterisks marking left and right ventricles. The Cx40 signal is absent
in nodal cells. € to F, Cx40 expression can be appreciated in the crista terminalis (CT), nodal artery (arrowhead), interatrial septum (IAS), His bundle (HB),
left bundle (LBB) and right bundle (RBB) branches, and Purkinje fibers (PF). AVN, Atrioventricular node; LVC, left ventricular chamber; LVW, left ventricular
free wall; SAN, sinoatrial node. Scale bars: 100 um in €, D, and F; 200 um in E). (From Miquerol L, Meysen S, Mangoni M, et al: Architectural and functional
asymmetry of the His-Purkinje system of the murine heart, Cardiovasc Res 63[1]:77-86, 2004.)
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FIGURE 1-12 Schematic flow diagram of the Mer-Cre-Mer system. The white mouse expressing the floxed target gene is mated with a black
transgenic mouse expressing Mer-Cre-Mer under the control of a cardiac-specific promoter. The heart-restricted Mer-Cre-Mer cannot access LoxP sites
in the nucleus until activated by tamoxifen. Once the tan mouse is injected or fed tamoxifen, Mer-Cre-Mer enters the nucleus, allowing Cre to access
LoxP sites and inactivating the target gene. This method allows spatial and temporal control of gene expression in vivo.

The creation of knockin mice uses the same principles of
knockout technology; instead of eliminating functional exons,
however, specific missense, nonsense, or frameshift mutations are
substituted through homologous recombination. The effects of
these mutations on channel activity can then be studied.”” The
benefit of this system is that most human channelopathies are not
null mutations but, rather, missense or frameshift mutations;
knockin mice therefore provide a more representative model of
human disease.

The conditional knockout system was developed to overcome
the embryonic lethality of some null mutations and to parse out
the effect of gene loss in a specific tissue. The Cre-Lox recom-
bination system has been widely used to create cardiac-specific
knockout mice. The system takes advantage of the ability of Cre
recombinase to effectively cut out DNA fragments that are
flanked by LoxP sites. In conditional knockout mice, LoxP sites
are engineered into the flanking ends of crucial exons, termed a
floxed gene. These floxed mice can then be mated with Cre

transgenic mice that are under the control of any number of
tissue-specific promoters, such as o-MHC—a protein expressed
only in cardiomyocytes. In this example, Cre expression will be
limited to cardiomyocytes, resulting in heart-restricted knockout
of the floxed gene.

An additional level of temporal control is available through the
Mer-Cre-Mer conditional murine system (Figure 1-12). The Mer-
Cre-Mer system takes advantage of a mutated estrogen receptor
(Mer) that is only responsive to tamoxifen and not 17B3-estradiol
for nuclear localization. When Mer is fused with Cre recombi-
nase, Cre nuclear localization is regulated by tamoxifen. An
0o-MHC promoter—Mer-Cre-Mer construct would therefore have
two levels of control: spatial and temporal. The cardiac-specific
promoter would determine where Mer-Cre-Mer recombinase is
expressed, and the Mer fusion protein would dictate when Cre is
activated. This model system is particularly useful when loss of
the gene of interest in a specific organ leads to embryonic lethality.
The Mer-Cre-Mer system would allow the floxed gene to be



knocked out in a tissue-specific manner at any developmental
stage.’

SUMMARY

The past 50 years have seen significant advances in the field of
cardiac electrophysiology. The reductionist approach has pro-
duced powerful molecular genetic and physiologic tools that have
yielded tremendous insights into the structure and function
of ion channels. The holistic approach has applied electrode- and
optical-based mapping techniques to decipher how local electri-
cal events translate into a beating heart. Continued advances from
both approaches will be necessary to expand current knowledge
of cardiac function. As such, the next generation of electrophysi-
ologic tools promises to be as exciting as those in the past 50
years. Real-time cardiac imaging as well as mapping studies, new
fluorescent dyes that allow three-dimensional activation mapping,
and high-throughput automated systems streamlining cellular
electrophysiology are all in progress. It is worth noting that even
as the level of technological sophistication increases, the thought-
ful experimental design of the investigator will remain the true
strength of any electrophysiologic experiment.
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Principles of Cellular Architecture and
Physiology with Applications in

Electrophysiology

Thomas J. Hund, Shane R. Cunha, and Peter J. Mohler

Specialized Excitable Cells Tightly Regulate
Cardiac Depolarization

The highly coordinated and efficient propagation of electrical
activity through the heart is maintained by the combined activi-
ties of a diverse set of specialized excitable cardiac cells, each with
its own structural, electrical, and molecular signature. The cardiac
sinoatrial (SA) node, a small group of spontaneously active cells
in the right atria, is the primary initiation site of cardiac electrical
activity because of its relatively positive threshold potential.'
Once generated by the sinus node, the cardiac action potential
propagates through the atria to the atrioventricular (AV) node
(the maximum diastolic potential of the AV node is only slightly
more negative than that of the SA node), a second small but criti-
cal group of specialized cells that display slow conduction proper-
ties preventing inappropriate depolarization of the ventricles. In
fact, the slow conduction of the AV node is a critical safeguard
against the development of ventricular arrhythmias from patho-
logic atrial pacing defects (i.e., atrial flutter/fibrillation). After the
AV node, the cardiac action potential propagates through the
cardiac conduction system comprising the AV bundle (bundle of
His), the left and right bundle branches, and the cardiac Purkinje
system. Interestingly, this conduction system, particularly the
cardiac Purkinje fibers, has evolved to rapidly propagate cardiac
electrical activity at up to 2 to 4 m/s for the nearly instantaneous
spread of depolarization through the sub-endocardium of the left
and right ventricles.” In comparison with the rapid conduction
pathways of the Purkinje system, left ventricular tissue conduc-
tion velocity is significantly slower (0.3 to 1 m/s).” Importantly,
Purkinje fibers communicate with the ventricular mass at well-
defined discrete loci (Purkinje-muscle junctions).

Form Fits Function: The Ventricular
Cardiomyocyte and Excitation-

Contraction Coupling

As is discussed in detail in Chapter 3, the electrical activity of
cardiac cells (the action potential) is primarily modulated by the
coordinated movement of sodium (Na'), calcium (Ca*"), and
potassium (K*) across the external plasma membrane (sarco-
lemma) and the internal sarcoplasmic reticulum (SR) membrane.

The specialized function of each cardiac cell type is the result of
the evolution of specific molecular and structural components
that regulate ion flux across the membrane and dictate specific
cell properties.” In this section, the primary structural and molec-
ular components of different cardiac cells is discussed in relation
to cell type—specific action potentials. Because of its central role
in cardiac excitability, the ventricular cardiomyocyte will be used
as the central point of comparison for other excitable cardiac cell
types.

The ventricular action potential is notable for its hyperpolar-
ized resting membrane potential, rapid upstroke, and prolonged
plateau (Figure 2-1). The resting membrane potential of the ven-
tricular cardiomyocyte (held at ~—90 mV, roughly 30 mV more
negative than the human sinus node) is the most negative of all
excitable cell types (hence the final cell type to depolarize), pri-
marily because of a large inwardly rectifying K* current, Iy, prom-
inently expressed in these cells.* The rapid upstroke, because of
the presence of rapidly activating voltage-gated Na" channels,
allows for rapid propagation of the electrical signal through the
ventricles, which is required for synchronized muscle contrac-
tion. Finally, the extended plateau allows sufficient time for Ca to
enter the cell and signal contraction.’

Once the excitation reaches the ventricles through the cardiac
conduction system (see above), the electrical signal passes from
cell to cell as a flux of ions through specialized intercellular ion
channels called gap junctions (discussed in detail below). This flow
of ions into the cell from neighboring activated cells depolarizes
the membrane potential. If the membrane reaches a threshold
potential (~—60 mV), a large population of voltage-gated Na*
channels (primarily Na,1.5, encoded by SCNS5A) is activated,
which results in a large inward influx of Na" across the membrane
into the myocyte. Na* channels are functionally well suited to this
task as they undergo rapid activation (activation time constant
<0.5 ms) in response to membrane depolarization. Importantly,
these channels also experience rapid voltage-dependent inactiva-
tion, which prevents reactivation until the membrane has returned
to rest. The inward flux of Na* ions carried by voltage-gated Na*
channels produces the initial rapid spike of the ventricular action
potential (phase 0; see Figure 2-1).> Depolarization of the cardiac
membrane by rapidly activating voltage-gated Na* channels acti-
vates higher threshold, more slowly activating voltage-gated Ca*
channels (primarily CACNAIC-encoded Ca,1.2 in the ventricle;
see Figure 2-1).” Ca®* influx through voltage-gated Ca®* channels
serves two major purposes: (1) maintaining the action potential
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FIGURE 2-1 Key ion currents responsible for the phases of the
cardiac ventricular action potential. A mathematical model of the
ventricular cardiac myocyte was used to generate representative
ventricular action potential with rapid phase 0 (upstroke),
characteristic phase 1 repolarization (“spike”), prominent phase 2
plateau (‘dome”), delayed phase 3 repolarization, and stable rest
potential (phase 4, ~-90 mV). (From Hund TJ, Rudy Y: Rate dependence
and regulation of action potential and calcium transient in a canine
cardiac ventricular cell model, Circulation 110[20]:3168-3174, 2004, Hund
TJ, Decker KF, Kanter E, et al: Role of activated CaMKIl in abnormal calcium
homeostasis and I(Na) remodeling after myocardial infarction: insights
from mathematical modeling, J Mol Cell Cardiol 45/3]:420-428, 2008.)

plateau (important for controlling heart rhythm), and (2) trigger-
ing Ca*" release from internal stores for the purpose of triggering
the mechanical contraction of the heart (excitation-contraction
coupling).” During excitation-contraction (EC) coupling, a small
inward Ca® current across the plasma membrane is sensed by
functional SR ryanodine receptor (RyR2 in the ventricle, encoded
by RYR2) clusters, which subsequently release large quantities of
Ca® from the internal SR stores into the cytosol, giving rise to a
dramatic increase (order of magnitude) in intracellular Ca* (the
Ca’* transient).? In this process, termed Ca’*-induced Ca** release,
a small increase in local Ca** via Ca,1.2 produces a relatively large
release of SR Ca** (high gain function).

While voltage-gated Na* and Ca* channels are responsible for
myocyte depolarization and contraction, a host of plasma
membrane—associated K* channels regulate ventricular cardio-
myocyte repolarization during phases 1, 2, and 3, as well as the
rest potential.* Specifically, the characteristic repolarization
“notch” of phase 1 is modulated by the outward flux of K* carried
by the transient outward K* current, I, (primarily K4.2/K4.3
channels; see Figure 2-1). The duration of the action potential
plateau (phase 2) is determined by a delicate balance between the
inward Ca” current and the outward delayed rectifier K* currents
I, and I, (ergl/MiRP1 and KvLQT1/MinK channels encoded by
KCNH2/KCNE2 and KCNQI/KCNEI, respectively; see Figure
2-1).* As the action potential proceeds, the Ca* current decreases
because of deactivation as well as inactivation, and the K* currents
I, and I, increase, ultimately tilting the balance in favor of the
late repolarization phase (phase 3; see Figure 2-1).* The cell even-
tually returns to a resting potential maintained primarily by the

time-independent inward rectifier current Iy, (see Figure 2-1).
Other currents such as Igarp, while not central to the healthy
control action potential, may have key roles in disease. Finally, the
Na*-K" adenotriphosphatase (ATPase) (which uses ATP to
remove 3 Na* from the cell and bring in 2 K*) is a key feature for
generating and maintaining the myocyte electrochemical
gradient.

Proper functioning of ion channels is required for normal
cardiac physiology, as channel dysfunction has been linked to
both congenital and acquired forms of heart disease and arrhyth-
mias. For example, genetic mutations in Na*, K*, and Ca** channels
and channel subunits have been associated with lethal cardiac
arrhythmia syndromes, including congenital long QT syndrome
(mutations in KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2, and
KCNJ2 genes), short QT syndrome (mutations in KCNH2,
KCNQI1, and KCNJ2 genes), Brugada syndrome (mutations in
the SCNSA gene), and Timothy syndrome (mutations in the
CACNAIC gene). Ion channel defects arising from electrical
remodeling in the setting of acquired heart disease have also been
linked to arrhythmia. Specifically, Na* channel changes after myo-
cardial infarction have been linked to slowed conduction, and
changes in K" and Ca® channels have been linked to action
potential prolongation in failing hearts.

Cell Membrane Architecture Defines

M Local Electrical Activi

Over the past 15 years, the use of high-resolution imaging tech-
niques in the field of molecular cardiology has revolutionized the
understanding of cardiac cell biology and electrical function. Spe-
cifically, unlike the first plant cell imaged by Hooke in the mid-
1600s, it is now known that the vertebrate myocyte is not simply
a large pool of cytosol surrounded by a simple membrane. Rather,
the metazoan myocyte has evolved complex membrane struc-
tures to facilitate efficient electrical activity and signaling to regu-
late cardiac physiology. Not surprisingly, specific cell types in the
heart possess a distinct set of membrane structures based on their
unique function.

The ventricular cardiomyocyte plasma membrane, or sarco-
lemma, is divided into multiple and unique membrane structures
(Figure 2-2). In addition to the external sarcolemma (resident
proteins include the Na'-Ca*" exchanger (NCX1) and plasma
membrane Ca**-ATPase [PMCAL1]), the ventricular cardiomyo-
cyte contains a large array of regularly spaced (~1.8 pm) plasma
membrane invaginations, termed transverse tubules, or T-tubules.
This membrane system, instrumental in myocyte EC coupling,
evolved to facilitate coordinated EC coupling in the relatively
large ventricular cardiomyocyte (system not present in smaller
atrial and sinoatrial node cells). T-tubule-resident proteins
include the L-type Ca*" channel Ca,1.2, the Na*-Ca*" exchanger,
and Na'-K*-ATPase.” Finally, a highly specialized domain is
present where the ventricular cardiomyocyte plasma membrane
lies in close apposition to the plasma membrane of a neighboring
cell. This complex membrane system, termed the intercalated
disc, is required for myocyte cell-cell adhesion as well as intercel-
lular action potential propagation and comprises three subdo-
mains: (1) the gap junction, (2) the adherens junction, and (3) the
desmosome (Figure 2-3).” The gap junction comprises hundreds
of hemi-channels (connexons) that span the lipid bilayer and allow
electrical and metabolic coupling when docked with hemi-
channels from a neighboring cell. At least four different connexin
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FIGURE 2-2 Local membrane architecture, which is critical for vertebrate cardiomyocyte electrical activity and physiology. Image of ventricular
cardiomyocyte with denoted membrane structures, including the intercalated disc (yellow), transverse tubules overlying the cellular Z-line (red, stained
with a-actinin antibody), sarcoplasmic reticulum (green), nucleus (silver), and nuclear envelope (violet).

proteins (functional units of the connexon) with distinct biophysi-
cal properties are expressed throughout the heart. Gap junctions
in ventricular tissue consist primarily of connexin43, which forms
large conductance channels to allow rapid conduction. In con-
trast, gap junctions in the sinus node contain mostly connexin45,
which forms lower conductance channels ideal for slow but safe
conduction. The adherens junction is maintained by the function
of a cadherin-catenin complex that provides a stabilizing link
from the intercalated disc to the actin cytoskeleton (see Figure
2-3). Finally, the desmosome also supports cell adhesion through
a complex, including plakoglobin (y-catenin, also found in the
adherens junction), desmoplakin, and plakophilin, that interacts
with intermediate filaments (see Figure 2-3). Interestingly, defects
in desmosomal proteins have been linked to cardiomyopathies
and arrhythmias, including arrhythmogenic right ventricular car-
diomyopathy (ARVC). In fact, loss of plakoglobin immunostain-
ing in human heart biopsies has been recently developed into a
diagnostic marker for Naxos disease, a cardiocutaneous syndrome
characterized by wooly hair, palmoplantar keratoderma, and
severe cardiomyopathy.’

In addition to the external plasma membrane, the cardiac
myocyte (as well as many other excitable cells, including neurons
and skeletal muscle) contains SR, the specialized endoplasmic
reticulum that has key roles in the regulation of intracellular Ca*"*
The cardiac SR is an extensive network of tubules linking key
signaling networks, including the plasma membrane, nuclear
envelope, nucleus, and mitochondria, to mediate a host of diverse
functions. The pre-eminent role of the cardiac SR is to regulate
myocyte EC coupling. Specifically, the vertebrate SR sequesters a
large pool of releasable Ca** (1 mM inside SR vs. 100 nM in
cytosol’) that serves as the primary source of Ca** for troponin-C
(TnC) activation and muscle contraction (discussed in detail
below).” The majority of this Ca® is internally buffered by the
Ca**-binding protein calsequestrin, which forms a critical RyR2
regulatory complex with triadin and junctin. However, Ca*>* entry
into the cell during the action potential plateau through voltage-
gated Ca®* channels activates SR ryanodine receptor Ca* chan-
nels. These RyR2 channels then rapidly release sequestered SR
Ca into the cytosol (see below) to signal contraction. During
diastole, SR Ca**-ATPase (SERCA2) and its regulatory protein
phospholamban play central roles in the reuptake of released Ca*
from the myocyte cytosol into the SR. Interestingly, inappropriate
regulation of SR Ca** because of defects in either Ca*" buffering

(e, human calsequestrin-2 gene mutations) or Ca® release
(human RyR2 gene mutations) has been linked with potentially
fatal human arrhythmia (catecholaminergic polymorphic ven-
tricular tachyarrhythmia). SR membrane—-resident proteins also
include inositol 1,4,5 trisphosphate (InsP;) receptors that have
been linked to cardiac hypertrophy and arrhythmia.’

During the ventricular action potential, the rise in cytosolic
Ca® via the SR membrane-associated RyR?2 is rapidly translated
into mechanical activity between the thick myosin filaments and
the thin actin filaments through the regulatory functions of the
troponin-tropomyosin complex.” This complex consists of four
subunits. Tropomyosin is a double-stranded o-helical molecule,
which, under basal conditions (low Ca*"), covers myosin-binding
sites along a span of seven actin monomers.” Troponin T (TnT;
tropomyosin-binding subunit) connects tropomyosin to the two
remaining subunits TnC (Ca*-binding) and troponin I (Tn[;
inhibitory subunit). The cardiac isoform of TnC has two high-
affinity binding sites for Ca®* or Mg®" in the C-terminal domain
and a low-affinity regulatory binding site that is Ca" specific in
the N-terminal domain. During diastole, the C-terminal domain
of Tnl interacts with actin. During systole, Ca*" binds to a low-
affinity binding site in the TnC N-terminal domain, causing an
increased affinity between this domain and the Tnl N-terminal
domain. As a result, the Tnl-actin interaction is destabilized,
which ultimately leads to a conformational change in the
troponin-tropomyosin complex.” Specifically, this complex is
shifted and exposes myosin binding sites on actin, leading to
“cross-bridge” formation between actin and myosin, force pro-
duction, and cellular shortening.> On removal of Ca* from the
cytosol (primarily by the activities of SERCA2A and the plasma
membrane Na*-Ca?* exchanger), these molecular events are
rapidly reversed, which results in cellular relaxation.” Specifically,
as cytosolic Ca*" levels decrease, Ca*" is removed from the TnC
low-affinity binding site, causing Tnl to dissociate from TnC and
then reassociate with actin, effectively re-establishing the steric
hindrance imposed by the troponin-tropomyosin complex.

As discussed in detail below, the dynamic range of cardiac
excitation-mechanical coupling is, in part, regulated by phospho-
regulation of key ion channels and transporters, which modulate
intracellular Ca® in addition to altering the Ca® sensitivity of
contractile proteins. For example, protein kinase A (PKA) phos-
phorylation of phospholamban at serine 16 relieves inhibition of
phospholamban on SERCA?2, thereby increasing SR Ca®* uptake
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and promoting muscle relaxation.” In addition to phosphorylating
membrane proteins, PKA also phosphorylates contractile pro-
teins to decrease their Ca®* sensitivity, thereby promoting muscle
relaxation. These modifications allow for increased cycle fre-
quency elicited by exercise. For example, the N-terminal domain
of cardiac Tnl is phosphorylated by cyclic adenosine monophos-
phate (CAMP)-dependent PKA phosphorylation at serines 22 and
23. Phosphorylation of these residues desensitizes Tnl to Ca**-
bound TnC and reduces the Ca** affinity of the Ca**-specific regu-
latory site on TnC.® Thus, these findings clearly illustrate the

highly collaborative roles of structural, electrical, mechanical, and
signaling proteins in the modulation of myocyte EC coupling and
cardiac function.

Recent findings demonstrate key cellular roles for nuclear and
mitochondrial membranes in the regulation of myocyte tran-
scriptional pathways and in metabolism. The nuclear envelope is
a complex structure comprising outer and inner nuclear mem-
branes. The outer nuclear membrane is continuous with the SR,
and the inner membrane contains a number of critical membrane
proteins involved in nuclear assembly and gene transcription,
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such as lamins, which create a structural lattice for nuclear enve-
lope integrity, and emerins, which bind directly to actin filaments.
Mutations in lamin A/C and emerin have been linked to
Emery-Dreifuss muscular dystrophy, a degenerative muscle
disease featuring cardiac conduction defects. Human mutations
in the nuclear lamina protein emerin (EMD), which are relevant
to cardiac arrhythmia, have also been linked to familial atrial
fibrillation and sinus node disease.” Specifically, identified pro-
bands display a complex arrhythmia phenotype, including irregu-
lar, chaotic atrial rhythm and first-degree atrioventricular block.’
One proband displayed premature atrial complexes with rate vari-
ability (30 to 100 beats/min), and sinus arrest with junctional
escape rhythm.’ Interestingly, the identified EMD mutation is
hypothesized to affect the interaction between the emerin LEM
domain and intranuclear binding proteins.” Moreover, analysis of
emerin localization in EMD mutation carriers revealed defects in
nuclear emerin localization.” These findings clearly demonstrate
the unexpected link between cardiac atypical cellular architec-
ture, in this case the nuclear lamina, and normal cellular excit-
ability. In addition to having clear roles in orchestrating cellular
structure and intermediate filament organization, the nuclear
membrane also contains an autonomous system for Ca®* signal-
ing. InsP; receptors located on both the inner and outer nuclear
membranes allow Ca®* release from the nuclear membrane lumen
into the nucleoplasm and cytosol, respectively.”” In fact, work by
Bers and colleagues demonstrated that Ca”" in the nuclear mem-
brane is tightly regulated by SR Ca*, and this Ca® is central to
cardiac excitation-transcription signaling via InsP; receptor-
dependent signaling."

Cardiac mitochondria play an important role not only in
energy production but also in Ca’ homeostasis and apoptosis.
Mitochondria occupy a large percentage of the cell volume (about
30%) and are concentrated near myofilaments, T-tubules, and the
SR.”” Mitochondria comprise inner and outer membranes sur-
rounding the mitochondrial matrix, where oxidative phosphory-
lation drives ATP production. A large potential gradient (AY¥,,
about —180 mV) across the inner mitochondrial membrane,
together with a proton gradient (ApH), is necessary for the con-
version of adenosine diphosphate (ADP) to ATP. Respiration is
regulated by many factors, including ADP and Ca*, which acti-
vate key enzymes in the tricarboxylic acid (TCA) cycle. Highly
selective Ca*" uniporters expressed in the inner mitochondrial
membrane use the electrical gradient across the inner mitochon-
drial membrane to move Ca® from the myoplasm into the mito-
chondria. The proximity of mitochondria to the Ca*" channels at
T-tubules and to the Ca®* release sites on the SR create a local
Ca’ domain that provides mitochondria with access to an impor-
tant resource for respiration and enables mitochondria to serve
as an important buffer of intracellular Ca*. Interestingly, disrup-
tion of the normal mitochondrial arrangement within the cell has
been linked to mitochondrial dysfunction, apoptosis, and arrhyth-
mias in a murine model of desmin-related cardiomyopathy. The
mitochondrial Na*-Ca*" exchanger helps maintain mitochondrial
Ca®* homeostasis, and the Na*-H* exchanger and the Na*-K*-
ATPase use the proton gradient and ATP, respectively, for main-
taining mitochondrial Na* homeostasis. Ion homeostasis in the
myoplasm and in the mitochondrial matrix are coupled such that
dysregulation of homeostasis in the myoplasm may alter mito-
chondrial energetics. Thus, myoplasmic Na* accumulation in the
setting of heart failure may accelerate Ca** removal from the
mitochondrial matrix via the Na*-Ca** exchanger, leading to
decreased mitochondrial Ca*, decreased NADH production via

the TCA cycle, and decreased ATP production.”® Conversely,
myoplasmic Ca* overload (e.g., during myocardial ischemia) may
lead to the accumulation of mitochondrial Ca® and the opening
of the mitochondrial permeability transition pore, a large nonspe-
cific conductance in the inner mitochondrial membrane that
discharges the mitochondrial membrane potential, which leads to
cell death.”

The Cardiac Dyad
A striking example of the evolution of cardiac molecular and
structural components converging on function is the cardiac
dyad. Franzini-Armstrong and colleagues identified the dyad
using electron microscopy and showed that it represents the pre-
eminent cardiac signaling unit for EC coupling.' Specifically, the
cardiac dyad is a key juxtaposition of cardiac external plasma
membrane (T-tubules) to internal SR membrane (Figure 2-4).”
Central to the dyad T-tubule membrane is a large population of
membrane-associated L-type Ca* channels (comprising a central
o-subunit pore and multiple regulatory B-subunits).”® Across the
tiny dyadic cleft (~15 nm) reside large clusters of ryanodine
receptor Ca”" release channels in the SR membrane.” Thus, the
dyad structure has evolved to provide spatial constraints that,
together with the high gain of the Ca*-induced Ca®* release
process, allows for the activation of internal Ca”" release by a very
small influx of Ca* through L-type Ca* channels. Since the diva-
lent cation Ca®" is used for a host of cellular processes, including
contraction, transcription, and apoptosis, the spatially privileged
environment of the dyad is critical for maintaining the fidelity of
intracellular Ca”" signaling.

A second key component of cardiac architecture for physiol-
ogy illustrated by the dyad is the convergence of local signaling
networks for function. For example, multiple key proteins in the
cardiac dyad, including the L-type Ca** channel and RyR, are
dynamically regulated by phosphorylation and dephosphoryla-
tion cascades. In fact, phosphorylation of both Ca,1.2 and RyR2
by both protein kinase A and Ca**-calmodulin-dependent protein
kinase II (CaMKII) regulates channel activity. Recent work has
illustrated that phosphorylation signaling pathways are tightly
regulated at the local level. For example, PKA is directly linked to
its target molecule RyR2, by direct interaction of RyR2 with the
PKA-anchoring protein mAKAP.'® Moreover, PKA-dependent
regulation of RyR2 is directly antagonized by local phosphatase
2A, also directly linked to RyR2 via mAKAPR'® Similarly, PKA-
dependent regulation of Ca,1.2 activity at the cell membrane
occurs via a protein complex that involves AKAP150. Like PKA,
CaMKII regulates the activities of proteins on either side of the
dyad. CaMKII directly phosphorylates the Ca,1.2 channel complex
to produce an alternative channel-gating mode characterized by
long open times (mode 2) and current facilitation.” Recent studies
have identified the Ca,1.2—auxillary subunit 3,, as a critical target
for CaMKII-mediated current facilitation.”® Moreover, B,, con-
tains a CaMKII-binding site with high homology to established
motifs in the NR2B subunit of the NMDA receptor and in the
CaMKII association domain.'®'® Thus, in addition to playing an
important role in regulating Ca,1.2 activity, B,, also serves as a
Ca,1.2-specific anchoring protein for CaMKIL" CaMKII
co-localizes with and phosphorylates RyR2 to regulate channel
activity, although the nature of this association and the functional
effects (increase or decrease in activity) remain uncertain.***'
However, several studies have provided compelling evidence that
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CaMKII hyperphosphorylation of RyR2 in the setting of heart
failure leads to inappropriately active channels that promote dia-
stolic Ca® leak from the SR, reduced SR Ca®* content, and con-
tractile dysfunction.” Thus, the cardiac dyad, by functionally
linking key ion channel components on closely apposed excitable
membrane structures and by recruiting key signaling proteins,
has evolved into an all-in-one signaling unit for the regulation of
cardiac excitability.

