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Preface to 2nd Edition of Heart Rate and 
Rhythm: Molecular Basis, Pharmacological 
Modulation and Clinical Implications 

Since the first edition of Heart Rate and Rhythm appeared more than a decade 
ago, considerable progress has been made in diagnosing and treating cardio-
vascular diseases. Nevertheless, cardiovascular diseases in general, and 
arrhythmic events in particular, are still major causes of mortality in Western 
societies. Worldwide, sudden cardiac death and arrhythmias account for an 
estimated 15–20% of deaths and continue to inflict a heavy burden on the 
health care systems. Despite enormous research efforts to unravel the molec-
ular mechanisms of cardiac disorders and search for better cardiac therapeutic 
substances during the last decade, recent surveys indicate continued increase 
in disability and death due to cardiac disorders necessitating further research. 
In order to effectively prevent and treat cardiac arrhythmias, there is an urgent 
need to unravel the underlying pathophysiological drivers. Heart Rate and 
Rhythm was originally designed to serve as a reference for current knowledge 
regarding the complicated molecular and cellular mechanisms that underlie 
normal and pathophysiological cardiac rhythms. The rapid progress in the 
field has called for an update to the book. 

The second edition of Heart Rate and Rhythm has maintained its 
established structure. Some of the distinguished authors of the first Edition 
have reached retirement or did not wish to contribute again, so the respective 
chapters have been updated by their co-authors. We have also included new, 
emerging topics, which we expect will determine directions of future basic 
and biomedical research: a section including two new chapters dealing with 
the neurocardiac axis in arrhythmia, and chapters in other sections discuss the 
role of optogenetics and epigenetics in arrhythmia research. 

Publication of this second edition has seen unprecedented Covid-19 epi-
demic seriously compromising the working of most of the contributors to this 
book. The tenacity and commitment of authors to submit their chapters under 
these trying conditions made publication of this volume possible. The editors 
of the book express gratitude to the chapter contributors for their unstinted 
support in making this endeavor a success.
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viii Preface to 2nd Edition of Heart Rate and Rhythm: Molecular Basis, Pharmacological. . .

We hope that our readers will find this update to Heart Rate and Rhythm 
useful for their scientific work to unravel the molecular and cellular mechanisms 
responsible for cardiac rate and rhythms in health and disease. 

Lucknow, Uttar Pradesh, India Onkar N. Tripathi 
Dalhousie, Canada T. Alexander Quinn 
Freiburg im Breisgau, Germany Ursula Ravens
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Part I 

Normal Cardiac Rhythm and Pacemaker Activity



Cardiac Ion Channels and Heart Rate 
and Rhythm 1 
Onkar Nath Tripathi 

Abstract 

The excitability of the heart is a prerequisite 
for its function as a pump distributing blood 
throughout the body. Initiated in the sinoatrial 
node, cardiac action potentials spread through-
out the heart and trigger a coordinated contrac-
tion. The current chapter describes the 
molecular basis of cardiac excitability. It 
provides a brief overview of the various ion 
channels and transporters that give rise to the 
ionic currents underlying the characteristic 
shapes of action potentials in the various 
parts of the heart. Understanding the ionic 
mechanisms underlying electrical activity dur-
ing a cardiac cycle in health and disease is the 
prerequisite for identifying potential drug 
targets for novel therapeutic strategies. 

Keywords 

Voltage-gated Na, K, and Ca channels · Ca2+-
and Na+-activated K channels (KCa/KNa) ·  
Leak K channels (K2P/4 TM) · Inwardly 
rectifying K channels (2 TM) · Cyclic 
nucleotide-regulated channels · Transient 
receptor potential channels · Stretch-activated 
channels · Ryanodine receptor channels · SR · 
inositol trisphosphate receptor channels · 
Mitochondrial and nuclear channels 

O. N. Tripathi (✉) 
Cardiac Electrophysiology Division, Ion Channel Study 
Center, Life Sciences Academy, Lucknow, India 

# Springer Nature Switzerland AG 2023 
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1.1 Introduction 

The heart beat originates in the form of the spon-
taneous electrical activity of the primary pace-
maker cells of the sino-atrial node (SAN). 
Efficient propagation of the electrical waveform 
initiated by this spontaneous electrical activity 
(action potentials, AP) to the atria and, via the 
cardiac conduction system, viz., atrioventricular 
node (AVN), Bundle of His, Bundle branches, 
and Purkinje fiber network, to the rest of the 
heart brings about a highly coordinated rhythmic 
mechanical activity characterized by 
synchronized contraction and relaxation of differ-
ent regions of the heart. The cardiac cycle repeats 
itself throughout an organism's life with a high-
efficiency level and determines the heart rate and 
rhythm. 

The classical work of Carl Wiggers [1] on the 
cardiac cycle identified the correlation between 
the electrical activity (electrocardiogram, ECG) 
and different parameters of mechanical activity, 
making it evident that the electrical cycle initiates 
the mechanical cycle. Excitation–contraction 
(E–C) coupling plays a crucial role in this process 
through the influx of Ca ions (Ca2+ ), facilitating 
the conversion of the electrical energy into chem-
ical energy required for myocardial contraction 
[2]. The two phases of the electrical cycle, viz. 
electrical systole and diastole, are clinically 
examined to assess the cardiac functions in the 
normal and diseased heart. The electrical cycle, 
recorded with an ECG, begins with the P wave,
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reflecting the atrial depolarization (Fig. 1.1). The 
PR interval, the time taken for atrial depolariza-
tion to reach the AVN and beyond, is characteris-
tically well preserved in different mammals. The 
PR interval is only one order of magnitude longer 
in humpback whales, the largest mammal, com-
pared to the mouse, even though the body mass 
differs by six orders of magnitude ([3]; 
Table 1.1). The QRS complex represents the 
entry of the wave of excitation via the cardiac 
conduction system into the ventricles and the 
depolarization of ventricular myocytes. 
Subsequent repolarization of the ventricles is 
reflected in the T wave, which is often followed 
by the U wave, the cause of which is still unclear 
[4]. The QT interval is the time required for 
repolarization of the ventricles and corresponds 
roughly to the duration of ventricular APs. It 
serves as an important indicator for the 
arrhythmogenic propensity of the heart associated 
with congenital or acquired long QT syndrome. 
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The cardiac electrical cycle is initiated and 
maintained by the transmembrane flux of ions 
via ion channels, exchangers, and pumps 
(Fig. 1.2). The specific tissue and subcellular 
distribution of a wide spectrum of ion channel 
types determine the AP shape and spread of the 
wave of excitation in the heart. Notable advances 
in the molecular basis of cardiac excitation and 
conduction are well covered in several reviews 
[5–8]. This chapter provides an overview of some 
basic features of ion channels expressed in the 
heart, their likely contributions to ionic currents 
and APs, and their proposed role in cardiac 
activity. 

1.2 Molecular Basis of Cardiac 
Electrical Activity 

The cardiac AP is typically described with five 
distinct phases, namely phase 0 (upstroke, depo-
larization), phase 1 (early repolarization—notch), 
phase 2 (plateau), phase 3 (repolarization), and 
phase 4 (resting potential or pacemaker potential 
or diastolic depolarization). Ionic currents 
through electrogenic membrane ion transport 
proteins form the basis of the different phases of 

the AP (Fig. 1.3). These proteins are heteroge-
neously distributed in different types of heart cells 
endowed with specific functions, and their 
superbly orchestrated activity determines the 
characteristic configuration of the AP. Ion 
channels allow passive flux of Na+ , K+ , Ca2+ , 
and Cl- in a direction dictated by their concentra-
tion gradient across the membrane, and the 
resulting ion currents contribute to the mainte-
nance of resting potential and generation and 
conduction of APs (Fig. 1.2). 

Palettes of ion channels in sarcolemma (SL) 
and sarcoplasmic reticular (SR), mitochondrial 
(MT), and nuclear (NUC) membranes differ sig-
nificantly in the same cell and in different types of 
heart cells. The SL electrogenic proteins primarily 
determine the shape of cardiac APs. However, the 
SR ion transport proteins are crucial in cardiac 
pacemaker activity, E–C coupling, and intracellu-
lar Ca2+ homeostasis. MT ion channels contribute 
to the metabolic state of heart cells via excitation– 
metabolism coupling. NUC ion channels contrib-
ute to the transcriptional regulation of SL and MT 
ion transport and signaling proteins (excitation– 
transcription coupling), thereby contributing indi-
rectly to heart rate and rhythm. 

Altered ion channel activity is frequently 
associated with arrhythmias, and mutations in 
ion channel genes, in particular, cause several 
cardiac channelopathies. On the basis of the pri-
mary gating (activating) factor, two major groups 
of ion channels have been identified: voltage-
gated (VGIC) and ligand-gated (LGIC) ion 
channels. The VGICs are activated by a change 
in membrane potential and contribute maximally 
to cardiac APs. Information on their genes, amino 
acid residues, conductance, kinetics, etc., is 
presented concerning adult heart cells [9–11]. 

1.3 Sarcolemmal Ion Channels 

1.3.1 Voltage-Gated Na Channels 

Nine different types of mammalian voltage-gated 
sodium channels (VGSCs) have been identified 
and are named after their α-subunits as NaV1.1– 
NaV1.9. The heart primarily expresses NaV1.5



Table 1.1 Heart rate and PR interval vary as a function of body size in mammals (values taken from [3]) 

(cardiac type), but is also reported to express the 
brain-type Na channels, NaV1.1, NaV1.3, and 
NaV1.6 [12, 13]. The VGSCs carry a fast inward 
Na+ current, INa, that underlies the fast upstroke 
(phase 0) of AP in most cardiac cells. VGSCs are 

hetero-multimeric membrane proteins composed 
of four subunits: α, β, γ, and δ. The α-subunit is 
the primary functional unit and contains the pore, 
ion selectivity filter, voltage sensor, and the drug 
and toxin binding sites. An α-subunit has four
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Fig. 1.1 Diagrammatic representation of the salient elec-
trical events in different regions of heart during a cardiac 
cycle. (a) Heart showing SA node, conducting system, and 
the working cardiac tissues. SVC, superior vena cava; PV, 
pulmonary vein; CT, crista terminalis; RA, right atrium, 
LA, left atrium; RV, right ventricle; LV, left ventricle; 
Endo, endocardium; Epi, epicardium; Mid, 
midmyocardium; PM, papillary muscle. (b) APs in the 

cells of different heart regions roughly correspond to dif-
ferent phases of ECG. (c) Left ventricular volume 
(LV) indicating left ventricular contraction and relaxation; 
LEDV, Left ventricular end-diastolic volume; LESV, Left 
ventricular end-systolic volume. (d) Surface ECG showing 
the classical P, Q, R, S, T, and U waves; ST indicates the 
end of S and beginning of T wave 

Species Heart rate (beats per minute) PR interval (ms) Heart weight (g) Body weight (kg) 

Mouse 376 ± 49 43 ± 4 0.192 0.029 ± 0.04 
Human (male) 80 164 ± 0.16 390 66 ± 3 
Humpback whale 30 400 180,000 30,000



domains (DI–DIV), each comprising of six TM 
segments (S1–S6). The four domains are arranged 
concentrically to collectively form a water-filled, 
open-ended central cavity. An inverted loop 
(P) between the extracellular ends of S5 and S6 
of each domain forms the channel's selectivity 
filter and outer vestibule. S4 acts as the voltage 
sensor due to its many positively charged amino 
acids. A short intracellular loop between DIII and 
DIV serves as an inactivation gate that is pro-
posed to occlude the inner vestibule. The N and 
C termini of α-subunits are intracellular. Four 
β-subunits, β1–β4, are reported for VGSCs and 
are formed of one TM segment. The β1-subunit 
regulates the subcellular localization and 
functions of α-subunits. The β-subunits interact 
with the extracellular matrix, cytosolic linker 
proteins, and cell adhesion molecules (CAM). 

The following VGSCs have been identified in 
heart.
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Fig. 1.2 Cartoon diagram of a cardiac myocyte depicting 
various categories of ion transporters in the sarcolemma 
and intracellular organelles. Extracellular and cytosolic 
concentrations of Na+ , K+ , Ca2+ , and Cl, which offer 
passive electrochemical gradients for the flow of ion 
currents through ion channels, are shown. The ion currents 
underlie APs which can be recorded using classical glass 

microelectrode (El) techniques. SL, sarcolemma; Cave, 
caveolae; SR, sarcoplasmic reticulum; MITO, 
mitochondria; NUC, nucleus; ER, endoplasmic reticulum; 
PNS, perinuclear space; NR, nuclear reticulum; NPC, 
nuclear pore complex; GJC, gap junction channel; RyR, 
ryanodine receptor; SERCA, SR Ca2+-ATPase 

NaV1.1 (Brain I, Gene - SCN1A, 1998 amino 
acids (aa)) is expressed in ventricular myocytes 
[12] and SAN cells [13] and conducts a small or 
negligible INa. Two auxiliary subunits, β1 and β2, 
are identified for this channel. The macroscopic 
INaV1.1 has a voltage of half-maximum (V0.5) acti-
vation of-19.6 to-13.7 mV and a V0.5 of inacti-
vation of -41.9 to -37.9 mV. NaV1.1 is 
localized in the T-tubules of ventricular myocytes 
and is involved in E–C coupling in ventricles 
[12]. In SAN, it is homogeneously distributed 
on SL and is associated with AP firing frequency 
[13, 14]. NaV1.1 is blocked by tetrodotoxin 
(TTX) with high sensitivity and is activated by β 
scorpion toxin, CssIV [13].
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Fig. 1.3 Diagram showing 
different phases of 
ventricular AP and the 
underlying ion currents. (a) 
AP showing rapid 
depolarization (upstroke-
phase 0) followed by rapid 
repolarization (notch-phase 
1), slow repolarization 
(plateau phase 2) and then 
faster final repolarization 
(phase 3) terminating into 
resting potential (phase 4). 
The cells of SAN, AVN, 
and Purkinje fiber exhibit 
slow diastolic 
depolarization (DD, dotted 
lines). (b) Various inward 
and outward ion currents 
depicted by downward and 
upward deflections, 
respectively, relative to the 
baseline, are shown along 
with the ion channels/ 
transporters generating the 
currents. The bottom 
recording shows inward 
(dotted line) pacemaker 
current, If/Ih, that 
contributes to DD in the 
pacemaker cells of SAN, 
AVN, and Purkinje fiber 

NaV1.3 (Brain III, Gene - SCN3A, 2000 aa) is 
expressed in fetal and adult hearts, ventricular 
myocytes [12], and in SAN cells [13]. It is 
reported to have two auxiliary subunits, β1 and 
β3. NaV1.3 carries a small macroscopic INaV1.3 
having a V0.5 of activation of-12 mV and V0.5 of 
inactivation of -47.5 mV. NaV1.3 is also 
localized on T-tubules and plays a role in E–C 
coupling in ventricles [12] and mediates AP firing 
in SAN cells [13]. It is blocked by TTX with high 
sensitivity and is stimulated by CssIV. 

NaV1.5 (h1, cardiac, Gene - SCN5A, 2016 aa, 
~20 pS) is the cardiac-specific VGSC and has 
four auxiliary subunits, β1, β2, β3, and β4. 
NaV1.5 is localized on the intercalated discs in 
ventricles [12] and has an important role in the 

cell-to-cell conduction of impulse in the heart. 
NaV1.5 is also present in peripheral cells of 
SAN and is involved in the conduction of SAN 
APs to atria [14]. A fast, transient inward Na+ 

current, INa, with rapid kinetics of activation (V0.5

-44 mV) and inactivation (V0.5 -87 mV) is 
mediated by NaV1.5 and contributes significantly 
to the fast upstroke of AP in atria, ventricles, and 
Purkinje fibers. NaV1.5 is reported to contribute 
significantly to the late Na current, INaL 
[15]. NaV1.5 is relatively insensitive to the 
blocking effect of TTX and is more sensitive to 
saxitoxin (STX). Class I antiarrhythmic drugs, 
e.g., lidocaine, procainamide, flecainide, 
propafenone, etc., act by blocking NaV1.5. 
Ranolazine, an antiarrhythmic drug, targets INaL 
[15]. NaV1.5 is implicated in sick sinus



a

syndrome, Brugada syndrome, and other cardiac 
arrhythmias [16]. Gain of function mutations in 
SCN5A cause type 3 long QT syndrome (LQTS). 
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NaV1.6 (Gene - SCN8A, 1980 aa) is expressed in 
the T-tubules of ventricular myocytes [12]. It 
mediates a small current with V0.5 of activation of
-28.7 mV and V0.5 of inactivation of -71.9 mV 
[17]. All four β subunits, β1–β4, are associated 
with NaV1.6. It is activated by β scorpion toxins 
and blocked by TTX. NaV1.6 is suggested to be 
involved in E–C coupling [12]. Interestingly, 
TTX is a potent inhibitor of the chick and fish 
heart INa, as evident from studies on isolated fish 
ventricular myocytes and isolated chick ventricu-
lar tissue, which indicates a predominant role of 
other TTX-sensitive isoforms of VGSCs in the 
nonmammalian heart [18, 19]. 

1.3.2 Voltage-Gated Ca Channels 

The voltage-gated calcium channels (VGCCs) 
conduct an inward Ca2+ current (ICa), which 
leads to the elevation of intracellular Ca2+ ,  
second messenger necessary for a large variety 
of cellular functions including cardiac contrac-
tion, impulse generation, secretion, neurotrans-
mission, gene expression, development, and 
differentiation etc. VGCCs facilitate the conver-
sion of electrical energy into chemical energy for 
the execution of cellular functions. 

Three families of VGCCs are identified and 
generally grouped under two categories 
depending on their activation voltage, viz. high 
voltage-activated (HVA) and low voltage-
activated (LVA) Ca channels. The HVA Ca 
channels are activated at higher membrane 
voltages (i.e., more depolarized potentials) and 
include CaV1.x (L, N, and P/Q type) and CaV2.x 
(R-type) VGCCs. The LVA Ca channels, CaV3.x 
(T-type) VGCCs, are activated at low membrane 
voltages (i.e., more negative potentials). VGCCs 
are hetero-multimeric membrane protein 
complexes of four to five subunits, viz. α1, α2, 
β, γ, and δ. The α1 (CaV) subunits of 
150–250 kDa have essentially the same structure 

as NaV, containing the pore, the voltage sensor, 
and binding sites for most of the pharmacological 
modulators [20]. The auxiliary subunits of 
VGCCs, α2, β, γ, and δ, are smaller proteins 
compared to α1; α2 is a 140 kDa extracellular 
protein, and δ a 27 kDa TM glycoprotein. The β 
subunits, β1–β4, are located intracellularly, have 
specific tissue distribution, and play important 
regulatory roles in surface expression and activa-
tion/inactivation kinetics of α1 subunit. The γ 
subunit, formed of 4TM segments, is involved 
in the assembly and surface expression of α1 
subunit and other membrane signaling proteins. 
Some of the salient features of the VGCCs 
expressed in the heart are described below. 

CaV1.2 (Cardiac L-type Ca channel, α1C, Gene -
CACNA1C, 2138 aa, 8 pS  with  Ca2+ ) is strongly 
expressed in all regions of heart and is localized in 
the T-tubules of ventricular myocytes [20]. A 
cardiac-specific isoform,  CaV1.2α, has been 
identified [21]. β1–β4 accessory subunits are dif-
ferentially distributed at the subcellular level. Four 
α2δ isoforms are also reported as the auxiliary 
subunits of CaV1.2 [22]. CaV1.2 current, ICa,L, 
contributes to the plateau phase (phase 2) of ven-
tricular APs and plays a key role in E–C coupling 
[2]. In SAN, ICa,L underlies the slow upstroke of 
APs and is also considered to contribute to pace-
maker potential [23]. The ventricular macroscopic 
ICa,L has a V0.5 of activation of -4.8 mV and τ of 
5–7 ms; the V0.5 of inactivation is -20.4 mV and 
τf and τs are 20.4 ms and 61–133 ms, respectively 
[9, 11]. 

The organic Ca channel blockers 
(CCBs), dihydropyridines (DHP; e.g., nifedi-
pine), phenylalkylamines (e.g., verapamil), 
diphenylalkylamines (e.g., fendiline), and 
benzothiazepines (e.g., diltiazem), inhibit 
CaV1.2 activity. Several Ca channel activators 
(CCA), e.g., Bay K 8644 and FPL 64176, activate 
CaV1.2 [24]. CaV1.2 is strongly modulated by 
phosphorylation via the β-adrenergic receptor-
induced increase in cAMP level and PKA activa-
tion, which is terminated by PP2A [25]. This 
β-AR pathway has an important role in sympa-
thetic nerve-induced positive chronotropy and



inotropy invoked during the “fight-or-flight” 
response of the heart. CaV1.2 and its auxiliary 
subunits are associated with inherited (Timothy 
syndrome-LQT8) and acquired cardiac 
arrhythmias. Calmodulin and CaMKII, which 
regulate the activity of L-type Ca channels, are 
suggested to contribute to arrhythmogenesis 
[26, 27]. 
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CaV1.3 (α1D, L-type Ca channel, Gene -
CACNA1D, 2181 aa) is expressed in SAN, 
AVN, and right atrial cells [28–30]. CaV1.3 is 
reported to have two auxiliary subunits, β and 
α2δ. The macroscopic ICaV1.3 has activation V0.5

-12.9 mV and τ 0.5–2.5 ms and inactivation V0.5

-42.7 mV and τ 3.8–74 ms [31]. It contributes to 
normal pacemaking in SAN and is implicated in 
SAN dysfunction [28, 29, 32]. Channel phos-
phorylation following β-AR stimulation brings 
about positive chronotropy accounting for part 
of the effects of increased sympathetic discharge. 
The CCBs and Ca channel activators (CCAs) 
have profound effects on CaV1.3. 

CaV2.3 (α1E, R-type Ca channel, Gene -
CACNA1E, 2270 aa, 20 pS) is associated with β 
and α2δ subunits. CaV2.3 channel allows the flow 
of a residual inward Ca2+ current (ICa,R) at high 
membrane voltages when ICa,L is blocked by 
CCBs. The macroscopic ICa,R has an activation 
V0.5 of-29 mV, τ 2.4 ms, and inactivation V0.5 of
-54 mV and τ 16–655 ms [9]. CaV2.3 is 
expressed in atrial cells [33]. It is insensitive to 
CCBs and CCAs and is inhibited by Ni2+ and 
Cd2+ [9]. 

CaV3.1 (α1G, T-type Ca channel, Gene -
CACNA1G, 2377 aa, 7.3 pS) is expressed pre-
dominantly in the conduction system, viz. SAN, 
AVN, and Purkinje fibers [34]. CaV3.1 elicits ICa, 
T, a transient inward Ca

2+ current activated at low 
(more negative) membrane voltages, suggested to 
play a key role in the pacemaker activity of SAN 
and in AVN conduction [29, 34]. The macro-
scopic ICa,T exhibits a V0.5 of activation 
of -50 mV, τ 1–7 ms, V0.5 of inactivation -

68 mV, and τ 15–40 ms [35]. CaV3.1 is insensi-
tive to CCBs and CCAs and is blocked by Ni2+ 

and mibefradil [9, 36]. 