The presence of large membrane complexes for local cardiac
signaling extends far beyond the dyad (Figure 2-5). As discussed
above, ventricular repolarization is regulated by the activity of Ii.
The Iy, current is the result of a heteromeric channel complex
encoded by KCNQ1 (o.-subunit) and KCNE1 (8-subunit).* In fact,
the importance of Iy, for cardiac repolarization is clearly illus-
trated by human gene mutations in KCNQI and KCNE! linked
with both atrial and ventricular arrhythmias.* Similar to the
cardiac L-type Ca* channel and RyR2, Iy, is dynamically regulated
by PKA-dependent phosphorylation, and this regulation is coor-
dinated by a protein complex involving the AKAP, Yotiao (see
Figure 2-5). Yotiao interacts with the KCNQI C-terminus as well
as with protein phosphatase 1 (PP1) and PKA to create a macro-
molecular signaling complex for regulating cardiac repolarization.
Interestingly, mutations in KCNQI that affect the binding of
KCNQ! to Yotiao result in cardiac arrhythmia (long QT syn-
drome).'*” Similarly, Yotiao (AKAP9) mutants that block binding
to KCNQI result in defects in Iy, and are associated with human
long QT syndrome.” Thus, in addition to inherent channel

biophysical properties, regulation of signaling at the level of the
local membrane microdomain is essential for normal cardiac
excitability and human physiology.

Biogenesis and Maintenance

of Local Signaling Domains

Cardiac ion channel and transporter activity is critical for normal
myocardial function. Vital to this function are intrinsic channel
biophysical properties (e.g., activation, inactivation) that largely
determine the time course of the ensemble current. The precise
localization of ion channels and transporters at specialized mem-
brane domains (i.e., T-tubule, intercalated disc) is equally critical
for normal channel function (and therefore cardiac physiology)
but is often overlooked. Over the past decade, analyses of ion
channel and transporter targeting in myocytes have revealed a
host of new cellular pathways required for the trafficking and
retention of cardiac membrane proteins. Moreover, a growing
body of literature supports the notion that dysfunction in these
ion channel and transporter targeting pathways may result in
cardiac electrical dysfunction and disease.

Ankyrins, a family of cytoskeletal adapter proteins, were first
identified in the erythrocyte in the late 1970s as a structural link
between plasma membrane proteins and the actin-spectrin—
based cytoskeleton.” However, recent findings have clearly dem-
onstrated key roles for ankyrin polypeptides in ion channel and
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transporter expression and localization in diverse cardiac cell
types.” As described above, the voltage-gated Na* channel Na,1.5
is required for the rapid upstroke of the ventricular action poten-
tial (phase 0). As discussed in Chapters 3 and 7, defects in Na,1.5
biophysical activity resulting in aberrant inward Iy, are associated
with sinus node disease, conduction defects, and ventricular
arrhythmias. In ventricular cardiomyocytes, Na,1.5 is primarily
localized to the cardiac intercalated disc, although it may also
be found at T-tubules and the peripheral sarcolemma in less
abundance.””” In fact, ankyrin-G (encoded by human ANK3) is
required for the expression and localization of Na,1.5 at the inter-
calated disc (see Figure 2-5).** Myocytes lacking ankyrin-G
display loss of Na,1.5 expression at the cardiac intercalated disc
and corresponding reductions in cellular I,.* Interestingly, the
ankyrin-G membrane—targeting pathway appears specific for
Na,1.5 versus other cardiac ion channels and transporters, as the
localization, expression, and functioning of Ca,1.2 and the Na*-
Ca®* exchanger are unaffected in myocytes lacking ankyrin-G.”
Moreover, the loss of Na,1.5 targeting is rescued by exogenous
expression of wild-type ankyrin-G, but not a mutant ankyrin-G
lacking key Na,1.5 binding residues.” Therefore, ankyrin-G is
critical for the localization and functioning of Na,1.5 at the
cardiac intercalated disc. Consistent with these findings, loss of
ankyrin-G in the murine cerebellum results in defects in neuronal
Na" channel targeting, defects in neuronal action potentials,
and ataxia.” Defects in the ankyrin-G—based pathway for Na,1.5

membrane targeting are associated with human arrhythmia. Spe-
cifically, key residues in the Na,1.5 domain I-II cytoplasmic
domain are required for interaction with ankyrin-G.” Interest-
ingly, a human Brugada syndrome mutation is located in this
Na, 1.5 motif and blocks the interaction of Na,1.5 with ankyrin-G.*
Moreover, consistent with the role of ankyrin-G in targeting
Na,1.5, the human Na,1.5 Brugada syndrome mutant displays
aberrant trafficking to the intercalated disc.? Instead, the mutant
channel is trapped intracellularly in the biosynthetic process.”®
Thus, these findings illustrate the importance of membrane-
targeting pathways for normal human cardiac excitability. While
ankyrin-G is required for Na,1.5 targeting to the intercalated disc,
the pathways for Na* channel targeting to other excitable domains
are not yet known. However, alternative pathways are almost
certainly required for these domains. Likely protein suspects for
peripheral sarcolemmal targeting for Na,1.5 include syntrophin
and dystrophin.”

While ankyrin-G is required for protein targeting to the inter-
calated disc, a second ankyrin-gene product, termed ankyrin-B
(human ANK?2), is responsible for targeting key cardiac ion chan-
nels and transporters to the ventricular cardiomyocyte T-tubule
and the SR. Specifically, ankyrin-B directly associates with the
T-tubule membrane proteins Na'-Ca*" exchanger and Na*-K*-
ATPase (see Figure 2-5).»* Moreover, ankyrin-B interacts with
the SR membrane protein InsP; receptor.* Ventricular cardio-
myocytes from mice lacking ankyrin-B expression display striking
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loss of Na*-K*-ATPase, the Na*-Ca** exchanger, and InsP; recep-
tor expression and function.”” Similar to the findings on
ankyrin-G, loss of ankyrin-B is specific for Na'-K*-ATPase, the
Na*-Ca” exchanger, and InsP; receptor membrane targeting, as
ankyrin-B loss does not affect Na,1.5 or Ca,1.2 membrane expres-
sion.*”” Consistent with loss of Na*-K*-ATPase and the Na*-Ca**
exchanger (and similar to the effects of digitalis, which blocks
Na*-K'-ATPase activity), ankyrin-B*~ cells display increased SR
Ca*" load and Ca** transient amplitudes.”® Moreover, while stable
in resting conditions, ankyrin-B*~ ventricular cardiomyocytes
display cellular after-depolarizations (oscillations in membrane
excitability) in response to catecholaminergic stimulation.”> Con-
sistent with these findings, ankyrin-B"~ mice may display poly-
morphic arrhythmia and sudden death in response to severe
catecholaminergic stimulation (exercise and/or catecholamine
injection).”® Finally, consistent with the role of ankyrin-G in
human arrhythmia (Brugada syndrome, see above), defects in the
ankyrin-B—based pathway for ion channel and transporter target-
ing in ventricular cardiomyocytes result in arrhythmia in the
human heart. Specifically, human loss-of-function mutations in
ANK?2 (ankyrin-B gene) result in a complex arrhythmia syndrome
that includes sinus node disease, atrial fibrillation, conduction
block, catecholaminergic polymorphic ventricular tachycardia,
and sudden death.***** In fact, nine ANK2 loss of function vari-
ants have been identified in a host of kindred worldwide.****
While the clinical phenotypes of the probands may differ, depend-
ing on the variant and the environment (i.e., sinus node disease
plus ventricular arrhythmia versus simple sinus node disease), the
cardiac phenotypes present in these patients clearly demonstrate
the importance of proper ion channel and transporter targeting
for normal human cardiovascular excitability. Interestingly, while
the ventricular phenotypes are primarily due to defects in the
Na*-Ca* exchanger and Na'-K'-ATPase, ANK2-associated
defects in sinus node function are due to defects in ankyrin-B—
based targeting of Ca,1.3, an atrial and sinus node—specific
isoform of the L-type Ca* channel.” Specifically, loss of ankyrin
in the sinus node affects Ca,1.3, but not Ca,1.2 expression and
targeting, which results in decreased Ic,; and aberrant automatic-
ity, consistentwith findings from mice lacking Ca,1.3 expression.””*'
Ankyrin-B dysfunction has also been observed in electrically
unstable regions of the ventricle following myocardial infarction.*
These data suggest that changes in ankyrin-B expression may
play a role in the more common, acquired forms of cardiac
arrhythmia.

Following the identification of ankyrins in ion channel and
transporter targeting and human arrhythmia, identical membrane
components have been linked to human arrhythmia. For example,
syntrophin, the large dystrophin-associated protein, is critical for
targeting Na,1.5 to the peripheral sarcolemma.’* Mice lacking the
dystrophin complex display defects in Na,1.5 expression and
aberrant cardiac electrical activity.” In support of these findings,
a human mutation in SNTAI (encodes al-syntrophin) was
recently linked to long QT syndrome.** Specifically, the novel
syntrophin mutation resulted in increased persistent I,. While
the mutant does not directly block Na,1.5-syntrophin interac-
tions, the mutation may disrupt association of Na,1.5 with
PMCAA4b, resulting in defective regulation of nNOS (nitric oxide
synthase), S-nitrosylation of Na,1.5, and increased late L™

Finally, in addition to defects in integral membrane ion chan-
nels, targeting proteins, and structural proteins, defects in mem-
brane coat proteins have been linked to aberrant cardiomyocyte
electrical activity and pathophysiology. Caveolae are small

invaginations of the cell membrane that have roles in vesicular
trafficking and endocytosis. In fact, work in excitable cells strongly
implicates caveolae-rich membrane domains in the clustering of
ion channel and receptor signaling complexes, including both
voltage-gated Na’, K%, and Ca* channels, as well as B-adrenergic
receptor signaling complexes. One key coat protein for the forma-
tion of the cardiac caveolae membrane domain is the ~20 kD
protein caveolin-3 (encoded by CAV3). Recent data link CAV3
mutations to human excitable cell disease. Specifically, CAV3
mutations have been linked to long QT syndrome, limb-girdle
muscular dystrophy, and sudden infant death syndrome.***
Similar to type 3 long QT mutations affecting Na,1.5, cardiac
phenotypes associated with human CAV3 mutations include
increased late Iy, and QT, prolongation.”” However, skeletal
muscle phenotypes associated with CAV3 mutations include
decreased L-type Ca** channel current.”*® Thus, it appears that
caveolin-3 and caveolae, in general, are likely to have pleiotropic
effects on cardiac and skeletal muscle membrane ion channels,
transporters, and receptors, which result in complex electrical
phenotypes in response to loss of function. Nonetheless, these
data clearly demonstrate the importance of unlikely cellular
proteins in the pathogenesis of human cardiac arrhythmias.

Conclusion

The complex architecture of the cell plays a critical role in deter-
mining the normal electrophysiological properties of the heart.
Specialized membrane domains along and within the sarcolemma
serve a diverse array of key cellular functions (e.g., EC coupling,
electrical communication, mechanical stabilization, transcrip-
tional regulation, respiration). Different regions of the heart
possess unique architectural features that relate to their primary
functions, and the disruption of cellular organization is associated
with electrical instability in both congenital and acquired forms
of heart disease.
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Molecular and Cellular Basis of Cardiac

Electrophysiology

Gordon Tomaselli and Dan M. Roden

This chapter reviews what is known about the fundamental basis
of the excitability of the heart, starting from individual molecules
and proceeding to increasingly complex levels of integration—
from nucleic acids to proteins in the form of receptors, channels,
and transporters, ultimately to cells and tissues. We endeavor to
illustrate cellular and molecular fundamentals using clinically rel-
evant examples.

Basic Concepts

Cellular Structure of the Heart

The myocardium is composed of cardiac myocytes, which are
highly differentiated and specialized cells responsible for the
conduction of the electrical impulse and the heart’s contractile
behavior, and nonmyocytes, which serve a number of functions.
Myocytes occupy two thirds of the structural space of the heart;
however, they represent only one third of all cells. Nonmyocytes
include fibroblasts responsible for the turnover of extracellular
matrix that predominantly consists of fibrillar collagen types I and
III. The collagen scaffolding provides for myocyte alignment and
coordinated transmission of contractile force to the ventricular
chamber. Other nonmyocyte cells include the endothelial and
smooth muscle cells of the intramural vasculature, neuronal ele-
ments (such as ganglia) and, under some conditions, inflamma-
tory cells. The gross anatomic features of the heart, the extracellular
matrix, and the intramural vasculature create both macroana-
tomic and microanatomic barriers that are central to both the
normal electrophysiology of the heart and clinically important
arrhythmias.

Cardiac myocytes are a family of structurally distinct cells,
with a design commensurate with their function. Pacemaking
cells such as those in the sinoatrial (SA) and atrioventricular (AV)
nodes underlie the spontaneous electrical activity of the heart and
contain relatively few contractile elements. In contrast, muscle
cells are packed with actin and myosin filaments, which serve the
main function of the heart—propulsion of blood through the
vasculature. Contractile myocytes are rod-shaped cells of approx-
imately 100 X 20 pm. The myocyte is enveloped by the cell mem-
brane, a lipid bilayer 80 A to 100 A in thickness. This insulating
bilayer permits little to no transport of ions and maintains a sepa-
ration of charge established by active transporters that reside in
the cell membrane. Ion channels are transmembrane proteins that
serve as a conductive pathway between the inside and outside of
the cell, allowing the flow of ions and, thus, charge (i.e., current).
Also, no current flow exists between myocytes. However, unlike
skeletal muscle, cardiac tissue is not a true syncytium,; rather, cells

are connected to each other by low-resistance communications
called gap junctions that contain intercellular ion channels.

Membrane Potential and Conduction

Ion concentration and charge gradients across the cell membrane
are responsible for the membrane potential of the cardiac myocyte.
Transmembrane ionic and electrical gradients are maintained by
a series of energy-requiring ion pumps and exchangers that
perform the following functions: (1) Concentrate K* inside the
cell, (2) keep the intracellular sodium (Na*) low (<10 mM), and
(3) tightly regulate intracellular calcium (Ca®) concentrations
(100-200 nmol/L). The pump responsible for establishing and
maintaining most of the monovalent cation gradients is the Na'-
K* ATPase (sodium-potassium adenotriphosphatase), although
other pumps and exchangers that transport Na*, Ca*, and hydro-
gen (H") play significant roles in the genesis of ionic concentration
gradients and the membrane potential. Ion channels are passive
but selective conduits for the flow of ions along electrical and
chemical gradients established by active ion transport systems.
The physicochemical basis of the membrane potential depends
(as described below) on the Nernst potential (E,):

Ex =RT/zFIn([X]o/[X];) = ~27In([X]o/[X];) 1)

where R is the gas constant, T is temperature, F is Faraday’s con-
stant, and z is the valence of the ionic species. If the resting cardiac
myocyte is assumed to have an intracellular [K*] of ~150 mmol/L
and an extracellular [K*] of 4 mmol/L, then the Nernst potential
for K* (Ey) is roughly —90 mV. The Nernst potential represents the
voltage at which the osmotic tendency for K* to flow across the
membrane is exactly balanced by the electrical tendency to flow in
the opposite direction, which results in a net zero ionic flux and
thus no net current flow. Accordingly, the K* Nernst potential is
sometimes referred to as the zero current potential, at which no K*
current would flow through open K channels. By contrast, the
Nernst potential for Na® in the resting cell is approximately
+60 mV, indicating that if a pathway for Na* to enter the cell were
present, Na" would enter the cell to move the membrane voltage
(mV) toward the Nernst potential for Na*. Indeed, this is precisely
what happens when Na channels are open and initiate phase 0 of
the action potential. The Nernst potential for potassium is, in fact,
very close to the resting membrane potential of the ventricular
myocyte, indicating that the resting heart cell membrane is highly
permeable to K'. Actual resting potentials are less negative than Ex
due to small conductances of other ionic species with less negative
Nernst potentials. In the course of the cardiac cycle, the cell mem-
brane becomes permeable to different ionic species, and these
changes in permeability determine time-dependent changes in the

27
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FIGURE 3-1 Schematic of action potentials in different regions of the heart. The permeability of the cell membrane determines membrane voltage.
At rest, cells in all regions of the heart are more permeable to potassium (K*) than to any other cation, hence the negative membrane potential, near
the Nernst potential for K*. The characteristic shapes of action potentials are determined by the ionic currents that are active in each cell type during
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FIGURE 3-2 Electrical and biologic representations of the
cardiac cell membrane. The cardiac (or any excitable)

resistors (ion channels) in parallel with a capacitor (cell
membrane). The transmembrane voltage is established by
a series of energy-requiring pumps that maintain ionic
gradients across the membrane.

membrane potential, with each ion striving to move the mem-
brane voltage to its Nernst potential and inscribing regionally
specific action potentials (Figure 3-1).

Passive Membrane Properties and Cable Theory

The cardiac cell membrane can be modeled as a circuit compris-
ing variable resistors (ion channels) in parallel with a capacitor
(lipid bilayer), an RC circuit (Figure 3-2). The flow of current
across the membrane will alter the charge on the capacitor (and
therefore the membrane potential) and change the membrane
resistance. The flow of current occurs not only across but obvi-
ously along the inside and outside of the cell membrane from cell
to cell as well, that is, current propagates.

Cable theory, originally developed to understand current flow
in trans-oceanic telegraphic cables, can be used to model passive
current flow and propagation in a cardiac muscle fiber. In their
simplest formulation, the cable equations define the distribution
of voltage along a continuous, uniform cable of infinite length
stimulated by a point source. The predictions of cable theory are
that (1) a change in voltage exhibits a characteristic decay along
the cable defined by the space constant (distance over which
voltage decays to 1/e of the value at the site of injection) (Figure
3-3, A); and (2) there is an inverse relationship between resistance
to current flow (both transmembrane and intercellular) and the
cable diameter (Figure 3-3, B). That is, the space constant is
directly proportional to the cable diameter, and thus, greater

lengths of the cable are influenced by the same current injection
into a thick, rather than a thin, cable.

Substantial anatomic and biophysical limitations exist when
applying the cable theory description of conduction to cardiac
muscle. Anatomically, the shape of the heart is complex, and at
any level of integration above a single muscle fiber, it does not
resemble a cable. Conduction through the myocardium is not
continuous; instead, myocardial cells are connected by gap junc-
tion channels that create a non-uniformity of intercellular resis-
tance. Macroscopic discontinuities such as fibrous tissue and
blood vessels also significantly perturb the cable view of conduc-
tion in the myocardium. Finally, the cardiac cell membrane does
not just comprise RC circuits; instead, when stimulated to the
threshold, it will generate action potentials (see Figure 3-3, A).
Despite the limitations of cable theory, it serves as the foundation
for several important concepts in impulse propagation and was
used to demonstrate the electrical nature of conduction in the
heart.!

Depolarization of cardiac muscle results in the generation of
an action potential at the site of excitation and, in doing so, sets
up a voltage gradient between the excited cells and their nearest
neighbors. The current generated by the action potential serves
as an excitatory current for neighboring cells (source), which at
their resting membrane potential (sink) are activated by the
source. Impulse propagation depends on the balance between the
magnitude of the currents in the source and the sink and
the resistance along the fiber. Failure of conduction may result
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FIGURE 3-3 Spread of current in an idealized cable. A, Injection of current into the cable at site | produces a transmembrane voltage change of

smaller amplitude, and slower kinetics are recorded at more distal sites in the cable. In an excitable tissue such as the heart, a stimulus of sufficient
amplitude elicits a regenerative response (i.e., an action potential) and can propagate along the length of the preparation. Transmission of the action
potential is associated with current flow across and along the membrane. B, The characteristics of the cable determine the distance over which the
voltage difference induced by the current injection decays (space constant). In a cable of larger diameter, the voltage difference falls over a larger
distance; that is, the space constant (the distance over which the voltage difference falls to 1/e of the value at the site of injection) is proportional to

the radius of the cable.

from alterations in the source current; examples include reduc-
tion of the source by drug blockade of Na (atrial or ventricular
muscle) or Ca* channels (nodal cells) or from changes in the
characteristics of the sink, such as ischemia and activation of
ATP-dependent potassium channels (Ixarp). In the latter case,
propagation fails because the tissue with greatly increased repo-
larizing K current, due to activated I arp, acts as an infinite sink
and cannot be sufficiently depolarized to reach the threshold for
the generation of an action potential. Myocardial ischemia will
produce changes in the intracellular environment such as
decreased pH and increased intracellular Ca®* that will serve to
reduce gap junctional conductance and functionally uncouple
myocardial cells, altering the relationship between the source and
the sink and hindering impulse propagation.

The safety factor for conduction is the magnitude of the current
provided by the source that is in excess of that required to activate
the sink. The main factors influencing source current are the rate
of rise of the upstroke and the amplitude of the action potential,
which are the metrics that reflect the magnitude of inward cur-
rents. The factors that influence the current requirements of the
sink are the membrane resistance and the difference between the
resting and threshold potentials. One major reason for the mis-
match between the source and the sink is an abrupt anatomic
change, such as that which occurs at the Purkinje fiber—ventricular
muscle junction. Orthodromic conduction over the Purkinje

system results in the activation of a broad band of ventricular
muscle by narrow strands of Purkinje fibers. Such an abrupt tran-
sition from an anatomically narrow source to a massive sink
makes propagation tenuous such that small changes in the char-
acteristics of the source or the sink are likely to produce failure of
conduction. Antidromic conduction from ventricular muscle to
Purkinje fibers produces just the opposite source-sink relation-
ship and thus a higher safety factor for conduction.

While this discussion implicitly treats the activation wave in one
dimension, the behavior of propagating waves in the heart is more
complex. The complexity can be appreciated if one considers
propagation in two dimensions. In this circumstance, the shape of
the wavefront is a major determinant of the efficiency of propaga-
tion. A convex wavefront, as might be observed after point stimula-
tion, creates a large sink around a smaller activating source. This
mismatch reduces conduction velocity and the safety factor for
propagation. Conversely, a concave activation front produces a
source-sink mismatch that favors the source; this results in a high
safety factor and more rapid impulse transmission. Thus, not only
do source-sink characteristics influence propagation, they also
influence the curvature of the wave front (see Figure 3-4).

Directionally different conduction velocity is a characteristic
feature of cardiac muscle known as anisotropic conduction.
Anisotropic conduction has its basis in the structure of the
myocyte and cardiac tissue; myocytes are rod shaped and are
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FIGURE 3-4 Relationship of current sources and sinks. A, Compared
with the steady-state conduction velocity for the planar wavefront in

a homogeneous medium (By), the conduction velocity of a convex
wavefront is slower, and a concave wavefront is faster with lower and
higher safety margins for conduction, respectively. In situations of
structural inhomogeneity, as when a Purkinje fiber activates ventricular
muscle (B), the conduction velocity is slower, with a lower safety
margin at the structural discontinuity. C, In the case of a larger mass of
tissue activating a smaller mass, the conduction velocity is fast, with a
high safety margin.

organized in bundles that are oriented along the long axis of the
cell. Transmurally, the axes of these bundles undergo significant
changes in orientation through the ventricular wall (~120 degrees
maximal deviation).> Communication among myocytes occurs
via gap junction channels that are non-uniformly distributed over
the surface of the heart cell, with larger numbers of channel
poised to propagate the impulse longitudinally, rather than trans-
versely, to the long axis of the muscle fiber.” The implications of
anisotropy for conduction in the longitudinal and transverse
direction under pathologic conditions are controversial. In the
context of uniform depression of conduction, as might exist with
antiarrhythmic drug treatment, propagation in the transverse
direction is preserved compared with conduction in the longitu-
dinal direction. However, when cellular uncoupling occurs, such
as in ischemia, longitudinal propagation may exhibit a higher
safety factor than does transverse conduction.

Major Breakthroughs: Voltage Clamp, Molecular Cloning

A stimulus of sufficient magnitude applied to a myocyte (or any
excitable cell) elicits a typical change in membrane potential
known as the action potential. The ionic current basis of the
action potential was confirmed and quantitatively studied using
the voltage clamp developed in the middle of the twentieth
century.* Voltage clamping is a technique whereby the experi-
menter controls the transmembrane voltage and measures
the current at that defined voltage. Much of what we know
about ionic currents in myocytes comes from voltage clamp
experiments and a more recently developed type of voltage clamp

called the patch clamp.® A variant of the patch clamp technique
permits the measurement of ionic currents through single ion
channels.

Typically, in a voltage clamp experiment, the membrane
voltage (V) is held near the resting membrane potential,
(approximately —80 mV for ventricular myocytes) and then
stepped to more positive voltages. This voltage step induces two
components of the membrane current (I;) flow; at the instant of
the voltage change, ions (I¢) flow to charge the membrane capaci-
tance (Cyy), after which the current reflects the movement of ions
through the ion channels (I;).

IM:IC+L:CM*dV/dt+Ii (2)

Capacitive current is generally small and transient and can
usually be electronically compensated, so the voltage clamp pro-
vides a robust measure of current flow through ion channels,
thereby permitting the study of the detailed biophysics and phar-
macology of ionic currents and channels. The major limitation of
such experiments in myocytes is the existence of many currents
that are simultaneously active in response to the voltage step.
Experimental conditions can be altered to isolate a current of
interest; however, this often requires the presence of drugs, toxins,
or highly nonphysiologic conditions. An alternative to the study
of ionic currents in native cells was afforded with the molecular
cloning and heterologous expression of ion channel genes. Expres-
sion of an ion channel gene in a non-excitable cell without other
overlapping currents permits the study of the ionic current of
interest under more physiologic conditions. The fundamental
limitation of heterologous expression is that the ion channel is
removed from its native cellular background, which may change
the behavior of the channel.

The combination of highly sensitive electrophysiological
methods, such as patch-clamp recording, and deoxyribonucleic
acid (DNA) cloning, heralded the era of understanding of the
molecular basis of cardiac excitability.

Cardiac myocytes possess a characteristically long action poten-
tial (200 to 400 ms, see Figure 3-1), compared with neurons or
skeletal muscle cells (1 to 5 ms). The action potential profile is
sculpted by the orchestrated activity of multiple ionic currents,
each with its distinctive time- and voltage-dependent amplitudes.
The currents, in turn, are carried by complex transmembrane
proteins that passively conduct ions down their electrochemical
gradients through selective pores (ion channels), actively trans-
port ions against their electrochemical gradients (pumps, trans-
porters), or electrogenically exchange ionic species (exchangers).

Action potentials in the heart are regionally distinct. The
regional variability in cardiac action potentials is the result of
differences in the numbers and types of ion channel proteins
expressed by different cell types in the heart. Further, unique sets
of ionic currents are active in pacemaking and muscle cells, and
the relative contributions of these currents may vary in the same
cell type in different regions of the heart.®

lon Channels and Transporters: Molecular Building
Blocks of the Action Potential

Currents that underlie the action potential are carried by complex,
multi-subunit transmembrane glycoproteins called ion channels



Table 3-1 Human lon Channel, Exchanger, and Transporter Genes
CHANNEL GENE CHROMOSOME GENE ID
POTASSIUM (K) CHANNELS: a-SUBUNITS

HERG (Kv11.1) KCNH2 74935-g36 3757
KvLQT1(Kv7.1) KCNQ1 11p155 3784
Kv1.4 KCNA4 11p14 3739
Kv1.5 KCNAS 12p13 3741
Kv4.3 KCND3 1p13 3752
Kir2.1 KCNJ2 17923.1-g24.2 3759
GIRK4 (Kir3.4, CIR) KCNJ5 11924 3762
GIRK1(Kir3.1) KCNJ3 2024.1 3760
Kir6.2 KCNJT1 1p15.1 3767
Kir6.1 KCNJ8 12p11.23 3764
HA-HCN2 HCN2 19p13.3 610
hHCN4 HCN4 15024-925 10021
Ancillary Subunits

MinK KCNET 21922.1-922.2 3753
MiRP-1 KCNE2 21922.12 9992
KChIP2 KCNIP2 10024 30819
SUR2A ABCC9 12p12.1 10060
CALCIUM (Ca) CHANNELS

Cavl.2 CACNAIC 12p13.3 775
Cav3.1 CACNAIG 17922 8913
Cav3.2 CACNATH 16p13.3 8912
Cav3.3 CACNATI 229131 8911
Cavp1 CACNBIT 17921-022 782
CavP2 CACNB2 10p12 783
CavP3 CACNB3 12913 784
CavB4 CACNB4 2022-923 785
Cavod CACNA2D 3p21.3 9254
SODIUM (Na) CHANNELS

Nav1.5 SCN5A 3p21 6331
Navp1 SCN1B 19913.1 6324
NavB2 SCN2B 11923 6327
NavpB3 SCN3B 119233 55800
NavB4 SCN4B 119233 6330
GAP JUNCTION CHANNELS

Cx43 GIAT 6G21-g23.2 2697
Cx40 GJAS 1921.1 2702
Cx45 GJCI1 17921.31 10052
TRANSPORTERS AND EXCHANGERS

NCX1 SLCBAT 2p22-p23 6546
SODIUM-POTASSIUM (Na-K) ADENOTRIPHOSPHATASE (ATPase)
o ATPIAT 1p13 476
o ATP1A2 1921-g23 477
O3 ATPIA3 19g13.2 478
B, ATP1B1 1922-g25 481
B, ATP1B2 17p13.1 482

(Table 3-1). These channels open and close in response to a
number of biologic stimuli, including a change in voltage, ligand
binding (directly to the channel or to a G-protein—coupled recep-
tor), and mechanical deformation. Other ion-motive transmem-
brane proteins such as exchangers and transporters make
important contributions to cellular excitability in the heart. Ion
pumps establish and maintain the ionic gradients across the cell
membrane that permit current flow through ion channels. If
pumps, transporters, or exchangers are not electrically neutral
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(e.g., 3 Na* for 1 Ca”), they are termed electrogenic and can
further influence electrical signaling in the heart.

The most abundant superfamily of ion channels expressed in
the heart consists of voltage-gated ion channels. Various struc-
tural themes are common to all voltage-dependent ion channels.
First, the architecture is modular, consisting either of four homol-
ogous subunits (in K channels, see Figures 3-7 and 3-8) or of four
internally homologous domains (in Na and Ca channels) (see
Figures 3-5 and 3-6). Second, proteins wrap around a central pore
(see Figure 3-8). The pore-lining (P segment) regions exhibit
exquisite conservation within a given channel family of like selec-
tivity (e.g., jellyfish, eel, fruit fly, and human Na channels have very
similar P segments), but not among families with different selec-
tivities. Third, the general strategy for activation gating (opening
and closing in response to changes in the membrane voltage) is
highly conserved: The fourth transmembrane segment (S4), typi-
cally studded with positively charged residues, lies within the
membrane field and moves in response to depolarization, thus
opening the channel. Fourth, most ion channel complexes include
not only the pore-forming proteins (o.-subunits) but also auxiliary
subunits (e.g., B-subunits) that modify channel function.

Sodium Channels

Sodium (Na) channels have been highly conserved through evolu-
tion and exist in all species, from the jellyfish to humans; they are
nature’s solution to the conundrum of coordination and com-
munication within large organisms, particularly when speed is of
the essence. Thus, Na channels are richly concentrated in axons
and muscle, where they are often the most plentiful ion channels.
A mammalian heart cell, for example, typically expresses more
than 100,000 Na channels but only 20,000 or so L-type (large and
long-lasting) Ca channels and fewer copies of each family of
voltage-dependent K channels.

Na channels were the first ion channels to be cloned and have
their sequence determined.” In humans, more than 10 distinct Na
channel genes have been cloned from excitable tissues, with strik-
ing homology to the complementary DNA (cDNA) cloned from
eel electroplax. The cardiac Na channel gene (SCN5A) resides on
the short arm of chromosome 3 (3p21) (see Table 3-1). The Na
channel complex is composed of several subunits, but only the
o-subunit is required for function. Figure 3-5 shows that the
o-subunit consists of four internally homologous domains
(labeled I to IV), each of which contains six transmembrane seg-
ments. The four domains fold together so as to create a central
pore, whose structural constituents determine the selectivity and
conductance properties of the Na channel.

Peptide linkers between the fifth (S5) and sixth (S6) mem-
brane-spanning repeats in each domain, referred to as the P seg-
ments, come together to form the pore. The primary structure of
the S5-S6 linkers of Na channels in each domain is unique. Thus,
the structural basis of the permeation of Na channels differs fun-
damentally from that of K channels, in which four identical P
segments can come together to form a K'-selective pore (see
below).

One of the seminal contributions of Hodgkin and Huxley was
the notion that Na channels occupy several “states” (which are
now viewed as different conformations of the protein) in the
process of opening (activation); yet another set of conformations
is entered when the channels close during maintained depolariza-
tion (inactivation).* The m gates that underlie activation and the
h gate that mediates inactivation were postulated to have intrinsic
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FIGURE 3-5 Models of the sodium (Na) channel. Top, Topographic illustration of the Na channel a-subunit with four pseudohomologous domains
(I'to V). One or more transmembrane B-subunits coassemble with the a-subunit to form the intact channel. The fourth membrane-spanning repeat
(S4) is charged and serves as the voltage sensor for channel activation. The segments or linkers between S5 and S6 in each domain, called permeation
segments, or P segments, form the outer pore mouth and the selectivity filter. The linker between the third and fourth domains underlies fast
inactivation and contains one of the mutations that underlies the chromosome 3-linked form of long QT syndrome. The S6 segment of the fourth
domain contains residues critical for the binding of the local anesthetic to the channel. Bottom, lllustration of the caniliculus through which the S4
segment slides during channel activation. An outward movement of the S4 during channel activation is proposed.

voltage dependence and to function independently.® While some
of the implicit structural predictions of that formulation have
withstood the test of time, others have not. For example, the four
S4 segments are now widely acknowledged to serve as activation
voltage “sensors” In the process of activation, several charged
residues in each S4 segment physically traverse the membrane
(see Figure 3-5, bottom panel). The contributions of each S4
segment to activation are markedly asymmetrical; some of the
charged residues play a much more prominent role than do others
in “homologous” positions.” Other studies have revealed that acti-
vation is coupled with inactivation. Indeed, the time course of
current decay during maintained depolarization predominantly
reflects the voltage dependence of activation, although single-
channel inactivation itself does vary with voltage (particularly in
cardiac Na channels). If the S4s are the sensors, where are the
activation “gates” themselves? This crucial question still remains
unresolved. However, according to experimental evidence, S6 is
the leading contender for the physical activation gate.
Inactivation of Na channels is as arcane a process as activation.
Not only is there loose coupling to activation, but there are mul-
tiple inactivation processes. One common approach to distin-
guishing inactivated states is to determine the rate at which they
recover the ability to activate: Repriming from the traditional
“fast” inactivation occurs over tens of milliseconds, while recovery
from “slow” inactivation may need tens of seconds or longer. Fast
inactivation is at least partly mediated by the cytoplasmic linker
between domains III and IV (the crucial residues are labeled IFM
in Figure 3-5), which may function as a hinged lid, docking onto
a receptor formed by amino acids in the S4-S5 linkers of domains

III and IV. This notion is consistent with observations that fast
inactivation can be disrupted by internal proteases. Nevertheless,
it is increasingly clear that mutations scattered widely throughout
the channel affect inactivation gating. The structural determi-
nants of slow inactivation are less well localized than those of fast
inactivation. Mutations in the P region of domain I affect both
activation gating and slow inactivation, while various widely scat-
tered disease mutations identified in paramyotonia congenita and
other skeletal myopathies suppress slow inactivation of the Na
channel.

The S6 segment of domain IV has been proposed to contain
the receptor for local anesthetics that block Na channels in a
voltage-dependent manner. The homologous domains on Ca and
K channels are also loci for drug binding. Na current blockade is
enhanced at depolarized potentials and/or with repetitive pulsing.
These observations are consistent with the idea that local anes-
thetics act as allosteric effectors of the inactivation gating mecha-
nism: When they bind to the channel, they facilitate inactivation.
It is clear that gating interacts with local anesthetic blockade so
profoundly that it is difficult to interpret the localization of a
“receptor” to S6. Mutations in S6 at putative receptor sites alter
gating, independent of superimposed drug effects. Further, muta-
tions in distant parts of the molecule can also dramatically alter
the phenotype of local anesthetic blockade. Despite these caveats,
the S6 segments appear to play a special role in the effects of drugs
in all of the voltage-gated ion channels.

Pharmacologic competition studies and mutagenesis have
defined a number of neurotoxin binding sites on the Na channel.
Among these, tetrodotoxin (TTX)—a guanidinium-containing



blocker—has contributed the most to our understanding of Na
channel structure and function. Externally applied TTX blocks
neural and skeletal muscle Na channel isoforms potently (in the
nM range) but blockade of cardiac channels requires much higher
concentrations (~10~° M). The identity of one particular residue
in the P region of domain I accounts for most of the isoform-
specific TTX sensitivity: An aromatic residue at this position (373
in the human heart Na channel) confers high affinity, while its
absence renders the channel TTX resistant. Many other residues
in the outer mouth of the channel contribute to the binding of
TTX and the related divalent guanidinium toxin saxitoxin (STX),
suggesting that the toxin has a large footprint on the external
surface of the channel.

Four different B-subunits (Na,B; to 4, SCN1B-SCN4B) have
been isolated, and all appear to be single membrane—spanning
domain (type I topology) proteins with a large extracellular
V-shaped immunoglobulin (Ig) fold often found in cell adhesion
molecules and small carboxyl terminal cytoplasmic domain." The
effects of the particular B-subunit on the kinetics and voltage
dependence of the o-subunit vary depending on the particular
B-subunit and the cell expression system. Despite the expression
of B; mRNA, using subtype-specific antisera, the functional role of
B-subunits in cardiac Na currents is still being debated. Several
pieces of evidence are consistent with a role for B-subunit(s) in
heart cells. First, B-subunits are found in cardiac myocytes,
although no NayfB1 is found in association with the o-subunit
protein from the rat heart. Second, NayB1 variably modulates the
function of Nay1.5 in heterologous expression systems, including
the sensitivity of the channel to blockade by antiarrhythmic drugs
and free fatty acids. Finally, mutations in B-subunits have been
directly or indirectly implicated in heritable cardiac arrhythmias.

Regulation of the Na channel by serine/threonine phosphoryla-
tion is a complex process. Isoforms of the Na channel a-subunit
fall into one of two groups, long (neuronal and cardiac) and short
(skeletal muscle and eel). Neuronal isoforms have a substantially
larger intracellular linker between domains I and II, which con-
tains five consensus sites for cyclic adenosine monophosphate
(cAMP)—dependent protein kinase (PKA) phosphorylation. In
fact, PKA modulates the function of expressed neuronal and
cardiac Na channels. The cardiac Na channel has eight candidate
consensus PKA phosphorylation sites in the I-II linker, all of
which are distinct from neuronal channels. In vitro studies of the
expressed cardiac Na channel demonstrate cAMP-dependent
phosphorylation on only two of these serines. Interestingly, when
the cardiac channel is phosphorylated by PKA, whole-cell conduc-
tance increases, suggesting that the specific pattern of phosphory-
lation is responsible for the functional effect and may involve
changes in the trafficking of the channel to the cell membrane.

In contrast to PKA, protein kinase C (PKC) alters the function
of all of the mammalian Na channel isoforms. The PKC effect is
largely attributable to phosphorylation of a highly conserved
serine in the III-IV linker (see Figure 3-5). Conventional PKC
isoforms reduce the maximal conductance of the channels and
alter gating in an isoform-specific fashion. The macroscopic
current decay of neuronal channels is uniformly slowed by PKC,
which suggests destabilization of the inactivated state. Cardiac
channels exhibit a hyperpolarizing shift in the steady-state avail-
ability curve consistent with an enhancement of inactivation from
closed states.

Overexpression of calmodulin kinase (CaMKII3C) in trans-
genic murine heart alters cardiac Iy, function, stabilizing
inactivation and increasing persistent current; however, this
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finding is complicated by the presence of heart failure in this
murine model. Subacute expression after adenoviral infection of
adult ventricular myocytes has a similar effect on Iy,. In contrast,
in acutely isolated guinea pig ventricular myocytes, enhanced
CaMKII activity destabilizes inactivation gating and increases the
persistent or late current, thus prolonging the action potential
duration.

Alteration of ion channel function is an important pathophysi-
ologic mechanism of various familial diseases of muscle and brain
and of inherited arrhythmias. The Na channelopathies were
among the first molecularly characterized human ion channel
diseases."’ Rare allelic variants in SCNSA have been linked to
inherited ventricular arrhythmias,"” conduction system disease,
and sudden infant death syndrome. Complex electrophysiological
phenotypes have been associated with mutations in both o- and
B-subunits of Na channels. Rare variants or mutations have been
associated with sudden death in women (in a population-based
study) and with atrial fibrillation. More common acquired forms
of long QT syndrome (LQTS), generally associated with drug
ingestion, have been linked to common variants of SCNSA.
Finally, disease-causing mutations in the Na channel have been
associated with alterations in drug blockade. The highly variant
phenotypes of these arrhythmic syndromes are, in part, explained
by the variable effects of the mutations on channel subunit
function or expression.

Calcium Channels: L-type

The pore-forming subunit (o) of the calcium (Ca) channel is built
on the same structural framework as the Na channel.”” As is the
case with the Na channel, a number of genes encode surface
membrane Ca channel o,-subunits. The predominant sarcolem-
mal Ca channels in the heart are the L-type (large and long-
lasting) and T-type (tiny and transient) Ca channels (Table 3-2).
The cardiac L-type Ca channel (Cay1.2) is a multi-subunit trans-
membrane protein composed of o (a11.2) (165 kDa), B (55 kDa),
and o, (130 kDa) to 8 (32 kDa) subunits. Three genes are known
to encode L-type Ca channel o,;-subunits (Cayall.x to al3.x), and
the Cayall.2 is the gene expressed in the heart (see Table 3-1).
Distinct splice variants of the Caya11.2 gene have been described,
and these contribute to the diversity of the cardiac L-type Ca
channel function. Similar to the o-subunit of the Na channel, the
S5-S6 linkers (P segments) of the o;-subunit of the Ca channel
form the ion-selective pore (Figure 3-6). However, unlike Na
channels, each P segment contributes a glutamic acid to a cluster
that serve to bind Ca*" in the channel pore. The B-subunit is
completely cytoplasmic and noncovalently binds to the oic
subunit, modifying its function and contributing to appropriate
membrane trafficking of the channel complex. Although 3,, has
been proposed to be the major L-type Ca channel B-subunit,
splice variants of all B-subunits 3, to B, are expressed in the mam-
malian heart in a complex spatial and temporal pattern. As many
as five genes have been suggested to encode the 0,-8 subunit:
These gene products undergo post-translational processing to
produce the mature extracellular o,-subunit linked by a disulfide
bond to the transmembrane d-subunit. In heterologous expres-
sion systems, 0l,- to 3-subunits enhance expression of Ca channels
and hasten current activation and deactivation in the presence of
o,- and B-subunits.

The oy-subunit of the Ca channel contains a highly basic S4
transmembrane segment in each homologous domain, which, by
analogy, is thought to be the voltage sensor for channel activation.
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Activation of skeletal muscle and cardiac L-type Ca channels
differ; skeletal muscle channels activate much more slowly than do
their cardiac counterparts. Based on the properties of chimeric
channels constructed from cardiac (Cay0,,1.2) and skeletal muscle
(Cayo;1.1) oy-subunits, the difference in activation gating resides
in the first homologous domain; however, it is unclear if the S4
membrane-spanning segment is the crucial structural motif.

Ca channels inactivate by both Ca**-dependent inactivation
(CDI) and voltage-dependent inactivation (VDI) processes. CDI
and VDI are regulated by channel phosphorylation and 3-subunits,
which suggests shared structural mechanisms that perhaps

Table 3-2 Properties of Calcium Channels

L-TYPE T-TYPE

Pore-forming o-subunit Ol Ol
Auxiliary subunits B, 0,-8 ?
Permeability Ba’*> Ca’* Ba’" = Ca”
Activation threshold >-30 mV >-60 mV
Inactivation threshold >-40 mV >-90 mV
Inactivation

Rate Slow Fast

Calcium-dependent Yes No

Voltage-sensitive Yes Yes

Recovery Fast Slow
Localization in heart All Nodal > Purkinje > atria
Blocker sensitivity

Dihydropyridines -+ +

Phenylalkylamines A+ +

Benzothiazepines - +

Tetralols ++ +++

Ni%* + +++

Cd* +++ +

Ba, Barium; Cd, cadmium; Ni, nickel.

involve the I-II domain linker. The C-terminus contains peptide
sequences that bind calmodulin (CaM) and Ca*'; these are an IQ
motif named for the signature amino acids (isoleucine and gluta-
mine) in the sequence and a helix-loop-helix structural domain,
referred to as an EF hand, that mediate CDI. CaM is permanently
tethered to the channel complex and serves as a Ca®* sensor for
the L-type channel. The Ca**-CaM complex facilitates the interac-
tion of CaM with the IQ motif resulting in the occlusion of the
inner mouth of the Ca channel pore and terminating the inward
Ca® flux despite continued depolarization. As cytoplasmic Ca*"
concentration falls, calmodulin unbinds Ca** and the IQ motif,
thus relieving Ca**-dependent inactivation. Spatial discrimination
of Ca®* concentration by CaM may involve regions in the
N-terminus of the channel. A Ca’*-binding EF hand motif in the
carboxyl terminus of o, appears to be necessary to confer Ca**-
dependent inactivation to the Cayo,1l.2-subunit, although not
through a direct binding of Ca*" (see Figure 3-6, bottom). The I-11
interdomain linker has been demonstrated as the site of B-subunit
binding as well as a critical structural determinant of VDI. Muta-
tions in this linker have been associated with the highly arrhyth-
mogenic Timothy syndrome.'*

L-type Ca channels are found in all of the myocytes of the
mammalian heart and have several important electrophysiologi-
cal functions. In SA nodal tissue, both L- and T-type channels
contribute to diastolic depolarization and, therefore, impulse for-
mation. Modulation of L-type current by the autonomic nervous
system is important in controlling the rate of sinus node dis-
charge. Blockade of the L-type channel underlies the sinus node
slowing, which is observed with some Ca channel antagonists.
The AV node is the only place in the body where Ca channels
(L-type) normally conduct excitatory impulses. Consequently, it
is not surprising that modulators of the L-type current have pro-
found effects on SA and AV conduction. In muscle tissue, the
L-type Ca current is the major depolarizing current during the
action potential plateau, and inhibition of this current reduces
the voltage of the plateau and shortens the action potential dura-
tion. Downregulation of the L-type current, as seen in atrial
myocytes isolated from patients with a history of atrial fibrilla-
tion, is thought to promote the maintenance of fibrillation.
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FIGURE 3-6 Top, Subunit structure of the cardiac calcium
(Ca) channel. The o;;1.2 (oy¢) subunit forms the pore and
contains drug-binding sites. B, and o,- to 8-subunits
coassemble with the o, subunit. The intact cardiac L-type
Ca channel containing the o 1.2-subunit is referred to as
Cayl.2. Bottom, The transmembrane topology of the Ca
channel is similar to the sodium (Na) channel with four
homologous domains, each containing six membrane-
spanning repeats. The S4 segments (dark gray) are
generally conserved, but the molecular basis of
inactivation is distinct from Na channels. The Ca channel
exhibits both voltage-dependent inactivation and
Ca**-dependent inactivation. Calmodulin (CaM), which is
required for Ca**-induced inactivation of the channel, is
tethered to the channel in the carboxyl terminus; with
binding of Ca*, a conformation change occurs in this
region of the channel that requires CaM, the CaM binding
motif (IQ), and the EF hand motif, and together these
constitute the Ca** inactivation region of the channel.

Calcium
inactivation




Calcium Channels: T-type

The other major Ca channel present in the sarcolemma of heart
(and prominently in vascular smooth muscle) cells is the T-type
channel. The T-type channel has a biophysical fingerprint that is
distinct from that of the L-type channel, opening at more negative
voltages, inactivating more rapidly, and having a lower conduc-
tance than the L-type channel (for reviews, see references 15 and
16). The distribution of the T-type current is more restricted in
the heart than is that of the L-type current. The T-type current
has been recorded in the SA node, AV node, atrium, and Purkinje
cells but not in the normal adult ventricle (see Table 3-2). The
T-type current plays a prominent role in phase 4 diastolic depo-
larization and the action potential upstroke of pacemaking cells.
T-type currents play a role in the developing heart and in patho-
logic remodeling in some species, but this current has not been
detected in normal or diseased human ventricular myocytes.
Three genes encoding the T-type Ca current o,-subunits have
been cloned. The Cay0,,3.1 (CACNA1G) cDNA was isolated from
neuronal tissue and was the first of this new class of Ca channels
cloned. The gene resides on human chromosome 17q22 (see Table
3-1), with a predicted topology similar to that of other Ca channel
c¢DNAs." The gene encoding Cay0,3.2 (I) expressed in human
heart resides on chromosome 16p13.3. The gene encoding
Cay0:3.3 (CACNA1I) on chromosome 22q13 first appeared as part
of the output of the Human Genome Project.”” Expression of the
Cay0;3 cDNAs produces currents with the biophysical hallmarks
of the T-type Ca current. Interestingly, Cay0;3.2 lacks a consensus
B-subunit-binding motif in the I-II linker of the channel and
expresses robustly without the need for other subunits in contrast
to L-type channels. The T-type channel genes lack an EF hand or
IQ motifs, which suggests modes of inactivation distinct from the
L-type channel.

Four chemical classes of compounds have been used to block
Ca currents: (1) dihydropyridines, (2) phenylalkylamines, (3) ben-
zothiazepines, and (4) tetralols. Ca channel blockers exhibit sig-
nificant pharmacodynamic heterogeneity across classes and even
within a given chemical class. Drugs of the phenylalkylamine
(verapamil) and benzothiazepine (diltiazem) classes are effective
antiarrhythmics primarily used to terminate some supraventricu-
lar arrhythmias, to control ventricular response in others, and in
some forms of idiopathic ventricular tachycardia. Dihydropyri-
dines are more potent vasodilators and are not useful as antiar-
rhythmic compounds. A number of mechanisms explain these
clinical differences. The classes of drugs (dihydropyridines, phe-
nylalkylamines, benzothiazepines) that block the L-type channel
have distinct but overlapping binding sites on the Cayoy1.2-
subunit. Vascular smooth muscle and cardiac muscle express dif-
ferent splice variants of Cay0;1.2, and the vascular variant is more
sensitive to block by dihydropyridines. Perhaps more important
than the intrinsic sensitivity of the specific Cay0,1.2 variant to a
blocking compound are the voltage dependence and kinetics of
channel blockade by the compound. Like Na channel-blocking
local anesthetic antiarrhythmic drugs, Ca channel antagonists
exhibit use-dependent and voltage-dependent blockade as a result
of the preference of the drugs to bind to the inactivated states
of the channel. The enhanced sensitivity of vascular Ca channels
to blockade by dihydropyridines is predominantly due to the
depolarized resting membrane potential of vascular smooth
muscle cells (Vm approximately —40 mV), compared with that of
cardiac myocytes, and the greater occupancy of the inactivated
state. Differences among dihydropyridines, phenylalkylamines,
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and benzothiazepines in blocking cardiac Ca channels are signifi-
cantly related to the kinetic of interaction of the drug and the
channel. Phenylalkylamines dissociate from the Ca channel very
slowly, dihydropyridines do so rapidly, and benzothiazepines
recover with intermediate kinetics. T-type channels are less sensi-
tive to blockade by dihydropyridines, phenylalkylamines, and
benzothiazepines. Mibefradil is a tetralol Ca channel blocker that
is relatively selective for T-type over L-type Ca channels. It was
briefly marketed for the treatment of hypertension but was with-
drawn because of a high incidence of adverse effects, often occur-
ring as a result of drug interactions.

Potassium Channels

Currents through K channels are the major repolarizing currents
in the heart, but the relative importance of any specific channel
varies regionally in the heart. K channels are the most diverse
subfamily of channel proteins comprising molecules with three
distinct molecular architectures (Figure 3-7). The inward rectifier
currents (I, Ixach Ikado), designated Kir, are encoded by a K
channel that is evolutionarily the most primitive and comprises
only two membrane-spanning repeats (analogous to S5 and S6)
and a pore, or P, segment. The latter contains the K channel sig-
nature sequence (TVGYGDM) that underlies the K*-selective
permeability of the channel. The first K channel gene isolated was
from Drosophilia melongaster. This mutant fruit fly was called

Inward rectifiers (Kir)

Clone Current
Kir2.x |K1
Kir3.1 IKACh
Kir3.4

Kir6.2 + Surl lkatp

Two-pore channels

Clone Current Voltage-gated channels (Kv)

TWIK Ikp?

TASK Clone Current
Kv1.4 hot
Kv1.5 Ikur
Kv4.x/Kchip lio1

KCNH2/keNe2 g,
KCNQ1/KCNET kg

FIGURE 3-7 Evolutionary relationships of families of potassium (K)
channels in the mammalian heart. The predicted transmembrane
topology of the three subclasses are shown. Top, inward rectifier (Kir).
Left bottom, twin pore K. Right bottom, voltage-gated (Kv) channels.
Gene duplication events involving Kir channels likely produced the
twin-pore and Kv channel gene products in this illustration. Examples
of specific channels in each class that are expressed in the human
heart are given.
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Shaker because of its response to ether anesthesia. The gene that
caused the Shaker phenotype was isolated by positional cloning
and encoded a voltage-dependent K (Kv) channel.'® Since the
original cloning of the Shaker K channel (Kv1.x), a number of K
channel genes in the same or closely related gene families have
been isolated (Kvl.x to Kv11.x). The voltage-dependent K chan-
nels that have been identified in the mammalian heart are shown
in Figure 3-7. The voltage-dependent K channels, which are struc-
turally similar to a single domain of the Na channel or the Ca
channel, are composed of six membrane-spanning segments,
including a highly basic S4 segment. The cytoplasmic half of the
S6 membrane—spanning repeat appears to mediate drug blockade
of voltage-gated K channels, analogous to regions of the Na
channel that bind local anesthetics. Similar to Kir channels, Kv
channels must tetramerize to form the intact channel and are
typically associated with ancillary subunits. Within a subfamily of
K channels (e.g., Kv1.x), subunits may hetero-multimerize, but it
is believed that assembly does not occur across subfamilies. It
seems likely that two rounds of gene duplication generated Ca
and Na channels from the less complex Kv structure. It is possible
that a more straightforward gene duplication of an inward recti-
fier channel produced the third type of K channel, the two-pore
K*-selective channel (see Figure 3-7).

The cDNAs that encode the o-subunits of the K channel are
sufficient to generate K*-selective currents, but a number of ancil-
lary subunits that modify channel function (Kvf, KCNE, KChIP)
have been identified. A family of related proteins (KvB1 to Kvf33)
modulates the function of Kv channels. The B-subunits bind to
the amino terminus of Kv a-subunits that modify their function
in an isoform-specific fashion (for review see reference 19). The
crystal structure of Kv32 complexed with the amino terminus of
Kvl.1 has been solved,” and it has been suggested that it func-
tions as an oxidoreductase. Indeed, Kvp1.2 has been shown to
confer oxygen sensitivity to Kv4.2 channels. A recently described,
unrelated family of proteins, KChIPs, that contain Ca*-binding
EF hand motifs modulate the function of the members of the Kv4
family, which suggests the possibility that more than one type of
ancillary subunit can interact with Kv4 channels. The molecular
details of the interaction of KChIP and Kv4 subunits are still being
studied (Figure 3-8, lef?).

Still other K channel ancillary subunits are transmembrane
proteins that are predicted to have the ability to not only alter
channel gating but, in some cases, also influence channel pore
properties. Most relevant to the heart are the gene products of
KCNEI (minK) and KCNE2 (MiRP-1), which are thought to coas-
semble with KvLQT1 (KCNQ1)** and HERG (KCNH2) to form

Kv a-subunits Accessory (Kvf)
W— subunits

K+
Transmembrane Extracellular
domain domain
Cytoplasmic
NH3* domain

COO-

channel function.