CaV3.2 (α1H, T-type Ca channel, gene-
- CACNA1H, 2353 aa, 9.1 pS) are most abundant 
in the conduction system of the heart and are not 
expressed in adult mammalian ventricles 
[34, 37]. The macroscopic ICaV3.2 shows V0.5 

of activation of -41.9 mV and τ of 2–10 ms. 
The V0.5 of inactivation is -50.9 mV and τ is in 
the range of 20–120 ms [9]. ICaV3.2 is inhibited by 
mibefradil, Ni2+ , pimozol, and anandamide 
[9, 36]. CaV3.2 is expressed in atria and ventricles 
during cardiac pathologies such as heart failure 
(HF) and cardiac hypertrophy and is associated 
ventricular arrhythmias [34, 38]. 

1.3.3 Voltage-Gated K Channels (KV) 

K channels contribute to the maintenance of rest-
ing membrane potential and repolarization of car-
diac APs and, therefore, determine excitability, 
AP duration, and refractoriness of the myocar-
dium. K channels are the most diverse groups of 
ion channels encoded by about 70 genes in 
mammals. The channels consist of 4 α-subunits 
each with six TM segments in voltage-gated (Kv), 
with 6/7 TM segments Ca2+- and Na+-activated 
(KCa, KNa), and with two TM segments in 
inwardly rectifying (Kir), and of two α-subunits 
each with four TM segments, but two pore-
forming loops in the two-pore (K2p) K channel 
families [9]. 

Voltage-gated potassium channels (VGPCs) 
are the largest family of K channels encoded by 
40 genes in the human genome and are, therefore, 
extremely diverse. VGPCs are comprised of four 
primary pore-forming α-subunits, each with six 
TM segments. α-subunits co-assemble to form 
homo- or hetero-tetramers that have the pore for 
K+ 

flux, the selectivity filter, voltage sensor, acti-
vation and inactivation gates, and sites for inter-
action with pharmacological agents. Presently



12 subfamilies of VGPCs are identified and are 
named KV1.x–KV12.x. 
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The members of KV5.x, KV6.x, KV8.x, and 
KV9.x form “modifiers” and are nonfunctional 
ion channels upon formation of homotetramers. 
Auxiliary β-subunits, KVβ1.x, KVβ2.x, and 
KVβ3.x, and other associated proteins are also 
identified for several VGPCs and modulate their 
functions. 

KV1.1 (Gene - KCNA1, 495 aa, 10 pS) is 
associated with two heteromeric pore-forming 
subunits, KVβ1 and KVβ2  [9]. KV1.1 mediates 
an outward IK contributing to delayed rectifier K 
current, which maintains the resting potential and 
cellular excitability [39, 40]. The kinetics of mac-
roscopic IKV1.1 is characterized by V0.5 of activa-
tion of -29.7 mV and τ 15.5 ms, and V0.5 of 
inactivation of -47 mV and τ 83.4 ms [39]. SA 
node is reported to over-express KV1.1 in mice 
exhibiting chronic bradycardia [41]. 

KV1.2 (Gene - KCNA2, 499 aa, 14–18 pS) has 
two heteromeric pore-forming units, KVβ1 and 
KVβ2, and co-assembles with other KV channels. 
The outward IKV1.2 contributes to delayed recti-
fier IK and restores resting potential and 
excitability [42, 43]. The macroscopic IKV1.2 has 
a V0.5 of activation of 5–27 mV and τ of 6 ms, and 
V0.5 of inactivation of -15 mV [43]. It is 
expressed in SAN, atria, and ventricles [44] and 
is associated with right ventricular 
hypertrophy [45]. 

KV1.4 (Gene - KCNA4, 653 aa, 5 pS) forms 
heteromeric pore with KVβ and co-assembles 
with other KV channels. They are expressed in 
SAN, AVN, Purkinje fibers, and ventricles 
[40, 46–49]. KV1.4 is responsible for the slow 
transient outward K+ current, Ito,s, involved in 
early repolarization that shapes the configuration 
of APs in different types of heart cells [50, 51] 
and is altered in postmyocardial infarction 
(MI) ventricular myocardium in a differential 
manner [52]. KV1.4 is associated with cardiac 
hypertrophy and heart failure (HF) [51, 53]. 

KV1.5 (Gene - KCNA5, 613 aa, 8 pS) forms 
heteromeric channel with KVβ1 and KVβ2. It is 
expressed in SAN, AVN, atria, and ventricles, 
being more predominant in atria [40, 46, 54, 55] 
and is a major contributor to ultra-rapidly 
activating delayed rectifier outward K+ current 
(IKur). The macroscopic IKv1.5 shows a V0.5 of 
activation of -14 mV and τ of 23 ms which is 
in the range of those for IKur. IKur participates in 
repolarization and maintenance of resting poten-
tial [56, 57]. KV1.5 expression levels and IKur are 
associated with cardiac rhythm disorders like 
atrial fibrillation (AF) and with ventricular hyper-
trophy [53, 57]. 

KV1.7 (Gene - KCNA7, 456 aa, 21 pS) 
co-assembles with other KV1 channels. It is 
expressed in heart [58] and is responsible for an 
IKur like current. The macroscopic IKV1.7 has a 
V0.5 of activation of-4.3 mV and a V0.5 of inacti-
vation of -21 mV and τ of 181.8 ms [59]. KV1.7 
is suggested to contribute significantly to IKur and 
facilitates repolarization. KCNA7 is considered a 
candidate gene for inherited cardiac 
disorders [60]. 

KV1.8 (Gene - KCNA10, 511 aa, 11 pS) 
co-assembles with other KV1.x and KCNA4B 
acts as a novel β subunit of this channel to form 
a heteromeric channel [61]. KV1.8 is activated by 
cGMP and not by cAMP [62]. KV1.8 is expressed 
in heart, contributes to IKur, and facilitates repo-
larization and restoration of resting potential and 
has a potential role in acquired arrhythmias 
[62, 63]. 

KV2.1 (Gene - KCNB1, 858 aa, 8 pS) is 
associated with several “modifier” heteromeric 
pore-forming subunits, viz. KV5.1, KV6.1– 
KV6.3, KV8.1, and KV9.1–KV9.3. The expression 
level of KV2.1 is high in ventricles and atria 
[49, 55]. KV2.1 causes a delayed rectifier outward 
current IK,slow2 and contributes significantly to 
IKur, facilitating repolarization [49, 64]. It is 
associated with arrhythmias and left ventricular 
remodeling [49, 65].
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KV3.4 (Gene - KCNC4, 635 aa, 14 pS) 
co-assembles with the auxiliary subunit MiRP2. 
It is expressed in Purkinje fibers and ventricles 
[55, 66] and mediates a K+ outward current that 
facilitates repolarization. KV3.4 is associated with 
conduction abnormalities in congestive HF [66]. 

KV4.1 (Gene - KCND1, 647 aa, 6 pS) forms a 
K channel co-assembling with KChiP1 and 
DPPX [9]. It is differentially expressed in the 
heart [47, 67]. 

KV4.2 (Gene - KCND2, 630 aa, 7.5 pS) forms 
heteromeric ion channels with the β-subunits 
KChIP1, 2, 3, and 4 and KVβ. It is asymmetrically 
expressed in heart and is localized in the 
T-tubules in ventricles [68]. KV4.2 contributes 
to Ito,f and participates in repolarization during 
phase 1 of cardiac AP [51]. However, its expres-
sion level is low in the ventricles of higher 
mammals allowing the appearance of prominent 
notch phase of AP [64]. KV4.2 is implicated in 
diabetic cardiomyopathy [69, 70]. 

KV4.3 (Gene - KCND3, 655 aa, 5 pS) is 
associated with KChIP2. KV4.3 is expressed in 
heart with profound differences in regional distri-
bution and between different species [64, 71]. It 
also mediates a transient outward K+ current and 
contributes to Ito,f, which determines AP duration 
in different types of heart cells. KV4.3 is 
associated with several cardiac rhythm disorders 
[51, 70, 72, 73]. 

KV7.1 (KvLQT1, Gene - KCNQ1, 676 aa; 
5.8 pS) has several auxiliary subunits, viz. 
MinK (KCNE1), and MiRP1–MiRP4 [74]. It is 
expressed in atria and ventricles and mediates the 
slowly activating delayed rectifier outward K+ 

current, IKs, contributing to repolarization during 
the “plateau” phase of the AP [75]. Mutation in 
KV7.1 is the most common cause of LQTS [76] 
and, very rarely, SQT syndrome [76, 77] and is 
associated with AF. 

KV11.1 (Gene - KCNH2 or HERG, 1159 aa; 
12 pS) is proposed to co-assemble with the 

accessory subunit MiRP1 [78]. These channels 
are abundantly and asymmetrically expressed in 
SAN, atria and ventricles [79, 80]. KV11.1 chan-
nel underlies the rapidly activating delayed recti-
fier outward K+ current, IKr, having strong 
inwardly rectifying properties [80]. IKr 
determines the time course of the late phase of 
repolarization of the AP. hERG channels are 
associated with both inherited (LQTS and 
SQTS) and acquired (drug-induced) arrhythmia 
[80]. Several chemically unrelated drugs, and 
several of those intended for noncardiac use, are 
reported to block the hERG channel causing ven-
tricular arrhythmias, torsades de pointes (TDP), 
and sudden cardiac death (SCD) (see Chap. 11). 

1.3.4 Ca2+- and Na+-Activated K 
Channels (KCa/KNa) 

Five families of KCa channels (including KNa 

channels), namely, KCa1.x, KCa2.x, KCa3.x, 
KCa4.x, and KCa5.x have been identified 
[9]. The KCa channels are activated by intracellu-
lar Ca2+ , and are grouped as small conductance 
(SK), intermediate conductance (IK), and big 
conductance (BK) channels on the basis of their 
conductance and pharmacological sensitivity. 
KCa1.x has one member, i.e., KCa1.1 (BK, slo1), 
and belongs to the BK group. KCa5.x also has one 
member (KCa5.1, slo3) and is related to KCa1.x. 
KCa2.x has three members, viz. KCa2.1, KCa2.2, 
and KCa2.3, and belongs to the SK group. KCa3.1 
is the only member of KCa3.x (IK) group. 

The Na+-activated K (KNa) channels are 
named KCa4.x by IUPHAR and have two 
members, i.e., KCa4.1 (slack, slo2.2) and KCa4.2 
(slick, slo2.1), hence KCa4.x channels are 
activated by intracellular Na+ , but not by Ca2+ . 
The following KCa and KNa channels are reported 
to be expressed in heart. 

KCa2.1 (SK1, Gene - KCNN1, 543 aa, 9.2 pS) is 
formed of six TM segments. Calmodulin serves 
as its auxiliary subunit. They are activated by 
intracellular Ca2+ and are voltage-dependent. 
KCa2.1 is reported in atria and ventricles [81],



and is blocked by apamin and leiurotoxin I 
[9, 82]. 
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KCa2.2 (SK2, Gene - KCNN2, 579 aa, 9.5 pS) 
has no auxiliary subunits and is present in heart its 
expression being higher in atria than in ventricles 
[83–85]. KCa2.2 is voltage-independent and 
facilitates repolarization in atrial cells; their dele-
tion in mice results in AF [85]. Apamin and 
leiurotoxin I are its pore blockers [9, 82]. 

KCa2.3 (SK3, Gene - KCNN3, 731 aa) is 
voltage-independent, and no auxiliary subunits 
are reported. KCa2.3 is equally expressed in atria 
and ventricles [84]. Apamin and leiurotoxin I are 
its pore blockers [9, 82]. 

KCa4.2 (Slick/Slo2.1/KNa, Gene - KCNT2, 1138 
aa, 141 pS [86], and 220 pS [87]). First reported 
in guinea pig ventricular myocytes, these 
channels are widely distributed in the heart 
[88]. KNa channels in ventricular myocytes show 
complex bursting behavior [87] with several sta-
ble subconductance levels [89]. KCa4.2 is 
reported to form heteromers with KCa4.1 in 
neurones [90]. KCa4.2 channels are believed to 
protect from hypoxic insults [91]. They are 
blocked by several antiarrhythmic drugs [92] 
and activated (Slo2.1) by niflumic acid [93]. 

1.3.5 Leak K Channels (K2P/4 TM) 

Leak K channels, in part, mediate a background 
leak of K+ across the SL and maintain the mem-
brane potential at subthreshold resting levels, thus 
modulating cellular excitability [94, 95]. The pri-
mary pore-forming α-subunits of these K 
channels have two pore-forming loops each, 
arranged within four TM segments, usually as 
homodimers or heterodimers. Fifteen types of 
K2P channels have been identified [9]. K2P 

channels remain open in the range of resting 
potential and carry time- and voltage-independent 
outward K+ currents. A variety of factors are 
known to modulate the activity of K2P channels, 
including temperature, pO2, pH, lipids, 
neurotransmitters, G-protein-coupled receptors, 

and mechanical stimuli. The cardiac K2P family 
members underlie K+ currents somewhat similar 
to the “plateau current” and steady-state K+ cur-
rent, ISS [95, 96], and are described below: 

K2P1.1 (TWIK-1, Gene - KCNK1-336 aa, 34 pS) 
is expressed more abundantly in ventricles and 
Purkinje fibers than in atria [97, 98]. These 
channels conduct an inwardly rectifying outward 
K+ current and have been implicated in cardiac 
arrhythmias, e.g., Brugada syndrome and right 
ventricular arrhythmia [73]. 

K2P2.1 (TREK-1, Gene - KCNK2, 426 aa, 
100 pS) [99, 100] is a TWIK-related channel 
and is expressed differentially in the three layers 
of left ventricle, being higher in the epicardium 
than in the endocardium [94]. It is present in 
longitudinal stripes in the SL of ventricular 
myocytes [100]. K2P2.1 channel underlies an out-
ward K+ current with weak inward rectification 
and exhibits mechano-sensitivity [100]. The 
transmural gradient of K2P2.1 has been proposed 
to contribute to AP duration and dispersion of 
repolarization [94, 100]. 

K2P3.1 (TASK-1, Gene - KCNK3, 394 aa, 
14 pS) is a TWIK-related acid-sensitive K chan-
nel that is expressed strongly in heart. The out-
ward K+ current mediated by these channels 
facilitates repolarization [99]. K2P3.1 level in 
left ventricular mycocytes is increased in experi-
mental left ventricular hypertrophy [65]. ITASK-1 
is suggested to mediate α1-adrenergic receptor-
mediated prolongation of cardiac repolarization 
that is inhibited by A293 [101]. 

1.3.6 Inwardly Rectifying K Channels 
(2 TM) 

The inwardly rectifying K channels allow larger 
inward currents at potentials negative to EK than 
outward currents positive to EK. They are 
comprised of four pore-forming α-subunits, Kir, 
each of which consists of two 
TM-spanning segments. The K channels form 
homo-tetramers, although some members also



form hetero-tetramers. Seven subfamilies of Kir 
channels have been identified: Kir1.x–Kir7.x. 
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Kir2.x families have four subfamilies, Kir2.1– 
Kir2.4, and their inwardly rectifying K

+ currents 
contribute significantly to IK1 [102]. Kir3.x family 
has four channel types identified as Kir3.1, Kir3.2, 
Kir3.3, and Kir3.4, also called GIRK1, GIRK2, 
GIRK3, and GIRK4, respectively. The Kir3 
channels are coupled to G-proteins. Kir6.x 
(KATP) family has two members, Kir6.1 and 
Kir6.2. Functional Kir6.x channels form hetero-
multimers of octameric conformation with four 
auxiliary subunits, the sulfonylurea receptors 
(SUR) binding sites for glibenclamide and 
diazoxide. The following Kir family members 
are expressed in the heart. 

Kir2.1 (IRK1, Gene - KCNJ2, 427 aa, 21 pS) has 
a higher expression in ventricles than in atria. 
Other Kir2.x members and Kir4.1 serve as its 
heteromeric pore-forming domain. Kir2.1 channel 
K+ outward current is the major contributor to IK1 
and contributes to the repolarization phase of the 
AP and maintenance of resting potential in 
ventricles and atria [103, 104]. Kir2.1 is 
associated with several rhythm disorders, includ-
ing AF, left ventricular hypertrophy, and 
Andersen–Tawil syndrome (LQT7) [65, 66, 
105] and SQT3. 

Kir2.2 (IRK2, Gene - KCNJ12, 433 aa, 34.2 pS) 
is expressed in ventricles and atria [9, 103, 
106]. Kir2.1 serves as a heteromeric pore-forming 
subunit for Kir2.2. K

+ outward current due to 
Kir2.2 contributes partly to IK1 and facilitates 
repolarization of AP and maintenance of resting 
potential [103]. 

Kir2.3 (IRK3, Gene - KCNJ4, 445 aa, 13 pS) 
forms complexes with other Kir2.x subunits 
[9, 107–109]. It also contributes to IK1 and, thus, 
to repolarization phase and resting potential. 
Kir2.3 is associated with several types of cardiac 
arrhythmias including Andersen’s syndrome 
[102, 108]. 

Kir3.1 (GIRK1, Gene - KCNJ3, 501 aa, 42 pS) is 
abundant in SA node, AV node, and atria 
[110, 111]. Kir3.1 is electrically silent and forms 
functional heteromers with the pore-forming 
subunits, Kir3.2, Kir3.3, or Kir3.4, with virtually 
identical conductances, kinetics, and Gβγ 
sensitivities [111]. M2R stimulation leads to Gβ-
γ-mediated activation of heteromeric Kir3.1 chan-
nel, causing an outward K+ current (IKACh), 
which brings about SA nodal cellular hyperpolar-
ization, AV conduction delay, atrial hyperpolari-
zation, and negative chronotropy [112]. 

Kir3.2 (GIRK2. Gene - KCNJ6, 423 aa, 30 pS) is 
primarily a brain-type channel but its splice 
variants are also reported in SA node and atria 
[113]. Kir3.2 is activated by M2R-mediated Gβγ 
and RGS4 pathways and induces IKACh, causing 
bradycardia due to the hyperpolarization of SAN 
cells [113]. 

Kir3.4 (GIRK4, Gene - KCNJ5, 419 aa, 
15–30 pS) can form homomeric channels but 
usually forms heteromers with Kir3.1, Kir3.2, 
and Kir3.3. It assembles in heart as hetero-
tetramers with Kir3.1 [114]. The Kir3.4/Kir3.1 
heteromeric channels are strongly activated by 
Gβγ subunits of G protein that mediate the M2 

receptor stimulation by ACh, resulting in the acti-
vation of IKACh [111]. A decrease in IKACh 
prevents, while its increase favors the occurrence 
of AF in GIRK4 knock-out mice [57, 115–117]. It 
is, therefore, suggested that IKACh has a potential 
role in clinical AF ([118], See Chap. 28). 

Kir6.1 (KATP, Gene - KCNJ8, 424 aa, 33 pS) 
forms hetero-multimeric complex with four aux-
iliary subunits, SUR2B. These channels are 
activated by low (<10-5 M) concentrations of 
intracellular ATP but inhibited by its higher 
(>10-4 M) concentrations [119]. Kir6.1 channels 
are reported in atria and ventricles, they are 
distributed in the sarcolemma of cardiac 
myocytes and are associated with maladaptive 
cardiac remodeling [120].
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Kir6.2 (KATP, Gene - KCNJ11, 390 aa, 79 pS) 
forms hetero-multimers with SUR2A in the heart 
and causes the repolarizing IKATP [121]. Kir6.2 
and SUR2A subunits predominate in the sarco-
lemma of ventricular and atrial myocytes 
[122]. While Kir6.2 is the K channel, SUR2A 
acts as the sensor for intracellular ATP and ADP 
levels and modulates the activity of the former, 
thereby determining the amplitude of IKATP, 
the membrane potential, and APD. KATP channels 
play important roles in normal myocardial func-
tion and in several acquired and inherited cardiac 
disorders, viz. AF, cardiomyopathy, HF, and poor 
adaptability to stress-induced cardiac dysfunction 
[123]. The sarcolemmal Kir6.2/SUR2A is 
reported to facilitate protection from ischemia– 
reperfusion cardiac injury [124]. 

1.3.7 Cyclic Nucleotide-Regulated 
Channels 

Two groups of channels belong to the superfam-
ily of cyclic nucleotide-regulated (CNG) 
channels: (1) cyclic nucleotide-gated (CNG) 
channels and (2) hyperpolarization-activated, 
cyclic nucleotide-gated (HCN) channels [9]. 

CNG Channels: These cation channels are 
expressed as hetero-tetramers comprised of 
homologous six TM A subunits (CNGA1– 
CNGA4) with six TM B subunits (CNGB1 and 
CNGB3). A cyclic nucleotide-binding domain 
(CNBD) located on the cytosolic C terminal 
serves as the site for activation by cAMP or 
cGMP. CNG channels are permeable to monova-
lent cations Na+ and K+ and also to Ca2+ . CNGA2 
(Gene - CNGA2, 664 aa, 35 pS) is expressed, 
though feebly, in myocardial sarcolemma 
[125]. CNGA2 is permeable to Ca2+, but its phys-
iological significance is unknown. 

HCN channels: Four types of HCN channels, 
HCN1–HCN4, are identified in cardiac and neu-
ronal tissues [126]. HCN channels are homo- or 
hetero-tetramers of subunits comprised of six TM 
segments, S1–S6, with S4 acting as the voltage 
sensor. The four monomeric subunits are 
arranged around a central pore lined by their S6 

TM segments. The N and C termini of the 
subunits are cytosolic, the latter having a crucial 
role in channel regulation by cAMP. A cyclic 
nucleotide-binding domain on the C terminus 
serves as the binding site for cAMP and has a 
key role in the channel activity. Membrane 
potentials in the hyperpolarized range (negative 
to resting potential) activate these channels. HCN 
channels are permeable to monovalent cations, 
K+ and Na+ , which upon channel opening, carry 
an inward depolarizing cation current, 
contributing to funny (If) or hyperpolarizing (Ih) 
currents. If contributes significantly to diastolic 
depolarization in the pacemaker cells of SAN, 
AVN, and Purkinje fibers and modulates heart 
rate and rhythm. Therefore, HCN channels are 
often called “pacemaker channels”. Sympathetic 
neurotransmitters, epinephrine, and norepineph-
rine, stimulate the activity of HCN channels 
through β-AR-mediated increase in intracellular 
cAMP level and induce positive chronotropy. The 
parasympathetic neurotransmitter, ACh, is 
reported to cause negative chronotropy partly by 
inhibiting HCN channel activity. Several specific 
blockers of If (bradycardiac agents) have been 
discovered, exemplified by ivabradine, offering 
new therapeutic agents to treat sinus tachycardia. 

HCN1 (Gene - HCN1, 890 aa, 12.9 pS) is 
expressed feebly in SAN and embryonic ventric-
ular myocytes [9, 126]. MiRP1 serves as an aux-
iliary subunit. 

HCN2 (Gene - HCN2, 889 aa, 1.5–35 pS) is also 
expressed feebly in SAN and is considered to be 
complimentary to HCN4. HCN2 channels con-
tribute up to 20% to If current in mice SAN cells 
[126, 127]. HCN2 channels are permeable to Na+ 

and K+ . Dysfunction of HCN2 is associated with 
sinus dysrhythmia [127]. 

HCN4 (Gene - HCN4, 1203 aa, 17.5 pS) is 
expressed predominantly in SAN [128]. MiRP1 
is a potential auxiliary subunit. HCN4 has a V0.5 

of activation of -82 mV and τ of ~2 s when 
expressed in HEK293 cells [9]. HCN4 
contributes up to 80% to If in SAN. HCN4 is 
associated with sick sinus syndrome and other



disorders of SAN and AVN and has also been 
implicated in AF, ventricular tachycardia (VT), 
and HF [129–132]. The HCN channels are exten-
sively covered in Chap. 4. Mathematical 
modeling of the role of HCN channels in pace-
maker activity of SAN cells is also covered exten-
sively in Chaps. 2 and 3. 
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1.3.8 Transient Receptor Potential 
Channels 

The mammalian transient receptor potential 
(TRP) ion channel superfamily is comprised of 
six protein families, the classical TRP (TRPC), 
vallinoid receptor (TRPV), melastatin (TRPM), 
mucolipin (TRPML), polycystin (TRPP), and 
ankyrin (TRPA1) protein channels. TRP channel 
α-subunits consist of six α-helical TM segments 
(S1–S6), the loops between S5 and S6 form the 
pore. Although S4 in these ion channels lacks 
classical voltage sensors, several members of the 
TRP family show voltage-dependent gating 
[10, 133]. Most of the TRP channels are 
nonselectively cation permeant, except TRPV5 
and TRPV6, which are Ca2+ selective, and 
TRPM4 and TRPM5, which are monovalent cat-
ion selective. TRP channels, when in an open 
state, allow an increase in cytosolic Ca2+ and 
Na+ concentrations and depolarize the cell; they 
are also considered to act as store-operated Ca 
channels (SOCCs), contribute significantly to cel-
lular Ca2+ homeostasis and are implicated in 
hypertrophy [134]. Several TRP channels are 
activated by stretch and contribute to mechano-
electrical feedback [135]. Chapter 12 covers the 
TRP channel in detail. 

1.3.9 Chloride Channels 

The chloride channels are functionally and struc-
turally diverse, with ubiquitous distribution both 
on the plasma membrane as well as on intracellu-
lar organelles [10, 136, 137]. A surge of research 
on Cl channels during the past decade has led to 
the identification of a large variety of these anion 

channels and their prospective roles in various 
cellular functions in health and disease. As a 
consequence, Cl channels are emerging as impor-
tant targets for new drug discovery for a number 
of diseases. The mammalian Cl channels 
identified so far are grouped into five families: 
Voltage-sensitive Cl channels (ClC), Cystic fibro-
sis transmembrane conductor regulator (CFTR), 
Ca2+-activated Cl channels (CaCC), Maxi Cl 
channels (Maxi Cl), and Volume-regulated Cl 
channels (VRC, VRAC) [10]. 

Several types of Cl channels have been 
described in heart cells, and their special features 
and roles in cardiac activity are well described in 
a review [136]. Some salient features of these 
channels and their relevance to cardiac electrical 
activity and heart rate and rhythm are discussed 
below. 

ClC-2 channels are responsible for a voltage-
activated inwardly rectifying chloride current, ICl, 
ir, and are likely to contribute to cell swelling. 
ClC-2 is expressed in SAN pacemaker cells, 
Purkinje fibers and atrial and ventricular 
myocytes [137]. 

ClC-3 channels elicit a volume-regulated out-
wardly rectifying Cl- current, ICl,vol, with two 
components, the swelling-activated one, ICl,swell, 
and the basally activated one, ICl,b. ClC-1, -2, and
-3 channels are expressed in atria and ventricles 
and ICl,Swell is reported in SAN, and atrial and 
ventricular myocytes [136, 138, 139]. ICl,Swell is 
stretch-sensitive and is thought to play a role in 
regulating membrane potential, APD, and 
excitability and has arrhythmogenic potential 
[139]. They are implicated in VF dynamics in 
isolated guinea pig heart and exert a protective 
role in cardiac hypertrophy and HF [140]. 

CFTR channels are expressed in atria and 
ventricles and give rise to slightly outwardly 
rectifying currents named after their activators, 
namely ICl,PKA, ICl,PKC, and ICl,ATP [141]. The 
cAMP/PKA-induced current, ICl,PKA, was the 
first Cl channel current recorded in heart 
cells. The PKC-activated current, ICl,PKC, has 
been recorded from ventricular myocytes [142– 
144]. The extracellular ATP-activated [136] 
CFTR current, ICl,ATP, has also been recorded



from atria and ventricles. CFTR responsible for 
ICl,PKA are clustered on the z-groove but are not 
seen on the mouth of T-tubules [144]. 
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ICFTR is associated with early 
afterdepolarizations (EAD) [139] and is reported 
to modulate ventricular myocyte contraction rate 
and is associated with changes in HF [145]. An 
epicardium-to-endocardium gradient is suggested 
to exist for CFTR (ICl,PKA), which is lost in car-
diac hypertrophy [146]. The channel is blocked 
by the scorpion toxin GaTx-1 and activated by 
nicorandil [10, 147]. 

CLCA-1 channel-mediated current, ICl,Ca, has 
been recorded from ventricular myocytes 
[148]. ICl,Ca has a role in determining membrane 
potential and membrane excitability in heart cells 
and contributes to Iti in addition to INCX (Fig. 1.3). 
An increase in ICl,Ca is reported to be associated 
with delayed afterdepolarization (DAD) in ven-
tricular myocytes [148] and with left ventricular 
hypertrophy exhibiting APD prolongation, AP 
alternans, and T wave alternans, indicating a 
role of CLCA-1 in arrhythmogenesis 
[149]. Bestrophin, a member of CaCC group, 
has several homologues, expressed in a wide 
variety of cells including myocardium 
[136, 150] where Best-3 is more predominant 
than Best-1 and Best-2 [151]. mBest-3 is widely 
distributed in mouse heart and has a sarcolemmal 
localization [151]. It is shown to have a putative 
pore domain and to function like a channel. The 
bestrophin-induced ICl,Ca is time- and voltage-
independent and displays slight outward rectifica-
tion. It is inhibited by niflumic acid and DIDS 
[10, 151]. 

THEM16 (anoctamin, ANO), another mem-
ber of Ca2+-activated Cl channels, has 
10 homologues, and THEM16A is expressed in 
heart [136, 152]. VDAC1, the voltage-dependent 
anion channel 1, having very high conductance 
(280–430 pS; [10]) and normally localized on the 
outer mitochondrial membrane in ventricular 
myocytes, is also expressed on SL [136]. 

Acid-activated Cl channels, ICl,acid, activated 
by acidic extracellular pH [153], has also been 
reported in atrial and ventricular myocytes 
showing outward rectification. Its activation is 
independent of [Ca2+ ]i. Since high extracellular 

pH increases APD and extracellular acidosis 
accompanies MI-induced arrhythmias, it is likely 
that ICl,acid has a role in the pathophysiology of 
such arrhythmias [154]. 

1.3.10 Stretch-Activated Channels 

Mechano-sensitive (MSC), mechano-gated 
(MGC), or stretch-activated (SAC) channels are 
activated primarily by mechanical stress 
(mechanical tension) in the membrane 
[155]. The membrane cytoskeleton is considered 
to mediate the mechanical stress to the channel 
protein bringing about the required changes in 
channel conformation to induce channel opening. 
Although several members of VGIC and LGIC 
superfamilies do respond to mechanical stress, 
they are not categorized as SACs. However, a 
few members of TRPC and K2P (TWIK) families 
indeed respond to primary mechanical stimulus 
and are, therefore, identified as SACs. In the strict 
sense of SACs, no specific protein has yet been 
identified as a representative of these channels 
[155]. It is well recognized that mechano-electric 
feedback has important roles in the cardiac cycle 
and is involved in maintaining the heart rate and 
rhythm under physiological conditions and car-
diac rhythm disturbances (see Chap. 7). The 
mechano-sensitive channels include TREK-1, 
TRPC1, and TRPV2. These SACs are implicated 
in AF, DADs, cardiomyopathy, and ventricular 
arrhythmia [100, 156]. Gadolinium and strepto-
mycin inhibit the activity of SACs, but GsMTx4, 
a peptide isolated from tarantula venom, is a more 
specific blocker of SACs and inhibits stretch-
induced AF [155]. 

1.3.11 Gap Junction Channels 

The intercalated discs (ICD) on SL between adja-
cent cardiac myocytes connect the two neighbor-
ing cells. Gap junction (GJ) channels are one of 
the three components of ICDs, the other two 
being fascia adherens and desmosomes, and pro-
vide electrical coupling between adjacent cells 
(see also Chap. 14). GJ channels are composed



of two hemichannels, each one, called connexons, 
inserted in the SL of two adjoining cells. Each 
connexon comprises of six domains of connexins 
arranged concentrically to form a central pore. 
The connexins themselves are made up of four 
TM segments, M1–M4 with their N and C termini 
located intracellularly. Two loops connecting M1 
with M2, and M3 with M4 are extracellular, while 
an intracellular loop connects M2 to M3. Nor-
mally GJ channels are located at the terminal 
poles of myocardial cells and bring about 
cell-to-cell electrical coupling facilitating impulse 
conduction along cardiac fibers. GJ channels 
allow passive diffusion of molecules <1 kDa, e. 
g., anions, cations, nutrients, metabolites, and 
second messengers (IP3). Connexins, e.g., Cx43, 
have a short half-life that may have implications 
in myocardial excitability [157]. GJ channels are 
named after their constituent connexin 
(Cx) followed by numerals that denote its molec-
ular weight, e.g., Cx40 meaning connexin of 
40 kDa. Twenty-one connexins are expressed in 
humans, only four being expressed in the heart, 
viz. Cx30, Cx40, Cx43, and Cx45 
[158, 159]. Cx30 is weakly expressed in SAN 
central cells and contributes to the regulation of 
pacemaker activity and heart rate [160]. Cx40 is 
expressed in the SAN peripheral cells and atrial 
myocytes [157–159]. Cx43 is a protein 
expressed mainly in the ventricles, but also to 
alesser extent in the atria and the periphery of 
SAN [158, 159]. Cx45 is expressed in AVN 
cells and in the SAN peripheral cells. Cx30.2, 
Cx40, and Cx45 are expressed in AVN and 
His-bundle and contribute to supra-Hisian and 
infra-Hisian impulse conduction in mice, as evi-
dent from ECG changes in Cx30.2/Cx40 deficient 
animals [161]. 
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Connexins play a key role in impulse conduc-
tion in the entire heart, maintaining specific 
regional conduction requirements necessary for 
a coordinated cardiac contraction underlying a 
normal heart rate. Alterations in the expression 
pattern of specific connexins herald several car-
diac rhythm disorders including AF, ischemia– 
reperfusion injury, and congestive heart failure 

(CHF) [66]. Chapter 14 provides an account of 
GJ channels in cardiac disorders. 

1.4 Sarcoplasmic Reticulum 
Membrane Ion Channels 

SR membrane is endowed with the capability of 
contributing to fine maintenance of cytosolic free 
Ca2+ concentration and to make free Ca2+ avail-
able at strategic locations necessary for the per-
formance of cellular functions. To this end, the 
SR membrane possesses two major types of Ca2+-
release channels, ryanodine receptor channels 
(RyR) and inositol trisphosphate receptor 
channels (InsP3R). The SR membrane Ca2+-
ATPase (SERCA2) takes up excess Ca2+ from 
cytosol and fills the SR Ca stores. This topic is 
covered in Chap. 21. 

1.4.1 Ryanodine Receptor Channels 

The RyRs are ubiquitously distributed. Three 
types of RyRs have been identified, namely 
RyR1, RyR2, and RyR3, which represent large 
(~558 kDa) structurally related tetrameric 
membrane-spanning proteins, which 
co-assemble with four calstabin (FKBP12) 
proteins [10, 162]. The RyR channels form a 
mushroom-like structure and the bulk of their 
protein lies on the cytosolic surface of SR. Sig-
nificant advances have been made in resolving the 
pore structure of RyRs using high-resolution 
cryo-electron microscopy [163]. RyR2, the main 
cardiac Ca2+ release channel, plays a key role in 
E–C coupling by releasing the required amount of 
Ca2+ in the cytosol following SL influx of Ca2+ 

through CaV1.2 channels localized in T-tubules 
(Fig. 1.2). RyR2 and RyR3 are also expressed in 
SAN and Purkinje fiber cells, contributing to the 
pacemaker activity of the former [164, 165], and 
impulse conduction in the latter, thereby 
contributing to regulation of heart rate and 
rhythm. RyR2 is implicated in several acquired 
and inherited cardiac rhythm disorders, e.g., 
arrhythmogenic right ventricular cardiomyopathy



type 2 (ARVC2), CPVT, AF, and abnormal sinus 
rhythm [166, 167]. It is suggested that changes in 
RyR2 in the His-Purkinje system underlie CPVT 
[165]. RyR2 channels are blocked by ryanodine, 
dantrolene, ruthenium red, tetracaine, and lido-
caine and are activated by caffeine. Treatability 
of CPVT-like condition by tetracaine in mice 
shows that RyR2 is a promising target for devel-
oping novel antiarrhythmic drugs 
[165, 168]. Chapter 5 describes the role of RyRs 
in the pacemaker activity of the SA node. 
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1.4.2 SR Inositol Trisphosphate 
Receptor Channels 

Out of several isoforms of InsP3R, heart 
expresses InsP3R2, a 300 kDa protein that 
co-assembles to form a tetrameric channel. 
InsP3R2 is expressed in atria, ventricles, and 
Purkinje fibers albeit at a lower density than 
RyR2. InsP3R2 is suggested to fine-tune the 
perinuclear Ca and activate CaMKII to modulate 
transcription mechanisms of nucleus [27, 
169]. Such a role of InsP3R2 in excitation–tran-
scription coupling may be involved in gene 
expression alterations during cardiac disorders 
like ventricular hypertrophy and HF. RyR2 and 
InsP3R2 have distinct functions to perform in 
heart and modulate heart rhythm via altogether 
different mechanisms (see also Chap. 21). 

1.5 Mitochondrial and Nuclear 
Channels 

Mitochondria serve as the energy center of heart 
cells and also regulate cardiac electrical activity 
by modulating the SL ion channel kinetics. The 
mitochondrial membranes express several ion 
channels with crucial roles in normal and patho-
logical cardiac activity including 
arrhythmogenesis [170]. Given below are some 
of the predominant mitochondrial and nuclear ion 
channels (see also Chap. 21). 

KCa1.1 (Slo, BK, Gene - KCNMA1, 1182 aa, 
200–220 pS) has Slack as its heteromeric pore-
forming subunit and β1–β4 serve as auxiliary 

subunits [9]. It is activated both by voltage and 
intracellular Ca2+ and is blocked by TEA, 
charybdotoxin, and iberiotoxin. KCa1.1 is 
expressed in inner mitochondrial membrane in 
heart and plays a significant role in myocardial 
energetics. Openers of KCa1.1 are reported to 
protect the ventricles from ischemia–reperfusion 
injury and open the possibility of developing new 
drugs to treat cardiac disorders [170]. 

Kir6.1, Kir6.2 (KATP), and SUR2A Subunits 
are expressed in mitochondria and are associated 
with protection from ischemia–reperfusion 
injuries [124]. In addition, voltage-dependent 
anion channels, VDAC, are expressed promi-
nently in the mitochondrial outer membrane. 

The nucleus in cardiomyocytes serves as the 
seat of transcription, and the nuclear membrane 
and nucleoplasmic reticulum have key roles in 
excitation–transcription coupling [169]. Both the 
nuclear membrane and the nucleoplasmic reticu-
lum express several ion channels, including RyR, 
InsP3R, R-type Ca channels, and K 
channels [171]. 

1.6 Conclusions 

Our present knowledge of the molecular basis of 
the heart's electrical activity owes greatly to the 
analytical approach in identifying the ion 
channels and other transport proteins expressed 
at mRNA and protein levels in the sarcolemma of 
different types of heart cells. The roles of SR, 
mitochondrial, and nuclear membrane ion trans-
port proteins in cardiac cellular activity during 
normal and abnormal cardiac rhythm are also 
better understood now. Future research on analyt-
ical and integrative aspects of “ion channels, ion 
transporters, signaling cascades, mechanical 
function, energy metabolism, transcription, trans-
lation and targeting” [172] (Fig. 1.2) is expected 
to provide a better picture of the molecular basis 
of ionic mechanisms underlying electrical activity 
during a cardiac cycle in health and disease. 
Because most of the studies on cardiac ion 
channels in SR, mitochondria, and nucleus have 
been carried out on ventricular myocytes, the



need for research on these aspects of cells from 
other regions of heart cannot be overemphasized. 
An important problem, however, concerns 
differences in the ion channel compliments of 
the same type of cardiac tissue in different mam-
malian species limiting extrapolation of data from 
laboratory animals to humans. It is hoped that 
future research will overcome this issue by 
identifying the entire compliment of human car-
diac ion channel signature and also establish their 
role in arrhythmias including channelopathies. 
The other problem concerns reported disparities 
between the ion channel mRNA and protein 
expression levels in different regions of heart 
and functional aspects of the expressed channel 
proteins. Thus, for example, we do not yet fully 
know about the molecular components of all the 
ionic currents recorded in different types of heart 
cells in mammals, including humans, let alone 
their precise contributions to AP configuration 
and ECG waveform. Ongoing research is 
expected to provide a better understanding of 
these important aspects. This will also help iden-
tify and validate new target molecules that could 
be explored by employing the newly developed 
ion channel-high throughput screening and 
related technologies to discover novel and better 
antiarrhythmic drugs. 
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The chapter provides a comprehensive account 
of biophysical models of cardiac pacemaker 
action potentials and how they have been 
improved over time by including additional 
components as they were discovered. Starting 
with ionic currents conducted via sodium, 
potassium and ‘leak’ channels, the addition 
of further selective ion channels, sodium-
calcium exchangers or other transporters and 
calcium oscillations led to more sophisticated 
models with better predictive potential. This 
development culminated when the ‘funny’ 
pacemaker current If was discovered. Today, 
all mathematical models are made available 
for research on the CellML repository 
(https://models.cellml.org/cellml/electrophysi 
ology). Finally, we briefly introduce the 
Physiome Project which will ensure that 
published models are fully tested. 
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2.1 Introduction 

Models of cardiac rhythm have a long history, 
starting with the van der Pol equations in 1928 
[1]. These equations were based on the idea of a 
relaxation oscillator involving a threshold for 
activation of a rapid change to a different range 
of potentials, followed by a relatively slow relax-
ation towards a reverse threshold for return to the 
original range. Models of this type (including the 
Bonhoeffer modification in Bonhoeffer-van der 
Pol (BVP) models) have their uses, particularly 
in mathematical analysis of rhythm, but they are 
not based on biophysically detailed experiments. 
In the 1960s, 22 biophysically detailed models 
were developed, of which 5 are Purkinje, 16 SA 
nodes and 1 AV node. Three of the Purkinje 
models are mammalian, one canine and one 
human; seven of the SA node models are mam-
malian, eight are rabbit and one mouse, and 
finally, the AV node model is rabbit. In this 
chapter, we simply explore the progress in 
model development, providing the reader with a 
comprehensive list of models and how they fit 
into the history of modelling of cardiac rhythm. 
In cases where the authors' comments on the 
models seem to provide the best description, we 
have quoted from the original paper as indicated. 
The development of these models over time is 
illustrated in Table 2.1.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_2&domain=pdf
https://models.cellml.org/cellml/electrophysiology
https://models.cellml.org/cellml/electrophysiology
mailto:denis.noble@dpag.ox.ac.uk
https://doi.org/10.1007/978-3-031-33588-4_2#DOI
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Table 2.1 Historical development of cardiac models of rhythm 

A. By model species and cell type 

1962 1975 1980 1984 1985 1989 1993 
1994– 
2004 2006 2009 

First cardiac 
mammalian 
Purkinje cell 
(model A) 

Model 
A 
develop 

First 
SAN 
Model 

SAN 
model B 
from 
model A 

Model 
A 
develop 

Mouse 
SAN 
model 

Model 
B 
develop 

First 
network 
model 
atria and 
SAN 

Eight 
(mostly 
Rabbit) 
SAN 
models 

Human 
and 
canine 
Purkinje 
models 
First AV 
node 
model 
(rabbit) 

B. By model (Author) name 

1962 1975 1980 1984 1985 1989 1993 1994–2004 2006 2009 

Noble MNT Yanagihara Noble– DFN Noble Winslow Demir et al. [2] Mangoni Stewart 
Noble Dokos [3] Aslanidi 

Endresen [4] 
Demir et al. [5] 
Zhang [6] 
Sarai [7] 
Garny [8] 
Lovell [9] 

Inada 

2.2 The Models and Their Key 
Features 

2.2.1 Noble [10, 11] 

The first model to be based on actual 
measurements of transmembrane ionic currents 
was that of Noble in 1962 [10], published in a 
preliminary form as a letter to Nature in 
1960 [11]. 

Figure 2.1 shows the 1962 model run using 
COR. The top trace shows the cell voltage 
changes, while the bottom traces show the 
changes in ionic conductance in the sodium and 
potassium channels. The conductance scale has 
been chosen to reveal the main changes during 
the plateau and pacemaker potential variations. 
The peak sodium conductance (at 12,000 μS) is 
way off the scale. 

This model of a Purkinje fibre was developed 
using the Hodgkin–Huxley (1952) squid giant 

axon model [12] as a base. In fact, the sodium 
current equations were largely taken over from 
that model since Weidmann in 1956 [13] had 
shown great similarity between heart and nerve, 
while the potassium current equations were based 
on early membrane current measurements in 
sodium-deficient solutions. The classification of 
K current equations into inward and delayed 
rectifiers is still used today. The main success of 
the model was that it provided a counter-intuitive 
explanation of resistance changes during the 
action and pacemaker potentials, particularly for 
the phenomenon of all-or-nothing repolarisation. 
This was inherent in the van de Pol equations, so 
this property is a very general one in the case of 
oscillators of the relaxation type. The existence of 
inward rectifier K current, IK1, also provided a 
mechanism for energy conservation during the 
long plateau of the cardiac action potential. 

Components: INa, IK and Ileak.



2 A Historical Perspective on the Development of Models of Rhythm in the Heart 29

Fig. 2.1 The Noble 1962 
model shows the role of the 
potassium conductances on 
the action potential 
profile. Note: gNa peaks up 
to around 12,000 μS 
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2.2.2 McAllister–Noble–Tsien (MNT) 
[14] 

This model was developed by Noble (1962) and 
is also a Purkinje fibre model. It was the first 
complete model to be based on the voltage 
clamp analyses of individual ionic current 
components performed over the 10 years leading 
up to the date of the model. The main advances in 
knowledge of ionic currents included the multiple 
components of the delayed rectifier K current. 

Noble and Tsien [15] were the first to identify 
the components Ix1 and Ix2, now referred to as IKr 
and IKs. It succeeded in reproducing slow action 
potentials in the absence of INa, so presaging the 
development of sinus node models, it established 
the independence of plateau and pacemaker 
mechanisms and reproduced the notch separating 
spike and plateau phases of repolarisation. The 
main deficiency of the model was that the main 
contributor to the pacemaker depolarisation (IK2) 
was interpreted as a pure potassium current. This



is the current now known to be the 
hyperpolarising-activated current, If, carrying 
both sodium and potassium ions. 
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Components: INa, Isi, IK2, Ix1, Ix2, Iqr, IK1, INab, 
IClb. 

2.2.3 Yanagihara–Noma–Irisawa [16] 

The first sinus node model was developed by 
Yanagihara, Noma and Irisawa in 1980. They 
were the first to succeed in difficult voltage 
clamp experiments in sinus node preparations 
(then multicellular), so this model based on their 
careful experimental measurements was a major 
step forward. In this model, the calcium current 
(called Isi in those days) is responsible for the 
upstroke and oscillation; changing the maximum 
value for this current changes the frequency of 
oscillation (see Fig. 2.2); an increase in frequency 
with an increase in value of Imax. 