FIGURE 3-8 Potassium (K) channels are multi-subunit complexes. o-Subunits are the major, pore-forming subunits. Transmembrane segments are
represented by cylinders; the red cylinders are the voltage sensors, and the yellow cylinders line the ion conductive pore. At least three types of
accessory subunits are found in the heart. Kvf associates with the amino terminal section of Kv1 a-subunits and the carboxyl terminus of Kv4
a-subunits. KChiPs are Ca**-binding ancillary subunits that associate with the amino terminus of Kv4 o-subunits. KvB- and KChIP-subunits increase the
current density when co-expressed with Kvai-subunits and modify gating. The gene products of KCNET (minK) and KCNE2 (MiRP-1) are believed to be
transmembrane proteins. KCNET has been shown to influence the ion-conductive pathway of the I, channel. Many other proteins may modulate K




the two components of the delayed rectifier current Iy, and Ig,,
respectively (see Figure 3-8, right, and see below). o-Subunits,
which by themselves are not functional (e.g., Kv9.x), may modu-
late the function of other Kv a—encoded channels.

In response to a depolarizing voltage pulse, K channels, like
other voltage-gated ion channels, undergo a series of conforma-
tional changes that alter function. The S4 membrane—spanning
repeats are critical components of the activation gating machin-
ery. Many K channels (like Na and Ca channels) close in the
face of continued depolarization; that is, they inactivate. The
molecular basis of inactivation, however, is mechanistically het-
erogeneous. The first type of inactivation to be understood in
molecular detail in K channels validated a scheme, referred to as
the ball-and-chain mechanism, proposed by Armstrong” In an
elegant series of experiments, Aldrich and coworkers demon-
strated the “ball” role of the amino terminus of the Shaker K
channel in the inactivation process that they called N-type
(because it involves the amino terminus).”** After channel acti-
vation by a depolarizing stimulus, the amino terminus binds to
and plugs the cytoplasmic mouth of the channel pore, thus ter-
minating the K" flux (see Figure 3-7, bottom). Channels that have
the amino terminus removed fail to undergo this type of inactiva-
tion, but it can be restored if a peptide that resembles the amino
terminal ball is added to the cytoplasm of the cell.” A second
form of inactivation (carboxyl-terminal, or C-type) involves the
outer mouth of the channel pore and amino acid residues in S6
and in the P segment. It has been suggested that C-type inactiva-
tion of the channel protein resembles the closing of a camera
shutter; that is, it involves constriction of the outer pore of the
channel.

K channels serve multiple roles in the maintenance of normal
cardiac electrophysiology. Of the multiple subtypes (voltage-
gated, inward-rectifier, twin-pore), voltage-dependent K channels
underlie both the transient outward (sometimes called A-type)
current and the delayed rectifier current in the heart. The tran-
sient outward K current activates and inactivates rapidly and is a
critical determinant of phase 1 repolarization of the ventricular
action potential (see Figure 3-1). The two components of the
transient outward current in the heart are a Ca**-independent K
current (I,;) and a Ca**-dependent current (I,.,). The latter is a K
current in some species and a chloride (Cl) current in others. The
channels that encode cardiac I,; not only vary among species but
may vary regionally in the ventricle as well. Kv1.4 is a minor, but
important, component of I,,, in some species, including humans.
However, in the human ventricle, I, is primarily encoded by
Kv4.3, which recovers from inactivation much faster than do
homomeric Kv1.4 channels. Indeed, the Kv1.4 channel recovers
so slowly (2 to 3 seconds) that it cannot be a significant compo-
nent of the cardiac I, at physiologic heart rates. However, it is
possible that hetero-multimerization of Kv1.4 with other Kvl
family genes and/or coassembly with B-subunits could alter the
kinetics of the current. Another argument against Kvl.4 as the
major component of cardiac I, is the insensitivity of expressed
Kvl4 to blockade by low-dose flecainide (10 uM), whereas
expressed Kv4 and native cardiac I, are both flecainide sensitive.
The Kv4 family of genes is expressed in relative abundance in the
mammalian heart—Kv4.3 in larger mammalian ventricles, such as
dog and human, and Kv4.2 in rodent ventricle. Data suggest that
Kvl.4 mRNA and protein are also present in mammalian ven-
tricular myocytes and that a physiologic correlate of Kv1.4-based
L,; may be a slowly recovering transient outward current in the
subendocardium of the human ventricle.
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The ultrarapidly activating delayed rectifier current (Ig,),
which is primarily found in the atrium in human heart (and
throughout rodent heart) is generated by Kvl.5, although
other rapidly activating delayed rectifiers may be encoded by
genes in the Kv3 family in the atria of some species. A close
correspondence exists between the biophysical and pharmaco-
logic properties of Iy, in human atrial myocytes and Kvl.5.
Furthermore, Kv1.5 protein and mRNA have been observed
in human atrial and ventricular tissues, and Kv1.5-specific anti-
sense oligonucleotides suppress Iy, in atrial myocytes. The
restricted expression of Kv1.5 in atrium makes it an attractive
pharmacologic target for the treatment of supraventricular
arrhythmias.

The delayed rectifier K current (I) plays a major role in termi-
nating repolarization in the cells of large mammalian hearts. I is
a composite current made up of a rapid component (Iy,) and a
slow component (Ig). Definition of the genetics of LQTS clarified
the molecular basis of both components of the delayed rectifier.
MinK (KCNEI) was initially considered a “minimal K channel”
that encoded a current that resembled I,. Subsequently, posi-
tional cloning identified the disease gene in chromosome-11
linked LQTS as KvLQT1* (Kv7.1), but the current encoded by
KCNQI was a functional orphan, not resembling any known
cardiac K current. However, the co-expression of KCNQI and
KCNEI generated a current with a much closer resemblance to
native Iy than to either of the subunits expressed alone.* An
alternatively spliced variant of KCNQI is expressed in the heart
and exerts a dominant negative effect on Iy, in vitro; thus, native
Iy, may be regulated, in part, by the extent of such alternative
splicing.

Long QT genetics identified KCNQI as the gene underlying
I, and HERG (Kv11.1) encoded by KCNH2 underlying Iy.” I,
exhibits a number of unusual physiologic properties, which when
disrupted (by mutations in KCNH2, by hypokalemia, or by drug
blockade) disrupt normal repolarization. With depolarizations to
progressively more positive potentials, activating Iy, actually
decreases. This “inward rectification” is a manifestation of the very
rapid inactivation that HERG channels undergo once they are
open. The extent of this fast inactivation increases at positive
potentials and with lower extracellular K*. The latter explains the
decrease in Iy, (causing action potential and QT prolongation)
observed in hypokalemia. Further, when the action potential
enters phase 3, channels recover from inactivation, transitioning
rapidly to an open (conducting) state before closing relatively
slowly. Thus, as the action potential begins to repolarize, I,
increases markedly, further accelerating repolarization. HERG
channels are blocked by many drugs, including methansulfonani-
lide drugs such as dofetilide and sotalol. As with KVLQT1, HERG
may coassemble with other proteins to produce native Iy, Data-
base mining for homologs of KCNEI uncovered a related gene,
MiRP-1 (encoded by KCNE2), in the same locus on chromosome
21 that encodes a topologically similar, small polypeptide with an
extracellular amino terminus, a single transmembrane domain,
and a cytoplasmic carboxy tail (see Figure 3-8). When MiRP-1 is
co-expressed with HERG voltage-dependent gating, single-
channel conductance, regulation by K, and biphasic blockade by
methansulfonanilides are all modified. However, the role of MiRP-
1 in native cardiac Iy, remains uncertain. HERG exists in alterna-
tively spliced forms, but the role that different splice variants play
in generating the native current is uncertain. As with KCNH2 and
KCNQI, mutations in KCNEI and KCNE2 have been linked to
LQTS.
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Another major class of K channel genes expressed in the heart
encodes inwardly rectifying currents. The term inward rectifica-
tion is used to describe the fact that these channels pass current
more readily into cells than out of them (Figure 3-9). All inward
rectifiers share a similar topology, with only two membrane-
spanning repeats and a pore loop, and they must tetramerize to
form the intact channel. In 1998, a major advance in ion channel
biology occurred with the determination of the structure of a
bacterial inward rectifier channel from Streptomyces lividans,
called KesA.*® The structure is remarkable in that it accounts for
a number of the physical principles that underlie K*-selective
permeation.” The crystal structure demonstrated that the linker
between the two membrane-spanning domains (P segments)
form the outer mouth of the channel and that the K channel
signature sequence forms the selectivity filter. High rates of ion
flux are maintained despite the relatively avid binding of K* due
to the presence of the two K ions in the selectivity region that
repel each other. The second membrane-spanning repeat, analo-
gous to the S6 of Kv channels, forms much of the inner mouth of
the channel, where antiarrhythmic drug binding is expected to
occur (Figure 3-10). Models of other K channels have since been
generated by structural or homology approaches. A KCNQI
structural model has been proposed, based on homology to other
K channel structures, and this, in turn, has been used to identify
the key structural features of interactions between KCNQI and
KCNEL.

The inward rectifier family of cDNAs is designated Kir, and its
members are part of the KCNJ superfamily. Iy, the current that
is important in maintaining the resting membrane potential and
in facilitating terminal repolarization, is encoded by the Kir2.x
subfamily (KCNJ2 and KCNJ4). 1t is likely that Kir2.1 encodes Iy,
in the human ventricle, but other Kir2 isoforms have been
detected in the heart.

The other inward rectifiers in the heart exhibit specialized
functions, as in response to neurohormones or metabolic stress.
The Kir3 family of inward rectifier channels underlies the K
current that is coupled to the M2 muscarinic (Ixacy) or Al adenos-
ine receptors (Ixag,) in nodal cells and atria. Ixach (Ixado) is @ het-
eromultimer of the products of two different genes in the Kir3
family, initially referred to as GIRK (G-protein inwardly rectifying
K channel, Kir3.1) and CIR (cardiac inward rectifier, Kir3.4)
(KCNJ3 and KCNJ5). Kir3.1 and Kir3.4 tetramerize in a 2:2 ratio
to form the Ixac, channel protein, which encodes a current that
is directly activated by the B-subunit and y-subunit of an inhibi-
tory G-protein (Figure 3-11, left). Ixach is the primary mediator of
the negative chronotropic and dromotropic effects of parasympa-
thetic activation in the heart.

Another inward rectifier, Ixarp, links electrical signaling to the
metabolic state of the myocyte. Changes in the activity of Iarp
profoundly influence the electrophysiology of the heart in ischemia
and play a key role in the endogenous cellular mechanism that
limits the injurious effect of myocardial ischemia known as isch-
emic preconditioning.™ Iyxrp is believed to be a hetero-multimeric
channel complex comprising a tetrameric assembly of Kir6.2 chan-
nels (KCNJ8 and KCNJ11) at its core surrounded by four sulfonyl-
urea receptor subunits (SUR2A, Figure 3-11, right). SUR2A,
encoded by ABCCY, isan ATP-binding cassette (ABC) protein that
imparts sensitivity to sulfonylureas and K channel openers such as
pinacidil and chromakalim to the channel complex.

A third structural class of K channels has been observed in the
heart. These channels comprise four transmembrane segments
and two pore loops. TASK (twin-pore acid-sensitive K channel)

is a member of the twin-pore family of K channel genes that is
highly expressed in the heart. The TASK channel exhibits little
intrinsic voltage or time dependence and therefore most resem-
bles a background current. The precise role for this channel and
other members of the twin-pore family in cardiac myocytes is
unknown.

I “Funny” or Pacemaker Current

It is a current that contributes to diastolic depolarization in pace-
making cells in the heart. The current is found in many cell types,
but its features are variable. For example, I; is present in ventricu-
lar myocytes, but its activation voltage is so negative that it is not
likely to be of physiologic significance.” I; activates slowly on
hyperpolarization and deactivates rapidly with depolarization. I
supports a mixed monovalent cation (Na* and K*) current with a
reversal potential of —20 to —30 mV. The current is highly regu-
lated: B-Adrenergic stimulation increases I; and hastens diastolic
depolarization. A family of genes topologically similar to voltage-
dependent K channels and related to cyclic nucleotide—gated
channels in photoreceptors in the retina appears to encode I. A
number of hyperpolarization-activated cyclic nucleotide—gated
channels (HA-CNG) have been cloned from the heart, and several
exhibit the general features of Iy in cardiac pacemaking cells. It has
been suggested that I itself is a composite current with fast and
slow components encoded by HCN2 and HCN4, respectively.
Support for I; as the pacemaker current in the heart also comes
from a genetic model of bradycardia in zebrafish with a dramati-
cally reduced I.

Electrogenic Transporters
Na*-Ca** Exchanger

The Na'-Ca®" exchanger is an electrogenic ion transporter that
exchanges three Na* ions for one Ca*. The highest levels of
exchange activity have been observed in the heart. The cardiac
NCX, a transmembrane glycoprotein, was originally proposed to
have 11 or 12 transmembrane repeats based on hydropathy analy-
sis. More recent mutagenesis data challenge the original topologic
models and instead suggest that there may be only nine
transmembrane segments® (Figure 3-12). NCX contains two
membrane-spanning domains, with the first five transmembrane
segments being separated from the remainder by a large cytoplas-
mic loop that makes up about half of the molecule. The intracel-
lular loop contains domains that bind Ca** and the endogenous
NCX inhibitory domain, XIP.

Na*-Ca®* exchange is an electrochemical process during which
three Na ions are exchanged for one Ca ion. The exchange is thus
electrogenic (i.e., generates a current). Ion exchange can occur in
either direction. With each heart beat, cytosolic [Ca*] is released
from sarcoplasmic reticulum (SR) stores, primarily by the ryano-
dine release channel RyR2. [Ca®]; rises from the resting level of
less than 100 nM to approximately 1 uM with each cardiac cycle.
Under normal physiologic conditions, outward Ca** flux through
the NCX (generating an inward current) and Ca*" reuptake into
the SR by the SR Ca’*-ATPase (SERCA) are the major mecha-
nisms of restoration of normal diastolic [Ca*"]. NCX is sensitive
to the cytoplasmic concentrations of Ca** and Na*, which deter-
mine the exchanger activity and the potential at which the
exchange reverses direction. The NCX current is time indepen-
dent and largely reflects changes in intracellular Ca** during the
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FIGURE 3-9 Properties of ionic currents in the heart. A, Whole-cell sodium (Na) currents recorded from mammalian tissue culture cells transfected
with the complementary DNA that encodes the human cardiac Na channel (NaV1.5). By convention, the current is inward (Na* ions flowing into the
cell) and therefore negative. The current activates rapidly on depolarization of the cell membrane and rapidly closes in the face of maintained
depolarization of the cell membrane, a gating process referred to as inactivation. This channel passes current in both inward and outward directions,
depending on transmembrane voltage. B, Whole-cell recording of the transient outward K current (l,1) recorded from a human ventricular myocyte.
The current activates rapidly with depolarization and then inactivates. The current flow is preferentially in the outward direction (positive current) and
is referred to as outward rectification. C, Whole-cell current flow through inward rectifier potassium (K) current (I;). l; channels are activated at rest and
close with membrane depolarization. At voltages where the channel prefers to open (voltages negative to the Nernst potential for K*), there is little

time-dependent current decay or inactivation. Current preferentially flows in the inward (negative) direction; thus, this channel and all of the channels
in the Kir family are referred to as inward rectifiers.
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FIGURE 3-10 Crystal structure of the KcsA
bacterial inward rectifier potassium (K) channel.
Left, Representation of the major features of the
structure of the bacterial channel, KcsA. Each of
the four channel subunits (only two are shown
in this figure) contain two o-helical membrane-
spanning repeats, a pore helix, and the K
channel signature sequence that forms the
K*-selective pore. Right, The structure of KcsA.
The peptide backbone is rendered in a ribbon
format. The features of the permeation pathway
include the presence of two to three K*ions in
the pore with ion-ion repulsion, which facilitates
high rates of ion transport and a large inner
vestibule comprising the carboxyl terminal
portion of the outer, or M2, helix. The M2 helix
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FIGURE 3-11 Subunit structure of lxac, and lare Left, IKACh is a glycoprotein-coupled channel that is activated by acetylcholine (ACh) binding to M2
cholinergic receptors in the heart. The channel is separate from the receptor and is formed by the heterotetramerization of two inward rectifier
potassium (K) channel subunits, Kir3.1 (GIRKT) and Kir3.4 (CIR), in a 1:1 stoichiometry. Right, lxare is formed by the hetero-octomeric assembly of the
adenosine triphosphate—binding cassette protein, the sulfonylurea receptor (SUR2A), and the inward rectifier Kir6.2.

action potential. Thus, NCX has an important effect on mem-
brane voltage both at rest and during activation of the myocyte.
At highly depolarized potentials, reverse mode Na*-Ca*" exchange
(Ca*" influx, net outward current) can occur; however, the role of
reverse mode exchange in initiating SR Ca** release and contrac-
tion is uncertain.

Increases in intracellular Ca*" shift the reversal potential of
NCX in the positive direction and therefore increase the driving
force for the inward exchanger current. The inward NCX current
will depolarize the membrane toward the threshold for firing an
action potential and thus is potentially arrhythmogenic. The NCX
current is an important component of the inward current
(transient inward current, Ip) that underlies delayed after-

depolarizations (DADs). DADs are spontaneous membrane
depolarizations from rest after complete repolarization of the
action potential. DADs are usually not present under physiologic
conditions but are favored by conditions that increase the SR Ca**
load, such as rapid firing rates, digitalis intoxication, or ischemia/
reperfusion. Under these conditions, spontaneous SR Ca** release
occurs, which then increases NCX and probably other Ca*-
dependent currents, which, in turn, results in membrane depo-
larization. DADs may produce arrhythmias in two ways. First, if
DADs are of sufficient amplitude, they may trigger an action
potential. Second, even if DADs are below the threshold for gen-
eration of an action potential, they may affect the excitability of
the cell, slowing conduction in the myocardium.
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FIGURE 3-12 Subunit structure and transmembrane topology of the sodium-calcium (Na*-Ca*) exchanger (NCX) and the sodium-potassium (Na*-K*)
adenosine triphosphatase (ATPase) (Na pump). Top, Two alternative transmembrane topologies for the NCX. A large cytoplasmic loop is a crucial to
physiologic regulation of the exchanger and contains Ca** and inhibitory peptide (X/P)-binding domains. Bottom, The Na*-K*-ATPase is a heteromeric
assembly of a large o-subunit and a smaller single membrane—spanning repeat B-subunit.

Na*-K*-ATPase

The Na*-K*"-ATPase, or Na pump, is responsible for establishing
and maintaining major ionic gradients across the cell membrane.
The Na pump belongs to the widely distributed class of P-type
ATPases that are responsible for transporting a number of cations.
The P-type designation of this family of enzymes refers to the
formation of a phosphorylated aspartyl intermediate during the
catalytic cycle. The Na*-K*-ATPase hydrolyzes a molecule of ATP
to transport two K" into the cell and three Na* out and is thereby
electrogenic, generating a time-independent outward current.
The Na™-K*-ATPase is oligomeric and consists of .-, B- and, pos-
sibly, y-subunits. There are four different o- and three distinct
B-isoforms (for review see reference 38). The evidence that the
Y-subunit is part of the complex comes from photoaffinity labeling
with ouabain derivatives and immunoprecipitation studies. The
Y-subunit belongs to a family of small membrane-spanning pro-
teins, including phospholemman, which support ionic fluxes.
Na*-K*-ATPase isoforms exhibit tissue-specific distributions.
The o,f; isoform is broadly distributed, o,-containing isoforms
are preferentially expressed in the heart, skeletal muscle, adipo-
cytes, and brain, o5 is predominantly a brain isoform, and o, is
found in abundance in the testis. The structural diversity of the
Na*-K*-ATPase comes from variations in o.- and B-genes, splice
variants of o-subunits, and the promiscuity of subunit associa-
tions, which are all themes that also underlie the diversity of ion
channels, particularly K channels. The o-subunit is catalytic and
binds digitalis glycosides in the extracellular linker between the

first and second membrane-spanning regions (see Figure 3-12,
bottom). 0i;-, O,,-, and 0z-subunits are found in the human heart.
In the rat, o,-subunits bind glycosides three orders of magnitude
greater affinity than do oy-containing pumps. However, in
humans, the binding affinities of the o subunits are far less vari-
able. The B-subunits are essential for normal pump function and
influence the Na* and K* affinities of the c-subunits and also serve
as chaperones ensuring the proper trafficking of the o-subunit to
the sarcolemma. Only 3, appears to be present in significant
quantities in the human heart.

In heart failure, the density of the Na*™-K"-ATPase decreases as
assessed by °[H]-ouabain binding. The decrease occurs without
any significant impact on the inotropic effect of digitalis glyco-
sides in the human ventricular myocardium. However, the reduc-
tion in the density of the Na pump may influence the
electrophysiology of cardiac myocytes and their response to an
extracellular K" load, as might occur in ischemia.

Molecular Basis of Activation and Recovery of the Heart

In normal sinus rhythm, cardiac activation begins in the SA node,
the specialized collection of pacemaking cells in the roof of the
right atrium between the crista terminalis and the right atrial—
superior vena cava (RA-SVC) junction. SA nodal cells undergo
spontaneous depolarization, repetitively activating the rest of the
heart. As a result of the lower density of the inwardly rectifying
K current (I;) and the presence of a hyperpolarization-activated
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FIGURE 3-13 Subunit structure of the gap
junction channels. Left, Gap junction
channels are intercellular ion channels
composed of two hemichannels or
connexons in adjacent cells. Each
hemichannel is composed of six subunits
or connexins composed of four highly
conserved membrane-spanning repeats,
two conserved extracelluar loops and a
more divergent cytoplasmic loop, and
amino and carboxyl termini. Right, Different
subtypes of connexins may assemble to
form channels that are homomeric (single
type of connexin in each connexon),
heterotypic (different connexins in each
connexon), or heteromeric heterotypic, in
which more than one type of connexin is
present in each connexon.

pacemaker current, I, the resting membrane potentials of SA and
AV nodal cells are considerably less negative than those of atrial
or ventricular muscle cells. The result is a continuous, slow depo-
larization of the membrane potential; thus, nodal cells do not have
a true resting potential, but the maximum diastolic potential is
never more negative than —60 mV.

The aggregate activity of I; and diminished Iy, slowly
depolarizes the nodal cell until ~—40 mV when Ca currents are
activated, hastening the rate of rise of the action potential. First,
the transient T-type Ca current (Ic,r) is activated, driving
the membrane potential toward Ec,; then, the longer-lasting,
dihydropyridine-sensitive L-type Ca current (Ic,;) is activated.
Simultaneously, the more slowly activating outward K currents
(delayed rectifier, I) are activated, hindering the movement of the
membrane potential toward Ec,. Ultimately, Ca currents inacti-
vate, and the membrane potential moves back toward Ey, turning
off I and activating I; and then starting the cycle again. Current
continues to flow through the electrogenic Na*-Ca* exchanger
throughout the cycle, and the magnitude and direction of this
current depend on the membrane potential as well as intracellular
Ca® and Na* concentrations. It has recently been demonstrated
that cyclic variations of submembrane Ca** concentration drive
the activation of the Na™-Ca” exchanger during diastole to act in
concert with ion channels to confer pacemaking activity on SA
node cells, a phenomenon known as the calcium clock.**

The synchronization of the somewhat diffuse pacemaking cells
that comprise the sinus node is through gap junction channels
comprising Cx-40 and Cx-43. The activity of pacemaking cells is
synchronized by a process of mutual entrainment, whereby each
of the cells in the nodal syncytium constantly modulates the dis-
charge frequency of the other cells.

As in the case of the nodal cell action potential, the highly
orchestrated activity of a number of ionic currents inscribes the
muscle cell action potential. A prototypical action potential from

atrial and ventricular myocytes with a schematic of the trajectory
of the underlying ionic currents is shown in Figure 3-13. The
action potential is divided into five phases: (1) Phase 0 is rapid
upstroke; (2) phase 1 is early repolarization; (3) phase 2 is the
plateau; (4) phase 3 is late repolarization; and (5) phase 4 is the
resting potential or, in the case of a nodal action potential, dia-
stolic depolarization (see Figure 3-1). Unlike in the case of nodal
cells, a true resting potential can be defined in cardiac muscle
cells, and it is ~90 mV, close to Ei; thus, at rest, cardiac muscle
cells are mostly permeable to K* due to the activity of Iy;.

Under normal conditions, muscle cells are stimulated by spon-
taneously occurring impulses generated in pacemaking tissue.
When this stimulus moves the membrane voltage positive to
threshold (~—65 mV), an action potential is initiated. Depolariza-
tion beyond the threshold explosively activates Na channels,
producing an enormous (~400 pA/pF) but transient (1 to 2 ms)
current, driving the membrane voltage toward Ey, (+65 to
+70 mV). Although, Na channels are, by far, the most numerous
in the myocyte cell membrane, their activity is fortunately short
lived, as otherwise the transmembrane Na* gradient would be
quickly exhausted. The Na current quickly dissipates by inactiva-
tion, and the membrane must repolarize to its resting potential
before Na channels recover from inactivation and again become
available to activate. Thus, the time and the voltage dependence
of the availability of the Na current is the basis of refractoriness
in cardiac muscle.

The upstroke of an action potential falls short of Ey, because
of the inactivation of the Na current and the activation of a K
current and, additionally, in some cases a Ca*-dependent CI”
current (I,,) that in concert produce rapid membrane repolariza-
tion to ~+10 mV (phase 1). The Ca*-independent transient
outward K current (I,;) activates as Na channels inactivate. Acti-
vation of L, is rapid (~10 ms), and this current decays over 30 to
40 ms at physiologic temperatures. The density of L, is less than



5% of the Na current; thus, inactivation of the Na current is the
main reason for early repolarization, while I, is an important
determinant of the membrane voltage at the end of phase 1. In
canine ventricular myocytes, I, is a prominent current during
phase 1 of the action potential; however, its role in human myo-
cytes is uncertain.

Depolarization of the membrane potential activates a number
of other currents, albeit more slowly than in the case of the Na
current and IL,;. In ventricular myocytes, Ic,; is activated and
accounts for the major depolarizing current during the action
potential plateau or phase 2. This current is the main route for
Ca*" influx and triggers Ca**-induced Ca** release (CICR) from
the SR to initiate contraction. Ic,; tends to depolarize the cell
membrane, and delayed rectifier repolarizing K currents that are
active during the plateau and phase 3 oppose this action. Activa-
tion of delayed rectifier K currents and inactivation of Ca currents
serve to terminate the plateau phase and begin phase 3 or late
repolarization. In atrial tissue, I, is a prominent delayed rectifier
that is an important determinant of the plateau height and aids
in the termination of the plateau. Delayed rectifiers (especially I,)
are important in terminating the plateau but are limited in their
ability to restore the normal resting potential because they deac-
tivate at voltages less than —40 mV. Final repolarization is medi-
ated by the outward component of Iy, even in atrial cells where
the density of Iy is small compared with that of ventricular
myocytes.

Cellular and Molecular Basis of Cardiac
Electrophysiology

Excitability and Propagation

Many of the electrophysiological properties of the heart are direct
consequences of ionic current activity during the action potential.
Cardiac cells are excitable because the action potential, which is
a typical, regenerative response, is elicited if the membrane poten-
tial exceeds a critical threshold. Action potentials are regenerative
because they can be conducted over large distances without atten-
uation. Action potentials generated in the sinus node serve to
excite adjacent atrial muscle and, thus, the remainder of the heart
under normal conditions.

In atrial and ventricular muscle at rest, the membrane is most
permeable to K', which is the result of the activity of Iy;. Excit-
ability in cardiac muscle is primarily determined by the availabil-
ity of In,. In response to an external stimulus, either from adjacent
cells or an artificial pacemaker, depolarization of muscle cells
occurs. If the depolarization is sufficient and raises the membrane
potential above a critical value, known as the threshold potential,
Na channels open, depolarize the membrane, and initiate an
action potential. In pacemaking tissues such as the sinoatrial or
AV node, the Na current is absent, and excitability is mediated by
activation of Ca currents. The consequence is a higher threshold
for activation and a slower rate of rise (~1 to 10 V/sec versus
hundreds of V/sec in muscle) of phase 0 of nodal cell action
potentials.