Components: Isi, IK, If, INa, Ib. 

Fig. 2.2 The Yanagihara 1980 model shows the cell voltage (top left) and all underlying ionic currents in the model 
(bottom left). A lower maximum calcium current (I_s) reduces automaticity 

2.2.4 Bristow–Clark [17] 

This model is a modification of the MNT model 
to give SA node behaviour. 

Components: IK1, IK2, Isi, IK, INa, IbNa, IbK, Ibsi. 

2.2.5 Noble–Noble [18] 

2.2.5.1 Multicellular (100 Cells) 
The first sinus node model to incorporate currents 
generated by Na-K and Na-Ca exchange pro-
cesses and to reconstruct variations in intracellu-
lar and extracellular ion concentrations was that 
of Noble and Noble in 1984. It was developed 
from DFN even though DFN was actually 
published afterwards! This was simply attribut-
able to the different time schedules of the two 
Royal Society journals involved. The method 
used was to change parameters from DFN to 
reflect data for the SA node, which had been 
obtained by Brown et al. [19, 20]. Both peripheral 
and central models were developed, but these 
were speculative because of a lack of data.
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Fig. 2.3 The Noble–Noble 1984 model. Role of calcium 
dynamics and NCX in depolarisation 

The really important development that this 
model established is that it was the first to high-
light the role of Na-Ca exchange (NCX) and Ca2+ 

oscillations in pacemaker activity. It can therefore 
be seen as a forerunner of models developed more 
recently by Lakatta’s team [21]. Figure 2.3 shows 
the key result that NCX can be activated towards 
the end of the pacemaker depolarisation by 
release of calcium from the sarcoplasmic 

reticulum occurring before the action potential 
upstroke. Only models reproducing variations in 
intracellular sodium and calcium can incorporate 
this property, as explained in the next section. 

Components: If, IK, IK1, INab, ICab, INaK, INaCa, 
INa, Isi, Nai, Nao, Ki, Ko, Cai, Cao. 

2.2.6 DiFrancesco-Noble (DFN) [22] 

2.2.6.1 Multicellular (100 Cells) 
This Purkinje fibre model was the first cardiac cell 
model to incorporate currents generated by Na–K 
and Na-Ca exchange processes and to reconstruct 
variations in intracellular and extracellular ion 
concentrations. As such, it is the generic model 
from which nearly all the subsequent models have 
been derived. It also incorporated the reinterpre-
tation of IK2 (the pacemaker current in the MNT 
model) as If. In addition, intracellular calcium 
sequestration and release by the sarcoplasmic 
reticulum were modelled, an aspect that was 
greatly improved in the Hilgemann-Noble [23] 
model of the atrial action potential by 
incorporating calcium buffers and the essential 
details of Fabiato’s [24] work on calcium-induced 
calcium release. That model is not dealt with here 
since it does not concern pacemaker activity. 

The incorporation of NCX into this model was 
originally quite controversial. Following its dis-
covery in the heart by Reuter [25] in 1967, the 
exchanger had been thought to be electrically 
neutral, with a stoichiometry of two sodium ions 
for each calcium ion transported. But, with the 
known values for intracellular and extracellular 
sodium concentrations and external calcium con-
centration, this stoichiometry was found to be 
insufficient to drive resting calcium levels down 
to below those known to activate the contractile 
proteins. DiFrancesco and Noble, therefore, 
experimented with higher possible 
stoichiometries, including 4:1 (that favoured by 
Lorin Mullins [26], from whom the equations for



sodium-calcium exchange were derived) and 3:1. 
The results were quite clear. Only 3:1 worked. 
The consequence, however, was the prediction 
that the exchanger must carry an electric current 
during the action potential. The middle curves in 
Fig. 2.4 show the predicted current as a function 
of membrane potential at different levels of exter-
nal sodium ion concentration. The lower figure 
shows a fairly large inward current predicted to 
occur during the plateau of the action potential. 
These results were mostly speculative until, in 
1986 and 1987, Kimura, Myamae and Noma 
[27] published their experimental results. The 
top curves in Fig. 2.4 show some of their results 
and how closely they correspond to the predicted 
curves (middle). The main difference is that the 
experimental results do not curve as strongly at 
very negative potentials, an effect that could be 
attributable to the saturation of the carrier mecha-
nism. It is not often that theoretical work leads to 
predictions as close as this to the experimental 
results! But it secured the main advance of the 
DiFrancesco-Noble model in incorporating not 
only successful representations of ion concentra-
tion changes but also in making correct 
predictions of the consequences for ion current 
flow during normal rhythmic electrical activity. 
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Components: If, IK, IK1, Ito, INab, ICab, INaK, 
INaCa, INa, Isi, Nai, Nao, Ki, Ko, 
Cai, Cao. 

2.2.7 Reiner–Antzelevitch [29] 

2.2.7.1 SA Node 
This model is a modification of Bristow–Clark. 

Components: IK1, If, Isi, IK, INa, IbNa, IbK, Ibsi. 

2.2.8 Noble et al. [30] 

2.2.8.1 SA Node 
This model is based on Noble–Noble, modified to 
be appropriate to a single cell. The If and IK

Fig. 2.4 The DiFrancesco-Noble 1985 model. (a) Exper-
imental results obtained by Kimura et al. [27]. (b) Current– 
voltage relations are given by the equations for sodium-
calcium exchange used in the DiFrancesco-Noble model. 
The curves show the relations at various external sodium 
concentrations. (c) Action and pacemaker potentials 
computed from the DiFrancesco-Noble modelling high-
light the roles played by activation of If during the pace-
maker depolarisation and of INaCa during the action 
potential. Reproduced from Noble [28] with permission



equations were replaced by those from fits to 
more recent experimental data.
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Components: If, IK, IK1, INab, ICab, INaK, INaCa, 
INa, Isi, Nai, Nao, Ki, Ko, Cai, Cao. 

2.2.9 Wilders et al. [31] 

2.2.9.1 SA Node 
Wilders et al. compared Bristow–Clark (1982), 
Irisawa–Noma (1980) and Noble–Noble (1984) 
models and found “drawbacks” that he aimed to 
correct in this model. In particular, he introduced 
ICaT. Another major difference is that “in contrast 
to the other models only small amount of back-
ground current contributes to the overall electrical 
charge flow.” 

Components: ICaL, ICaT, If, IK, INaK, INaCa, 
IbCa, IbNa, Nai, Nao, Ki, Ko, Cai, 
Cao 

2.2.10 Winslow et al. [32] 

These were the first network models simulating 
atria and SA node together using Noble–Noble 
(1984) and Noble et al. (1989) models. They also 
represent the first use of massively parallel 
computers in cardiac electrophysiology. The 
computer used was the 64,000 processor Connec-
tion Machine at the University of Minnesota. 

2.2.11 Demir et al. [2] 

SA node: this was the first model specifically for 
rabbit. It used new equations for If and assessment 
of the role of ICaT during pacemaker 
depolarisation modifying pacemaker potential 
(while ICaL is important in upstroke and plateau). 
It incorporated INa based on recent experimental 
data and assessed the possible influence of pump, 

exchanger and background currents on pace-
maker rate. The model incorporated the buffers 
troponin, calmodulin and calsequestrin and 
modified HN formulation for Ca dynamics. 

Components: INa, ICaT, ICaL, IK, If, IB, INaK, 
INaCa, ICaP, Nai, Nao, Ki, Ko, Cai, 
Cao. 

2.2.12 Dokos et al. [3] 

2.2.12.1 Rabbit SA Node 
This model mentioned the Wilders et al. (1991) 
model. The authors provided a review and update 
of existing formulations—derived from a wide 
range of data from literature. The update included 
a significantly new formulation for NCX—not 
Mullins [26], but the E4 translocation model of 
Matsuoka and Hilgemann [33]. They found IbNa 
to be the dominant mechanism underlying pace-
maker depolarisation; IK is insignificant in this 
phase in contrast to other models, If is not essen-
tial to pacemaker activity. A previous suggestion 
that net background current is outward during the 
pacemaker range of potentials was not found in 
this model. The AP overshoot is based on the 
reversal potential of ICaL. The MDP is based on 
the reversal potential of IK. The AP is sustained 
by incomplete deactivation of ICaL and NCX. The 
model uses a square-root formula for inactivation 
of all K currents by [K+ ]o—but is unable to repro-
duce the correct response to elevated [K+ ]o. 

Components: ICaL, ICaT, INa, IK, If, INaK, INaCa, 
IbNa, IbK, Nai, Nao, Ki, Ko, Cai, 
Cao. 

2.2.13 Endresen [4] 

2.2.13.1 SA Node 
This is a very simple model compared to previous 
models. It is modified from Morris and Lecar [34]



barnacle giant muscle fibre model. The model is 
composed of two nonlinear first-order ODEs with 
ten constant parameters. Endresen stated that it 
perfectly reproduces experimentally recorded 
APs. A model of two coupled cells was devel-
oped. Vagal stimulation was simulated. 
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Components: Is, IK, IKACh, Ij. 

2.2.14 Demir et al. [5] 

2.2.14.1 Rabbit SA Node 
This model was an extension of the previous 
Demir et al. model to include responses to bath 
ACh and isoprenaline as well as neuronally 
released ACh; this was achieved via three types 
of muscarinic receptors. It was the first unified 
approach to modelling adrenergic and cholinergic 
effects on SAN pacemaker activity. 

Components: INa, ICaT, ICaL, IK, If, IB, INaK, 
INaCa, ICaP, IKACh, Nai, Nao, Ki, 
Ko, Cai, Cao, cAMP. 

2.2.15 Zhang et al. [6] 

2.2.15.1 SA Node 
This work included the development of separate 
models of peripheral and central rabbit SA node 
cells based on experimental data. “The model-
generated peripheral action potential has a more 
negative takeoff potential, faster upstroke, more 
positive peak value, prominent phase 1 repolariza-
tion, greater amplitude, shorter duration, and 
more negative maximum diastolic potential than 
the model-generated central action potential. In 
addition, the model peripheral cell shows faster 
pacemaking”. These results are consistent with 
experimental recordings. The model responds as 
in experiments to block of TTX-INa, ICaL, ICaT, Ito, 
IKr, IKs and If. “A one-dimensional model of a 
string of SA node tissue, incorporating regional 
heterogeneity, coupled to a string of atrial tissue 

has been constructed to simulate the behavior of 
the intact SA node”. 

Components: INa, ICaL, ICaT, Ito, Isus, IKr, IKs, If, 
IbNa, IbCa, IbK, INaCa, INaK, ICap 
(concentrations constant). 

2.2.16 Kurata et al. [35] 

2.2.16.1 Rabbit SA Node 
This is an “improved mathematical model for a 
single primary pacemaker cell of the rabbit sino-
atrial node (SAN).” “Original features of our 
model include (1) incorporation of the sustained 
inward current (Ist) recently identified in primary 
pacemaker cells, (2) reformulation of voltage-
and Ca2+-dependent inactivation of the L-type 
Ca2+ channel current (ICa,L), (3) new expressions 
for activation kinetics of the rapidly activating 
delayed rectifier Kr channel current (IKr) and 
(4) incorporation of the subsarcolemmal space 
as a diffusion barrier for Ca2+ .” This model was 
found to more accurately mimic the effects of 
channel blockers and Ca2+ buffers on pacemaker 
activity than previous models. 

Components: ICaL, ICaT, IKr, IKs, Ito, Isus, Ih, Ist, 
IbNa, IKACh, INaK, INaCa, Nai, Nao, 
Ki, Ko, Cai, Casub, Cao. 

2.2.17 Sarai et al. [7, 36] 

2.2.17.1 SA Node and Ventricular Cell 
This model uses a common set of equations to 
describe SAN pacemaker [7] and ventricular [36] 
cells. The authors produced new kinetics for IK1, 
IK and Ist. Combined with the NL contraction 
model, it can reproduce the staircase phenome-
non. They showed modulation by varying Cao 
and Ko to be well simulated and that the Ca gain 
agreed with experimental data. “Increasing the 
amplitude of L-type Ca2+ current (ICaL) prolongs 
the duration of the action potential and thereby



slightly decreases the spontaneous rate. On the 
other hand, a negative voltage shift of ICaL gating 
by a few milliVolt markedly increases the sponta-
neous rate. When the amplitude of sustained 
inward current (Ist) is increased, the spontaneous 
rate is increased irrespective of the ICaL ampli-
tude. Increasing [Ca2+ ]o shortens the action 
potential and increases the spontaneous rate. 
When the spontaneous activity is stopped by 
decreasing ICaL amplitude, the resting potential 
is nearly constant (-35 mV) over 1–15 mM 
[K+ ]o as observed in the experiment. This is 
because the conductance of the inward back-
ground nonselective cation current balances with 
the outward [K+ ]o-dependent K

+ conductance. 
The unique role of individual voltage- and time-
dependent ion channels is clearly demonstrated 
and distinguished from that of the background 
current by calculating an instantaneous zero cur-
rent potential (‘lead potential’) during the course 
of the spontaneous activity.” 
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They included a comparison with other 
models: Wilders, Demir, “Oxsoft98”. 

Components: INa, ICaL, ICaT, IK1, IKr, II, INaK, 
INaCa, Ist, Iha, IKACh, IbNSC, ICab, 
IKpl, IlCa, IKATP, Nai, Nao, Ki, 
Ko, Cai, Cao, ATP, NL 
contraction. 

2.2.18 Garny et al. [8] 

In 2002, Garny et al. [37] compared the Noble 
et al. [30], Demir et al. [2], Dokos et al. [3] and 
Zhang et al. [6] SA node models, finding that 
according to current experimental data of that 
time, the Zhang et al. (2000) model was the best 
model to use for incorporation into multicellular 
models of the atrium as it includes regional 
differences in SA node cells as well as responding 
correctly to interventions such as block of specific 
ionic currents. 

This development was a “thorough overhaul” 
of Zhang et al. [6]. The authors “investigated the 

effects of intercellular coupling on SAN-atrial 
function. We reconfirm that removal of SAN to 
atrial connections causes a pacemaker shift from 
SAN center to its periphery, and show that (1) low 
dimensional multicellular models such as 1D 
SAN-atrial cell strands require larger, than exper-
imentally established, coupling between individ-
ual cell pairs (to compensate for the lack in 
anatomic 3D spatial connectivity); (2) the 
increase in cell coupling from the center to the 
periphery of the SAN is a crucial feature for 
rhythm entrainment and (3) the electrotonic effect 
of the atrium on SAN periphery is best described 
as opposing depolarization rather than 
hyperpolarizing”. 

“Thus, 1D models of the origin and spread of 
cardiac excitation, while limited by spatial param-
eter restrictions, can be a valuable tool for theo-
retical assessment of cardiac SAN atrial 
electrophysiology”. 

Figure 2.5 shows central and peripheral action 
potentials overlayed with the largest differences 
in currents: Isus and IKr. 

Components: INa, ICaL, ICaT, Ito, Isus, IKr, IKs, If, 
IbNa, IbCa, IbK, INaCa, INaK, ICap 
(concentrations constant). 

2.2.19 Lovell et al. [9] 

The authors said, “We have formulated a spatial-
gradient model of action potential heterogeneity 
within the rabbit SAN, based on cell-specific 
ionic models of electrical activity from its central 
and peripheral regions. The ionic models are 
derived from a generic cell model, incorporating 
five background and exchange currents, and 
seven time-dependent currents based on three-
or four-state Markov schemes. State transition 
rates are given by nonlinear sigmoid functions 
of membrane potential.” 

“Using a custom least squares parameter 
optimisation routine, we have constructed a



spatially-varying gradient model that exhibits a 
smooth transition in action potential 
characteristics from the central to the peripheral 
region, whilst ensuring individual membrane 
currents remain physiologically accurate. The 
gradient model is suitable for developing higher 
dimensional models of the right atrium, in which 

action potential heterogeneity within nodal tissue 
may be readily incorporated.” 
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Fig. 2.5 The Garny 2003 
model shows central and 
peripheral versions. The 
conductances of many 
currents are higher in 
peripheral than central; 
most significantly, ICaL and 
Ito are ~10 times, IKr 
20 times and Isus 171 times 
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Fig. 2.6 The Stewart 2009 model shows the effects of 
block of ionic currents on autorhythmicity. 100% block of 
ICaL increases automaticity while 50% block of ICaL, INa or 

IKr and 30% block of If slow the rate. Hundred per cent 
block of INa or If abolish automaticity. IKs and Ito 50 and 
100% blocks have minimal effects on rate (not shown) 

2.2.20 Mangoni et al. [38] 

2.2.20.1 Mouse SA Node 
This model emphasised the importance of cal-
cium channels in pacemaking, because they sub-
stantially influence pacemaker rate. It dealt with 
knockout mice. This model is important as a 
mouse model and to illustrate different channel 
subtypes. 

Cardiac and neuronal Na channels. Cardiac 
and pacemaker L-type Ca channels. 

Components: INa, INas, ICaD, ICaL, ICaT, Ito, Isus, 
IK1, IKr, IKs, If, IbNa, IbCa, IbK, 
INaCa, INaK, Ist (concentrations 
constant). 

2.2.21 Stewart et al. [39] 

It is interesting to note that, although the Purkinje 
fibre was the first cardiac tissue to be modelled, 
for two decades development of Purkinje fibre 

models had been neglected. This article 
introduced a human Purkinje fibre model and 
included validation against experimental data. 

Figure 2.6 illustrates the effects of blocked 
ionic currents on autorhythmic APs and suggests 
that ICaL, INa and If have important roles in 
automaticity. 

Components: IK1, Ito, Isus, IKr, IKs, ICaL, INaK, 
INa, IbNa, INaCa, IbCa, IpK, IpCa, If, 
Nai, Nao, Ki, Ko, Cai, Cao. 

2.2.22 Aslanidi et al. [40] 

This work developed a structurally and electro-
physiologically detailed model of the canine 
Purkinje-ventricular junction and varied hetero-
geneity parameters to determine the relationships 
between tissue structure, wave conduction veloc-
ity and safety through the nonuniform junction. 
The investigators note that slow and discontinu-
ous wave conduction are considered to be



arrythmogenic, hence their interest in 
investigating these features using their model. 
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Components: INa, INal, ICaL, ICaT, Ito1, Ito2, IKr, 
IKs, IK1, INaCa, INaK, INab, IKb, 
ICab, IClb, ICap, IKp, Nai, Nao, Ki, 
Ko, Cai, Cao, Cli, Clo. 

2.2.23 Inada et al. [41] 

This is the first AV node model. Separate action 
potential models were developed for single atrio-
nodal, nodal and nodal-His cells. A 1D multicel-
lular model including SAN and AVN was also 
created. 

The models were found to show typical physi-
ological and pathophysiological behaviour of the 
tissue. 

Figure 2.7 illustrates the ability of the model to 
reproduce potential action propagation from sino-
atrial node to the atrio-ventricular node. 

Components: INa, ICaL, Ito, IKr, If, Ist, IK1, INaCa, 
INaK, Ib, Cai, Casub (other 
concentrations constant). 

2.3 Conclusions 

In this chapter, we have given a systematic sum-
mary of all the known models of cardiac rhythm, 
while highlighting some of the most important 
milestones in the development of models in this 
field. It is clear that the range of species and types 
of cardiac cells have greatly expanded in recent 
years. It is also clear to us that different models, 
even those of the same cell type and species, 
concentrate on different applications. The idea 
that we could have a definitive set of models is 
elusive. Perhaps this is a reflection of the diffi-
culty of dealing with the complexity of nature. A 
common experience in modelling is that when 
one aspect is improved in relation to fits to exper-
imental data, other aspects of the model can 
“deteriorate” by this criterion. This is sometimes 
represented as a criticism of modelling. It seems 

to us rather to be an indication of the inevitably 
partial nature of all models. Models have range of 
applications. Outside that range, they can be 
misleading. 

We hope that this chapter, through being sys-
tematic, will help researchers in this field to find 
their way through the large range of models avail-
able to choose carefully those most appropriate to 
their applications. Used thoughtfully and with 
good physiological insight, models can be a 
very helpful tool in physiology. After all, models 
are simply quantitative mathematical versions of 
what otherwise would be mere hand-waving 
“ideas” on how cells work. It is better to be 
quantitative and precise than to hope to under-
stand nature simply by reflecting on one’s experi-
mental data in an armchair! 

2.4 Addendum (2021) 

2.4.1 Improved Availability 
and Reliability of Physiological 
Models 

This chapter summarises all the relevant models 
when the previous edition of this book was 
published. It is no longer necessary to do that 
since, as we note at the beginning of the chapter, 
all the models we reviewed are available on the 
CellML repository (https://models.cellml.org/ 
cellml/electrophysiology), where they are 
annotated and can be downloaded for research. 
Furthermore, a major development of this 
approach to curating and making useful models 
readily available has now taken place. This is the 
launch of the Physiome journal in 2020 (https:// 
journal.physiomeproject.org), which is dedicated 
to the curation and ready availability of physio-
logical models. 

Physiome will ensure that published models 
are fully tested so that simple instructions for 
reproducing any of the figures in those papers 
will be available. Anyone, anywhere in the 
world and from whatever speciality, should then 
be able to run a model to obtain any published 
results and then alter any parameters to investi-
gate the model's behaviour under new conditions,

https://models.cellml.org/cellml/electrophysiology
https://models.cellml.org/cellml/electrophysiology
https://journal.physiomeproject.org
https://journal.physiomeproject.org


including changes in gene expression and gene 
knockouts. 
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Fig. 2.7 The Inada 2009 model Action potential propa-
gation from SAN to AVN. (a) Simulated action potentials 
and the first derivative of membrane potential from centre 
and periphery of SAN, atrial muscle and AN, N and NH 
cells. (b) Action potentials from many cells along the 
length of 1D multicellular model. Action potentials from 
consecutive cells are displaced downward. (c) Activation 
times at the centre and periphery of SAN, atrial muscle at 
the start of fast and slow pathways into AVN, middle of 
fast and slow pathways, the start of penetrating bundle and 
bundle of His (middle of the penetrating bundle). (d) 
Activation times (in metre/second) were recorded experi-
mentally in rabbit right atrial preparation including SAN 

and AVN during sinus rhythm (from DeCarvalho et al. 
[42]). Red or grey line is approximately equivalent to the 
multicellular model. Letters a–e identify points along the 
conduction pathway from SAN to AVN at which activa-
tion time was measured in simulation: a, centre of SAN; b, 
periphery of SAN; c, atrial muscle at the start of fast and 
slow pathways into AVN; d, the start of penetrating bun-
dle; e, bundle of His. AM atrial muscle, CS coronary sinus, 
CT crista terminalis, His bundle of His, IVC inferior vena 
cava, SVC superior vena cava, TrV tricuspid valve, VM 
ventricular muscle. Reproduced from Inada et al. [37] with 
permission 

Physiome models are also annotated with 
semantic terms so that, if appropriate, a mathe-
matical component always has both a biological 
meaning and a biophysical meaning. This should 
make it easier to link models that contain a 
description of the physiological phenotype for a 
particular protein to the accession number for that 
protein in a bioinformatic database. As models of 

gene expression are developed, this will also 
facilitate the connection with a corresponding 
DNA and RNA sequence and the presence of 
epigenetic markers that may be included in the 
model. 