Propagation of a wave of excitation in a homogeneous cable-
like medium is continuous and obeys the laws of cable theory (see
Passive Membrane Properties and Cable Theory). In such a prepa-
ration, the maximal upstroke velocity of the action potential (dV/
dt)ma is an indirect measure of depolarizing ionic current and
conduction velocity.® A continuous cable model is a structural
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oversimplification of all cardiac tissue with the possible exception
of normal papillary muscles. Continuous propagation of excita-
tion waves is not characteristic of cardiac tissue. Due to the
structural and functional complexities of the myocardium, dis-
continuous conduction (see below) is the rule.

A feedback exists between network properties (cell-to-cell
coupling via gap junctions) and active membrane properties
(ionic currents) in propagation in cardiac tissue preparations.’
Under conditions of normal cellular coupling, fluctuations in
local conduction velocity, action potential shape, and ionic
current flow are small. However, with cellular uncoupling—such
as that which accompanies ischemia—the interaction between
intercellular conduction and active membrane properties assumes
greater significance. In cardiac muscle, the Na current is the main
determinant of membrane depolarization and local circuit
current. When cells are uncoupled, discontinuity of conduction
increases, the delay between activation of cells increases, and the
Na current may sufficiently inactivate such that the currents
active during the plateau (i.e., L-type Ca current) of the action
potential become essential for driving excitatory current through
gap junctions. In both experimental models and computer simu-
lations, blocking the L-type Ca current was shown to reduce the
safety factor for conduction and to lower the intercellular resis-
tance that produces conduction blockade. Cellular uncoupling
and discontinuous conduction has important implications for
safety factors for the propagation of the impulse. With moderate
cell-to-cell uncoupling in simple models of propagation, conduc-
tion is slower but has a higher safety factor. However, with more
significant uncoupling, the transmitted current is so small that
insufficient Na current is recruited to initiate an action
potential.

The most important causes of discontinuous conduction in
the heart are macroscopic discontinuities in cardiac tissue. Such
anatomic discontinuities exist in all regions of the heart and are
especially prominent in the trabeculated portions of the atria
and ventricles, the layers of the left ventricular wall, and the
Purkinje-muscle junction. Two-dimensional models of macro-
scopic discontinuities highlight the importance of the change in
geometry and, consequently, the dispersion of the local circuit
current in the characteristics of propagation and blockade at such
sites. Analogous to the feedback between cellular coupling and
ionic currents, a feedback occurs between the current to load
mismatch produced by the tissue architecture and the ionic
current flow. Small current-to-load mismatches (larger strand-
to-sheet ratio) are associated with minor conduction delays
across the tissue discontinuity. In contrast, tissue architecture
characterized by a large current-to-load mismatch (narrow
strand into a large sheet) is associated with significant conduction
delay and blockade across the discontinuity that can be produced
by either Na or Ca channel blockers. Thus, the L-type Ca current
is essential for impulse propagation through cardiac tissue with
structural discontinuities. Such structural discontinuities are
present in the normal heart but may be much more prominent
in the aged or diseased (e.g., hypertrophied or infarcted)
myocardium.

Repolarization and Refractory Periods

Refractoriness of tissue, a consequence of the long duration of
the cardiac action potential, allows only gradual recovery of excit-
ability. Refractoriness is essential to the normal mechanical func-
tion of the heart, as it permits relaxation of cardiac muscle prior
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to the next activation. Refractoriness of cardiac muscle is classi-
fied as either absolute or relative: The former occurs immediately
after phase 0 and during the plateau and no stimulus, regardless
of its strength, can re-excite the cell; the latter occurs during
phase 3, when the cell is excitable but the stimulus strength for
activation exceeds that at rest (Figure 3-14). The molecular basis
of refractoriness is the lack of availability of depolarizing current
(Na current in muscle) because repolarization to negative poten-
tials is required for channels to recover from fast inactivation
and thus be available to pass the excitatory current. The duration
of refractoriness of any cardiac tissue thus depends on the com-
plement of ion channels (and, in particular, depolarizing cur-
rents) expressed. When the depolarizing current becomes
available to activate, outward currents (typically delayed rectifier
K currents) increase the stimulus strength required to reach the
threshold, making the tissue relatively refractory (compared with
the rested state).

Under some conditions, some tissues, particularly Purkinje
fibers, may exhibit supranormal excitability. This phenomenon
occurs at the end of repolarization and is the result of reactivation
of Na currents at a time when the membrane potential of the
heart cell is closer to the threshold for reactivation than when the
cell has fully returned to rest. Supranormal excitability is one
contributor to the vulnerable period of the cardiac cycle; it con-
tributes by increasing the likelihood of re-excitation during ter-
minal repolarization (when heterogeneity of action potential
durations are most likely to support re-entry).

Refractoriness
Absolute
Relative
Supranormal

Cellular and Molecular Mechanisms

. . . .

Cardiac arrhythmias result from abnormalities of impulse genera-
tion, conduction, or both. It is, however, difficult to establish an
underlying mechanism for many clinical arrhythmias. Criteria
such as initiation and termination with pacing and entrainment
are used in the clinical electrophysiology laboratory to make the
diagnosis of re-entry in some cases. Even fewer specific tools are
available to diagnose non-re-entrant arrhythmias. It is clear that
molecular changes in the heart predispose to the development of
abnormalities of cardiac rhythm. However, an exclusively molecu-
lar approach to understanding the mechanisms of arrhythmia is
limited by failure to include the cellular and network properties
of the heart. We will attempt to place in context the role of cellular
and molecular changes in the development of clinically significant
rhythm disturbances. A summary of the cellular and molecular
changes that underlie prototypical arrhythmias and their putative
mechanisms is provided in Table 3-3.

Alterations in Impulse Initiation: Automaticity

Spontaneous (phase 4) diastolic depolarization underlies the
property of automaticity, which is characteristic of cells in SA and
AV nodes, the His-Purkinje system, the coronary sinus, and, pos-
sibly, pulmonary veins. Phase 4 depolarization results from the
concerted action of a number of ionic currents, but the relative
importance of these currents remains controversial (Figure 3-15).
The inwardly rectifying K current (I;) maintains the resting
membrane potential and resists depolarization; thus, the activity
of other currents (e.g., Ca currents) or a reduction of Iy, (and
other K conductances) must occur to permit the cell to reach the
threshold for the firing of an action potential. I; may play a
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FIGURE 3-14 Absolute and relative refractory periods in the ventricle.
Action potential recorded from a ventricular myocyte. The bars
underneath the action potential delineate the periods of absolute
refractoriness, where no stimulus, regardless of amplitude, can elicit
another action potential, and relative refractoriness, where a
subsequent action potential can be initiated with a high-strength
stimulus. Under appropriate circumstances, during the period of
relative refractoriness, the cell may exhibit supranormal excitability;
that is, a stimulus that is normally subthreshold will elicit an action
potential.

FIGURE 3-15 Nodal action potential and the currents that underlie
phase 4 diastolic depolarization. Nodal cells exhibit phase 4 diastolic
depolarization that spontaneously brings the cell to threshold, which
results in the production of an action potential. Several currents play a
role in phase 4, including calcium (Ca) currents (T- and L-types), I; (or
the pacemaker) current, and a reduction in the current flow through
several K channels, including I, lx;, and lach. The rate of phase 4
diastolic depolarization is highly sensitive to the tone of the
autonomic nervous system. Cholinergic agonists slow phase 4,
whereas sympathomimetics hasten phase 4.




Table 3-3  Arrhythmia Mechanisms
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MOLECULAR COMPONENTS MECHANISM PROTOTYPICAL ARRHYTHMIAS
IMPULSE INITIATION
Automaticity le leats leas Suppression/ Sinus bradycardia
ks Tka Acceleration Sinus tachycardia
Triggered automaticity [ DADs Digitalis toxicity; reperfusion VT, IVR; Idiopathic VT
leats ko I EADs Torsades de pointes
Inas licare Ischemic VF
EXCITATION
leat AV conduction block
Inar leat, K channels AP prolongation Polymorphic VT
REPOLARIZATION
Ca homeostasis EADs Ischemic VT/VF (hypertrophy, HF)
Inas lcar, K channels, Ca homeostasis AP shortening Atrial fibrillation
MULTICELLULAR
Connexins Uncoupling
Inar lcarp Conduction delay or blockade; functional re-entry
CELLULAR COUPLING

Extracellular matrix collagen

Re-entry with an excitable gap

Monomorphic VT

DADs, Delayed after-depolarizations; EADs, early after-depolarizations; VT, ventricular tachycardia; \VR, idioventricular rhythms; \VIF, ventricular fibrillation; AV, atrioventricular;

AP, action potential ; HF, heart failure.

particularly prominent role in the normal automaticity of Purkinje
fibers, although this hypothesis is not without controversy. Deac-
tivation of Iy is another mechanism allowing depolarizing cur-
rents to move the membrane potential toward the threshold. Ca
currents, both the T-type and the L-type, figure prominently in
diastolic depolarization and in the upstroke of the action potential
in nodal tissue and latent atrial pacemakers. A number of other
time-independent currents may play a role in diastolic depolariza-
tion and pacemaking activity, including currents through the elec-
trogenic Na'-K'-ATPase and the Na*-Ca* exchanger and
background currents.

The rate of phase 4 depolarization and, therefore, the firing rate
of pacemaker cells are dynamically regulated. Prominent among
the factors that modulate phase 4 is the tone of the autonomic
nervous system. The negative chronotropic effect of activation of
the parasympathetic nervous system is the result of the release
of acetylcholine that binds to muscarinic receptors, releasing
G-protein By-subunits that activate a potassium current (Igacp) in
nodal and atrial cells (see Figure 3-11). The resultant increase in
K* conductance opposes membrane depolarization, slowing the
rate of rise of phase 4 of the action potential. Agonist activation
of muscarinic receptors also antagonizes activation of the sympa-
thetic nervous system through inhibition of adenylyl cyclase,
reducing cAMP and inhibiting protein kinase A (PKA). Con-
versely, augmentation of the tone of the sympathetic nervous
system increases myocardial catecholamine concentrations,
which activate both o- and B-receptors. The effect of B,
adrenergic stimulation predominates in pacemaking cells, increas-
ing the L-type Ca current and shifting the voltage dependence of
I to more positive potentials, thus augmenting the slope of phase
4 and increasing the rate of SA node firing. L-type Ca current
density is increased by PKA-mediated phosphorylation, which
results in an increase in the rate of rise of phase 4 and the upstroke
velocity of the action potential in nodal cells. The positive chro-
notropic effect of B-adrenergic stimulation has been related to

increased subsarcolemmal Ca®* release through the ryanodine
receptor (RyR2) accelerating the rate of diastolic depolarization.
Enhanced sympathetic nervous system activity can dramatically
increase the rate of firing of SA nodal cells producing sinus tachy-
cardia, with rates in excess of 200 beats/min. In contrast, the
increased rate of firing of Purkinje cells is more limited,
rarely producing ventricular tachyarrhythmia in excess of 120
beats/min.

Normal automaticity may be affected by a number of other
factors associated with heart disease. Hypokalemia and ischemia
may reduce the activity of the Na—K ATPase, thereby reducing
the background repolarizing current and enhancing phase 4 dia-
stolic depolarization. The end result would be an increase in the
firing rate of pacemaking cells. Slightly increased extracellular K
may render the maximum diastolic potential more positive, thus
also increasing the firing rate of pacemaking cells. A greater
increase in [K*],, however, renders the heart inexcitable by depo-
larizing the membrane potential and inactivating the Na current.

Sympathetic stimulation explains the normal response of the
sinus node to stresses such as exercise, fever, and thyroid hormone
excess. Normal or enhanced automaticity of subsidiary latent
pacemakers produces escape rhythms in the setting of failure of
more dominant pacemakers. Suppression of a pacemaker cell by
a faster rhythm leads to an increased intracellular Na* load (par-
ticularly in cells with a Na‘-dependent action potential) and
extrusion of Na* from the cell by the Na*™-K*-ATPase produces an
increased background repolarizing current that slows phase 4
diastolic depolarization. At slower rates, the Na*; load is decreased
as is the activity of the Na*-K"-ATPase resulting in a progressively
more rapid diastolic depolarization and warm-up. Overdrive sup-
pression and warm-up may not be observed in all automatic
tachycardias. For example, functional isolation of the pacemaker
tissue from the rest of the heart (entrance blockade) may blunt or
eliminate the phenomena of overdrive suppression and warm-up
of automatic tissue.
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Myocytes in the atrium and the ventricle may exhibit sponta-
neous activity under pathologic conditions associated with depo-
larization of the resting membrane potential to levels more
positive than —60 mV. The mechanism of spontaneous depolar-
ization in contractile cells is uncertain but is likely to involve the
activity of a number of depolarizing and repolarizing currents
that, on balance, favor membrane depolarization. Ventricular
myocytes do express I, although the threshold for activation is
well below the resting potential of the cell, so the functional sig-
nificance of this current is uncertain. Currents that mediate the
upstroke of the action potential of abnormally automatic cells
depend on the diastolic potential. At more negative diastolic
potentials, abnormal automaticity can be suppressed by Na
channel-blocking drugs. At more positive diastolic potentials
(>-50 mV), Na channel blockers are ineffective, whereas Ca
channel blockers suppress abnormal automaticity, implicating the
L-type Ca channel in the upstroke in this setting.

Abnormally automatic cells and tissues are less sensitive to
overdrive suppression than are cells and tissues that are fully
polarized with enhanced normal automaticity. However, in situ-
ations where cells may be sufficiently depolarized to inactivate the
Na current and limit the intracellular Na* load, overdrive suppres-
sion may still be observed due to increased intracellular Ca*
loading. Such Ca* loading may activate Ca**-dependent K
conductances (favoring repolarization) and promote Ca* extru-
sion through the Na*-Ca* exchanger and Ca channel phosphory-
lation, increasing Na* load and thus Na*-K*-ATPase activity. The
increase in intracellular Ca*" load may also reduce depolarizing
L-type I, by promoting Ca**-induced inactivation of the Ca
current.

Abnormal automaticity may underlie atrial tachycardia, accel-
erated idioventricular rhythms (IVRs), and ventricular tachycar-
dia that is particularly associated with ischemia and reperfusion.
It has also been suggested that injury currents at the borders
of ischemic zones may depolarize adjacent nonischemic tissue
causing predisposition to automatic ventricular tachycardia.

After-Depolarizations and Triggered Automaticity

Triggered automaticity or activity refers to impulse initiation
that is dependent on after-depolarizations (Figure 3-16). After-
depolarizations are membrane voltage oscillations that occur
during EADs or following DADs an action potential.*®

In the early 1970s, DADs were experimentally observed in
Purkinje fibers exposed to toxic concentrations of digitalis glyco-
sides. The cellular feature common to the induction of DADs is
the presence of increased Ca® load in the cytosol and SR. Inhibi-
tion of the Na-K-ATPase by digitalis glycosides will increase Ca**
load by increasing intracellular Na*, which is exchanged for Ca*
by the Na*-Ca”" exchanger. Increased [Ca®']; activates a transient
inward current, I, that depolarizes the cell. The ionic basis of I
is controversial but likely results from electrogenic currents
through the Na*-Ca* exchanger and/or Ca**-activated depolar-
izing currents.

Inhibition of the Na*-K*-ATPase by digitalis glycosides facili-
tates, but is not necessary for creating, the Ca* overload that
predisposes to DADs. Catecholamines and ischemia sufficiently
enhance Ca® loading to produce DADs. The presumed mecha-
nism of cytosolic Ca* increase and DADs with catecholamine
stimulation is an increase in transmembrane Ca* flux through
L-type Ca* channels. Catecholamines may also enhance the
activity of the Na'-Ca” exchanger, thus increasing the likelihood
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FIGURE 3-16 Early and delayed after-depolarizations. Interruptions
of repolarization before its completion are referred to as early
after-depolarizations (EADs). Most EADs, especially phase 2 and early
phase 3, are believed to result from reactivation of the L-type calcium
(Ca) current and perhaps the sodium-calcium (Na-Ca) exchanger
current. Later phase 3 EADs may also involve reactivation of Na
currents. After-depolarizations that occur after the completion of
repolarization are referred to as delayed after-depolarizations (DADs).
The mechanism of DAD involves intracellular Ca** overload and
oscillatory release of Ca** from the activation of a number of
Ca’*-dependent conductances by the sarcoplasmic reticulum.

of DAD-mediated triggered activity. Elevations in intracellular
Ca”™ in the ischemic myocardium are also associated with DADs
and triggered arrhythmias. Accumulation of lysophosphoglycer-
ides in ischemic myocardium with consequent Na® and Ca*
overload has been suggested as a mechanism for DADs and trig-
gered automaticity. Cells from damaged areas or surviving the
infarction may display spontaneous release of Ca from the SR,
and this may generate “waves” of intracellular Ca** elevation and
arrhythmias.

The duration of the action potential is a critical determinant
of the presence of DADs. Longer action potentials associated with
more transarcolemmal Ca** influx are more likely to be associated
with DADs. If Iy underlies at least part of the DAD, then the
voltage dependence of the transient inward current should be
reflected in the voltage dependence of DADs. Indeed, at mem-
brane voltages where Iy is near its maximum, DADs exhibit the
largest amplitude. Importantly, stimulation of the experimental
preparation at fast rates increases the size of the DAD and the
presence of triggered activity, likely a function of frequency
dependent loading of the SR with Ca™"

Mutations in the cardiac ryanodine receptor (RYR2), the SR
Ca* release channel in the heart, have been identified in kindreds
with the syndrome of catecholamine-stimulated polymorphic
ventricular tachycardia (CPVT) and ventricular fibrillation with
short QT intervals. It seems likely that perturbed [Ca®*]; changes
in the relationship between SR Ca” load and the threshold for
Ca® release, and thus perhaps DADs, contribute to the arrhyth-
mias characteristic of this syndrome. Indeed, murine models of
CPVT demonstrate adrenergically mediated arrhythmias, with
DADs in vitro. It is likely that some ventricular tachycardias that
complicate digitalis intoxication are initiated by triggered activity.
It has also been suggested that DADs underlie some forms of



idiopathic ventricular tachycardia, particularly from the right ven-
tricular outflow tract (see Table 3-3). In a recent study, flecainide
has been demonstrated to inhibit Ca®* from RyRs in a murine
model of CPVT, and preliminary data suggest efficacy in patients
with refractory symptoms.

The other type of after-depolarizations, EADs, occur during
the action potential and interrupt the orderly repolarization of the
myocyte. They have been classified as phase 2 and phase 3,
depending on when they occur, and the subclassification may
have mechanistic implications. Recent experimental evidence
suggests a previously unappreciated interrelationship between
intracellular calcium loading and EADs. Cytosolic calcium may
rise when action potentials are prolonged. This, in turn, appears
to enhance the L-type Ca current (possibly via calcium-calmodulin
kinase activation), further prolonging the duration of the action
potential as well as providing the inward current driving EADs.
Intracellular Ca loading by the prolongation of the action
potential may also enhance the likelihood of DADs. The interre-
lationship among intracellular Ca* and delayed and early after-
depolarizations may be one explanation for the susceptibility of
hearts that are Ca loaded (e.g., in ischemia or congestive heart
failure) to develop arrhythmias, particularly on exposure to drugs
that prolong the action potential.

The plateau of the action potential is a time of high membrane
resistance when there is little current flow. Consequently, small
changes in either repolarizing or depolarizing currents can have
profound effects on the duration and profile of the action poten-
tial. The ionic mechanisms of phase 2 and 3 EADs and the
upstrokes of the action potentials they elicit may differ. At the
depolarized membrane voltages of phase 2, the Na current is
inactivated, and EADs can result from reactivation of the L-type
Ca current. Although the available data are inadequate, it has
been suggested that current through the Na-Ca exchanger and
possibly the Na current may also participate in the inscription of
phase 3 EADs. The upstrokes of the action potentials elicited by
phase 2 and 3 EADs also differ. Phase 2 EAD-triggered action
potential upstrokes are exclusively mediated by Ca currents; these
may or may not propagate, but they can substantially exaggerate
the heterogeneity of the time course of repolarization of the
action potential (a key substrate for re-entry), since EADs occur
much more readily in some regions (e.g., Purkinje, mid-
myocardium) than others (epicardium or endocardium). Action
potentials triggered by phase 3 EADs arise from more negative
membrane voltages; the upstrokes may be due to both Na and Ca
currents and are more likely to propagate.

EAD-triggered arrhythmias exhibit rate dependence. In
general, the amplitude of an EAD is augmented at slow rates when
action potentials are longer. Pacing-induced acceleration of the
heart rate shortens the duration of the action potential and
reduces EAD amplitude. Action potential shortening and the sup-
pression of EADs with increased stimulation rate are likely the
result of augmentation of delayed rectifier K currents and perhaps
the hastening of Ca**-induced inactivation of L-type Ca currents.
Similarly, catecholamines increase the heart rate and decrease the
duration of the action potential as well as EAD amplitude, despite
the well-described effect of B-adrenergic stimulation to increase
L-type Ca current.

A fundamental condition that underlies the development of
EADs is action potential prolongation, which is manifest on
surface electrocardiogram as QT prolongation. Hypokalemia,
hypomagnesemia, bradycardia, and drugs can cause predisposi-
tion to the formation of EADs, with drugs being the most common
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cause.”® Antiarrhythmics with class IA and III actions produce
action potential and QT prolongation intended to be therapeutic
but frequently cause proarrhythmia. Noncardiac drugs such as
some phenothiazines, some nonsedating antihistamines, and
some antibiotics can also prolong the duration of the action
potential and cause predisposition to EAD-mediated triggered
arrhythmias. Decreased [K*], paradoxically decreases some mem-
brane K currents (particularly Iy,) in the ventricular myocyte,
which explains why hypokalemia causes prolongation of the
action potential and EADs. Indeed, K infusions in patients with
congenital LQTS and drug-induced QT prolongation have been
shown to reduce the QT interval.*®

EAD-mediated triggered activity likely contributes to the ini-
tiation of the characteristic polymorphic ventricular tachycardia—
torsades de pointes—seen in patients with congenital and acquired
forms of LQTS.* In addition, exaggerated dispersion of repolar-
ization is also likely to play a role in both the initiation and the
maintenance of torsades de pointes by generating a substrate for
functional re-entry (see below). Acquired prolongation of the QT
interval most often is the result of drug therapy or electrolyte
disturbances, as noted previously. However, structural heart dis-
eases such as cardiac hypertrophy and cardiac failure may also
delay ventricular repolarization (so-called electrical remodeling)
and cause predisposition to arrhythmias related to abnormalities
of repolarization.””*® The abnormalities of repolarization in
cardiac hypertrophy and cardiac failure are often magnified by
concomitant drug therapy or electrolyte disturbances.

Abnormal Impulse Conduction: Re-entry

The most common arrhythmia mechanism is re-entry. Re-entry
is as much a property of the networks of myocytes as it is a prop-
erty of individual heart cells. Fundamentally, re-entry is circula-
tion of an activation wave around an inexcitable obstacle. Thus,
the requirements for re-entry are two electrophysiologically dis-
similar pathways for impulse propagation around an inexcitable
region such that unidirectional blockade occurs in one of the
pathways and a region of excitable tissue exists at the head of
the propagating wavefront.*” Structural and electrophysiological
properties of the heart may contribute to the development of the
inexcitable obstacle and of unidirectional blockade. The complex
geometry of muscle bundles in the heart and spatial heterogeneity
of cellular coupling or other active membrane properties (i.e.,
ionic currents) appear to be critical.

At the macroscopic level, conduction through normal myocar-
dial tissue is uniformly anisotropic; that is, propagation is continu-
ous or “smooth” but is faster longitudinally than transversely.
However, at higher spatial resolution, anisotropy is always non-
uniform due to the irregularities of cell shape and gap junction
distribution. The conversion of macroscopic anisotropy from
being uniform to non-uniform is correlated with an increased
predilection to arrhythmias. One well-studied example is the aged
human atrial myocardium, in which non-uniform anisotropy,
which manifests as highly fractionated electrograms, is associated
with lateral uncoupling of myocytes and profound slowing of
macroscopic transverse conduction, producing an ideal substrate
for the re-entry that may underlie the very common development
of atrial fibrillation in older adults.

Anatomically determined, excitable gap re-entry can explain
several clinically important tachycardias such as AV re-entry,
atrial flutter, and bundle branch re-entry tachycardia. Strong
evidence suggests that arrhythmias such as atrial and ventricular
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fibrillations associated with more complex activation of the heart
are re-entrant. However, this type of re-entry (“functional”) is
mechanistically distinct from excitable gap re-entry.

Reflection is a type of re-entry that occurs in a linear segment
of tissue (e.g., trabecula or Purkinje fiber) containing an area of
conduction blockade with re-excitation occurring over the same
segment of tissue. If the region of the segment proximal to the
area of the blockade is excited, the wave will propagate and gener-
ate action potentials up to the area of conduction blockade.
Assuming that the area of conduction blockade remains con-
nected to the remainder of the tissue (by gap junctions), it can be
electrotonically activated (i.e., by current flow without action
potential induction). If the area of conduction blockade is short
and the magnitude of the electrotonic current (source) is suffi-
ciently large, the segment of tissue distal to the blocked area (sink)
will be excited but with a significant delay. With the appropriate
relationship of the electronic current transmitted through the
inexcitable segment and the distal excitable tissue, not only can
the distal segment be activated, but it can reactivate the proximal
segment of muscle by electronic current flow from the distal
segment to the proximal segment.

A key feature in classifying re-entrant arrhythmias, particu-
larly for therapy, is the presence and size of an excitable gap. An
excitable gap exists when the tachycardia circuit is longer than
the tachycardia wavelength (A = conduction velocity x refractory
period), allowing appropriately timed stimuli to reset the propa-
gation in the circuit. Re-entrant arrhythmias may exist in the
heart in the absence of an excitable gap and with a tachycardia
wavelength nearly the same size as the path length. In this case,
the wavefront propagates through partially refractory tissue with
no anatomic obstacle and no fully excitable gap. This is referred
to as leading circle re-entry,”® which is a form of functional
re-entry (re-entry that depends on functional properties of the
tissue). Unlike excitable gap re-entry, no fixed anatomic circuit
exists in leading circle re-entry, and it may, therefore, not be pos-
sible to disrupt the tachycardia with pacing or destruction of a
part of the circuit. Furthermore, the circuit in leading circle
re-entry tends to be less stable than that in excitable gap re-entrant
arrhythmias, with large variations in cycle length and predilec-
tion to termination. Atrial flutter represents an example of a
re-entrant tachycardia with a large excitable gap not always due
to an anatomic constraint but to functional blockade (reflecting
the special properties of the crista terminalis discussed above).
Experimental data and computer simulations have highlighted
the shortcomings of tenets on leading circle re-entry and suggest
that spiral waves may better explain some forms of functional
re-entry.

Tissue anisotropy is another important determinant of func-
tional re-entrant arrhythmias in ischemic heart disease. Changes
in functional and anatomic anisotropy are characteristics of both
acute and chronic ischemic heart disease. Within 30 minutes of
the onset of myocardial ischemia significant increases in gap junc-
tion channel resistance and packing are observed. Further cellular
uncoupling and a significant reduction in gap junction protein are
observed with 60 minutes of ischemia; this coincides with irre-
versible cellular damage. These changes exaggerate anisotropic
conduction in the ischemic zone.

Chronically ischemic, but not infarcted, myocardium also
exhibits ~50% downregulation of gap junction protein
(connexin43) with a significant change in the pattern or number
of intercalated discs. The suggestion that a 50% reduction in gap
junction protein influences anisotropic conduction is supported

by measurements of conduction velocities in heterozygous
connexin43 knockout mice. The border zones of infarcted myo-
cardium exhibit not only functional alterations of ionic currents
but remodeling of tissue and altered distribution of gap junctions
in the human ventricle and infarction in canine heart. The altera-
tions in gap junction expression in the context of macroscopic
tissue alterations support a role for anisotropic conduction in
re-entrant arrhythmias that complicate coronary artery disease.
Altered expression of proteins at the intercalated disc is also
seen in arrhythmogenic right ventricular dysplasia, a congenital
arrhythmia syndrome, and similar mechanisms may thus underlie
the development of monomorphic ventricular tachycardia in that
entity.

SUMMARY

The science of cardiac electrophysiology, which has its roots in
clinical medicine, began, and continues, with descriptions of spe-
cific arrhythmia syndromes. Understanding normal and abnor-
mal mechanisms underlying such well-defined syndromes has
been a key to the development and widespread implementation
of modern therapies such as targeted ablation for focal or
re-entrant arrhythmias. Advances in understanding the role of
individual current components and their underlying molecular
bases in normal and abnormal electrogenesis present us with
further opportunities in this direction. Indeed, delineation of spe-
cific syndromes such as LQTS or idiopathic ventricular fibrilla-
tion, followed by an understanding of their molecular
underpinnings, is now poised to further revolutionize arrhythmia
therapy: Identification of patients with genetic risk factors for
arrhythmias may open the way to effective therapies for patients
in these groups. Further understanding of the molecular mecha-
nisms underlying initiation and maintenance of complex and
common arrhythmia syndromes such as atrial or ventricular
fibrillation may lead to the development of entirely new drugs or
nonpharmacologic therapies.
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Mechanisms of Re-entrant Arrhythmias

Sami F. Noujaim and José Jalife

The most deadly cardiac arrhythmias result from re-entry, that is,
electrical waves that rotate at a high frequency, in a self-sustaining
manner. These waves give rise to electrical activity that propagates
throughout the ventricles in complex ways. Spontaneous re-entry
often occurs as a consequence of a wavebreak produced by the
interaction of a propagating wavefront with a functional or ana-
tomic obstacle." It is important to note, however, that the waves
that break and initiate re-entry may be generated by electrical
pacemaker discharges, triggered activity (i.e., early or delayed
after-depolarizations), or another re-entry circuit. The objective
of this chapter is to briefly examine the mechanisms of re-entrant
arrhythmias. First, the chapter provides a brief historical perspec-
tive on the mechanisms of initiation and maintenance of reentry,
including those mechanisms thought to underlie tachycardia and
fibrillation. Emphasis is placed on the concepts derived from the
theory of nonlinear wave of propagation in generic excitable
media. This is followed by a summary of the work from the
authors’ laboratory pertaining to functional re-entry in numerical
simulations, engineered mouse models, and larger animals, as
well as two-dimensional monolayers of neonatal rat ventricular
myocytes. The aim of the chapter is to provide the interested
reader with information to enhance didactic, clinical, or research
endeavors.

What Is Re-entry?

In its simplest form, re-entry is the circulation of the cardiac
impulse around an obstacle; this leads to repetitive excitation of
the heart at a frequency that depends on the conduction velocity
of the circulating impulse and the perimeter of the obstacle
(Figure 4-1).> According to the original description by George
Mines, which was published in The Journal of Physiology in 1913,
re-entry occurs around a fixed anatomic obstacle, and the physical
disruption of the surrounding circuit will interrupt the activity.
As illustrated in Figure 4-1, the initiation of the re-entrant activity
depends on the occurrence of a unidirectional block in which
activation takes place in only one direction within the circuit.

It is clear from Figure 4-1 that the rotation time around the
circuit should be longer than the recovery period of all segments
of the circuit. The extra time required for the impulse to success-
fully complete a rotation may result from a relatively large circuit,
a relatively slow conduction velocity of the impulse, or the rela-
tively short duration of the refractory period. Hence, the “wave-
length,” which may be calculated roughly as the product of the
refractory period and the conduction velocity, must be shorter
than the perimeter of the circuit. An excitable region will separate

the front of the impulse from its own refractory tail (i.e., excitable
gap) and re-excitation will ensue.

Re-entry is responsible for various arrhythmias, including
supraventricular and ventricular extrasystoles, atrial flutter, atrio-
ventricular (AV) nodal reciprocating tachycardias, supraventricu-
lar tachycardias associated with accessory AV pathways, bundle
branch ventricular tachycardias, and monomorphic ventricular
tachycardias associated with myocardial infarction.

The classic model of anatomically determined re-entry depicted
in Figure 4-1 is directly applicable to specific cases of tachyar-
rhythmias. These include supraventricular tachycardias occurring
within the AV node or those using accessory pathways, as well as
bundle branch re-entrant tachycardia. However, other types of
re-entrant arrhythmias require somewhat different explanations
for their mechanisms. For example, the cellular basis of closely
coupled ventricular extrasystoles initiated somewhere in the Pur-
kinje fiber network can be explained by the so-called reflection
mechanism described by Antzelevitch et al in 1980 (Figure 4-2,
A).> Recently, reflection to and from an accessory pathway was
shown to be a potential mechanism for the initiation of atrial
fibrillation in patients with manifest (pre-excited) Wolff-
Parkinson-White (WPW) syndrome.*

In the absence of a predetermined obstacle or circuit (Figure
4-2, B), however, many tachyarrhythmias that originate in the
myocardium (atrial or ventricular) require mechanisms whereby
re-entrant activation may occur as vortices of electrical excitation
rotating around an area of myocardium. Accordingly, the impulse
must circulate around a region of quiescence. In 1977, Allessie
et al’ explained such functionally determined re-entry by propos-
ing the so-called leading circle hypothesis, with its two variants of
“anisotropic” re-entry described in 1988 by Dillon et al® and
“figure-of-8” re-entry proposed by El-Sherif” in 1985. A somewhat
different postulate for vortex-like re-entry, the “spiral wave
re-entry” hypothesis, was put forth by Davidenko etal® in
1992 and is derived from the theory of wave propagation in excit-
able media. Spiral wave re-entry attempts to provide a unifying
explanation for the mechanisms of monomorphic and polymor-
phic ventricular tachycardias as well as the mechanism of
fibrillation.

Circus Movement Re-entry

Undoubtedly, the concept of circus movement re-entry, in which
a cardiac impulse travels around a predetermined circuit or
around an anatomic obstacle, may be applied successfully to
various clinical situations. Two clear examples of re-entrant
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Unidirectional
block

WL =CV xRP

FIGURE 4-1 Circus movement re-entry around a ring of
heterogeneous tissue surrounding an anatomic obstacle. re-entry is
initiated by the application of a premature stimulus (red dot) to the
upper branch. As the impulse enters the ring, it encounters tissue
recovered on the left side. However, the tissue on the right has not yet
recovered from previous excitation (not shown), and unidirectional
block occurs. As a result, the wavefront begins to rotate around the
obstacle. If the pathlength is long enough or the conduction velocity
is slow enough, sufficient time is available for recovery on the upper
right side of the ring, and sustained re-entry will be initiated. Note that
in this hypothetical example, wavelength (WL), which is equal to the
product of conduction velocity (CV) times refractory period (RP), is
much shorter than the path length.

B
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FIGURE 4-2 Two different forms of functional re-entry (i.e, in the
absence of an anatomic obstacle). A, Reflection, where re-entry occurs
over a single pathway in a linear bundle (e.g., a Purkinje fiber) across
an area of depressed excitability (shaded). B, Functional re-entry in
two-dimensional myocardium. Curved lines are isochrone lines
showing consecutive positions of the wavefront. The curved arrow
indicates the direction of rotation.

arrhythmias based on the circus movement mechanisms are (1)
supraventricular tachycardias observed in patients with WPW
syndrome and (2) bundle branch re-entrant ventricular tachycar-
dia, which is more commonly seen in patients with idiopathic
dilated cardiomyopathy. All conditions required by the original
idea of circus movement re-entry may be found in these two types
arrhythmias, as follows:

FIGURE 4-3 A, Atrioventricular re-entry in the presence of an
accessory pathway (AP). B, Bundle branch re-entry using the right
bundle branch (RBB) and the left anterior fascicle (LAF) as the two
major components of the circuit. AVN, Atrioventricular node; LBB, left
bundle branch; LPF, left posterior fascicle.

1

3

. An intact predetermined anatomic circuit: As shown schemati-
cally in Figure 4-3, A, in the case of WPW syndrome, various
types of structures, including the AV node, the His-Purkinje
system, ventricular muscle, and an accessory atrioventricular
pathway, form the circuit. In the case of bundle branch re-entry
(Figure 4-3, B), the circuit is composed of the main bundle
branches and the interventricular septum. The need for the
integrity of the circuit is demonstrated by the fact that its
physical interruption at any point leads to the interruption of
the arrhythmia.

Unidirectional block before onset of re-entrant activity: In most
cases, unidirectional block occurs in the region of longest
refractory period and may occur as a result of various condi-
tions, including the following: (1) increase in sinus rate; (2)
rapid or premature atrial pacing; (3) retrograde activation from
a ventricular extrasystole; (4) autonomic influences; (5) antiar-
rhythmic drugs; and (6) ischemia.

Slow conduction in part of the circuit, which facilitates re-entry:
In the case of WPW syndrome, the arrhythmia may begin
after significant prolongation of the anterograde AV nodal
conduction time. The activation of the ventricles occurs when



both the accessory pathway and atria are recovered. This leads
to retrograde activation of the accessory pathway and initiation
of re-entrant arrhythmia.

»

Need for the wavelength of the impulse to be shorter than the
length of the circuit: The presence of an excitable gap has major
significance for various reasons: (a) The re-entrant activity will
likely be stable in the presence of an excitable gap because the
re-entrant wavefront will find only fully recovered tissue in its
path; (b) the activity may be entrained or interrupted by means
of external stimulation, or both (see later). An externally initi-
ated impulse may invade the circuit during the excitable gap
and thus advance the activation front. Depending on the timing
or the rate of external stimulation, the wavefront may be pre-
mature enough to collide with the repolarizing tail and thus
terminate the activity; and (c) agents that prolong the refractory
period may not affect the re-entrant process unless the prolon-
gation of refractoriness totally obliterates the excitable gap.

Functionally Determined Re-entry

As Mines noted in 1913, circus movement re-entry results when
an electrical impulse propagates around a one-dimensional circuit
or ring-like structure. Although the model is entirely applicable
to arrhythmias such as those observed in the presence of AV
accessory pathways, it may not represent a realistic model for
re-entrant arrhythmias occurring in the atria or ventricles.
Re-entrant activity may, indeed, occur in the absence of a prede-
termined circuit—as shown later in 1973 and 1977 by Allessie,
Bonke, and Schopman—where the electrical impulse may rotate
around a region that is anatomically normal and uniform but
functionally discontinuous.

In 1924, Garrey’ presented in an article in Physiological Reviews
the first description of re-entrant excitation in the absence of ana-
tomic obstacles in experimental studies on circus movement in
the turtle heart. Garrey’s observations suggested that point stimu-
lation of the atrium was sufficient to initiate a regular wave of
rotation around the stimulus site. Subsequently, in 1946, Wiener
and Rosenblueth’ developed the first mathematical model of
circus movement re-entry, which supported waves of rotation
around a sufficiently large barrier, but they could not demonstrate
re-entry in the absence of an obstacle. This prompted Wiener and
Rosenblueth to suggest that perhaps Garrey may have unwittingly
produced a transient artificial obstacle near the stimulation site.

The “Leading Circle” Model

In 1973, Allessie, Bonke, and Schopman provided the first direct
experimental demonstration that the presence of an anatomic
obstacle is not essential for the initiation or maintenance of
re-entry. These authors studied the mechanism of tachycardia in
small pieces of isolated rabbit left atrium by applying single pre-
mature stimuli. Through multiple electrode mapping techniques,
they demonstrated, in 1973 and 1977, that the tachycardias were
based on rotating waves and suggested that such waves were initi-
ated as a result of unidirectional block of the triggering premature
input. Transmembrane potential recordings demonstrated that
cells at the center of the vortex were not excited but developed
local responses, which led to the development of the “leading-
circle” concept of functional re-entry.
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According to the leading-circle concept of Allessie and col-
leagues, in the absence of an anatomic obstacle, the dynamics of
re-entry are determined by the smallest possible loop in which
the impulse can continue to circulate. Under these conditions, the
wavefront must propagate through relatively refractory tissue, in
which case no “fully excitable gap” will be present and the wave-
length will be very close to the length of the circuit. The leading
circle idea paved the way for major advances in the understanding
of functional re-entry. It served as a platform for developing a
unifying hypothesis (spiral wave re-entry) that explains most of
the major properties of functionally determined re-entry, which
are commonly observed in normal cardiac muscle in experiments.
This includes the phenomenon of re-entry “drift” described by
Davidenko et al® in 1992 and Pertsov et al'' in 1993. Re-entry drift
results in beat-to-beat changes in the location of the rotation
center (see Drifting Vortices and Ventricular Fibrillation).

Anisotropic Re-entry

In 1986, Spach and Dolber™ implicated microscopic structural
complexities of the cardiac muscle in the mechanism of re-entrant
activation in both atria and ventricles, particularly in relation to
the orientation of myocardial fibers, the manner in which the
fibers and fiber bundles are connected to each other, and the
effective electrical resistivities that depend on fiber orientation.
Because of these structural properties, propagation velocity in the
cardiac muscle is three to five times faster in the longitudinal axis
of the cells than along the transverse axis. Mapping studies per-
formed by Peters and Wit" in 1998, using multiple extracellular
electrodes have shown that, in the setting of myocardial infarc-
tion, re-entry may occur in the survival epicardial rim of tissue.
Under such conditions, the wave circulates around a functionally
determined elongated region of block, the so-called line of con-
duction block (Figure 4-4, A). Based on the orientation of the line
of block, it was thought that anisotropic propagation played a
major role both in the initiation as well as in the maintenance of
re-entry in ventricular tissue surviving a myocardial infarction
(Figure 4-4, B). In addition, propagation velocity is exceedingly
slow at the edges of the lines of block, which has also been attrib-
uted to anisotropic propagation.

Figure-of-8 Re-entry

Figure-of-8 re-entry, described in 1987 by El-Sherif, Gough, and
Restivo, has been recognized as an important pattern of re-entry
in the late stages of myocardial infarction. In most cases, two
counter-rotating waves coexist at a relatively short distance from
each other (Figure 4-5). As described for the case of single
re-entrant circuits, each wave of the figure-of-8 re-entry circu-
lates around a thin line or arc of block. The region separating the
lines of block is called the common pathway. A detailed descrip-
tion of the common pathway is of great practical importance,
since there is evidence that it could be a strategic region for surgi-
cal or catheter ablation in this type of re-entry. In fact, unlike
other forms of functionally determined re-entry, figure-of-8
re-entry may, indeed, be interrupted by physical disruption of the
circuit. Several studies have attempted to describe the character-
istics of propagation in the common pathway. However, the prop-
erties of the common pathway are still not clearly defined. It
effectively behaves like an isthmus limited by two functionally
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FIGURE 4-4 Anisotropic re-entry around a line of block. Top panel,
Curved lines are isochrones. The distance between lines denotes
velocity of propagation. Velocity is faster in the horizontal direction
than around the pivot points. Bottom panel, Example of re-entry
around a line of block that was recorded in an isolated Langendorff-
perfused murine heart with optical mapping. White lines are 1-ms
isochrones. Time scale, 0 to 40 ms.

determined barriers. In addition, there are two wavefronts that
interact in the common pathway. As a result, propagation may be
determined by a combination of factors other than those analyzed
in most experimental studies such as anisotropy. The study of
propagation across an isthmus and the influence of wavefront
curvature may have significant implications in understanding the
properties of the common pathway, as discussed in the next
section.

Spiral Wave Re-entry

According to traditional concepts proposed by Allessie and col-
leagues, circus movement re-entry may be initiated in the heart
because block is predetermined by the inhomogeneous functional
characteristics of the tissue, whereas spiral waves could be formed
in the heart even if cardiac muscle was completely homogeneous
in its functional properties as shown by Davidenko et al® in 1992,
Pertsov et al' in 1993, and Winfree'* in 1998. This is because the
initiation of rotating activity may depend solely on transient local
conditions (e.g., the conditions created by cross-field stimula-
tion).! Moreover, according to the traditional concept of re-entry,
the circulation of the activity occurs around an anatomically or
functionally predetermined circuit, and the rotating activity
cannot drift. In other words, the circuit gives rise to and maintains
the rotation. However, spiral waves occur due to initial curling
of the wavefront; in fact, the curvature of the wavefront deter-
mines the size and shape of the region, called the core, around
which activity rotates (Figure 4-6). Importantly, the core remains
unexcited by the extremely curved activation front and it is readily
excitable." This explains the mechanism underlying the drift of
spirals.

In 1946, Weiner and Rosenblueth' published a theoretical
description of the mechanisms of initiation of flutter and fibrilla-
tion in cardiac muscle in the presence as well as in the absence of

17 ms

1 mm

.Oms

FIGURE 4-5 Figure-of-8 re-entry. Left panel, Figure-of-8 re-entry consisting of two counter-rotating wavefronts, one in the clockwise direction and the
other in the counterclockwise direction, around their respective lines of block. The wavefronts coalesce in the lower part of the circuits, and they move
at varying velocities across the common pathway. Right panel, Activation map. Figure-of-8 re-entry recorded in optical mapping of an isolated
Langendorff-perfused murine heart. White lines, 1-ms isochrones. Temporal scale, 0 to 17 ms.
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FIGURE 4-6 Spiral wave re-entry. Top panel, The activation front has
increasing curvature from the periphery to the center. At the tip, the
curvature is so extreme that the activation front cannot propagate
into the core. Note that the activation front meets its tail of
refractoriness (dotted line) at a specific point known as the phase
singularity. Bottom panel, left, Phase map snapshot of a rotor recorded
in an isolated Langendorff-perfused murine heart. The different colors
denote the different phases of the action potential: green = upstroke;
red, yellow, and purple = repolarization; and blue = resting (inset,
colored action potential). The site where all the colors converge is the
phase singularity. Bottom panel, right, Fluorescence amplitude map
(blue = low, yellow = high) highlighting the core of the rotor of the
left panel. The core is delineated in blue, inside which the signal
amplitude is much smaller than that recorded away from the core
(compare the two 100-ms single-pixel recordings from the core versus
those far away).

anatomic obstacles. They proposed that wave rotation around
single or multiple obstacles was required for the initiation and
maintenance of both types of arrhythmias, which they assumed
to result from a single re-entrant mechanism.

More than three decades later, another theory of initiation of
vortices in two dimensions was suggested, and it has been sup-
ported by experiments in a number of different excitable media.
It is based on Winfree’s “pinwheel experiment” protocol carried
out in 1990." As shown in Figure 4-7, this protocol involves cross-
ing a spatial gradient of momentary stimulus with a spatial gradi-
ent of phase (i.e., refractoriness, established by prior passage of
an activation front through the medium). In accordance with this
theory, when a stimulus of the right size (S*) is given at the proper
time, mirror image vortices begin to rotate around crossings of
critical contours of transverse gradients of phase and stimulus
intensity. On the basis of this theory, a vulnerable domain was

P
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FIGURE 4-7 Winfree's pinwheel experiment. The circular surface
represents a two-dimensional sheet of cardiac muscle. The horizontal
white lines indicate different phases of the action potential. The white
circles represent the critical magnitude (5*) of a stimulus applied at the
center of the tissue. The black dots represent different stimuli occurring
at the indicated phases. At the crossing of S* with the critical phase,
two counter-rotating vortices emerge.

described. Its timing occurred just before complete recovery from
previous excitation. Thus, with its limits of timing and stimulus
intensity, the idea of vulnerable domain was similar to the empiri-
cal concept of the vulnerable period. In a 1988 study, Shibata
et al’® demonstrated the application of Winfree’s theory to the
induction of ventricular fibrillation (VF) in the heart. They con-
cluded that the response to administered shocks during the vul-
nerable period is a complex one. However, in accordance with
theory, during pacing of the ventricles, if a shock of the proper
amplitude and delay is applied during the vulnerable period, two
counter-rotating vortices can be formed. Thus, as predicted by
theory, vortices can be formed even in the normal myocardium.
Subsequently, in 1989, Frazier et al'” used an extracellular record-
ing array with a modification of the pinwheel experiment, the
so-called twin-pulse protocol, to demonstrate the mechanism of
re-entry and fibrillation in the canine heart. They used the term
critical point to refer to a phase singularity and provided strong
support for what is referred to as the critical point hypothesis
for the initiation of vortex-like re-entry and fibrillation. They also
demonstrated that an upper limit of vulnerability for VF exists
and that during the vulnerable period, if shock with a strength
that is larger than a certain limit is applied, then VF will most
likely not be induced.

Another approach for initiating vortices is the cross-field stim-
ulation protocol. This method is different from the pinwheel pro-
tocol in that it does not require a large stimulus. As shown in
Figure 4-8, in cross-field stimulation, a conditioning stimulus (S1)
is used to initiate a plane wave propagating in one direction.
Subsequently, a second stimulus, S2, is applied perpendicular to
S1 and timed in such a way as to allow interaction of the S2
wavefront with the recovering tail of the S1 wave. The S2 wave-
front cannot invade the refractory tissue at the site of the interac-
tion with the S1 wave tail; consequently, a wavebreak or phase
singularity is formed at the end of the S2 wave, and rotation about
this point occurs.
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FIGURE 4-8 Cross-field stimulation protocol used to initiate spiral
wave (vortex-like) activity in a square sheet of murine action potential
model that was generated by the chapter authors. At time 1, an S1
stimulus is applied to the entire upper border of the sheet. At time 2,
the wavefront in white reaches the bottom border followed by its tail
of refractoriness (fading green). At time 3, an S2 stimulus is applied
when the upper border has not yet fully recovered from previous
excitation. Consequently, at time 4, the S2 wavefront cannot
propagate downward and blocks (white broken lines) but propagates
from left to right (white arrow), developing a pronounced curvature
a the tip. At times 5 and 6, the wavefront has curled sufficiently to
initiate sustained spiral wave activity. (From Noujaim SF, Pandit SV,
Berenfeld O, et al: Up-regulation of the inward rectifier K+ current (I;) in
the mouse heart accelerates and stabilizes rotors, J Physiol 578[Pt
1]:315-326, 2007.)

Spontaneous Formation of Rotors
A major contribution of wave propagation theory in excitable
media to the understanding of the mechanisms of initiation
re-entrant arrhythmias is the concept of wavebreak, which
explains how the interaction of a wavefront with an obstacle can
lead to wavefront fragmentation and rotor formation.* The
re-entrant wave can begin as a single vortex, as a pair of counter-
rotating vortices, or as two pairs of counter-rotating vortices.
The concept of wavebreak is illustrated schematically in Figure
4-9, which shows the dynamics of the interaction of a wavefront
with an anatomic obstacle in a two-dimensional sheet of cardiac
tissue with two different excitability conditions. In A, when tissue
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FIGURE 4-9 |nitiation of functional re-entry by the interaction of a
wavefront with an anatomic obstacle in a rectangular sheet of cardiac
muscle. Two conditions of tissue excitability are represented. A, Under
conditions of high excitability, quasi-planar wavefronts initiated at the
left border move rapidly toward the obstacle, break, circumnavigate
the obstacle, and then fuse again to continue propagating toward
the right border. B, When excitability is lower, conduction velocity is
slower. After reaching the obstacle, the wavefront breaks. However, in
this case, the newly formed wavebreaks detach from the obstacle as
they move toward the right border and begin to curl, giving rise to
two counter-rotating spirals.

B

excitability is normal, after circumnavigating the obstacle, the
broken ends of the wave join together, the previous shape of the
wavefront is regained, and the wave continues. However, in B,
when excitability is low, the broken ends of the wave do not fuse.
Instead, the broken ends rotate in the opposite direction. As illus-
trated by the diagrams in Figure 4-10, during “normal” propaga-
tion, which is initiated by a linear source (planar wave, A)
or a point source (circular wave, B), the wavefront is always fol-
lowed by a recovery band or wave tail. Under these conditions,
the front and tail never meet, and the distance between them
corresponds to the wavelength of the excitation. In contrast, as
shown in C, the broken waves demonstrate a unique feature
whereby the front and the tail meet at the wavebreak. In this situ-
ation, the wavefront curls, and its velocity decreases toward the
wavebreak. In fact, at the wavebreak, the curvature is so pro-
nounced that the wavefront fails to activate the tissue ahead.
Consequently, the wavebreak effectively serves as a pivoting
point, which forces the wavefront to acquire a spiral shape as it
rotates around the core.’

Multitudes of obstacles, both anatomic and functional, are
present in cardiac tissue. However, the excitation of the heart,
which is triggered by signals that originate in the sinus node and
subsequently propagate throughout the atria and the ventricles,
occurs repeatedly in a rhythmic manner. This process occurs
without the induction of arrhythmias because the normal
sequence of activation through the His-Purkinje system prevents
the formation of wavebreaks. Consequently, the presence of
obstacles is not a sufficient condition for the establishment of
re-entry. Using a voltage-sensitive dye in conjunction with a high-
resolution video imaging system, Cabo et al demonstrated that
certain critical conditions must be met in order for unexcitable
obstacles to destabilize propagation and produce self-sustained
vortices that result in uncontrolled high-frequency stimulation of
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FIGURE 4-10 Expected conditions of propagation of different types of waves in a homogeneous and isotropic sheet of cardiac muscle (top panels)
and in experiments the chapter authors performed in isolated Langendorff-perfused murine hearts (bottom panels, colored phase maps). A, Planar
wave initiated by stimulation of the entire bottom border of the sheet or the top left corner of the field of view in the optical mapping experiment.
B, Circular wave initiated by point stimulation in the center of the sheet or the center of the field of view in the optical mapping experiment. C, Spiral
wave initiated by cross-field stimulation or burst pacing in the experiment. Note that for both planar and circular waves, the wavefront never meets
the refractory tail. In contrast, during spiral wave activity, the wavefront and the wave tail meet at the wavebreak (WB), or where all the phases of the
action potential converge in the experiment. In the phase maps, the wavefront is in green, and the wave tail is in red, yellow, and purple (inset at

the heart.”® They demonstrated that the critical condition is the
excitability of the tissue such that when the tissue excitability is
low, a broken wave will contract and vanish (i.e., conduction will
be blocked). However, at an intermediate level of excitability, the
broken wave detaches from the barrier and forms a vortex in a
manner visually similar to the separation of the main stream from
abody in a hydrodynamic system, where there is subsequent eddy
formation during turbulence. Moreover, Cabo et al demonstrated

that high-frequency stimulation, which decreases excitability, also
resulted in the detachment of the broken wave and the generation
of vortices in the presence of anatomic obstacles. This phenom-
enon has been termed vortex shedding. In summary, the dynamics
of wavebreaks are determined by (1) the critical curvature of the
wavefront (i.e., the curvature at which propagation fails), (2) the
excitability of medium, and (3) the frequency of stimulation or
wave succession.




58 Conceptual Basis for Current Practice of Cardiac Arrhythmology

Role of Wavebreaks in Ventricular
Fibrillation

Under normal conditions of excitability and stimulation, the
interaction of the wavefront with an obstacle does not produce a
wavebreak. However, when the excitability is lowered, wavebreaks
may be initiated and persist after the collision of the front with
the appropriate anatomic or functional obstacles. As predicted by
theory, the obstacle size must be equal to or greater than the
width of the wavefront for perturbation of propagation to occur.
At a propagation speed of 50 cm/s, the wavefront width (i.e., the
spatial spread of the action potential upstroke) in normal cardiac
muscle is approximately 1 mm.' Consequently, obstacles of 1 mm
or larger have the potential to generate wavebreaks in the propa-
gating waves and producing vortex-like re-entry.

Clearly, numerous conditions can lead to the formation of
wavebreaks. However, what is the relationship between wave-
breaks and ventricular fibrillation (VF)? The authors hypothesize
that the numerous fragmented wavefronts observed during VF
form as the result of the interaction of waves emanating from a
high-frequency source with the obstacles present in cardiac
tissue.' Because of their lateral instability, some waves may shrink
and undergo decremental conduction, but other waves may con-
tinue unchanged until annihilated by other waves. Still others may
undergo curling and form new rotors. The final result is the frag-
mentation of the mother waves away from the source into mul-
tiple short-lived daughter waves that produce a complex pattern
of propagation during VE.

Mechanisms of Maintenance
of Ventricular Fibrillation

Is Ventricular Fibrillation Random or Organized?