One of the key aims of Physiome is to provide 
a library of CellML modules that will allow a 
modeller to build a new model by importing 
some pre-existing components from the library. 
For example, if a new model requires a sodium-



potassium ATPase ion channel pump, a well-
validated model of that ion exchanger will be 
available for import into OpenCOR as a CellML 
module. Wherever possible, these protein-level 
models will be available in bond graph form 
[43] to ensure that appropriate biophysical laws 
are obeyed. 
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2.4.2 Physiological Models 
and GWAS 

The early expectations of genome-wide sequenc-
ing were that, within a decade or two, we would 
find cures for most intractable diseases including 
heart disease. This has not happened on the scale 
expected. We have not found many strong 
correlations between particular genes, their pro-
tein products and the probability of particular 
diseases. On the contrary, most of the association 
scores are remarkably small, so much so that 
many genome scientists now favour multi-genic 
or even omnigenic theories to explain the results 
[44]. The exceptions include some of the genes 
whose mutations are involved in cardiac 
arrhythmias. 

One of the successful applications of sinus 
node models was the demonstration that the pres-
ence of multiple mechanisms by which rhythm 
can be generated ensures the robustness of func-
tion. Removing components that have strong 
functionality may not abolish rhythm [45]. As 
one component is removed, the rhythmic function 
continues to be served by alternative pathways of 
interactions. Noble and Hunter (2020) [46] have 
pointed out that explaining low association scores 
could be a valuable contribution of physiological 
models, and they outlined some of the ways in 
which that may be achieved. 

2.4.3 The Surprising Heart Revisited 

One of the most surprising developments in the 
history of modelling cardiac rhythm was the sud-
den switch in 1980 from the old IK2 interpretation 
[14] to the “funny” current—a mixed sodium-
potassium channel—formed by HCN proteins. 

The key researcher in that development was 
Dario DiFrancesco, who recently retired from 
his chair in Milan. A special issue of Progress 
in Biophysics and Molecular Biology is devoted 
to celebrating the “funny” current discovery. The 
opportunity was taken to revisit the Surprising 
Heart review of 1985 [47]. Readers interested in 
the early development of pacemaker models will 
find much new material in the updated Surprising 
Heart review [47]. 

2.4.4 Celebration 
of the DiFrancesco-Noble 
Model and the Discovery 
of HCN Channels 

After this book was first published in 2011, 
research on heart rhythm received a further acco-
lade. In 2015, The Royal Society celebrated 
350 years of the publication of Philosophical 
Transactions, the longest-running scientific jour-
nal in the world. It did so by selecting just a few 
historic articles from its physical and biological 
sciences sides. Potential authors were then 
selected to explain the significance of each article. 
To the widely revered historic names of 
Leeuwenhoek and Medawar, amongst biologists, 
Newton and Faraday amongst physicists, the 
DiFrancesco-Noble 1985 model [22] was chosen 
and was set in context in a full-length article 
[48]. Readers are therefore referred to that article 
for an update on research today, as well as an 
assessment of the significance of the first cardiac 
modelling to incorporate ion concentration 
changes and ion pumps, as well as the “funny” 
current HCN channel. 
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Abstract 

Ionic mechanisms of spontaneous action 
potential (AP) in sinoatrial (SA) node pace-
maker cells have been discussed for decades. 
Although several theoretical studies have pro-
posed different mathematical models, no sci-
entific consensus has been achieved yet, 
because of the complexity and variations in 
experimental findings used for developing 
models. Here, we introduce a theoretical 
method in simulation study, the lead potential 
(VL) analysis, which enabled us to isolate the 
contribution of individual currents from the 
secondary effect of modified channel 
activities. We compared three models 
suggesting different ionic mechanisms 
(Himeno et al. model, Kurata et al. model, 
and Maltsev and Lakatta model), and 
contributions of Ca2+ through activation of 
INaCa are estimated. Finally, the primary 
mechanisms of the SA node pacemaker activ-
ity were examined by the VL analysis and 
confirmed by the bifurcation analysis using a 
simple minimal cardiac action potential model. 
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3.1 Introduction 

The ionic mechanisms underlying SA node pace-
maker activity have been discussed for decades 
based on findings of voltage-clamp experiments 
using the isolated single pacemaker cells as well 
as the SA node tissue preparation. It is now well 
established that there is no single “pacemaker 
current,” instead multiple ion channels and elec-
trogenic ion transporter currents generate the 
pacemaker potential. Thus, although technically 
challenging, the key issue is to clarify the quanti-
tative as well as qualitative role of individual 
ionic currents in the pacemaker potential genera-
tion. In experiments, a given current of interest is 
often blocked or depressed using a channel-
specific drug. The interpretation of the results or 
quantitative measure of the contribution is largely 
interfered with secondary changes in other current 
systems via modified time course of membrane 
potential change or ionic concentrations within a 
cell. This difficulty is largely solved by the recent 
progress in developing the electrophysiological 
cardiac cell model. Indeed the pacemaker activity 
has been well reproduced by a variety of

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_3&domain=pdf
mailto:hime@fc.ritsumei.ac.jp
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mathematical cell models which integrate experi-
mental findings [1]. 
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In this chapter, we will introduce an analytical 
tool, the VL analysis, to estimate the quantitative 
contribution of each ionic current and ion 
exchanger to the pacemaker potential based on 
mathematical SA node cell models. We will apply 
this new method to six mathematical models 
published by Wilders et al. [2], Demir et al. [3], 
Kurata et al. [4], Sarai et al. [5], Himeno et al. [6] 
and Maltsev and Lakatta [7]. This analysis allows 
us to indicate common mechanisms shared by all 
these models. Further analyses are used to clarify 
the reasons for discrepancies among these 
models. 

3.2 The Lead Potential (VL) 
Analysis 

The concept of the VL analysis has been refined to 
measure the contribution of individual currents to 
changes in membrane potential [8]. To facilitate 
understanding of this method, we first explain the 
preliminary version of the method introduced by 
Sarai et al. in 2003 [5] before describing the later 
version. 

3.2.1 The Primary Concept of VL 

The ionic mechanisms underlying the spontane-
ous action potential (AP) in SA node cells can be 
explained as follows. The rising phase of the AP 
is mainly due to the rapid activation of the L-type 
Ca2+ current (ICaL). A positive feedback mecha-
nism is well established that the depolarization by 
the activation of inward ICaL causes more activa-
tion of ICaL itself, culminating in the overshoot 
potential. The resulting membrane depolarization 
and Ca2+ influx cause inactivation of ICaL and 
activation of the delayed rectifier K+ currents 
(IKr and IKs), which together promote repolariza-
tion of the cell to the maximum diastolic potential 
(MDP). Then, the negative potential progres-
sively deactivates IKr and IKs in the presence of 
background inward currents, resulting in the grad-
ual depolarization during the early diastolic 

period that finally triggers the next AP through 
the activation of ICaL. The slow diastolic depolar-
ization (DD) is also influenced by Na+ /Ca2+ 

exchanger current (INaCa) and Na
+ /K+ pump cur-

rent (INaK) to the extent that depends on the 
concentrations of intracellular Ca2+ and Na+ , 
respectively. 

In general, the spontaneous changes of the 
membrane potential are generated by variations 
in the conductance of individual channel currents 
by membrane potential, the chemical gating, or 
the intracellular ion concentrations, and also in 
the transporter currents. Accordingly, the devel-
opment of the VL analysis method started by 
reducing the membrane system consisting of 
more than ten ion channels into a single whole-
cell membrane conductance (Gm). Irrespective of 
the conductance properties of each channel, Gm is 
defined as a sum of the whole cell conductance of 
K+ (GK), Na

+ (GNa), Ca
2+ (GCa) and Cl

- (GCl) 
(Fig. 3.1a) 

Gm =GK þ GNa þ GCa þ GCl, ð3:1Þ 

GK = 
IK 

Vm -EK 
= 

InetK- 2INaK 
Vm -EK 

, ð3:2Þ 

GNa = 
INa 

Vm -ENa 
= 

InetNaþ 3INaK 
Vm -ENa 

, ð3:3Þ 

GCa = 
ICa 

Vm -ECa 
= 

InetCaþ IPMCA 

Vm -ECa 
, ð3:4Þ 

GCl = 
ICl 

Vm -ECl 
= 

InetCl 
Vm -ECl 

: ð3:5Þ 

Here, Vm is the membrane potential, and Ex 

stands for the reversal potential for ion X, which 
can be defined by the Nernst equation. InetX, the 
whole cell net current for ion X, is calculated 
according to the ion species irrespective of the 
passage through specific channel types. For 
example, the Ca2+ ,  Na+, and K+ current 
components through the L-type Ca2+ channel 
were involved in InetCa, InetNa, and InetK, respec-
tively. The Na+ and Ca2+ fluxes through the Na+ / 
Ca2+ exchanger are included in InetNa and InetCa, 
since this ion exchange is driven by the passive 
electrochemical driving force similar to the ion



G ×E G ×E G ×E G ×E - I - I

channel flux. On the other hand, for the ion fluxes 
through active transporters, such as INaK and the 
plasma membrane Ca2+-ATPase (PMCA) current 
(IPMCA), are excluded from InetX because the 
energy drives them through ATP hydrolysis. 
Although INaK and IPMCA are not supposed to 
make substantial contributions to DD, they are 
essential to maintain the Ca2+ homeostasis of the 
cell [9, 10] and indispensable in the integrative 
model. 
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Fig. 3.1 The equivalent 
electrical circuit of a 
pacemaker cell membrane 
excitation (a) and a reduced 
circuit (b). Cm, cell 
membrane capacitance; Vm, 
membrane potential; Gm, 
membrane conductance; Im, 
total membrane current; IX, 
current carried by ion X; Ex, 
reversal potential for ion X; 
Gx, conductance for ion X; 
VL, lead potential, which is 
the replacement of E0 in 
Eq. (3.8). (c): The time 
course of VL (red curve, old 
VL analysis) superimposed 
on Vm (black) in the SA 
node cell (left) and 
ventricular cell model 
(right) 

The electrical property of the model can then 
be reduced to an equivalent circuit consisting of a 
capacitor, a single variable resistor, and a battery, 
as shown in Fig. 3.1b. The battery is defined as a 
zero current potential E0, which satisfies the fol-
lowing equation 

InetK þ InetNa þ InetCaþ InetCl= 0: ð3:6Þ 

E0 ¼ K K þ Na Na þ Ca Ca þ Cl Cl NaK PMCA 

GK þ GNa þ GCa þ GCl 
ð3:7Þ 

E0 is solved by substituting net ionic currents 
in Eqs. (3.2)–(3.5) into Eq. (3.6); 

In the reduced circuit, the membrane current is 
driven by the difference between Vm and E0. 
Thus, the time-dependent change in Vm is given 
by, 

dVm 

dt 
= -

Im 

Cm 
= -

Gm × Vm -E0ð Þ  
Cm 

: ð3:8Þ 

Eq. (3.8) indicates thatVm always moves 
toward E0 with a time constant given by Cm/Gm. 
In Fig. 3.1c, the time course of E0 is 
superimposed on that of Vm. Indeed, E0 is always 
more positive than Vm during the depolarizing 
phase and vice versa during the hyperpolarizing 
phase. E0 continuously changes in SA node cell 
and Vm crosses E0 when dVm/dt = 0 at the MDP 
and at the peak of AP. In the ventricular myocyte 
model, Vm remains constant at the resting



e

membrane potential, but once AP is triggered, E0 

changes in advance of Vm in the repolarizing 
phase. Since E0 leads the change in Vm, w  
named E0 as lead potential (VL). 
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Note that the spontaneous change in VL is 
caused by the time-dependent changes in ion 
channel conductance or time-dependent change 
in the electrogenic ion pumps. If changes in 
these membrane conductances are all stopped, 
the time-dependent changes in Vm level off at 
VL, and the spontaneous activity disappears. The 
nongating background ion currents scarcely con-
tribute to the time-dependent changes in VL 

because their conductance remains constant. 

3.2.2 Contribution of each Ionic 
Current Estimated Using 
the Primary VL Analysis 

The application of the preliminaryVL method to 
the Sarai et al. model [5], Wilders et al. model [2], 
and Demir et al. model [3] provided a clear gen-
eral view of ionic mechanisms as seen in Fig. 3.2. 
In this method, p(o) of a given channel was sud-
denly fixed at the MDP. In all models, fixation of 
p(o) of IKr almost suppresses DD in VL, indicating 
that the time-dependent deactivation of IKr is the 
basal mechanism to drive the DD. Fixing p(o) of 
ICaL results in a slight downward deflection of VL 

in the late diastolic phase, indicating that the 
activation of ICaL is responsible for initiating the 
next AP. It is obvious that the deactivation of IKr 
and the activation of ICaL are the primary 
mechanisms of the pacemaker depolarization in 
all three models. 

Differences among these three models are 
observed in the contributions of the 
hyperpolarization-activated current (Ih or If), the 
sustained inward current (Ist) and the T-type cal-
cium current (ICaT). Fixing p(o) of these currents 
hinders the DD, but the effects are rather small if 
compared to that of IKr in these three models. In 
this respect, these currents might be categorized 
as ‘supplemental’ currents. Namely, fixing p(o) of 
Ih is modest in the Sarai et al. model and Demir 
et al. model. On the other hand, fixing p(o) of If in 
the Wilders model caused a significant downward 
deflection throughout the DD as if it substitutes 

the effects of Ist in the Sarai et al. model [5] or  ICaT 
in the Demir et al. model [3]. It is evident that the 
difference among currents in these three models is 
caused by the different experimental findings 
used for developing the model, as described 
below. 

ICaT is the low voltage-activated “transient” 
Ca2+ current, but its window current acts as a 
sustained current in the Demir et al. model. 
Steady-state activation and inactivation curves in 
the two models are shown and compared in 
Fig. 3.3. In the Sarai et al. model, the description 
of the current is based on data obtained by 
Hagiwara et al. [11]. On the other hand, Demir 
et al. modeled the current based on experimental 
data obtained by Fermini and Nathan [12], whose 
inactivation was slower and occurred at more 
positive voltage range. It might be noted that the 
experimental data points suggest even larger win-
dow current than the activation curve used for 
ICaT modeling (Fig. 3.3a, right panel). In contrast, 
the fast inactivation kinetics hinders ICaT to 
exhibit an obvious contribution in the Sarai et al. 
model. These differences in the inactivation 
kinetics resulted in an obvious difference in the 
ICaT contributions between the two models. It 
should be finally clarified if a different subgroup 
of cells in the SA node region or different experi-
mental protocols caused different results in each 
study. 

The Ist assumed in Sarai et al.’s model is not 
always used in other SA node modeling but plays 
a substantial role in the pacemaker depolarization, 
especially in the late phase of the DD (Fig. 3.2a). 
Ist is a sustained inward current, whose reversal 
potential ranges between +10 and + 30 mV. It was 
first reported by Guo et al. in rabbit [13] and then 
in guinea pig [14, 15] (Fig. 3.4), mouse [16], and 
rat [17] SA node cells. This nicardipine-sensitive 
single channel current as well as whole cell cur-
rent, has been recorded as shown in Fig. 3.4 
[14, 15]. Furthermore, its physiological response 
to autonomic agonists is also observed in guinea 
pig [18]. Recently, CaV1.3 channel has been 
identified as one of the essential molecular 
components of Ist in the SA node cell [19], and 
its molecular basis has become clearer in some 
population of SA node cells.
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Fig. 3.2 Contribution of each current component to time-
dependent changes in VL examined by the old VL analysis. 
(a): Sarai et al. model (Kyoto model), (b): Wilders et al. 
model and (c): Demir et al. model. The thin trace is the Vm 

record, and the thick trace is VL, which is calculated during 

the interval from the maximum diastolic potential to the 
beginning of the upstroke of AP. In calculating VL, the 
p(o) of indicated current was fixed at the value obtained at 
the maximum diastolic potential 

3.3 Sophistication of the VL 
Analysis 

Although the original VL analysis enabled us to 
conclude which ionic channel has relatively large 

or small contribution to pacemaker activity, it was 
still intuitive and qualitative. The goal of improv-
ing the VL analysis method was to perform quan-
titative measurement of the contribution of 
individual current components during the time



Þ
Þ

course of the DD. Toward this end, we refined the 
mathematical derivation of VL. 

48 Y. Himeno et al.

Fig. 3.3 A comparison 
between the two ICaT 
models in Sarai et al. (left) 
and in Demir et al. (right). 
(a): Steady-state voltage 
dependence of the models 
(continuous curves). Filled 
circles and open circles 
indicate experimental data 
of steady-state inactivation 
and activation, respectively, 
taken from Hagiwara et al. 
[9] (left) and Fermini and 
Nathan [10] (right). (b): 
Superimposed traces of 
simulated currents activated 
by various test pulses to the 
range between -40 and 
50 mV from a holding 
potential of -80 mV (top). 
Time courses of 
inactivation (dotted lines) 
and activation (solid lines) 
gating parameters are 
shown at the bottom 

3.3.1 Derivation of the Refined VL 

The temporal change of Vm is described with the 
following fundamental equation in a single cell: 

dVm 

dt 
= -

Im 
Cm 

, ð3:9Þ 

where Cm is the whole cell membrane capaci-
tance, and Im is the sum of membrane currents 
through all ion channels and electrogenic 
transporters in a single cell. In most mathematical 
models, current conducted by a channel X (IX) is  
described by Ohm’s law; 

IX = gmax × p oð Þ× Vm -Erevð Þ, ð3:10Þ 
or the Goldman-Hodgkin-Katz (GHK) current 
equation with a constant field approximation, 

IX=pmax×p oð Þ× Vmz2 sF
2 

RT 
S½ ]i- S½ ]oexp -zsFVm=RTð  
1-exp -zsFVm=RTð  

=pmax×p oð Þ×f Vmð Þ: 
ð3:11Þ 

Erev is the reversal potential for the channel in 
Eq. (3.10) and f(Vm) is the nonlinear part of the 
GHK equation in Eq. (3.11). gmax, the maximum 
conductance in Eq. (3.10) and pmax, the maximum 
permeability in Eq. (3.11), are defined as constant 
parameters. [S] is the concentration of ion S, 
and F, R, T, and zs are the Faraday constant, gas 
constant, absolute temperature and the valence of



ion S. p(o) stands for the open probability of the 
channel, which is a time- and voltage-dependent 
variable determined by Vm- and/or ligand-
dependent gating of the channel. For example, 
pore block of the inward rectifier K+ (IK1) channel 
by polyamines or Mg2+ [20], or unspecified 
mechanisms underlying the rectifying properties 
of the plateau K+ current (IKpl) were attributed to 
changes in p(o) in this VL analysis. 
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Fig. 3.4 Recordings of Ist. (a): Whole cell current traces 
elicited by depolarization pulses in 10 mV steps from -70 
to -30 mV from a holding potential of -80 mV. 
Superimposed traces were recorded with and without 
1 μM nicardipine [12]. (b): Single channel current (ist) 

traces (cell-attached patches) evoked by sequential test 
pulses to -60, -40 and -20 mV from a holding potential 
of -100 mV and their averages of 70–120 sequential 
sweeps. (c): ist recordings before, during and after the 
application of 5 μM nicardipine [13] 

When aiming at quantitatively determining the 
contribution of ionic systems to the pacemaker 
depolarization, neglecting nonlinearity of f(Vm) in  
the old VL method is a fatal weakness. The new 
VL method solves this problem by restricting the 

following argument only at the moment of obser-
vation (t = tob). That is, f(Vm) can be described as 
a tangential line at t = tob as follows: 

f ðVmÞ≃ f 0ðVmÞ× ðVm -EÞ, ð3:12Þ 
where E is the value of the intersection of the 
tangential line with the voltage axis. Then, all 
the channel currents can be expressed in the com-
mon form of GX × (Vm - EX), where 

GX = gmax × p(o) in Eq. (3.10), 
and 
GX = pmax × p(o) × f

′ (Vm) in Eq. (3.11). 
Thus, Eq. (3.9) can be described and 

rearranged as follows:
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Fig. 3.5 VL (red) obtained 
by the new VL analysis 
method superimposed on 
Vm (black) in SA node cell 
model (a) and ventricular 
myocyte model (b). The 
gray bar in A indicates the 
time spans analyzed in 
Fig. 3.6 

20 

0 

–20 

–40 

–60 

40 

80 

0 

–40 

–80 

0 100 200 300 400 
t (ms) 

0 100 200 300 
t (ms) 

V
m

 / 
V

L 
(m

V
) 

SA node cell Ventricular myocyte 

Vm 
VL 

(analyzed in Fig. 3.6) 

a b 

dVm 

dt 
=-

1 
Cm 

× 
X 

GX× Vm-EXð Þþ  
Y 

IY 

=-
1 
Cm 

× Vm× 
X 

GX-
X 

GX×EXþ 
Y 

IY 

=- X 

GX 

Cm 
× Vm-

X 

GX×EX-
Y 

IY 

X 

GX 

, 

ð3:13Þ 
where X and Y are labels for a channel current 
and an ion transporter current, respectively, 
thus, an individual channel is expressed with 
one battery (EX) and one conductance (GX), 
and each transporter is represented by a current 
source (IY). 

Therefore, Eq. (3.13) is described as 

dVm 

dt 
= -

1 
τ
× Vm -VLð Þ, ð3:14Þ 

then, 

VL = 
X 
GX ×EX -

Y 
IY 

X 
GX 

, ð3:15Þ 

dVL 

dt 
¼ X 

_GX ×EX þ 
X 
GX × _EX -

Y 

_IY × 
X 
GX -

X 
GX ×EX -

Y 
IY × 

X 

_GX 

X 
GX 

2 : ð3:17Þ 

τ= 
Cm 

X 
GX 

: ð3:16Þ 

Until the derivation for Eqs. (3.9) to (3.16), we 
fixed all the time-dependent variables by the 
values at t = tob. Now, if we consider Vm as a 
free variable, Eq. (3.15) corresponds to Fig. 3.1b. 
Therefore, Vm tends to approach VL with a time 
constant τ at each time point. Figure 3.5a and b 
show temporal changes of VL and Vm during an 
AP in SA node cell [6] and ventricular myocyte 
[21] models obtained by calculating Eq. (3.16) at  
every moment. Note that the VL of the new ver-
sion (Fig. 3.5a) is slightly different from the old 
one (Fig. 3.1c, left). 

3.3.2 Estimation of Contributions 
of Each Ionic Component 

According to Fig. 3.1b and Eq. (3.15), it can be 
interpreted that the automatic change of Vm is 
driven by the time-dependent change in VL, and 
τ represents the passive property of the mem-
brane. Therefore, automaticity can be expressed 
in terms of “dVL/dt” with complete exclusion of τ.



same SA node model illustrated in Fig. . 
Transition of the relative contribution is shown 
along the time axis, and the mechanisms of con-
tribution are explained based on the time-
dependent variations of p(o) and the current 
amplitude shown in Fig. . The magnitude of 
dVL/dt remained nearly constant at around 
0.09 mV/ms during the initial 200 ms after 
MDP and increased exponentially thereafter, as 

3.6b

3.5a
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Here, we will calculate the extent to which a 
component of interest affects dVL/dt. To evaluate 
the contribution of a single component, we deter-
mine dVL_Fix/dt after eliminating its time-
dependent change (i.e. _Gi = 0, _Ei = 0, or _I i = 0), 
leaving all the other components intact. We refer 
to this process of eliminating the time-dependent 
change as “fixing.” For example, when we fix Gi, 
we set _Gi = 0 in Eq. (3.18): 

dVL Fix 

dt 
¼ X≠ i 

_GX ×EX þ 
X 
GX × _EX-

Y 

_IY × 
X 
GX-

X 
GX ×EX-

Y 
IY × 

X≠ i 
_GX 

X 
GX 

2 : ð3:18Þ 

The relative contribution of each component, 
rc is defined as follows: 

rc = 
dVL 
dt -

dVL Fix 

dt 
dVL 
dt 

when 
dVL 

dt 
≠ 0 , 

ð3:19Þ 
and rc satisfies the following equation: 

rc = 1, ð3:20Þ 

for all components. An rc of positive sign means 
that the component is operating to drive dVL/dt in 
the same direction as the control dVL/dt. On the 
other hand, an rc of negative sign means that the 
component interferes with the change of VL by 
inclining dVL/dt in the opposite direction. 