On the basis of his cinematographic studies in 1940, Wiggers"
concluded that VF could not be adequately described as an asyn-
chronous contraction of myocardial fibers. Wiggers observed that
the lack of coordination and asynchrony initially involves com-
paratively large sections of the myocardium, which progressively
multiply and decrease in size as fibrillation continues; however,
the study showed that even in the later stages of fibrillation, asyn-
chronous contraction of adjacent fibers does not seem to occur.
These observations are in agreement with the notion that VF
arises from wandering wavefronts that are ever changing in direc-
tion and number. Furthermore, it is possible that the fragmenta-
tion of the wavefront into multiple independent wavelets may
arise from the interaction of the wavefront with obstacles and
with the refractory tails of other waves. As the front breaks,
some waves may shrink and cease to exist (i.e., decremental
propagation), others may propagate until terminated by the colli-
sion with other waves or boundaries, and still others may give rise
to new vortices." The product of such phenomena may be the
complex patterns of propagation that characterize VE. However,
currently, ample evidence in the literature suggests that VF is not
entirely a random phenomenon. A summary of the studies that
have documented “organization” during VF follows.

In 1981, Ideker and colleagues® documented that ventricular
activation during the transition to VF arises near the border of
the ischemic—reperfused region of the canine heart and is orga-
nized as it passes across the nonischemic tissue, but the body

surface electrocardiogram (ECG) appears disorganized as judged
by the variable spacing between successive, coexistent activation
fronts. In 1992, Damle et al** demonstrated that epicardial activa-
tion during VF in a canine model of healing infarction is not
random. Moreover, they showed that during VF, spatial as well as
temporal “linking” of activation occurs; in this phenomenon, the
same path of conduction is traversed by several consecutive wave-
fronts in a relatively rhythmic manner.

Garfinkel et al used nonlinear dynamics theory to study fibril-
lation in a computer model and three stationary forms of arrhyth-
mias: (1) in human chronic atrial fibrillation, (2) in a stabilized
form of canine VF, and (3) in fibrillation-like activity in thin sheets
of canine and human ventricular tissues.” They found that fibril-
lation arose through a quasi-periodic stage of period and ampli-
tude modulation; thus, they concluded that fibrillation is a form
of spatio-temporal chaos. Bayly et al explored several techniques
to quantify spatial organization during VE* They used epicardial
electrograms recorded from porcine hearts by using rectangular
arrays of unipolar extracellular electrodes and concluded that VF
is neither “low-dimensional chaos” nor “random” behavior but,
rather, a high-dimensional response with a degree of spatial
coherence.”

The development of an analytic technique by Gray et al, which
markedly reduces the amount of data required to depict the
complex patterns of fibrillation, has enabled investigators to study
the detailed dynamics of wavelets and rotors, including their ini-
tiation, life span, and termination.* Using a fluorescent potentio-
metric dye and video imaging, Gray et al recorded the dynamics
of transmembrane potentials from a large region of the heart and
determined that transmembrane signals at many sites exhibit a
strong periodic component. With this analysis, the periodicity is
seen as an attractor in two-dimensional phase space, and each site
can be represented by its phase around the attractor. Using spatial
phase maps at each instant in time, Gray et al revealed the
“sources” of fibrillation in the form of topologic defects, or phase
singularities (a term coined by Winfree in 1990), at several sites.”*
Thus, they demonstrated that a substantial amount of spatial and
temporal organization underlies cardiac fibrillation in the whole
heart.”*

The authors of this chapter, using isolated Langendorff-
perfused rabbit heart, demonstrated organization during VF in
the form of sequences of wave propagation that activated the
ventricles in a spatially and temporally similar fashion.! Further-
more, the frequency of the periodic activity was shown to cor-
respond to the dominant peak in both the global bipolar
electrogram and the optical pseudo-ECG, which suggests that the
sources of the periodic activity are the dominant sources that
maintain VF in this model. Moreover, quantification of wavelets
revealed that during VF, wavebreaks underlie wavelet formation;
however, the breakup of rotor waves was not a robust mechanism
for the maintenance of VFE. Overall, the results suggested that the
organized activity of periodic sources is responsible for most of
the frequency content of VF and is therefore important for the
maintenance of this arrhythmia.'

Rotors are thought to be the major organizing centers of re-entrant
arrhythmias, so much investigation has focused on rotors as the
underlying mechanism for VF in the heart. However, two schools
of thought have emerged. On one hand, many recently proposed



mechanisms for fibrillation have focused on the transience and
instability of rotors. These mechanisms suggest that the breakup
of rotors results in the “turbulent” nature of fibrillation. One such
mechanism, the restitution hypothesis, suggests that fractionation
of the rotor ensues when the oscillation of the action potential
duration is of sufficiently large amplitude to block conduction
along the wavefront.”* Another mechanism for breakup focuses
on the fact that propagation within the three-dimensional myo-
cardium is highly anisotropic because of the intramural rotation
of fibers; this produces the twisting and instability of the organiz-
ing center (filament), which results in multiplication following
repeated collisions with boundaries in the heart.”

Studies by the authors of this chapter have also focused on
rotors as the primary engines of fibrillation. However, here the
breakup of the rotor is not regarded as the underlying mechanism
of VE. Rather, it is proposed that VF is a problem of self-
organization of nonlinear electrical waves with both deterministic
and stochastic components."** This has led to the hypothesis that
there is spatial as well as temporal organization during VF in the
structurally normal heart, although there is a wide spectrum of
behavior during fibrillation. On one end, it has been demon-
strated that a single drifting rotor can give rise to a complex
pattern of excitation that is reminiscent of VE* On the other end,
it has been suggested that VF is the result of a high-frequency,
stable source and that the complex patterns of activation are the
result of the fragmentation of emanating electrical activity from
that source (i.e., fibrillatory conduction).”®®* In the following sec-
tions, these two extremes are examined.

Using optical mapping in the structurally normal isolated
Langendorff-perfused rabbit heart, Gray et al studied the appli-
cability of spiral wave theory to VE***’ In that study, they dem-
onstrated the presence of a drifting rotor on the epicardial surface
of the heart. Simultaneous recording of a volume-conducted ECG
and fluorescence imaging showed that a single, rapidly moving
rotor was associated with turbulent polymorphic electrical activ-
ity, which was indistinguishable from VE. It was assumed that
rotors were the two-dimensional epicardial representation of a
three-dimensional scroll wave. In addition, computer simulations
incorporating a realistic three-dimensional heart geometry and
appropriate model parameters demonstrated the ability to form a
rapidly drifting rotor similar to that observed in the experi-
ments.**” Frequency analysis of the irregular ECGs for both
experiments and simulations showed spectra that were consistent
with previously published data. Furthermore, Gray etal con-
firmed, through the Doppler relationship, that the width of the
frequency spectrum can be related to the frequency of the rota-
tion of the rotor, the speed of its motion, and the wave speed.®

Some forms of fibrillation depend on the uninterrupted periodic
activity of discrete re-entrant circuits. The faster rotors act as
dominant frequency sources that maintain the overall activity.
The rapidly succeeding wavefronts emanating from these sources
propagate throughout the ventricles and interact with tissue het-
erogeneities, both functional and anatomic, leading to fragmenta-
tion and wavelet formation.'
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Zaitsev et al,”® using spectral analysis of optical epicardial and
endocardial signals for sheep ventricular slabs, have provided
additional evidence suggesting that fibrillatory conduction may
be the underlying mechanism of VF. Zaitsev and colleagues pre-
sented data showing that the dominant frequencies of excitation
do not change continuously on the ventricular surfaces of slabs.
Rather, the frequencies are constant over regions termed domains;
moreover, only a small number of discrete domains are found on
ventricular surfaces. Zaitsev and colleagues® also demonstrated
that the dominant frequency of excitation in the adjacent domains
is often related to the fastest dominant frequency domain in 1:2,
3:4, or 4:5 ratios, and this was suggested to be the result of inter-
mittent, Wenckebach-like conduction block at the boundaries
between domains.?® Thus, they concluded that in their model, VF
could have resulted from a sustained high-frequency, three-
dimensional intramural scroll wave, which created complex pat-
terns of propagation as the result of fragmentation when waves
emanating from a high-frequency scroll interacted with tissue
heterogeneities.

Samie etal” presented new evidence in the isolated
Langendorff-perfused guinea pig heart that strongly supports the
hypothesis that fibrillatory conduction from a stable high-
frequency re-entrant source is the underlying mechanism of VE.
Samie et al” obtained optical recordings of potentiometric dye
fluorescence from the epicardial ventricular surface along with a
volume-conducted “global” ECG. Spectral analysis of optical
signals (pixel by pixel) was performed, and the dominant fre-
quency (DF, peak with maximal power) from each pixel was used
to generate a DF map. Pixel-by-pixel fast Fourier transformation
(FFT) analysis revealed that DFs are distributed throughout the
ventricles in clearly demarcated domains. The highest frequency
domains are always found on the anterior wall of the left ventricle.
Correlation of rotation frequency of rotors and the fastest DF
domain strongly suggests that rotors are the underlying mecha-
nism of the fastest frequencies. Further analysis of optical record-
ings has demonstrated that fragmentation of wavefronts
emanating from high-frequency rotors occurs near the boundar-
ies of the DF domains. The results demonstrate that in the isolated
guinea pig heart, a high-frequency re-entrant source that remains
stationary in the left ventricle is the mechanism that sustains VF.

Moreover, experiments and simulations have attributed the
stabilization of the high-frequency rotors driving VF in the left
ventricle of the guinea pig heart to the presence of a gradient in
the inwardly rectifying potassium (K) current (Iy;) whereby Iy, is
larger in the left ventricle compared with that in the right ven-
tricle.” Iy, is a K current that (1) contributes to the resting mem-
brane potential, (2) controls the approach of the membrane
voltage to the range where sodium (Na) channels activate to give
rise to the upstroke, and finally (3) modulates the final phase of
repolarization. However, in the experiments of Samie et al, there
no direct link was demonstrated at the molecular level between
the stability of rotors in the left ventricle of the fibrillating guinea
pig heart and I;.* As a result, Noujaim and colleagues® used a
murine model of cardiac-specific Kir2.1 upregulation, where Iy,
density was consequently increased by about 12-fold to investi-
gate rotor behavior in such a substrate. It was found that the
increased Iy, serves to stabilize and accelerate rotors responsible
for re-entrant VT and VE?! The experiments and numerical simu-
lations suggested that during re-entry, the larger Iy, accelerates
conduction velocity, decreases the core size, and hyperpolarizes
the resting membrane potential®® The combination of these
factors leads to the generation of very fast and stable rotors. As
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discussed in earlier sections, wavebreaks and fibrillatory conduc-
tion can be characteristics of VF. The authors of this chapter
recently examined the role of the slow component of the delayed
rectifier K current (Iy,) in wavebreak formation and fibrillatory
conduction.” In single cells, Iy, has been shown to contribute
to repolarization and postrepolarization refractoriness, where
because of its slow kinetics of activation and deactivation, I,
accumulates in a deactivated state in response to fast, repetitive
stimuli.®* As a result, the pool of deactivated channels will serve
to oppose a carefully timed depolarization stimulus, even after
the myocyte has fully repolarized and the Na channels have recov-
ered from inactivation; this leads to the failure of action potential
generation, hence the notion of postrepolarization refractoriness.
Using numerical simulations and monolayers of neonatal rat ven-
tricular myocytes expressing Iy, via viral transfer of KvLQT1-
minK fusion protein (the respective o- and B-subunits of the
channel responsible for carrying Iy;), Munoz et al showed that Iy,
is an important player in the formation of wavebreaks and fibril-
latory conduction during excitation patterns that closely resemble
those recorded during ventricular fibrillation.*
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Autonomic Nervous System and

Cardiac Arrhythmias

David G. Benditt, Scott Sakaguchi, and J. Gert van Dijk

The autonomic nervous system (ANS) comprises the portion of
the central nervous system that provides moment-to-moment
regulation of the function of the cardiovascular system as well
as that of all other organ systems. The ANS continuously moni-
tors afferent neural signals from vascular beds and organ systems
and coordinates efferent neural traffic to modify the responses
of heart and blood vessels to ever-changing physiological and
metabolic requirements. In this context, the sympathetic and
parasympathetic components of the ANS are the dominant
players (Figures 5-1 and 5-2).! However, ANS cardiovascular
control also incorporates actions of cardiac and extracardiac neu-
rohumoral agents, intracardiac reflex arcs, and the contributions
of certain less well-understood agents such as vasoactive intes-
tinal peptide (VIP), neuropeptide Y, transmitters released by the
so-called purinergic nerve endings, serotonin, inflammatory
cytokines, vasopressin, and nitric oxide.? Further, with respect to
cardiovascular control, the ANS collaborates with the
hypothalamic-pituitary-adrenal (HPA) axis. For its part, the
HPA-axis, governed from the hypothalamus, participates by
prompting the release of glucocorticoids, mainly cortisol and, to
a lesser extent, mineralocorticoids. The HPA theater of operation
therefore includes inflammatory, immune, metabolic, and pressor
effects.’ Both systems (ANS and HPA) are involved in stress
responses.”’

It is not unexpected that any disturbance of ANS function,
given its wide-ranging impact, may lead to clinically important
consequences. In terms of cardiac electrophysiology and arrhyth-
mias, common clinical conditions in which ANS effects are
evident include acute myocardial ischemia, heart failure, and
neurally mediated reflex syncope (particularly the vasovagal
faint). Furthermore, it is now widely acknowledged that the
nervous system has the capacity to injure the heart acutely (e.g.,
stress-induced cardiomyopathy); serious acute cerebral disorders
such as subarachnoid hemorrhage, intracerebral bleeds, infec-
tions, and seizures may induce electrocardiographic changes,
myocardial damage, arrhythmias, and even sudden death.*”
Perhaps the most publicized direct cardiac effects of presumed
autonomic “storms” are the immediate, apparently stress-
triggered, increases in the number of cardiovascular events; these
include acute myocardial infarctions, sudden cardiac deaths, and
presumed stress-induced cardiomyopathy (Table 5-1).>*

This chapter provides a brief overview of current concepts
regarding the impact of autonomic innervation as they pertain to
cardiac arrhythmias, conduction system disturbances, and related
disorders.

Anatomic Nervous System and Cardiac
Conduction S Physiology

Sinus Node, Atrioventricular Node, and His-Purkinje System

The sinus node (SN) and the atrioventricular (AV) node appear
to be represented by separate cells within the nucleus ambiguus.
However, it is uncertain whether the nodes are coordinated cen-
trally; in fact, it seems increasingly likely that local circuits, often
positioned within the epicardial fat pads of the heart, participate
in the coordination of these structures (Figure 5-3).*°

Sinus Node

In humans, at rest, parasympathetic influence appears to pre-
dominate in the case of SN chronotropic state. Of course, multiple
factors alter this situation; the most obvious of these is physical
exercise, but others include the aging process, drug therapy, and
emotional state.

ANS influence is the most important of the many extrinsic
factors (e.g., drugs, hormones) affecting SN function. In the healthy
heart, fluctuation of the ANS influence results in a normal
respiratory-induced variation of sinus cycle length (i.e., respiratory
sinus arrhythmia). In the case of respiratory sinus arrhythmia, the
variations may be substantial (at times suggesting sinus pauses).
Absence of sinus arrhythmia has come to be recognized as a sign
of cardiac disease with increased mortality risk.

Age-related changes of sinoatrial function are clinically impor-
tant, given the prevalence of SN dysfunction in older adults. In
terms of ANS contribution, parasympathetic influence on SN
chronotropism progressively diminishes with increasing age.
However, at the same time, an age-related decrease of “intrinsic”
heart rate (i.e., the heart rate in the absence of autonomic influ-
ences) also occurs. Thus, maintenance of an appropriate heart rate
and chronotropic responsiveness in older individuals is increas-
ingly dependent on the integrity of the sympathetic tone of the
ANS.

Atrioventricular Node and Cardiac Conduction System

As a rule, AV nodal dromotropic responsiveness in the resting
patient is under relatively balanced sympathetic and parasympa-
thetic neural influence. However, this situation is readily altered
by physiological events (e.g., exercise, sleep), the impact of disease
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Table 5-1 Epidemiologic Associations: Stress and Increased
Cardiovascular Event Rates

1. Earthquakes

Athens 1981°

Increased cardiovascular mortality

Los Angeles 1994°°

Increased cardiovascular death frequency approximately 2.5 times

2N Increased acute Ml event rate almost 2 times

1 & - Japan 2004°¢

“‘ %’J\!{V Hypothalamus Approximately threefold increase in all cardiovascular events and
\

SCD
Increased tako-tsubo cardiomyopathy 25-fold

e
[ ‘ \!
N
China (Wenchuan) 2008¢

Approximately 10-fold increase in cardiovascular events
Pons ) 2. Sports Events 4 4 .
¥ - World Soccer Championships, Munich 2006
7 Two- to threefold increase in rates of cardiovascular events
- World Soccer Championships 20021
Vagal nucleus i = iy i

Twofold increase in incidence of sudden deaths reported in

Nucleus tractus o Switzerland
/717
solitarius ) b 3. Military/Terror Attack
Nucleus - First Iraq War, Israel 19919"
ambiguus Irst Iraqg Vvar, Israe

Two- to threefold increase of acute MI; twofold increase in
sudden death
- Attack on World Trade Center, New York, September 11, 20019
Two to three times increase in ICD firings
50% increase in hospitalization for acute Ml

MI, Myocardial infarction; SCD, sudden cardiac death; ICD, implantable
ﬂ, cardioverter-defibrillator.
References
Adrenal o . ) )

a. Stalnikowicz R, Tsafrir A: Acute psychosocial stress and cardiovascular events, Am J
medulla Emerg Med 20:488-491, 2002.
b. Brown DL: Disparate effects of the 1989 Loma Prieta and 1994 Northridge
( ) earthquakes on hospital admissions for acute myocardial infarction: Importance of
Vasculature superimposed triggers, Am Heart J 137:830-836, 1999.
¢. Watanabe H, Kodama M, Okura Y, et al: Impact of earthquakes on Takotsubo
cardiomyopathy. JAMA 294:305-306, 2005.
d. Zhang XQ, Chen M, Yang Q, et al: Effect of the Wenchuan earthquake in China on
hemodynamically unstable ventricular tachyarrhythmia in hospitalized patients, Am
FIGURE 5-1 Schematic illustrating the course of sympathetic (dashed J Cardiol 103(7):994-997, 2009.
line) and parasympathetic (solid line) nerve pathways to key cardiac e. Wilbert-Lampen U, Leistner D, Greven S, et al: Cardiovascular events during World

and vascular structures. The manner in which neural control Cup soccer. N Engl J Med 358:475-483, 2008. ) )
. . . f. Katz E, Metzker J-T, Marazzi A, Kappenberger L: Increased sudden cardiac deaths in
approaches cardiac structures is far more complex than is suggested

X e X . . X ? ) Switzerland during the 2002 FIFA World Cup, Int J Cardiol 107:132-133, 2006.

in this illustration. Further, the important intracardiac neural signaling g. Brotman DJ, Golden SH, Wittstein IS: The cardiovascular toll of stress, Lancet 376:
structures are not shown. 1089-1100, 2007.

h. Meisel SR, Kutz |, Dayan KI, et al: Effect of Iragi missile war on incidence of acute
myocardial infarction and sudden death in Israeli civilians, Lancet 338:660-661, 1991.
i. Tofler GH, Muller JE: Triggering of acute cardiovascular disease and potential
preventive strategies, Circulation 114:1863-1872, 2006.

Medulla

Thoracic
spine

Sympathetic
chain

Cardiac

acceleration and states, drug effects, or during cardiac electrophysiology proce-

vasoconstriction dures when certain atrial regions are stimulated. Any tendency
toward parasympathetic predominance markedly enhances the

. . \Hypothalamus P ymp . P . Y .
Cardiac slowing decremental properties of the AV node; in the extreme, this can
Adenohypophysis be associated with transient complete AV nodal block (Figure
Pons 5-4). The latter is, in fact, a relatively common finding in sleeping

patients and in very fit resting subjects. The relationship between
ANS control of SN rate and AV conduction properties appears to
foster both the maintenance of 1:1 AV conduction and a relatively
optimal AV conduction interval.

The His bundle and bundle branches comprise cells with larger
surface areas, more negative resting membrane potentials, and
faster (sodium [Na‘]-dependent) action potentials than those of
the AV node. Furthermore, cells that make up the cardiac

FIGURE 5-2 Schematic illustrating a conventional view of the
approximate midbrain sites considered important for basic autonomic
nervous system control of cardiovascular function.
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FIGURE 5-3 Diagrammatic representation of the approximate
locations of epicardial fat pads; these fat pads are believed to provide
sites of intracardiac neural connections and communication. The
image depicts the posterior surface of the heart. The principal fat pads
are demarcated and labeled. SVC, Superior vena cava; Ao, aorta; PV,
pulmonary valve; SA, sinoatrial; RPVs, right pulmonary veins; LPVs, left
pulmonary veins; LA, left atrium; IVC, inferior vena cava; AVN,
atrioventricular node.

conduction system have abundant intercellular connections and
are physically arranged in such a way as to promote longitudinal
conduction. Consequently, decremental conduction is essentially
absent, except in the setting of relatively severe conduction system
disease. Sympathetic nerve endings are generally better repre-
sented in the distal aspects of the specialized conduction system
than are parasympathetic nerves. However, it has become evident
that parasympathetic influence penetrates farther than had previ-
ously been thought.

Ventricular Myocardium

Ventricular sympathetics tend to lie within the subepicardial layer
and follow the large coronary vessels as they spread out over the
myocardium.”'’ The parasympathetics, in contrast, tend to pen-
etrate the myocardium after crossing the AV groove and thereaf-
teraresubendocardialinlocation (Figure 5-5). The parasympathetic
vagal efferents to the mycardium terminate not on the muscle
cells themselves but on intracardiac ganglia. Evidence suggests
that these ganglia not only form relay stations but also subserve
certain local integrative functions, including the intracardiac
reflex activity discussed earlier.

Heightened adrenergic activation in the ventricular myocar-
dium may be arrhythmogenic by causing enhanced pacemaker
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FIGURE 5-4 Electrocardiographic recordings obtained from an
implanted loop recorder that had been implanted in a 72-year-old
man with recurrent syncope of uncertain cause. The recording
documents a transient symptomatic period of high-grade
atrioventricular block.
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FIGURE 5-5 Diagram depicting the epicardial and endocardial
locations of sympathetic and parasympathetic ventricular nerves,
respectively. (Modified from Zipes DP, Inoue H: Autonomic neural control
of cardiac excitable properties. In Kulbertus HE, Franck G, editors:
Neurocardiology, Mount Kisco, NY, 1988, Futura Publishing.)

activity as well as by increasing the frequency and rate of auto-
maticity. In addition, elevated adrenergic tone is known to
increase the likelihood of the generation of early after-
depolarizations (EADs) and delayed after-depolarizations (DADs).

Parasympathetic effects, in contrast, are thought to operate
mainly as an antiadrenergic action in the setting of increased
adrenergic tone. Consideration is being given to vagal nerve stim-
ulation as an antiarrhythmic treatment strategy. The outcome of
this activity may be diminished production of adrenergically
induced EADs and DADs and an apparently anti-inflammatory
action (diminished cytokine release and enhanced glucocorticoid
release).

Autonomic Nervous System and Specific
Bradyarrhythmias and Cardiac Conduction
i S

Sinus Node Dysfunction

SN dysfunction (sick sinus syndrome) encompasses abnormalities
of SN impulse generation, disturbances of impulse emergence
into the atrium, abnormal impulse transmission within the atria,
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increased susceptibility to atrial tachycardias (particularly atrial
fibrillation), chronotropic incompetence, and inappropriate sinus
tachycardia. Clinical manifestations vary from seemingly asymp-
tomatic electrocardiogram (ECG) findings to a wide range of
complaints, including syncope, shortness of breath, palpitations,
fatigue, and premature mental incapacity.

The causes of SN dysfunction are numerous but may be con-
veniently categorized as conditions that alter the SN, the sino-
atrial structure or function directly (so-called intrinsic SN disease)
or those that operate indirectly to impair sinoatrial function (i.e.,
extrinsic factors such as autonomic disturbances or drug effects).
Ageing-associated idiopathic degenerative changes, fibrotic
changes, or both are probably the findings most closely associated
with “intrinsic” SN dysfunction. In regard to “extrinsic” SN dys-
function, drugs are the most important non-ANS contributors.
B-adrenergic blockers, calcium channel blockers, membrane-
active antiarrhythmics, and, to a lesser extent, digitalis are the
most frequently implicated. Each of these may alter SN function
as a result of direct pharmacologic effects (e.g., flecainide,
d-sotalol), or indirectly via the ANS (e.g., B-adrenergic blockers)
or both (e.g., quinidine, disopyramide, propafenone, amiodarone,
digitalis). In terms of clinical outcomes, cardioactive drugs may
initiate or aggravate sinus bradyarrhythmias or induce chrono-
tropic incompetence.

Apart from drug-induced autonomic disturbances, the ANS
may also contribute to apparent extrinsic disturbances of SN
function. Sinus bradycardia, sinus pauses, sinoatrial exit block,
and slow ventricular responses in atrial fibrillation may occur in
the setting of parasympathetic predominance despite apparently
normal underlying intrinsic SN or atrial function. In some cases,
bradyarrhythmias are, in fact, extreme forms of sinus arrhythmia.
Perhaps the best example of this is the physically fit individual in
whom parasympathetic predominance at both the SN and the AV
node levels may be present on a chronic basis. In such cases, sinus
pauses and various degrees of AV block have been reported
during sleep or at rest. Generally, these are asymptomatic and of
little clinical consequence. Nonetheless, their occurrence (often
detected inadvertently) may cause alarm. Carotid sinus syndrome
and related conditions, in which excessive hypervagatonia is tran-
sient, are other instances in which intrinsic conduction system
function is usually relatively normal and yet manifests clinically
important ANS-induced disturbances. Fortunately, even in the
setting of an apparently prolonged asystolic event, spontaneous
restoration of the cardiac rhythm occurs in, by far, the vast major-
ity of cases.

The syndrome of persistent or inappropriate sinus tachycardia
provides another example of a clinical circumstance in which the
ANS appears to play a primary role in arrhythmogenesis. The basis
for the tachycardia is believed to be abnormal enhanced automa-
ticity within the SN or nearby atrial regions. The cause of inap-
propriate sinus tachycardia in many cases, excluding those that
turn out to be ectopic atrial tachycardias arising in the vicinity of
the SN, remains unknown. Diminished parasympathetic control
of SN function has been suggested; given the frequent association
with recent radiofrequency ablation of cardiac structures (or in
former times to surgical ablation of accessory connections), a
disturbance of intracardiac vagal reflexes has also been proposed.
However, one relatively recent report investigated the prevalence
and the functional effects of circulating antiautonomic receptor
antibodies in patients with inappropriate sinus tachycardia. Find-
ings suggested a link between inappropriate sinus tachycardia and
circulating anti—B-adrenergic receptor antibodies that induce a

persistent increment in cyclic adenosine monophosphate (CAMP)
production.

The coexistence of periods of bradyarrhythmia and bouts of
atrial fibrillation or, less commonly, other paroxysmal primary
atrial tachycardias in the same patient is a common manifestation
of SN dysfunction (the so-called bradycardia-tachycardia syn-
drome). In bradycardia-tachycardia syndrome, symptoms may be
the result of episodes of rapid heartbeats, the bradycardic com-
ponent, or both. In this case, ANS influences are rarely entirely
to blame. Similarly, true chronotropic incompetence is not usually
attributable to ANS effects alone. As a rule, patients with para-
sympathetic predominance may exhibit low resting heart rates
but ultimately manifest normal chronotropic responses to physi-
cal exertion. True chronotropic incompetence (i.e., inability of the
heart to adjust its rate appropriately in response to metabolic
need) implies intrinsic SN dysfunction, an undesirable effect of
concomitant drug treatment, or both. In this regard, although
conventional exercise testing is not generally useful in identifying
most forms of SN dysfunction, such testing may be helpful in
differentiating patients with resting sinus bradycardia but essen-
tially normal exercise heart rate responses (e.g., physically trained
individuals with presumably higher levels of parasympathetic
influence on SN automaticity) from patients with intrinsically
inadequate chronotropic responses.