3.3.3 Contribution of Each Ionic 
Component to the Pacemaker 
Potential Quantified by the VL 

Analysis 

Using the refined VL method, the description of 
the contribution of each ionic component has 
been improved dramatically. Figure 3.6 shows 
the result of the VL analysis performed on the 

shown in Fig. 3.6a. At the beginning of depolari-
zation, dVL/dt is largely determined by the deac-
tivation of the outward IKr (i.e., the decrease in 
p(o) of IKr in Fig. 3.6b). As rc of IKr decreases, it 
is substituted by those of the inward currents, Ist 
and ICaL, via depolarization-dependent activation. 
rc of Ist reached a peak of ~0.63 and then 
decreased after 220 ms, which is simply biased 
by the much larger increase in rc of ICaL. 
Although the increase of p(o) in ICaL is tiny 
(<0.002) during the late diastolic period, it is 
the main current in the upstroke of AP and also 
affects dVL/dt. Inward Ih also plays a positive role 
at the early stage with an rc of ~0.1. This is 
relatively small because the increase of p(o) 
saturates around 220 ms, and the amplitude of Ih 
is small. Similarly, the relatively small contribu-
tion of IKs is explained by a little change in 
p(o) (~0.002), which is attributable to a limited 
activation during the preceding AP. The VL anal-
ysis clearly separates the role of the nonselective 
cation current (IbNSC) from that of Vm-gated chan-
nel currents. It has been reported that IbNSC, the 
largest inward current of ~-25 pA, plays a role in 
DD by driving Vm toward its reversal potential of 
~0 mV [22]. However, rc of IbNSC is zero because 
IbNSC has neither gating nor rectification.
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Fig. 3.6 The time profile 
of rc (defined by Eqs. (3.2)– 
(3.9)) during DD in the 
Himeno et al. model. (a). 
The time-dependent 
changes of rc of the major 
current components during 
changes of VL (red) and Vm 

(black) are shown at the top 
and [Ca2+ ]i at the bottom. 
The analyzed section of AP 
is shown by the gray bar in 
Fig. 3.5a. (b). changes of p 
(o)s or amplitudes of 
individual currents 
indicated in the graph, and 
[Ca2+ ]i 

The amplitude of inward-going INaCa gradu-
ally decreases during DD due to a decrease of 
[Ca2+ ]I in the first 2/3 of the depolarization 
phase and a continuous increase in Vm. Thereby, 
rc of INaCa is negative for DD. INaK also has a 
negative rc because the outward INaK increases 
with depolarizing Vm. Because of these negative 
contributions of INaCa and INaK, the sum of posi-
tive contributions in the profile is larger than 1.0 
in this model. As far as we are aware, the concept 
of this negative contribution is introduced for the 
first time in this VL analysis and is clearly defined 
by Eq. (3.19). 

3.4 Variations in the Ionic 
Mechanisms Hypothesized by 
Different Mathematical 
Pacemaker Cell Models 

It has long been suggested that the configuration 
of the spontaneous APs shows variations 
according to the recording location within the 
SA node regions. This issue has been thoroughly 
investigated by Mark Boyett’s group by examin-
ing the ion channel expression in the different 
types of cells isolated from different locations 
within SA node [23]. This kind of variation may



s

partly correspond to the variable weight of indi-
vidual channel current contribution among differ-
ent mathematical models, as demonstrated in 
Fig. 3.2. 
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Variations in the ionic mechanisms have also 
been explained by modifying the model structure. 
Especially the intracellular Ca2+ distribution 
within the cell has been examined in the pace-
maker mechanism by assuming a subsarcolemmal 
space. It might be noted that SA node cells have 
no transverse tubules within the cell, and there-
fore the EC coupling may occur at the junction of 
subsarcolemmal cisterna of sarcoplasmic reticu-
lum (SR) with the surface membrane [24]. For the 
sake of simplicity, a uniform subsarcolemmal 
space was first assumed in the SA node cell 
model [4]. Later this model was further modified 
and used by Maltsev and Lakatta [7], focusing on 
the contribution of intracellular Ca2+ concentra-
tion to the pacemaker mechanisms. In the follow-
ing section, we will apply the VL method to the 
Kurata et al. model and the Maltsev and Lakatta 
model to compare with the Himeno et al. model. 

3.4.1 Contribution of INaCa Intensified 
by the Localized Ca2+ 

in Kurata Model 

In the Kurata model, a subsarcolemmal space of 
20 nm in depth is introduced underneath the sur-
face membrane and occupies only 1% of the 
cytosolic space. Since it is assumed that the 
Ca2+ flux through both the ICaL channel as well 
as the ryanodine receptor (RyR) channel on the 
sarcoplasmic reticulum (SR) is directed into this 
limited subsarcolemmal space, the transient 
increase in subsarcolemmal Ca2+ ([Ca2+ ]sub) i  
much larger than that in intracellular bulk Ca2+ 

([Ca2+ ]i) in other SA node cell models, where 
[Ca2+ ]i is assumed to be homogeneous through-
out the cell. Figure 3.7a shows the results of VL 

analysis as well as Ca2+ concentrations ([Ca2+ ]sub 
and [Ca2+ ]i) in the Kurata et al. model. Except for 
the Ca2+-related events, the general view of the 
mechanism is in good agreement with Himeno 
et al. model. Namely, the successive shift of the 
major role from IKr to Ist and the following 

significant increase in the contribution of ICaL is 
essentially the same in the other pacemaker cell 
models described previously. A gradual decrease 
in the negative contribution of INaCa caused by 
dissipation of the Ca2+ transient is also a common 
mechanism observed in other models. The prom-
inent difference is the timing of conversion of the 
sign of INaCa contribution from negative to posi-
tive in the last 1/3 of the diastolic period in this 
model. This conversion is caused by voltage-
dependent activation of ICaT as well as ICaL over 
the corresponding time period in Kurata et al.’s 
model. [Ca2+ ]sub increased twice as much as that 
in myoplasm at 125 ms and yielded a peak of 
~1.8 μM at its maximum as reported by 
Glukhovsky et al. [25] and Snyder et al. [26] in  
their simulation studies. The activation of ICaT 
starts soon after the MDP, and thereby favors 
the early contribution of INaCa through the Ca

2+ 

accumulation in the subsarcolemmal space. The 
rc of INaCa, which is accelerated by the Ca

2+ 

released from the SR is still minor (27%) in this 
model at the end of the VL profile. The rc of ICaT is 
enlarged in this model (22%) compared to that in 
Himeno et al.’s model (12%). The maximum 
amplitude of ICaT reached to ~ - 7 pA in late 
DD in the Kurata et al. model (Fig. 3.7), whereas 
it is only -0.2 pA in Himeno et al.’s model 
(Fig. 3.6). The difference is attributable to the 
different experimental data referred to in each 
model as explained in Sect. 3.2.1 above and 
Fig. 3.3. Kurata et al. assumed a larger contribu-
tion of ICaT to the pacemaker depolarization based 
on an experimental observation by Doerr et al. 
[27] and adopted equations from a model by 
Demir et al. [3]. 

3.4.2 Intracellular Ca2+ Clock 
in Maltsev and Lakatta Model 

A new pacemaker mechanism was proposed by 
Edward Lakatta’s group: the intracellular “Ca2+ 

clock” [28–30]. This mechanism is quite compara-
ble to the ‘triggered activity,’ which is well 
established in the ventricular myocytes. If ventric-
ular myocytes are superfused with a solution 
containing moderate concentrations of cardiotonic



steroids and a high concentration of extracellular 
Ca2+ (75–200 ng/ml acetylstrophanthidin and 
2.5 mMCa2+ in Ferrier [31]; and 2–10 μMouabain  
and 5.4 mM Ca2+ in Matsuda et al. [32]), the Ca2+ 

content in the SR is increased and the spontaneous 
Ca2+ release is accelerated. By applying condi-
tional depolarizing pulses under voltage-clamp 
conditions, this spontaneous Ca2+ release can be 
detected by the oscillatory transient inward current, 
INaCa. Without voltage-clamp, repetitive Ca2+ 

transients or inward INaCa are evoked after condi-
tional repetitive electrical stimulation. When the 

increase in the amplitude of transient depolariza-
tion was sufficient to bring the membrane potential 
to the threshold, a spontaneous full-amplitude AP 
was elicited, especially with β-adrenergic stimula-
tion. This triggered activity disappears if the ven-
tricular myocytes are relieved from the Ca2+ 

overload. Healthy myocytes do not show transient 
depolarization or such an inward current. 
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Fig. 3.7 The time profile 
of rc during DD in the 
Kurata et al. model. (a) and 
(b) are shown in the same 
style as in Fig. 3.6 except 
for the presence of blue 
line, which represents 
[Ca2+ ]sub 

In SA node pacemaker cells, repetitive Ca2+ 

transients were recorded by Edward Lakatta’s 
group when the spontaneous AP was stopped by 
voltage-clamp, even under normal physiological



ð

ð
ð

conditions. Vinogradova et al. [28] observed 
repetitive spontaneous inward currents, largely 
dependent on the spontaneous Ca2+ release from 
SR. This hypothesis provoked much discussion 
and was finally explained with a concrete SA 
node pacemaker cell model [7]. The significant 
modifications from the Kurata et al. model [4] 
were reductions of conductance in major inward 
currents, gCaL, gCaT, gh, and gst, by 20%, 60%, 
60%, and 80%, respectively, which interfered 
with spontaneous generation of AP by plasma 
membrane currents. In addition, the Ca2+-depen-
dent mechanisms were enhanced by increasing 
the maximum amplitude of INaCa by 50% and 
increasing the background Ca2+ influx (ICab). 
Parameters for the SR Ca2+ dynamics, such as 
the time constant of Ca2+ transfer from the net-
work SR (uptake site) to junctional SR (release 
site) and rate constant for Ca2+ uptake by Ca2+ 

pump and Ca2+ release flux via RyR, are also 
modified to strengthen the effect of SR based on 
their experimental results [27]. Consequently, it is 
noted that [Ca2+ ]sub starts increasing almost from 
the beginning of the DD and activates INaCa sig-
nificantly to contribute to Vm change throughout 
DD, as revealed by the VL analysis (Fig. 3.8). 
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3.5 Mechanisms of the Cardiac 
Pacemaker Activity 

To sustain the Ca2+ clock mechanism, it was 
theoretically suggested using a mathematical 
model that the concentration of Ca2+ in the junc-
tional SR should be high enough (more than 
0.5 mM) at least in the SA node cell model 
developed by Stern et al. [33] and refilled by 
Ca2+ influx through Ca2+ channels beat by beat 
for the regenerative Ca2+-induced Ca2+ release 
(CICR). In addition, the whole cell Ca2+ concen-
tration level including not only bulk free Ca2+ but 
also buffered Ca2+ in the intracellular bulk space 
as well as in the SR, needs to be kept high enough 
to induce spontaneous CICR [34, 35]. It is true 
that there are some types of cardiomyocytes in 
which the Ca2+ clock mechanism may play a 
major role in inducing automaticity, such as in 
pulmonary vein cardiomyocytes under the effect 

of catecholamine, for example [36, 37]. However, 
it was experimentally revealed that the pacemaker 
activity remained almost intact after fixing the 
intracellular Ca2+ concentration to zero level by 
injecting a high concentration (10 mM) of strong 
Ca2+ chelator, BAPTA, into the cell in the guinea 
pig SA node [38]. In this section, the essential key 
feature of the membrane clock mechanism in the 
cardiac pacemaker will be explained using a 
model composed of a minimum number of factors 
required for the rhythmic membrane oscillations. 

3.5.1 The Minimal Model 
of the Spontaneous AP 
in a Cardiac Pacemaker Cell 

To understand the basic mechanism underlying 
the spontaneous AP in the cardiac pacemaker cell, 
a radically simplified model composed of four 
current components was created, as shown in 
Fig. 3.9. The model is represented by the electri-
cal equivalent circuit superimposed on the cell 
scheme. 

The membrane capacitance (Cm) is connected 
to a simplified K+ channel, Ca2+ channel, and two 
Ohmic background channels. The current IK is 
calculated by using a gating parameter n and the 
current ICa with an activation gate d and inactiva-
tion gate f. The remaining two channels, INabg and 
IKbg, use constant conductance parameters: GNabg 

and GKbg, respectively 

IK =GKmax . n . ðVm -EKÞ 3:21Þ 
ICa =GCamax . d . f . ðVm -ECaÞ ð3:22Þ 

INabg =GNabg . Vm -ENað Þ 3:23Þ 
IKbg =GKbg . ðVm -EKÞ 3:24Þ 

The instantaneous equilibrium potential (Em) 
is determined at the equilibrium, dVm/dt = 0 

IK þ ICa þ INabg þ IKbg = 0 ð3:25Þ 

By substituting each current component of 
Eq. (3.14) by Eqs. (3.10)–(3.13), the instanta-
neous equilibrium potential (Em) is given as a 
sum of each channel element of VL [8]
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Fig. 3.8 The time profile 
of rc during DD in the 
Maltsev and Lakatta model. 
(a) and (b) are shown in the 
same style as in Fig. 3.7 

Em 

= 
GKEK þ GCaECa þ GKbgEK þ GNabgENa 

GK þ GCa þ GKbg þ GNabg 

ð3:26Þ 
The gating parameters of the K+ and Ca2+ 

channels are calculated by assuming a two-state 
transition scheme with the forward and backward 
rate constants, α and βwhich are dependent on Vm 

αn = 
28 . exp - Vm 

10 þ 20 . exp - Vm 
80 

ð3:27Þ 

βn = 
1 

500 . exp Vm 
9 þ 300 . exp Vm 

50 

ð3:28Þ 

αd = 
1 

0:35 . exp - Vm 
7 þ 2 . exp - Vm 

30 

ð3:29Þ 

βd = 
1 

9 . exp Vm 
8 þ 2 . exp Vm 

50 

ð3:30Þ
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Fig. 3.9 The schematic representation of the minimal 
pacemaker model circuit. The default parameters of the 
model are, Cm= 1 pF, GCamax= 2.7 nS/pF, GKmax= 0.078 
nS/pF, GKbg = 0.05 nS/pF, GNabg = 0.02 nS/pF, 
ECa = +40 mV, EK = -87 mV, ENa = +81 mV. ECa was 
approximated by the experimental reversal potential of 
ICaL (+40 mV) 

αf = 
1 

1500 . exp Vm 
7 þ 50 . exp Vm 

4000 

ð3:31Þ 

βf 

= 
1 

0:8 . exp - Vm 
8 þ 25 . exp - Vm 

4000 

ð3:32Þ 
In the electric circuit in Fig. 3.9, Vc always 

follows Em, which corresponds to VL, with a 
time constant τ, when the gating variables are 
continuously changing during the AP 

dVc 

dt 
= -

Vc -VL 

τ
ð3:33Þ 

τ= 
Cm 

Gtot 
ð3:34Þ 

Gtot =GK þ GCa þ GKbg þ GNabg ð3:35Þ 

The Eq. (3.26) is reformatted as, 

VL = 
X 
GXEX 

X 
GX 

: ð3:36Þ 

Differentiating Eq. (3.36) gives, 

dVL 

dt 

= 
X 

_GXEXþ 
X 
GX _EX .

X 
GXþ 

X 
GXEX .

X 

_GX 

X 
GX 

2 , 

ð3:37Þ 

dVL 

dt 
= 

X 

_GXEX þ 
X 
GX _EX 

X 
GX

-VL . X 

_GX 

X 
GX 

, 

ð3:38Þ 

dVL 

dt 
= 

X 

_GX EX -VLð Þ þ  
X 
GX _EX 

X 
GX 

: ð3:39Þ 

In the minimal model, EX is fixed. 

_EX = 
dEX 

dt 
= 0 ð3:40Þ 

Then, 

_GK =GKmax . dn dt 
, ð3:41Þ 

_GCa =GCamax . dðdfÞ dt 
, ð3:42Þ 

dVL 

dt 
= 

dn 
dt ðEK-VLÞþ dðdfÞ 

dt ðECa-VLÞ 
n .GKmaxþ d . f .GCamaxþGKbgþGNabg 

, 

ð3:43Þ 

dVL 

dt 
= 

dn 
dt ðEK-VLÞ 

n .GKmaxþd . f .GCamaxþGKbgþGNabg 

þ 
dðdfÞ 
dt ðECa-VLÞ 

n .GKmaxþd . f .GCamaxþGKbgþGNabg 
: 

ð3:44Þ 
Each component of the right side of Eq. (3.44 ) 

defines each contribution of K+ channel and Ca2+ 

channel to dVL/dt, respectively. 

3.5.2 Results of the VL Analysis 

The simulation results of the minimal model are 
demonstrated in Fig. 3.10.
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Fig. 3.10 Simulation results using the minimal AP 
model. Panel (a) shows time-dependent changes in 
n (blue), df (red), Panel (b) shows IK (blue), IKbg (black), 
ICa (red) and INabg (pink), and Panel (c) shows the action 
potential (black) superimposed with VL (cyan). Panel (d) 

shows changes in VL, as well as VL elements of IK (blue), 
ICa (red), IKbg (black), INabg (pink). Panel (e) shows 
changes in dVL/dt, as well as dVL/dt elements of IK 
(blue), ICa (red) 

The dVL/dt elements of IKbg (black) and INabg 
(pink) are zero, because GX as well as EX are 
constant, therefore, their contribution to the 
numerator of dVL/dt in Eq. 3.39 is zero. The 
variations in the VL element of IKbg and INabg 
(in Fig. 3.10d) are caused by a change in the 
denominator Gtot in Eq. (3.36). 

Note that the slope of the DD is determined as 
a sum of decremental IK conductance and incre-
mental ICa conductance as clearly shown by the 
large positive dVL/dt elements of IK (blue) and ICa 
(red) in Fig. 3.10e. 

3.5.3 The Application 
of the Bifurcation Analysis 
(Equilibrium Point Analysis) 
to the Minimal Model 

As we have seen in the previous sections, the 
mathematical models of the SA node cell are 
composed of many ordinary differential 
equations, which describe the time-varying 

changes in the function of molecular components 
of the cell. The time-dependent changes in the cell 
function observed in experimental studies can be 
reconstructed by the numerical methods for the 
simultaneous multiple lines of differential 
equations in good approximation. Separately, 
analytical solutions can be obtained as an equilib-
rium point or oscillatory solution by applying the 
bifurcation analysis. For example, the resting 
membrane potential is defined by the stable equi-
librium point and the steady cycle of action poten-
tial generation by the stable limit cycle. 

Taking advantage of the simplified model, we 
applied the bifurcation analysis to get a deeper 
insight into the mechanisms underlying the rhyth-
mic discharge of AP in the minimal model. 

Figure 3.11 shows the basic influence of the 
background inward (INabg) or outward (IKbg) 
background conductance to the generation of the 
spontaneous AP. 

When GNabg was increased from 0, the equi-
librium point, that was exactly equal to the resting 
potential, was continuously obtained until the



vertical line 1. Within the range of GNabg 

indicated by vertical lines 1 and 2, the spontane-
ous APs with varying discharge frequencies were 
observed with the overshoot potential and the 
MDP, which also well corresponded to the 
upper and lower boundaries of the limit cycle, 
respectively. The frequency of discharge was 
also in good agreement. Beyond the line 2, the 
membrane oscillation ceased in the numerical 
integration and the stable equilibrium point 
appeared in Fig. 3.11a, which corresponded to 
the depolarized resting potential at high Na+ 

background conductance in the numerical inte-
gration. The influence of GKbg was just opposite 
to that of GNabg as evident in B and D. The 
smaller the GKbg, the higher the frequency of 

AP generation becomes. The steep slope of the 
frequency in the panels C and D both indicate the 
small and fast oscillatory activity of the mem-
brane potential near Hopf bifurcation points at 
the high and the low ends of the stable limit cycles 
of GNabg and GKbg, respectively. 
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Fig. 3.11 The stable equilibrium point and limit cycle 
revealed by applying the bifurcation analysis to the mini-
mal model. (a, b): the bifurcation diagram are obtained by 
varying the conductance of INabg (a) or  IKbg (b) on the 
abscissa, and the equilibrium state of the membrane poten-
tial is plotted on the ordinate. The bold lines between the 
two vertical lines 1 and 2 in (a) or vertical axis and line 2 in 

(b)) indicate the upper and lower limit of the stable limit 
cycle with the unstable equilibrium point represented by 
the thinner line. In the outside of the range bracketed by 
the two vertical lines, the thicker line indicates the stable 
equilibrium point, and the thinner line shows the unstable 
equilibrium points. The frequencies of the limit cycles in 
(a) and (b) are shown in (c) and (d), respectively 

3.6 Conclusions 

The VL analysis revealed a common profile of 
contributions of ionic channels and transporters 
among variety of pacemaker cell model. That is, 
the transition of the main contributor current from 
IKr to ICaL transmitted by a set of inward currents, 
such as Ist, Ih/If, and ICaT. As to the role of INaCa,



although the extent of the contribution may differ, 
the contribution of INaCa is no more than the 
substitution of some contribution of the set of 
inward currents. It should be noted that the 
variations among models arise from the different 
weights of each ionic current in the set of inward 
currents, leaving the common feature intact. 
Lastly, the essential feature of the pacemaker 
activity of the SA node cells was summarized 
by VL analysis and bifurcation analysis using a 
minimal mathematical model composed of four 
idealized ionic current components; two voltage-
gated channel currents, IKr and ICaL, and two 
background currents, IKbg and INabg. 
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The “Funny” Pacemaker Current 4 
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Abstract 

When isolated from the body, the heart 
continues beating for some time, suggesting 
an intrinsic pacemaker mechanism, the nature 
of which is still debated. In this chapter, we 
will summarize the evidence in favor of the 
“funny” current If being responsible for 
initiating the heartbeat in the specialized pace-
maker cells of the sinoatrial node (SAN). The 
basic biophysical properties of If include acti-
vation upon hyperpolarization, a reversal 
potential much less negative than a pure K+ 

current, and modulation by cyclic nucleotides. 
After cloning the genes for the molecular 
correlates of If, the α-subunits of the channel 
were termed Hyperpolarization-activated 
Cyclic Nucleotide-gated (HCN) channels. 
HCN channels are regulated by kinases 
(PI3K, Src-kinases), localized in caveolar 
lipid rafts, and interact with several activity-
modifying proteins. In addition, the effects of 
multiple hormones, i.e., thyroid, parathyroid, 
and sex hormones, of physical training or of 
microRNAs on SAN function can be 
explained by HCN channel modulation. HCN 
channels play a role in cardiac development 
and are found in spontaneously active, 

pluripotent stem cell-derived cardiomyocytes. 
Targeting HCN channels with selective 
f-channel blockers strongly affects heart rate. 
Moreover, genetics of HCN channels have 
revealed that several mutations in the coding 
sequence of the hHCN4 gene are associated 
with alterations of cardiac rhythm and other 
pathological cardiac phenotypes. HCN 
channels have also been exploited for 
biological pacemakers. Taken together, we 
conclude that there is compelling evidence 
for the importance of If in the SAN pacemaker. 
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4.1 Introduction: The Mechanism 
of Cardiac Pacemaking 

The spontaneous activity of the heart has been 
known for a long time. In the second century AD, 
the physician Claudius Galenus (Galen of 
Pergamum AD ca 130–ca 200) realized that the 
heart keeps beating for a long period when 
extracted from the chest. However, several more 
centuries were necessary for Keith and Flack to 
discover, in 1907, a structure responsible for 
initiating the heartbeat, the sinoatrial node

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_4&domain=pdf
mailto:andrea.barbuti@unimi.it
https://doi.org/10.1007/978-3-031-33588-4_4#DOI


(SAN) [1, 2]. More than 100 years later, the 
electrical and molecular mechanisms responsible 
for the intrinsic automaticity of the SAN are still 
debated [3]. 
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The shape and duration of action potentials 
(APs) of SAN cells are different from those of 
atrial and ventricular myocytes, most notably for 
the presence of the diastolic phase (pacemaker or 
diastolic depolarization, DD), which drives the 
membrane potential from the maximum diastolic 
potential (MDP, around -60 mV) up to the 
threshold for another AP (around -40 mV), 
thus generating autorhythmicity. 