Evaluation of SN responses to pharmacologic interventions
and neural reflexes (e.g., carotid sinus massage, Valsalva maneu-
ver, heart rate response to upright tilt, or induced hypotension
[e.g., by administration of nitroglycerin]) is an important element
in the diagnostic assessment of SN function. For example, phar-
macologic interventions may assess SN response to -adrenergic
blockade, B-adrenergic stimulation, or parasympathetic musca-
rinic blockade (i.e., atropine infusion). The most important of
these tests is estimation of intrinsic heart rate (IHR, SN rate in
the absence of neural control) by pharmacologic autonomic
blockade with combined administration of a B-adrenergic blocker
and atropine. A normal IHR in a patient with apparent sinus
pauses or marked SN bradycardia suggests extrinsic SN
dysfunction.

Atrioventricular Conduction Disturbance

First- and second-degree type 1 AV block are most often the result
of conduction disturbances at the level of the AV node (i.e., pro-
longed AH interval) and are frequently attributable to ANS influ-
ences. This is especially the case when there is no evidence of
underlying cardiac disease, when the QRS morphology is normal,
and when the individual is young, physically fit, or both. Of
course, drug-induced AV block must also be excluded.

ANS-mediated higher degrees of AV block may also be
observed (see Figure 5-4). These episodes of paroxysmal AV block
are generally benign from a mortality perspective, although they
may be associated with dizziness and syncope (e.g., vasovagal
faint) and risk of physical injury. Sustained third-degree AV block
is, however, not usually attributable to ANS effects. In adults,
acquired complete heart block is almost always associated with
structural heart disease.

In the setting of acute anterior myocardial infarction, transient
or fixed complete AV block is reported to occur in 5% of cases
and is typically infranodal. The ultimate poor prognosis in these
patients is related to the magnitude of ventricular damage. By
contrast, complete AV block occurs in 10% to 15% of patients after
inferior wall myocardial infarction. In these instances, however,



the block may often progress through stages beginning with PR
interval prolongation, type 1 second-degree AV block, or both;
the site of the block is most often within the AV node. The mecha-
nisms eliciting this form of AV block are multiple, including nodal
ischemia, adenosine release, and enhanced parasympathetic tone.
Often the block can be reversed (at least temporarily) by atropine
administration, which supports the importance of the parasym-
pathetic autonomic etiology.

Drug effects are a common cause of AV nodal conduction
disturbances. A variety of cardioactive drugs affect the AV node:
by direct cellular action, indirectly as a result of their actions on
the autonomic nervous system, or both. For example, cardiac
glycosides are widely known to affect the AV node by ANS-
mediated effects; first- or second-degree type 1 AV block occurs
as a result of glycoside-induced enhanced vagal tone at the AV
node. B-Adrenergic blockers cause AV nodal conduction slowing,
and occasionally block, by diminishing sympathetic neural effects
on the AV junction, or both. When certain antiarrhythmic drugs
are prescribed, the important ANS effects that they have need to
be taken into consideration. Both quinidine and disopyramide
manifest prominent vagolytic actions that tend to counterbalance
their direct negative dromotropic effects. This vagolytic effect can
lead to apparently paradoxical increases of ventricular rate when
these drugs are used to treat patients with certain primary atrial
tachycardias, especially atrial flutter.

Autonomic Nervous System and
Specific Tacl hvthmias

ANS activity may be implicated to some extent in all tachyar-
rhythmias. For instance, sympathetic, parasympathetic, and puri-
nergic neural inputs at the AV node may, in large, part determine
whether AV node re-entry or AV re-entry supraventricular
tachyarrhythmias can be triggered or sustained in patients with
known substrates to these arrhythmias. In essence, the ability of
a premature atrial or ventricular beat to dissociate conduction
pathways and thereby permit re-entry may vary from moment to
moment, depending on neural influences.

Atrial Fibrillation

The ANS may play a role both in setting the stage for and in trig-
gering certain forms of atrial fibrillation, or flutter (AF). In addi-
tion, the relative balance of ANS input to the cardiac conduction
system is a crucial determinant of the ventricular response in AF.
Little is known regarding the possibility of ANS elements also
participating in the termination of AF. The possibility that reduc-
tion of susceptibility to AF, or even AF termination, may be facili-
tated by ANS manipulations has received relatively little attention
until recently. ANS manipulation by catheter ablation is now a
topic of interest.

Triggering of Vagally and Adrenergically
Mediated Atrial Fibrillation

Vagally mediated (bradycardia or pause-dependent) AF is rela-
tively uncommon. It tends to occur more commonly in men than
in women, and the episodes begin at night or in the early morning
hours when vagal predominance is greatest. The same individuals
may experience post-prandial AF. Clinical recognition of vagally
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mediated AF is important, given that cardiac glycosides and
B-adrenergic blockers are relatively contraindicated.

The ANS also appears to play a role in postoperative AF,
although the relationship in this case is largely inferential and not
well substantiated. Excluding the probable role played by height-
ened adrenergic tone in postoperative arrhythmias, true adrener-
gically mediated forms of paroxysmal AF are less common than
is the vagally mediated form. Rarely, adrenergically mediated AF
is secondary to a noncardiac disease process such as hyperthy-
roidism or pheochromocytoma. Most often, the medical history
suggests onset during the waking hours (usually in the morning)
in association with stress or physical exertion.

Control of Ventricular Rate

The manner in which the AV node responds to a fibrillating
atrium remains a subject of conjecture. However, whatever may
be the mechanisms at play, it seems clear that the ANS plays an
important role in modulating the ventricular rhythm. Increased
vagal tone, diminished sympathetic tone, or both are associated
with a decrease in average ventricular rate. The converse clearly
increases the average ventricular rate.

Supraventricular Tachycardias (Other than
Atrial Fibrillation)

Supraventricular tachycardias are typically categorized into
whether or not the tachycardia is dependent on AV node conduc-
tion. The first group is exemplified by AV nodal re-entry tachy-
cardia (AVNRT) and AV re-entrant tachycardia (AVRT) using
accessory AV connections. The AV nodal independent tachycar-
dias include atrial re-entrant arrhythmias as well as those that are
thought to be automatic or triggered in origin. In either case, the
ventricular rate is determined by the ANS effect on the AV con-
duction system (particularly the AV node, see earlier). In certain
cases, ANS effects may also play a role in terminating tachyar-
rhythmias, either spontaneously (Figure 5-6) or during medical
interventions such as carotid sinus massage.

Ventricular Tachycardia

The importance of the ANS in determining susceptibility to ven-
tricular tachyarrhythmias in certain disease states is well estab-
lished. Acute ischemic heart disease is the best example.”"
However, ANS influences may also be instrumental in triggering
tachycardia events in patients with well-established long-standing
substrates, such as those with pre-existing fibrotic areas as a con-
sequence of prior myocardial infarction or remote cardiac surgery
(e.g., childhood repairs). ANS participation in the triggering of
arrhythmias is also almost certainly pertinent in other chronic
states in which the arrhythmia substrate is present all the time
and yet rhythm disturbances occur only sporadically. Among the
best examples of the latter scenario are the abnormal ventricular
repolarization syndromes (e.g., long QT syndrome [LQTS],
Brugada syndrome).

Ischemic Heart Disease

The ANS contributes importantly to arrhythmogenesis in acute
myocardial ischemia."""* In brief, the risk of potentially life-
threatening arrhythmias and sudden death appears to increase in
response to ischemia-associated increased sympathetic activity.
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FIGURE 5-6 Electrocardiographic, intracardiac,
and arterial pressure traces during a brief
episode of re-entry supraventricular tachycardia.
Note the initial drop of pressure at onset of the
arrhythmia. Thereafter the pressure rebuilds
slowly. The pressure recovery may play a role in
tachycardia termination.

Conversely, the risk of arrhythmia is diminished by sympathetic
blockade, parasympathetic enhancement, and inhibition of the
renin—angiotensin system.

Although there is a consensus that B-adrenergic blockade is of
value for reducing susceptibility to ischemia-induced arrhyth-
mias, the impact of o-adrenergic blockade is less clear. Evidence
both for and against the protective value of ai-adrenergic blockade
in acute ischemia is available. For the most part, current findings
based on canine studies do not support the protective effect of
o-adrenergic blockade in most acute ischemic syndromes.

Parasympathetic Neural Influences

Experimental and clinical evidence supports the view that
enhanced parasympathetic tone diminishes the risk of arrhythmia
in the setting of acute ischemia. In this regard, both neurally
mediated heart rate—slowing effects and direct parasympathetic
agonist effects contribute to the overall benefit. Furthermore,
direct vagal nerve stimulation, by virtue of its anti-sympathetic
effects as well as its parasympathetic actions, may become par-
ticularly valuable.

Studies of baroreceptor sensitivity (BRS) (a measure of vagal
influence on the heart) offer important insights into the potentially
protective role played by the parasympathetic nervous system in
patients with ischemic heart disease. In a prospective trial of rela-
tively low-risk patients, at 2-year follow-up, BRS values were seen
to be lower in those individuals who failed to survive, and the
effect appeared to be independent of left ventricular function as
assessed by ejection fraction measurement. In this regard, a mul-
ticenter trial, Autonomic Tone and Reflexes after Acute Myocar-
dial Infarction (ATRAMI), provided convincing additional
evidence."” Patients were monitored for 21 + 8 months. Cardiac
mortality was higher (9% vs. 2%; 10% vs. 2%) among individuals
withlow BRS (<3 ms/mm Hg) or low standard deviation of normal
NN intervals (SDNN) (<70 ms) than those with normal BRS or
SDNN (>6.1 ms/mm Hg, >105ms). Combining both indices
resulted in recognition of even greater risk. Once again, the effect
appeared to be independent of ejection fraction.

The observations related to BRS led to the evaluation of heart
rate variation (heart rate variability [HRV]) as an ANS-related
means to stratify risk of lethal arrhythmias in patients with isch-
emic heart disease. The findings suggested that diminished HRV
isassociated with a much greater mortality risk in post—myocardial
infarction patients. Other techniques using markers of ANS status
as markers of arrhythmia risk include heart rate turbulence (HRT)
and deceleration capacity (DC).

In summary, markers of reduced parasympathetic cardiac
control appear to be indicative of increased risk, whereas enhanced
parasympathetic control appears to be associated with reduced
risk of lethal arrhythmia in patients with ischemic heart disease
(at least in the post—-myocardial infarction group). Consequently,
enhancing parasympathetic predominance through exercise has
become part of the overall approach to reducing mortality risk in
patients with ischemic heart disease.

Long QT Syndrome, Brugada Syndrome,
and Other Channelopathies

Disturbances of ventricular repolarization have been the subject
of considerable interest in recent years, partly because of the
recognition that they are a common cause of potentially life-
threatening arrhythmias (Figure 5-7) but even more as a result of
rapid progress in better understanding of why they occur."* Cur-
rently, it is believed that underlying susceptibility to arrhythmia
(primarily torsades de pointes ventricular tachycardia) is based on
one or more genetically determined disturbances of the structure
of cardiac membrane ionic channels, and/or disturbances of their
function, or trafficking to the cell membrane.

The initial recognition of these conditions was based on
overt ECG manifestations (e.g., long QT interval, typical Brugada
pattern). However, it is now suspected that many more individuals
manifest a less overt form of channelopathy; in such cases, the
ECG signature may become apparent only after exposure to a
trigger, particularly certain drugs or electrolyte disturbances,
and, in some cases, acute neurologic injury (e.g., subarachnoid
bleed). These latter circumstances are considered acquired,
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FIGURE 5-7 Recording obtained on interrogation of an implantable cardioverter-defibrillator (ICD) after a 53-year-old patient with long QT syndrome
reported feeling light-headed followed by a “shock”” Findings revealed a premature ventricular contraction-induced cardiac pause followed by a rapid
ventricular tachyarrhythmia (pause-dependent ventricular tachyarrhythmia). The arrhythmia was terminated by administering an ICD shock (not

although a concealed congenital predisposition may well be
present.

QT Interval and Sympathetic Inputs to the Heart

The clinical observations that syncopal spells and sudden death
could be triggered under conditions of physical or emotional
stress and that they could be ameliorated with B-adrenergic
blockade provided clues to the importance of ANS in LQTS.
More direct, anatomic evidence became available subsequently.
Using a canine model, it was shown that QT prolongation could
be produced either with stimulation of the left stellate ganglion
or with right stellectomy. Subsequently, a variety of surgical pro-
cedures have been used to selectively reduce or abolish left-sided
sympathetic innervation to the heart. Collectively, these proce-
dures have been called left cardiac sympathetic denervation
(LCSD), a term used in this chapter. As a rule, the favored
approach for this procedure is high thoracic left sympathectomy,
in which ablation is limited to the lower portion of the left stellate
ganglion and the first four or five thoracic ganglia. This technique
provides adequate cardiac sympathetic denervation but largely
avoids Horner’s syndrome as a complication by sparing the upper
portion of the stellate ganglion.

Genotype and Phenotype: Differences in Response to the Autonomic Nervous
System in Long QT Syndrome

With the identification of specific genotypes for LQTS, it has
become apparent that there are clinically significant differences in
the expression of their phenotypes. Particularly striking is the
observation that patients with LQT1 are especially prone to lethal
cardiac arrest during exercise, whereas sudden death during exer-
cise appears to be distinctly unusual in patients with LQT2 and
LQT3. In contrast, patients with LQT3 and, to a somewhat lesser
extent, those with LQT2 are more prone to lethal events during
sleep or at rest.

Jervell and Lange-Nielsen, generally considered to be the
earliest to report on LQTS, had noted that one of their subjects
exhibited an increase in the QT interval in response to adrenaline
and exercise. More recently, catecholamines such as isoproterenol
or epinephrine have been used in various protocols trying to
determine if an increase in the QT interval could be a tool in the
diagnosis of LQTS. It has since become clear that the response to
catecholamines cannot be generalized to all genotypes. During
epinephrine infusion, the absolute QT interval increased in
patients with LQT1 and decreased in those with LQT2 and LQT3.
Similarly, the QTc increased during exercise stress testing in

patients with LQT1 and decreased in those with LQT?2. In effect,
patients with LQT1 fail to appropriately shorten their QT interval
in response to adrenergic stimulation that occurs during exercise
or other types of stress.

More than one factor may make patients with LQT1 especially
vulnerable to sudden death during exercise. The slow deactivation
kinetics of the normal I}, channel produces an increase in the I
current at fast heart rates; this shortens ventricular repolarization,
which would be protective against torsades de pointes at fast
rates, as has been demonstrated in guinea pig ventricular myo-
cytes. A similar contribution of I; appears to be present in human
ventricular muscle in the setting of sympathetic stimulation. The
loss of function of I that defines LQT1 renders these patients at
risk for sudden death during exercise, whereas the presence of a
normally functioning I, channel in LQT2 and LQT3 appears to
be protective against lethal cardiac events during exercise. Con-
versely, patients with LQT3 appear to be particularly vulnerable
to sudden death at slow heart rates and more protected at fast
heart rates.

Autonomic Responses and Treatment Considerations in Long QT Syndrome

Standard treatment for patients with LQTS has consisted of four
principal options, singly or in combination: (1) B-adrenergic
blockers, (2) pacing, (3) implantable defibrillators, and (4) LCSD.
B-adrenergic blockers have reduced mortality, even though they
slow the heart rate, presumably by reducing after-depolarizations
and triggered activity postulated to underlie torsades initiation.
Cardiac pacing prevents long cycle lengths that prolong the QT
interval and lead to torsades. Implantable defibrillators are indi-
cated for protection from sudden cardiac death in patients with
prior cardiac arrest, ventricular tachycardia, or syncope. Before
the development and acceptance of implantable cardioverter-
defibrillators (ICDs), LCSD was considered a last-line option for
patients refractory to -blockers and pacing. LCSD is now con-
sidered an option for those with refractory symptoms and may be
useful in patients with frequent ICD discharges.

Understanding the molecular basis of LQTS has opened the
possibility of therapies targeted at the specific molecular mecha-
nisms underlying an individual form of channelopathy. Even as
these are being developed and tested, the traditional treatment
options can be reassessed. A particular type of LQTS may respond
well to one form of therapy, while other traditional options may
be less effective or even undesirable. Patients with LQT1, having
an impaired ability to shorten QT at faster heart rates and having
a higher risk of death during periods of sympathetic hyperactivity
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such as exercise, might be expected to respond well to B-blockade,
whichlimitsheartrateincreaseand decreasesafter-depolarizations.
In one clinical study, 81% of patients with LQT1 were able to avoid
syncope, cardiac arrest, or sudden death with 3-blocker therapy.
In contrast, the symptom-free rate was 59% and 50% in patients
with LQT2 and LQTS3, respectively.

According to the International Long-QT Syndrome Registry,
patients with LQT3 have a higher incident of lethal cardiac events
than those with LQT1 or LQT2." Patients with LQT3 are at a
particularly high risk of a cardiac event during sleep when EADs
may result from a slow heart rate rather than from sympathetic
activation. In these patients, B-blockers may be relatively unfavor-
able, whereas pacing may be particularly desirable. Besides pacing,
patients with LQT3 may benefit from LCSD, which will diminish
norepinephrine release without slowing the heart rate.

Acquired Long QT Syndrome

Acquired LQTS is far more common than is congenital LQTS and
is most frequently the result of QT interval-prolonging drugs.
The impact of the ANS on initiating torsades in drug-induced
LQTS is not well established, but circumstantial evidence clearly
indicates an important link. Torsades in this setting is most
often seen during periods of bradycardia (e.g., sleep) or following
pauses in the cardiac rhythm (e.g., post—premature ventricular
contraction long-short sequence) that accentuates the QT inter-
val. Some of the best-known offending drugs are listed in Table
5-2. The majority of these drugs act by antagonizing outward (i.e.,
repolarizing) potassium (K*) currents (e.g., class 1A and class 3
antiarrhythmic drugs). Other agents in this list are reported to
interfere with the metabolism of drugs that directly prolong the
QT interval.

Brugada Syndrome

Brugada syndrome is caused by a genetic defect of the cardiac
sodium (Na*) channel gene leading to susceptibility to life-
threatening ventricular arrhythmias. The relationship between
Brugada syndrome and ANS effects is suggested by sudden
death episodes in this setting often occurring during sleeping
hours, possibly implicating sleep-related bradycardia as a trigger
factor.

Other Forms of Idiopathic Ventricular Tachycardia

ANS activity is suspected to trigger or sustain arrhythmic events
in patients with other forms of idiopathic ventricular tachycardia,
but this has not been sufficiently investigated. However, a rela-
tionship has been seen in the electrophysiology laboratory in
certain cases in which parenterally administered B-adrenergic
agonists are often needed to induce and B-adrenergic blockade
has been used to terminate both ventricular tachycardia of right
ventricular outflow tract origin and ventricular tachycardia con-
sidered to be of left ventricular fascicular origin.

Syncope is best viewed as a syndrome characterized by transient
loss of consciousness, usually associated with concomitant loss of

postural tone and spontaneous recovery. (Table 5-3)."° Mechanis-
tically, syncope is most often the result of transient disturbances

Table 5-2 Partial List of Drugs Known to Prolong the QT Interval

ANTIARRHYTHMIC AGENTS
Class IA
Disopyramide
Procainamide
Quinidine
Class Il
Amiodarone
Dofetilide
d-Sotalol
Ibutilide
N-acetylprocainamide (NAPA)
Sotalol

ANTIANGINAL AGENTS
Bepridil

PSYCHOACTIVE AGENTS
Phenothiazines
Thioridazine

TRICYCLIC ANTIDEPRESSANTS
Amitriptyline
Imipramine

ANTIBIOTICS/ANTI-INFECTIVES
Erythromycin
Pentamidine
Fluconazole
Pentamidine
Ciprofloxacine
Chloroquine

NONSEDATING ANTIHISTAMINES
Terfenadine
Astemizole

OTHERS
Cisapride
Methadone
Droperidol
Haloperidol

of cerebral blood flow. In this regard, maintenance of cerebral
blood flow is normally facilitated by several factors, all of
which are, to some extent, significantly influenced by the ANS.
Certain of these factors include (1) cardiac output, (2)
baroreceptor-induced adjustments of heart rate and systemic vas-
cular resistance, (3) cerebrovascular autoregulation (which is, in
part, contributed to by the status of systemic arterial pressure as
well as by local metabolic factors, particularly pCO,), and (3)
regulation of vascular volume by the kidneys and by hormonal
influences.

Neurally Mediated Reflex Syncope

Of the many causes of syncope, ANS effects are of greatest impor-
tance in the various forms of neurally mediated syncope; the
vasovagal faint and carotid sinus syndrome are the most common
among these. Other conditions in this group (e.g., postmicturition
syncope, cough syncope, swallow syncope) are relatively uncom-
mon. However, ANS effects are crucial contributors to syncope
associated with orthostatic stress and are also believed to play
an important contributory role in certain tachyarrhythmias and
cases of valvular heart disease.



Table 5-3 Classification of the Principal Causes of Syncope

NEURALLY MEDIATED REFLEX SYNCOPE

« Vasovagal faint

- Carotid sinus syncope

« Cough/swallow syncope and related disorders

- Gastrointestinal, pelvic, or urologic origin (swallowing, defecation,
postmicturition)

ORTHOSTATIC SYNCOPE

« Primary autonomic failure, Parkinson’s disease

- Secondary autonomic failure (e.g., diabetic and alcoholic
neuropathy)

« Drug effects

CARDIAC ARRHYTHMIAS AS PRIMARY CAUSE OF SYNCOPE

- Sinus node dysfunction (including bradycardia/tachycardia
syndrome)

« Atrioventricular conduction system disease

- Paroxysmal supraventricular tachycardias

- Paroxysmal ventricular tachycardia (including torsades de pointes)

- Implanted pacing system malfunction (pacemaker syndrome)

STRUCTURAL CARDIOVASCULAR OR CARDIOPULMONARY
DISEASE

- Cardiac valvular disease/ischemia

« Acute myocardial infarction

« Obstructive cardiomyopathy

« Subclavian steal syndrome

« Pericardial disease/tamponade

« Pulmonary embolus

« Primary pulmonary hypertension

CEREBROVASCULAR
- Vertebrobasilar transient ischemic attack
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In the so-called vasovagal faint, and especially faints associated
with stress or emotional upset, primary central nervous system
stimuli are believed to be responsible for the trigger signals.
However, receptors in any of the organ systems may contribute.
For instance, mechanoreceptors and, to some extent, chemore-
ceptors located in the atrial myocardium and in the ventricular
myocardium may participate in certain neurally mediated events
by initiating afferent neural signals when subjected to increased
wall tension or changes in the chemical environment (e.g., myo-
cardial ischemia). Similarly, mechanoreceptors and chemorecep-
tors in the central great vessels and lungs may contribute, which
accounts for the reported occurrence of vasovagal faints in heart
transplant recipients. The basis for apparent variations in suscep-
tibility to vasovagal syncope among seemingly otherwise well
individuals and the factors causing a faint to occur at a certain
point in time still remain unknown.

Bradycardia in neurally mediated reflex syncope is primarily
the result of increased efferent parasympathetic tone mediated via
the vagus nerve. It may manifest as asystole, sinus bradycardia, or
even paroxysmal AV block. If the bradyarrhythmia is sufficiently
severe, it may be the principal cause of the faint (i.e., cardioinhibi-
tory syncope). However, most patients also exhibit a vasodepres-
sor picture comprising inappropriate ANS-induced vasodilatation
(Figure 5-8). The mechanism of the vasodilatation is believed to
be mainly the result of abrupt peripheral sympathetic neural with-
drawal, although potential contributions of excess B-adrenergic
tone caused by frequently associated elevated circulating epi-
nephrine levels or altered epinephrine-norepinephrine balance
are certainly considerations.

Orthostatic Syncope

The ANS participates importantly in the ubiquitous presyncopal
or syncopal symptoms associated with abrupt postural changes.
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FIGURE 5-8 Electrocardiographic, intracardiac,
and blood pressure tracings illustrating the
development of a paroxysmal atrioventricular
(AV) block during right-sided carotid sinus
massage (RCM) of approximately 5 seconds
duration. In this case, the atria (A, atrial
electrocardiogram) are being paced (S, stimulus)
to prevent atrial bradycardia and thereby
“unmask” the AV block. Note that following
return to conducted rhythm, the blood pressure
remains relatively low. The latter implies the
concomitant presence of a clinically significant
vasodepressor component to reflex in this

| 2 sec | patient.
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For the most part, these symptoms result from actual or relative
central vascular volume depletion caused by inadequate or
delayed peripheral vascular compensation in the presence of a
change in gravitational stress (e.g., moving to upright posture).
The outcome is posture-related symptomatic hypotension. Iatro-
genic factors such as excessive diuresis or overly aggressive use of
antihypertensive agents are important contributors.

Primary ANS disturbances are relatively rare but increasingly
recognized causes of abnormal vascular control leading to
syncope. Parkinsonism is perhaps the most commonly encoun-
tered neurologic disease in which ANS disturbances are associ-
ated with orthostatic hypotension as a prominent feature. ANS
dysfunction may also occur in association with multiple
system involvement (i.e., formerly called Shy-Drager syndrome).
However, symptoms of orthostatic hypotension also occur in the
absence of other apparent neurologic disturbances, and subtle
forms may be easily overlooked. Furthermore, ANS diseases in
which orthostatic hypotension is secondary in nature are far
more common than those in which it is primary in nature. Exam-
ples include neuropathies of alcoholic or diabetic origin, dysauto-
nomias occurring in conjunction with certain inflammatory
conditions (e.g., Guillain-Barré syndrome), or paraneoplastic
syndromes.

Primary Cardiac Arrhythmias

Primary cardiac arrhythmias imply rhythm disturbances associ-
ated with intrinsic cardiac disease or other structural anomalies
(e.g., accessory conduction pathways) and are among the most
frequent causes of syncope. The role played by the ANS in SN
dysfunction, conduction system disturbances, and certain
tachyarrhythmias has been discussed earlier. However, when
syncope occurs in these settings, the basis is usually multifacto-
rial. For instance, recent studies have implicated neural
reflex vasodepression as a potential cause of syncope in patients
with SN dysfunction, particularly those with paroxysmal
atrial fibrillation. The same seems to be the case for other parox-
ysmal supraventricular tachycardias and possibly even ventricular
tachyarrhythmias.

Structural Cardiovascular Disease or
Cardiopulmonary Disease

The most common cause of syncope attributable to left ventricu-
lar disease is that which occurs in conjunction with acute myo-
cardial ischemia or infarction. In such cases, the contributory
factors are multiple and include not only transient reduction of
cardiac output and cardiac arrhythmias but also important neural
reflex effects, as previously discussed. Other acute medical condi-
tions occasionally associated with syncope include pulmonary
embolism, acute aortic dissection, and pericardial tamponade.
Again, the basis of syncope is multifactorial with neural-reflex
contributions probably playing an important role.

Syncope as a result of obstruction to left ventricular outflow is
infrequent but carries a poor prognosis if the underlying problem
is not recognized and addressed promptly (e.g., aortic stenosis,
hypertrophic obstructive cardiomyopathy). The basis for the faint
may, in part, be inadequate cerebrovascular blood flow caused by
mechanical obstruction, but, once again (especially in the case of
valvular aortic stenosis), ventricular mechanoreceptor-mediated
reflex bradycardia and vasodilatation are also thought to contrib-
ute significantly.

Table 5-4 Conditions That Mimic Syncope

METABOLIC/ENDOCRINE DISTURBANCES

« Hyperventilation (hypocapnia)

+ Hypoglycemia

- Volume depletion (Addison disease, pheochromocytoma)
« Hypoxemia

« Intoxication

PSYCHIATRIC DISORDERS
- Panic attacks
- Somatoform disorder (conversion reaction)

CENTRAL NERVOUS SYSTEM SUBSTRATES
« Seizure disorders (epilepsy)*

« Stroke*

« Subarachnoid hemorrhage*

- Cataplexy/Narcolepsy

*Potential nervous system-mediated cardiac damage and sudden death.

Noncardiovascular Conditions

Noncardiovascular causes result in syncope mimics (Table 5-4)
rather than true syncope. However, temporal lobe seizures may
induce neurally mediated reflex bradycardia and hypotension (i.e.,
a vasovagal faint). Furthermore, certain central nervo