The pacemaker phase is the result of a con-
certed interplay of several mechanisms compris-
ing ionic currents, pumps, and exchangers. 
Activation of the “funny” current (If or “pace-
maker” current) drives early DD up to a point 
where Ca2+-dependent mechanisms, involving 
first the T-type calcium current and the Na-Ca 
exchanger and then the L-type Ca2+ current, 
kick in to determine the late fraction of DD and 
help reaching the threshold of a new AP. The 
events leading to the discovery of the funny cur-
rent and its main properties in SAN tissue/cells 
are described below. 

4.1.1 Historical Background 
and Basic Biophysical 
Properties of If 

In 1979, a new pacemaking mechanism was pro-
posed, to explain the spontaneous activity of SAN 
myocytes. This mechanism was based on the 
activation, upon membrane hyperpolarization to 
the diastolic (pacemaker) voltage range 
(Fig. 4.1a), of an inward current responsive to 
stimulation by noradrenaline (Fig. 4.1b–d). The 
current was dubbed “funny” (If) because of its 
unusual properties [4]. Prior to the discovery of 
If, pacemaking had been largely investigated in 
Purkinje fibers and attributed to a completely 
different mechanism, i.e., the decay of a K+ cur-
rent (IK2). However, some IK2 properties, such as 
a strong dependence on external Na+ and a very 
negative reversal potential, did not reconcile with 
those of a pure K+ current. The pacemaking 

mechanism proposed for SAN myocytes based 
on If was actually opposite to that involving IK2 
deactivation suggested for Purkinje fibers. This 
puzzle was indeed solved in 1981, with the dem-
onstration that IK2 was the same If current just 
discovered in the SAN [5]. The If current had 
several unusual features: (1) it was the first volt-
age- and time-dependent current found to be 
activated on membrane hyperpolarization rather 
than on depolarization; (2) it had a reversal poten-
tial around-10/-20 mV, due to a mixed Na+ and 
K+ permeability [5–8]. Although the Na+ /K+ per-
meability ratio is about 0.27–0.33, implying a 
preferential permeability of K+ over Na+ , Na+ 

permeation is functionally important because it 
renders the current inward and depolarizing at 
diastolic voltages (about -40 to -60 mV in the 
SAN); (3) If had a dual modulation by voltage and 
cyclic nucleotides [9]. 

4.1.2 Voltage Dependence 
of f-Channel Activation 

According to data from the literature, the voltage 
range of activation of If in the SAN has a large 
variability with threshold values ranging between
-32 and -70 mV and half-activation voltages 
(V1/2) in the range -50/-120 mV [10]. These 
differences can be explained partly by the differ-
ent experimental conditions and partly by the 
high sensitivity of this channel to the cellular 
“environment.” For example, cAMP concentra-
tion and “run-down” can influence the open prob-
ability of f-channels [11]. Run-down causes a 
rapid negative shift of the f-channel activation 
curve during whole-cell patch clamp recordings 
and can induce a substantial underestimation of 
the If contribution [12], which might explain the 
highly negative threshold or V1/2 values reported 
in some studies. Other mechanisms modulating 
f-channel function include phosphorylation 
[13, 14], interaction with auxiliary subunits [15– 
19], and interaction with lipids and/or structural 
proteins [20, 21]. 

The variability in the activation range of If 
becomes even greater when considering that 
f-channels are also expressed in other



autorhythmic cardiac regions, such as the atrio-
ventricular node (AVN) and the His-Purkinje sys-
tem [22], where If activates at more negative 
voltages compared to SAN myocytes [23, 24]. 
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Fig. 4.1 Properties of the 
funny current. a, b: action 
potentials (a) and If current 
recorded during steps to the 
voltages indicated (b) from 
a rabbit SAN cell; the same 
voltages are indicated in (a) 
by broken lines. (c) low 
doses of isoprenaline and 
acetylcholine accelerate and 
slow rate, respectively, of a 
SAN cell by changing the 
rate of diastolic 
depolarization. (d) these 
changes are due to If 
increase/decrease caused by 
Iso/ACh, respectively 

f-Channels have also been found in working 
myocardium (atrial and ventricular muscle), 
although their physiological relevance is negligi-
ble due to both a low expression and a 
too-negative range of activation [25, 26]. Interest-
ingly, pathological conditions such as cardiac 
hypertrophy may lead to an increased f-channel 
expression in the working myocardium with an 
associated increased propensity to ventricular 
arrhythmias [27]. 

4.1.3 If-Mediated Autonomic 
Modulation of Cardiac Rate 

The heart rate needs to be promptly adjusted to 
match the metabolic needs depending on the 
physical and emotional state of the organism. 
Since the duration of DD is a main determinant 
of heart rate, its fine modulation is achieved by 
precise control of the steepness of DD by 

autonomic neurotransmitters (Fig. 4.1c). 
Sympathetic stimulation accelerates, and para-
sympathetic stimulation slows heart rate through 
the activation of β-adrenoceptor (β-ARs) and 
muscarinic M2 receptors, respectively. β-ARs 
(coupled to stimulatory G-protein, Gαs) and M2 
receptors (coupled to inhibitory G-proteins, Gαi) 
exert opposite effects on adenylyl cyclase, thus 
controlling, together with cAMP-activated phos-
phodiesterase, the cytosolic concentration 
of cAMP. 

cAMP directly binds to f-channels and shifts 
their activation curve toward more positive 
potentials [28]. This mechanism increases the 
net inward current flowing during the DD, and 
results in the steepening of DD slope and conse-
quent cardiac acceleration [29]; slowing of heart 
rate is obtained by an opposite set of events 
initiated by M2-receptor-mediated decrease 
in cAMP. 

Both β1 and β2 subtypes of β-ARs are 
expressed in the heart, and although β1-ARs are 
predominant, the SAN has the highest expression 
of β2-ARs among cardiac tissues 
[30]. Interestingly, in rabbit SAN myocytes,



stimulation of β2-ARs causes a larger shift of 
If activation curve and a more pronounced posi-
tive chronotropic effect than β1-AR stimulation. 
This is due to the co-localization of β2-ARs and 
f-channels into specific membrane microdomains 
(caveolae, see also Sects. 4.2 and 4.3) [21]. 
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4.2 Molecular Structure 
of Pacemaker Channels 

The genes encoding the molecular correlates of 
f-channels were cloned in the late 1990s 
[31]. Based on structural homology, the 
f-channel α-subunits, termed Hyperpolarization-
activated Cyclic Nucleotide-gated (HCN) 
channels, were included in the superfamily of 
voltage-dependent K+ and Cyclic Nucleotide-
Gated (CNG) channels. HCN channels have 
been cloned from vertebrates, invertebrates, and 
urochordates; in mammals, four different 
isoforms were found (HCN1–4) [32, 33]. 

HCN isoforms are widely expressed both in 
excitable (heart and nervous system, and also 
smooth muscle) and nonexcitable tissues (testes, 
pancreatic β-cells) [33]. Moreover, the various 
subunits can assemble to form functional 
homomeric and/or heteromeric channels (with 
the exception of HCN2–HCN3 heteromers), 
which are tetramers [33, 34]. 

The overall structure of HCN channels 
includes a conserved core region formed by six 
transmembrane (S1–S6) domains, with a posi-
tively charged S4 segment, a pore (P) region 
involving S5, S6, and their connecting loop; a 
relatively short intracellular N-terminus and a 
relatively long intracellular C-terminus which 
are less conserved among isoforms. All HCN 
isoforms exhibit, within the permeation pathway, 
a selectivity filter including the GYG triplet typi-
cal of K+ channels, although partially hydrated 
Na+ ions can also accommodate in the not-too-
rigid structure of the inner pore of HCN 
channels [35]. 

The N-terminus contains a sequence, which 
appears to be important in mediating channel 
trafficking to the plasma membrane [36, 37]. In 
the C-terminus, three separate structural elements 

can be recognized: the C-linker, organized in 
6 α-helices, the Cyclic Nucleotide Binding 
Domain (CNBD), and the proper C-terminus. 
The CNBD and the C-linker act as functional 
unit that modulates the open probability of a 
pacemaker channel. When cAMP is bound the 
α-helices of the C-linker of one subunit interact 
with the α-helices of the adjacent subunit, a con-
formation favoring the open state of the channel. 
The removal of cAMP favors a rearrangement of 
the structure leading to channel closing [38–40]. 

The overall molecular structure confers to all 
HCN isoforms the specific functional properties 
typical of f-channels described above; there are 
nonetheless important differences in channel 
opening/closing rates and cAMP sensitivities. 
HCN1 is by far the fastest activating/deactivating 
isoform, followed by HCN2 and HCN3, while 
HCN4 has the slowest kinetics [41, 42]. HCN1 
is weakly affected by cAMP (4.3–5.8 mV maxi-
mal shift), and HCN2 and HCN4 display a larger 
response (shifts of 16.9 to 19.2 and 11 to 23 mV, 
respectively); curiously, the activation curve of 
HCN3 is shifted to the negative direction by 
cAMP (from -2.9 to -5 mV) [40, 43]. The volt-
age dependence of activation also varies: HCN1 
has the most positive V1/2, followed by HCN4, 
HCN3, and HCN2 [42]. Finally, the functional 
properties of these channels depend on several 
factors, referred to as “context dependence” (see 
Sect. 4.3), which can significantly offset the posi-
tion of the activation curve [44]. 

4.2.1 HCN Composition of Native 
Pacemaker Channels 

The existence of four different HCN isoforms was 
initially seen as a possible basis for tissue-specific 
differences in If properties. However, none of the 
four isoforms, when heterologously expressed as 
homomeric channels, could generate currents 
with properties identical to those of native If cur-
rent in specific cardiac tissues. This finding raised 
the question of whether native pacemaker 
channels could be heteromers of different 
subunits, and prompted the study of the distribu-
tion of HCN channels in different cardiac regions.



Analysis of HCN distribution indicated that the 
HCN4 isoform represents the major component 
of pacemaker channels in the SAN (Table 4.1). In 
fact, from early cardiac development up to adult-
hood, HCN4 expression delineates the pacemaker 
region/conduction system of the heart [55, 56, 62, 
63]. Species-dependent expression of HCN1 and 
HCN2 has been reported in the SAN; in particu-
lar, in human SAN, all three isoforms are 
expressed at the protein levels [53]. In the work-
ing myocardium, HCN2 is the predominant iso-
form even though at a low level of expression 
compared to SAN and the conduction system. 
The HCN3 mRNA has been found both in 
mouse SAN and ventricle, with higher expression 
during embryogenesis. HCN3 protein expression 
has never been shown [34]. 
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As a consequence of the finding that more than 
one HCN subunits are co-expressed in a specific 
cardiac region, the ability of the various subunits 
to co-assemble in heterotetramers was evaluated. 
Co-expression of various subunits often results in 
functional channels displaying kinetic and modu-
latory characteristics intermediate between those 
of the individual components; nevertheless, 
heterotetramers often fail to fully recapitulate 
native If [33, 64, 65]. 

4.3 Regulation of HCN Channels 

When HCN2 channels are heterologously 
expressed in neonatal and adult ventricular 
myocytes, they generate similar currents, but the 
voltage range of activation in neonatal cells is 
some 18 mV more positive than in the adult 
[66]. A 22 mV difference is also found when 
comparing native If activation curves in newborn 
and adult ventricular myocytes [67]. These 
differences cannot be readily explained in terms 
of different channel-bound cAMP concentrations. 
Indeed HCN channels are also regulated by sev-
eral other factors such as Src-kinases [13, 68], 
membrane phospholipids (phosphatidylinositol 
4,5-bisphosphate PI(4,5)P2) [69, 70], cholesterol 
[20], cyclic dinucleotides [71], and by interaction 
with transmembrane/intracellular proteins 
(KCNE2, caveolin-1 and -3, KCR1, SAP97) 

[15, 16, 18, 19, 21, 72, 73]. As mentioned 
above, these and perhaps other modulatory 
factors generate the “context dependence” of 
funny channels. 

4.3.1 PI3-Kinase and Src-Kinases 

4.3.1.1 Phosphoinositide 3-Kinase 
Recent studies have identified an interesting and 
novel modulatory mechanism of pacemaker rate 
and pacemaker HCN channels [74, 75]. The 
authors demonstrated that inhibition of the 
phosphoinositide 3-kinase (PI3K) enzyme ulti-
mately leads to a negative shift of the activation 
curve of the If current and to bradycardia. In 
physiological conditions, the PI3K activity 
determines the generation of the second messen-
ger phosphatidylinositol 3,4,5-trisphosphate (PI 
(3,4,5)P3) and the activation of the Akt kinase. 
Perfusion of the PI3K inhibitor (PI-103) on 
ex-vivo mouse hearts and on in vitro canine 
SAN reduced the rate by ~10% (from 418 to 
377 bpm) and by ~17% (from 100 to 83 bpm), 
respectively. The effects were reversible in all 
cases, and the autonomic modulation was fully 
preserved. The preservation of an intact auto-
nomic modulation and the evidence that PI3K 
actions required up to 2 h to reach a stable level 
strongly suggest that such a mechanism is 
involved in tonic control of basal heart rate. 

When the effects of PI3K inhibition were 
tested on the If current recorded from SAN rabbit 
myocytes, a negative shift of the activation curve 
(-15.9 mV) was observed. Noticeably, this effect 
was robustly reversed (+11.7 mV) by the addi-
tional presence of the PI3K second messengers PI 
(3,4,5)P3. 

The authors further investigated the molecular 
basis of the PI3K effect and carried out specific 
experiments on the mouse HCN2 isoform 
[74, 75]. These experiments nicely confirmed 
the functional importance of Akt since delivery 
of the active form of Akt kinase or PI(3,4,5)P3 
was able to rescue the HCN2 alteration induced 
by PI3K inhibition and identified the mHCN2 
serine residue in position 861 as the specific 
phosphorylation target.
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Table 4.1 HCN isoform distribution in different cardiac regions: SAN, sinoatrial node; PF, Purkinje Fibers; AVN, 
atrioventricular node; NM not measured,- below detection level; +/- very low expression at the limit of detection; from 

Tissue Species Method(s) HCN1 HCN2 HCN3 HCN4 Ref 

SAN mRNA Human qPCR ++ + - ++++ [45] 
Human RT-PCR + + - ++++ [46] 
Dog C RT-PCR - ++ NM +++ [47] 
Rabbit RNase PAs ++ + - ++++ [48] 
Rabbit NB, isH + NM NM NM [49] 
Mouse qRT-PCR ++ + +/- ++++ [50] 
Mouse isH + ++ NM ++++ [51] 
Rat qRT-PCR - + - 52] 

Protein Human Immuno NM NM NM ++ [45] 
Human WB +++ ++ NM ++ [53] 
Dog WB/immuno NM ++ NM +++ [47] 
Rabbit WB/immuno + NM NM NM [49] 
Rabbit WB/immuno +/ NM ++ [54] 
Mouse Immuno NM + [55] 
Rat Immuno NM NM NM + [56] 

Atrium mRNA Human qPCR + +++ - ++ [45] 
Human rt RT-PCR ++ +++ - ++++ [57] 
Human C RT-PCR + + NM ++ [50] 
Dog C RT-PCR - 47] 
Mouse qRT-PCR + + - 50] 

Protein Human Immuno NM NM NM - [45] 
Human WB - 58] 
Dog WB/immuno NM + NM ++ [47] 
Rabbit Immuno NM NM NM - [59] 
Mouse Immuno NM - [55] 
Rat Immuno NM NM NM - [56] 

Ventricle mRNA Human rt RT-PCR + ++ - +++ [57] 
Human C RT-PCR - ++ NM + [58] 
Dog C RT-PCR - ++ NM - [60] 
Rabbit RNase PAs - + [48] 
Mouse qRT-PCR + ++ - 50] 
Rat RNase PAs - ++++ NM + [48] 
Rat qRT-PCR - 61] 

Protein Human WB - ++ NM + [58] 
Dog WB - - [60] 
Rabbit Immuno NM NM NM - [59] 

PF mRNA Human rt RT-PCR + + + ++ [57] 
Dog C RT-PCR +/- ++ NM +++ [60] 
Rabbit RNase PAs - + [48] 

Protein Dog WB - ++ - +++ [60] 
AVN mRNA Rabbit NB, isH - NM NM NM [49] 

Mouse qRT-PCR + + - 50] 
Protein Rabbit Immuno - NM NM + [59] 

Rat Immuno NM NM NM + [56] 

The + symbols do not refer to absolute values and can be compared only within the same group. qPCR, quantitative 
Polymerase chain reaction (PCR); RT-PCR, reverse transcriptase PCR; C RT-PCR, competitive RT-PCR; rt RT-PCR, 
real-time RT-PCR; NB, Northern Blot; WB, Western Blot; immuno, immunolabeling; isH, in situ hybridization; RNase 
PAs, RNase Protection Assays
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However, when the effect of Akt inhibition 
was tested on rabbit SAN pacemaker channels 
(mostly contributed by the HCN4 isoform), no 
effect was found, thus leading to the conclusion 
that in the SAN, a still undefined PI3K-dependent 
but Akt-independent pathway must be at work. 

4.3.1.2 Src-Kinases 
Src forms complexes with HCN2 and HCN4 
channels and phosphorylates HCN4 in at least 
two different highly conserved tyrosine residues 
in the C-linker (Tyr 531 and Tyr 554) [13, 14]; 
this increases channel open probability and 
speeds activation kinetics [13]. 

4.3.2 Cholesterol and Membrane 
Phospholipids 

Phospholipids are not uniformly distributed in the 
membrane but form distinct microdomains, called 
lipid rafts, enriched in cholesterol and 
sphingolipids [76]. In rabbit SAN myocytes, 
HCN4 localizes in caveolar lipid rafts, and their 
disruption strongly affects f-channel kinetics, 
shifting the activation curve toward more positive 
potentials and slowing deactivation kinetics, 
which leads to the acceleration of spontaneous 
activity [20]. 

Funny channels are also modulated by PI(4,5) 
P2, whose depletion can partially explain the If 
run-down phenomenon [70]. Furthermore, the 
increase of PI(4,5)P2 mediated by activation of 
phospholipase C-coupled receptors (bradykinin 
BK2 receptor and muscarinic M1 receptor) can 
modulate channel gating; specifically, stimulation 
of BK2 receptors induces a large positive shift of 
the activation curve of HCN2, HCN1 and SAN 
f-channels [69]. 

4.3.3 Protein–Protein Interactions 

A well-established function of lipid rafts is to 
confine in a discrete membrane domain proteins 
involved in the same signal transduction pathway, 
so as to favor their functional interaction 
[76]. Functional interactions that are able to alter 

channel properties have been demonstrated 
between cardiac HCN channels and caveolin-3, 
MiRP1, KCR1, and SAP97 (Fig. 4.2). 

4.3.3.1 Caveolin-3 
Caveolae are a type of lipid raft characterized by 
the presence of the scaffold protein caveolin. In 
rabbit SAN cells, particularly rich in caveolae 
[77], HCN4 co-localizes and interacts with 
caveolin-3 and caveolin-1 [21, 73]. Disorganiza-
tion of caveolae strongly affects f-channel kinet-
ics, by shifting the activation curve toward more 
positive potentials, slowing deactivation kinetics, 
and altering adrenergic modulation [20, 21]. Inter-
action of HCN channels with caveolins is 
mediated by the caveolin-binding domain 
(CBD) located at the N-terminus just prior to the 
S1 transmembrane domain. Disruption of the 
CBD induces a rightward shift of the HCN4 acti-
vation curve, a slowing of deactivation time 
constants, and a severe impairment of channel 
trafficking to the plasma membrane [78]. 

4.3.3.2 MiRP1 
Mink-related protein 1 (MiRP1 or KCNE2) is a  
single transmembrane domain protein that acts as 
a β-subunit of hERG and HCN channels. It has 
been shown that MiRP1 interacts with HCN2 
channels in SAN and ventricular myocytes. In 
heterologous expression systems, MiRP1 
increases HCN1, HCN2, and HCN4 current 
densities and alters activation kinetics; however, 
this latter effect depends on the specific isoform 
tested and on the expression system used [15–17]. 

4.3.3.3 KCR1 
This is another membrane-spanning protein 
shown to interact in heterologous expression 
systems with HCN2 channels. It causes a signifi-
cant decrease in current density and a negative 
shift of the activation curve when both proteins 
are co-expressed in CHO cells. Exogenous 
expression of KCR1 in neonatal ventricular 
myocytes decreased current density, while 
downregulation of KCR1 by specific siRNA 
(small interfering RNA) increased current den-
sity. Interestingly, in pig and rat hearts, SAN has



the lowest level of KCR1 mRNA, in agreement 
with the relevant role of If in this tissue [18]. 
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Fig. 4.2 Cartoon illustrating the caveolar localization of f-channels and other elements of the f-channel modulatory 
pathway. Further explanation in the text 

4.3.3.4 SAP97 
In rabbit SAN, HCN2 and HCN4 channels 
co-localize with the Synapse Associated Protein-
97 (SAP97), a scaffold protein that clusters 
proteins at the cell membrane. In heterologous 
expression systems, SAP97 functionally interacts 

with HCN2 and HCN4 channels through a PDZ 
domain and alters the current density, though in a 
context (in CHO cells but not in HEK cells) and 
isoform-specific manner (increases HCN2 and 
decreases HCN4 current) [19]. 

While a general picture of all the relative 
interactions among these proteins is still lacking, 
the above data, together with evidence that in 
heart MiRP1, SAP97, and other voltage-gated



ion channels are also associated with caveolin3-
rich membrane microdomains [79, 80], suggest 
the formation of a macromolecular complex 
important for the proper activity and modulation 
of HCN channels and correct electrical function 
of SAN pacemaker myocytes. 
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4.3.4 Epigenetic Modulation of f/HCN 
Channels 

4.3.4.1 Hormones 
The SAN activity is strongly modulated by 
humoral stimuli, and the If current has been 
shown to be one of the targets for some of them 
[81]. In particular, the effects of thyroid, parathy-
roid, and sex hormones are summarized below. 

Thyroid hormones (THs). It is well 
documented that these biogenic amines (T3 and 
T4) can strongly influence cardiovascular func-
tion including heart rate, as evident from the 
increase/decrease of the HR due to hyperthyroid-
ism/ hypothyroidism in humans. This modulation 
has been attributed, at least in part, to the ability 
of T3 to increase the If current density (and HCN4 
and HCN2 mRNA) via activation of the Thyroid 
Receptors α1 (TRα1), the main isoform of TR 
receptors expressed in the heart [82, 83]. T3 influ-
ence If expression also during development; 
indeed, treatment of differentiating mouse embry-
onic stem cells (mES) with T3 induce a twofold 
increase of If current density, a positive shift of 
the activation curve, and consequently an accel-
eration of the beating rate. This is likely due to an 
epigenetic modulation of Tbx3, a transcription 
factor known to influence HCN4 channel expres-
sion (see Sect. 4.4.1 below) [84]. 

Parathyroid hormone (PTH) released by the 
parathyroid gland has positive chronotropic 
effects along with its main function in the regula-
tion of calcium homeostasis. In isolated rabbit 
SAN cells and canine Purkinje fibers, PTH 
increases the spontaneous activity of these cells 
and the If current. A similar action was shown for 
the PTH-related protein, an autocrine/paracrine 
hormone produced by cardiomyocytes [85, 86]. 

Sex hormones: involvement of If current with 
estrogen level is associated with higher resting 

HR during pregnancy [87]. El Khoury et al. [88] 
have shown that SAN cells isolated from late 
(18–19 gestation days) pregnant mice exhibited 
both higher automaticity and If density. These 
effects have been attributed to the activation of 
the estrogen receptor α by 17β-estradiol (E2), the 
predominant estrogen released during pregnancy, 
which seems to regulate HCN2 channels expres-
sion [88, 89]. In addition, the increase in the If 
current could also be favored by an E2-mediated 
increase in the expression of the MinK-related 
peptide 1 (MiRP1; see Sect. 4.3.3 above [90]). 

To date, there is no data showing an effect of 
testosterone on either If or SAN cell rate; how-
ever, during mouse embryonic stem cell differen-
tiation, testosterone induces a dose-dependent 
upregulation of HCN4 by recruiting the androgen 
receptor to its gene locus [91]. 

4.3.4.2 Training 
The origin of the bradycardia induced by endur-
ance athletes has been quite debated [92]. The 
classical view that training-induced bradycardia 
dependent upon an increased vagal tone was 
recently challenged by new pieces of evidence 
in human and animal models. Indeed, D’Souza 
and colleagues have shown that endurance 
athletes under complete autonomic block have 
an intrinsic heart rate significantly lower than 
nonathletes [93]. In trained mice and rats, these 
authors have also shown that sinus bradycardia 
primarily results from a reversible, 
training-induced remodeling of the sinus node. 
In particular, it has been shown that training-
induced bradycardia in mice can be attributed, at 
least in part, to downregulation of HCN4 expres-
sion, with a consequent decrease in the density of 
If. The epigenetic mechanism linking exercise to 
sinoatrial bradycardia seems to involve the 
decrease of Tbx3 expression, the increase of 
NRSF (both known to modulate HCN4 expres-
sion), and a specific increase in few miRNAs (see 
Sect. 4.3.4.3 below) [93, 94]. Another important 
player in this modulatory process is the 
AMP-activated protein kinase (AMPK), a 
known regulator of cellular energy homeostasis; 
indeed, in mice lacking the ability to activate 
AMPK (γ2 AMPK KO mice), the If current is



no more regulated by endurance exercise and 
mice do not develop exercise-induced intrinsic 
bradycardia [95]. 
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4.3.4.3 miRNA 
miRNA is a class of noncoding RNA that has 
gained a prominent role in the last two decades 
as a posttranscriptional modulator of protein 
expression. The role of miRNA on HCN channels 
has been studied mainly in relation to pathologi-
cal cardiac remodeling and exercise-induced 
bradycardia. 

The first indirect evidence of a possible role of 
miRNA on HCN expression came from studying 
the effect of chronic treatment with ivabradine on 
the If/HCN upregulation in the working myocar-
dium of a rat model of myocardial infarction. In 
this model, the If blocker ivabradine (see Sect. 
4.5) induced downregulation of HCN2 and 
HCN4 and a parallel upregulation of miR-1, 
miR-133a, and miR-133b [96]. Similarly, 
spironolactone, an aldosterone blocker, decreased 
the overexpression of HCN4 due to myocardial 
infarction by acting on miR-1 levels, as 
demonstrated by the lack of spironolactone effect 
on HCN4 when an antagomir-1 was employed 
[97]. A possible interaction of HCN channels 
and miRNA has also been reported by Li et al. 
[98], who reported that cardiac samples obtained 
from aged patients with atrial fibrillation showed 
higher levels of HCN2 and HCN4 mRNA and 
proteins with a parallel downregulation of miR-1 
and miR-133. Very recently, Yanni and 
collaborators [99] demonstrated that the If cur-
rent, and particularly the HCN4 subunit, was 
significantly downregulated in a mouse model of 
pressure overload heart failure. Although heart 
failure induced modulation of many miRNAs, 
among these, miR-370-3p and miR-139-3p were 
selected for further analysis since they were able 
to modulate HCN4 expression in vitro, and 
miR370-3p was also found upregulated specifi-
cally in the sinus node of patients with heart 
failure [94, 99]. Interestingly, in vitro, 
upregulation of either miR-370-3p or miR-139-
3p in the sinus node caused bradycardia and 
decreased HCN4 (and If) expression. In in vivo 
experiments, systemic injection of an 

antimiR-370-3p, reversed both bradycardia 
and the first-degree conduction block observed 
in the heart failure mice and restored HCN4 levels 
and If density toward control levels. 

miRNAs have also been implicated in the If 
(and HCN4)-dependent bradycardia associated 
with endurance training [93, 94]. Endurance-
trained rats and mice displayed bradycardia and 
a decreased sinoatrial expression of If (and 
HCN4) accompanied by a significant 
upregulation of miR-1 [94]. However, a direct 
causative relation was not reported. In subsequent 
work, the same group demonstrated a sinus node-
specific upregulation of miR-423-5p in 
swimming-trained animals. In this case, however, 
the authors demonstrated that in vivo injection of 
an antimiR targeting specifically miR-423-5p 
reverted the effects on If (and HCN4) and on 
heart rate [93]. 

4.4 Pacemaker Channels in Cardiac 
Development 

In the chick embryonic heart, pacemaker activity 
initiates from the sinus venosus (the prospective 
SAN) before the first contraction takes place 
[100–102]. In mice, the first cardiac contraction 
is visible around embryonic day 8.5 (E8.5) when 
the heart is a linear tube; at this stage, all 
cardiomyocytes, when isolated, are autorhythmic 
and express the If current [103]. Toward the end 
of gestation (E18), the number of spontaneously 
active myocytes decreases to 33%. Interestingly 
this occurs in parallel with an 82% decrease of If 
current density and a concomitant large 
downregulation of HCN1 and HCN4 mRNAs, 
by far the predominant HCN isoforms at early 
stages of development [103]. 

4.4.1 f/HCN Channels During 
Embryonic Cardiac 
Development 

A detailed analysis of HCN4 localization during 
mouse cardiac development by in situ 
hybridization indicates that HCN4 mRNA is



expressed as early as E6 and E7 in the mesoderm, 
representing progenitors of the first heart field 
(FHF). These cells display the spontaneous rhyth-
mic activity that starts the peristaltic contraction 
as soon as the heart tube is formed [104– 
106]. The fact that these HCN4+ progenitors 
give rise to part of the left ventricle and atria 
later in the development (E19.5) starting from 
E8.5, HCN4 is upregulated in the Tbx18+ 
progenitors that will give rise to autorhythmic 
cells of the sinus venous and SAN [106], 
indicates that HCN4 expression represents a func-
tional requirement for pacemaking. However, it is 
important to remember that HCN4 starts to 
become functionally indispensable only when its 
expression coincides with the perspective SAN. 
Indeed mice with either global or cardiac-specific 
knockout of HCN4 die in utero between 
E9.5-E11.5 [107], a time corresponding to the 
development of the sinoatrial node [104]. 
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The expression of HCN4 is maintained by a 
precise interplay of various transcription factors 
that together delineate the cardiac region in which 
the SAN develops [108]. Lineage tracing studies 
have elucidated the critical role of some important 
transcription factors that either directly or indi-
rectly sustain the expression of HCN4 and inhibit 
genes responsible for its repression. Tbx18, Shox-
2, and Isl-1 concur to induce expression of Tbx3 
that represses atrial differentiation of primary 
pacemaker myocardium, thus limiting 
downregulation of HCN4. In parallel, Shox2 
influences HCN4 expression by inhibiting 
Nkx2.5, whose expression limits that of HCN4. 
Interestingly, constitutive deletion of the tran-
scription factor Shox2 prevents the expression 
of both Tbx3 and HCN4 and causes the formation 
of an underdeveloped and bradycardic SAN that 
leads to embryonic death at mid-gestation (E11.5) 
[109]. These data show that pacemaker activity, 
development of the SAN and expression of 
HCN4 are strictly related and, together with the 
evidence of embryonic lethality of Hcn4 and 
Shox2 knockout mice at comparable developmen-
tal stages, strongly support the essential role of 
HCN4 in the correct development of SAN [107]. 

4.4.2 f/HCN Channels in Pluripotent 
Stem Cell-Derived 
Cardiomyocytes 

An alternative approach to studying either early 
events in cardiac development or alterations in 
cardiomyocyte function leading to pathological 
conditions involves in vitro differentiation of plu-
ripotent stem cells (PSCs). The main sources of 
PSC are mouse and human embryonic stem cells 
(mESC and hESC) and induced pluripotent stem 
cells (iPSC, mostly of human origin). PSC can be 
differentiated into beating cardiomyocytes either 
spontaneously through the formation of tridimen-
sional aggregates called embryoid bodies (EBs) 
[110] or following induction with specific 
molecules [111]. 

4.4.2.1 mESC-Derived Cardiomyocytes 
Several reports indicate that mESC-derived 
cardiomyocytes express all HCN channels 
[112, 113], even with some variability in the 
isoforms. This variability likely arises from the 
heterogeneity in terms of the cardiac subtype 
composition of the culture. When SAN-like 
precursors are selected on the basis, for example, 
of CD166 expression during a specific develop-
mental window, the resulting SAN cells have 
molecular and functional characteristics very sim-
ilar to native mouse SAN cells and, indeed 
express mainly HCN4 and HCN1 [114]. 

mESC-derived autorhythmic cardiomyocytes 
display SAN-like APs and exhibit If [112, 113, 
115]. Involvement of If in the generation and 
modulation of rate in this cellular system has 
been confirmed using specific If inhibitors. 3 μM 
ivabradine, for example, slowed the beating rate 
by 25% and reduced If by about 50% [113]; these 
effects are quantitatively similar to those reported 
in SAN myocytes. ZD7288 (0.3 μM) also slowed 
the beating rate by about 50% and reduced If by 
15% [112]. 

4.4.2.2 hESC- and hiPSC-Derived 
Cardiomyocytes 

The first study showing the expression of the 
HCN channel in hESC-derived cardiomyocytes



reported the expression of HCN2 with no expres-
sion of HCN4 [116]. Later works displayed the 
expression of also HCN1 and HCN4 in variable 
proportion [117]. In hiPSC cardiac differentia-
tion, it has been reported that HCN2 levels 
increase with time in culture [118, 119], while 
HCN4 levels have been reported either to increase 
or decrease with time in culture 
[120, 121]. Again, the variability arises from the 
heterogeneity of the culture, and indeed, when the 
culture is enriched in SAN-like cardiomyocytes, 
HCN1 and HCN4 are the prevalent isoform 
expressed [122, 123], in line with data from 
human SAN tissue [45, 53]. 
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If current has been repeatedly reported in 
hESC and hiPSC-CMs, however, in these cases, 
the comparison with native cells is complicated 
by the fact that up to date, only one study reported 
If current in pacemaker cells isolated from a dis-
eased human sinus node [124]. In hESC-derived 
cardiomyocytes, Satin et al. [116] and Bosman 
et al. [125] found If density in the range 5 to 
12 pA/pF at fully activating potentials (around
-120 mV). In hiPSC, however, the recorded cur-
rent density is more consistently around 4–5 
pA/pF [126–128]. These values agree with those 
observed in highly-selected SAN-like 
cardiomyocytes by Protze et al. [122]. 

Others have also reported smaller current 
densities, especially after longer differentiation 
times, in the range of 1 pA/pF, but these values 
may simply reflect an enrichment in ventricular-
like cells, rather than nodal-like cells, where the If 
density is within this range [122]. 

We have recently found that when single spon-
taneously beating hiPSC-derived cardiomyocytes 
are chosen for electrophysiological analysis, the If 
current density remains constant around 4–5 pA/ 
pF independently of the time in culture (from day 
15 to 60; Giannetti et al. Pflügers Archiv -
European Journal of Physiologyhttps://doi.org/ 
10.1007/s00424-021-02571-w). 

Furthermore, the rate of spontaneously beating 
hES-derived cardiomyocytes, which express a 
robust If current, is slowed by zatebradine, 
another If blocker [117, 130]. 

Together these reports indicate that If and the 
underlying HCN channels contribute significantly 
to cardiac cellular autorhythmicity (Fig. 4.3). 

4.5 f-Channels Blockers 

Given the importance of If in generation of pace-
maker activity, it is not surprising that f-channels 
have been considered as a main target in the 
search for drugs able to control heart rate specifi-
cally. The underlying reason is that a specific (and 
moderate) reduction of If will affect only the slope 
of DD and thus cardiac rate without undesired 
effects on AP duration and/or inotropism 
associated with altered K+ and/or Ca2+ channel 
activities. 

Drugs able to selectively reduce If have, there-
fore, been long regarded as important tools in the 
search for a novel therapeutic approach to ische-
mic heart disease (IHD), normally due to unbal-
anced myocyte oxygen demand and supply. 
Slowing heart rate is beneficial under these 
conditions because it causes both a reduction in 
oxygen consumption and an increase in the dura-
tion of diastole and coronary perfusion. Unfortu-
nately, β-blockers, Ca2+-channel inhibitors, and 
nitrates reduce heart rate and cause side effects 
such as reduced cardiac inotropism and are, there-
fore, not entirely satisfactory in terms of efficacy 
and tolerance. 

Substances able to reduce specifically heart 
rate, initially termed “specific bradycardic” and 
later “pure heart rate-reducing” agents, were 
developed in the late 1970s, starting with a cloni-
dine derivative (alinidine, ST 567) [10]. This fam-
ily includes falipamil (AQ-A39), zatebradine 
(UL-FS49), cilobradine (DK-AH26), ZD-7288, 
and ivabradine (S16257) [10, 34]. Investigation 
in Purkinje fibers and SAN revealed that these 
substances reduce the slope of DD and slow heart 
rate by blocking the If current [131, 132]. Except 
for ivabradine, clinical use of these drugs was 
hampered by the presence of side effects at thera-
peutic concentrations (i.e., concentrations 
blocking If) caused by partial block of K

+ and/or 
Ca2+ channels, and by block of the neuronal Ih 
current (equivalent to the cardiac If). Undesired 
visual effects were reported in patients treated 
with zatebradine due to block of Ih in 
photoreceptors [10]. 

Ivabradine is the only member of this family of 
compounds presently available on the market and



is used for the treatment of chronic stable angina 
and to reduce hospitalization from worsening 
heart failure [133]. 

4 The “Funny” Pacemaker Current 75

Fig. 4.3 Confocal images 
showing HCN4 expression 
(green) in the central part of 
the mouse SAN tissue (a) 
and in ESC-derived cardiac 
myocytes in culture (b); 
nuclei stained with DAPI 
(blue) 

At low/moderate doses, ivabradine is a highly 
specific If inhibitor (Fig. 4.4). In rabbit SAN, 
3 μM ivabradine decreased spontaneous firing 
by 24%, mainly by reducing DD slope (-67%) 
with only a minor effect on AP duration (+9%) 
[134]. Studies in isolated rabbit SAN myocytes 
showed that ivabradine (3 μM) blocks If substan-
tially (about 60%) without altering neither T- nor 
L-type Ca2+ currents or delayed outward 
rectifying K+ currents [135]. Additional studies 
showed that ivabradine acts from the cytoplasmic 
side [135] and that drug binding/ unbinding to 
f-channels was constrained to open channel states 
[136]; also, the block has the unique feature of 
being determined by the direction of current flow 
(current dependence). According to this mecha-
nism, drug molecules are “kicked-in” their 
blocking site within the pore by the outward ion 
flow during depolarization and “kicked off” 

during hyperpolarization [136]. The overall 
block properties determine use-dependence, 
implying that the block is favored by frequent 
cycling between open and closed states [137]. 

The bradycardic action of ivabradine has been 
confirmed in both preclinical and clinical studies 
[34, 138, 139]. In healthy volunteers, a single oral 
dose of ivabradine (20 mg) induced a decrease of 
heart rate by 18 ± 6% during physical exercise 
[140]. Trials in patients with stable angina 
showed that the anti-anginal effects of ivabradine 
are comparable to those of β-blockers but without 
side effects such as sexual disturbances, respira-
tory problems, and rebound phenomena; the only 
adverse events linked to ivabradine treatment 
were a limited reduction of blood pressure and 
mild, well tolerated visual symptoms 
(phosphenes). The visual disturbances are due to 
the action of ivabradine on HCN 
channels expressed in the retina [141, 142].
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Fig. 4.4 Ivabradine slows heart rate by partial block of If. 
(a) spontaneous activity recorded from a SAN cell before 
and during perfusion with ivabradine 1 μM. Note that 
slowing is due to a reduced steepness of the diastolic 
depolarization. (b) inhibition by ivabradine 1 μM of  If 
recorded from a SAN cell during steps to -70 mV 

4.5.1 Effects of Heart Rate-Reducing 
Agents on HCN Isoforms 

All the pure heart rate-reducing agents listed so 
far do not show any isoform specificity: in 
HEK293 cells, cilobradine, ivabradine, and 
zatebradine block HCN1, HCN2, and HCN4 
homomeric channels with a similar IC50 (close 
to 1 μM) and Hill slope factors close to 1; these 
values are similar to those reported for native 
f-channels in SAN [10]. Ivabradine blocks 
HCN4 and HCN1 differently; it is an open-
channel blocker of HCN4 channels and a 
closed-channel blocker of HCN1 channels 
[143]. Some of the knowledge gained so far in 
relation to molecular interactions between heart 
rate-reducing agents and HCN channels can be 
summarized as follows: (1) binding of ZD7288 to 
the mHCN1 isoform was shown to depend 

critically on residues Y355, M357, and V359 in 
the S6 domain [10]; (2) residues A425 and I432 in 
the S6 domain of mHCN2 were found to be 
critical for ZD7288 and cilobradine binding 
[144]; residues Y506, F509, and I510 in the S6 
domain of hHCN4 were found to be critical for 
ivabradine binding [145]. 

The wide distribution of HCN proteins in dif-
ferent tissues, and their involvement in various 
cardiac and noncardiac pathological conditions 
(arrhythmias, pain associated with nerve injury, 
epileptic seizure disorders, and others) [146–148] 
led to the development of new isoform-specific 
compounds, [149]: (1) zatebradine derivatives 
dubbed EC18 and MEL57A showed higher selec-
tivity for hHCN4 and mHCN1, respectively, and 
this selectivity was maintained when they were 
tested in various tissues expressing different HCN 
isoforms [150, 151]; (2) Compound 12m, an f 
2,2-di-substituted indane-derivative, showed 
higher selectivity for hHCN1 with respect to 
hHCN2 and hHCN4, and, in in vivo experiment, 
it showed analgesic effects without affecting heart 
rate [152]. 

4.6 Genetics of HCN Channels 

In a large-scale screen for mutations that affect 
the development of the heart in the embryo of 
zebrafish Danio rerio, a mutant (slow-mo) 
showed a substantially reduced heart rate com-
pared to wild-type animals [153]. The 
bradycardic phenotype was also evident in the 
isolated heart and patch clamp experiments 
showing that the only current greatly reduced 
(85%) was If. The slow-mo mutant was the first 
genetic model showing the importance of If for 
generating cardiac pacemaker activity in vivo. 

4.6.1 Transgenic Animal Models 

In recent years, four HCN4 knockout mouse 
models have been developed to evaluate in vivo 
the functional contribution of this isoform to 
pacemaking [107, 154, 155]. Both global and 
cardiac-specific constitutive knockouts of the



HCN4 gene cause premature death of mice at 
mid-gestation (E9.5–E11.5), a developmental 
stage when regular contractile activity normally 
develops [107]. SAN myocytes isolated from 
knockout embryos at day E9.5 showed reduced 
spontaneous rate (-36.7%) and If current (-
85%) compared with controls. The knockout pro-
cess also led to the complete loss of cAMP-
mediated β-adrenergic modulation, suggesting 
that the residual If current might be carried by 
the HCN1 and HCN3 isoforms which are almost 
insensitive to cAMP stimulation [42, 43, 
49]. These data show that HCN4 expression is 
necessary for proper embryonic heart develop-
ment, although they do not provide evidence for 
the role of the HCN4 current in adult animals. 
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To avoid the limitations due to constitutive 
HCN4 knockout, inducible knockout animals 
were generated [154, 155]. In one model, ECGs 
recorded from freely moving knockout animals 
showed sinus pauses followed by normal rhyth-
mic activity; β-modulation of rate was not lost, 
and any acceleration in heart rate reduced sinus 
pauses [154]. In another model, the induction of 
the HCN4 knockout was under the control of a 
regulatory region of the HCN4 gene. ECG 
recordings from these animals also showed sinus 
pauses (mean frequency 16.1 per minute) 
[155]. Since 90% of the global knockout-derived 
and 50% of the HCN4-targeted knockout-derived 
SAN myocytes were quiescent and the If current 
was reduced by about 75–80% [154, 155], further 
investigation will be required to understand the 
difference between the effects of the knockout 
process on SAN automaticity in in vivo and 
in vitro conditions. 

4.6.2 Pathologies Associated 
with HCN Dysfunctions 

Several mutations in the coding sequence of the 
hHCN4 gene associated with alterations in car-
diac rhythm and other pathological cardiac 
phenotypes have been identified in humans 
(Table 4.2). The majority of the mutations have 
been classified as loss-of-function (l.o.f.) since 
in vitro functional studies revealed a decreased 

contribution of the current to cell excitability. 
Although sinus bradycardia is the most frequently 
observed arrhythmic manifestation in patients 
presenting with these l.o.f. mutations, several 
other pathological features have been described. 

A convincing and robust example of the caus-
ative chain of events linking the presence of a 
single point HCN4 gene mutation, the altered 
HCN4/pacemaker current features, and the clini-
cal manifestation is represented by the S672R 
mutation. The functional correlation between the 
defective HCN4 and arrhythmias was reported in 
2006 [166] during a study on a large Italian fam-
ily spanning three generations. The S672R point 
mutation, located in a highly conserved residue 
within the Cyclic Nucleotide Binding Domain, 
was found to be associated with the presence of 
an inherited asymptomatic sinus bradycardia 
according to an autosomal dominant pattern. 
The heart rate of family members carrying the 
mutation was significantly slower (52.2 ± 1.4 
bpm, n = 15) than that measured in wild-type 
members (73.2 ± 1.6 bpm, n = 12). 
Co-segregation of bradycardia with the hHCN4 
gene was strong, as shown by the high LOD score 
value (5.47). In vitro electrophysiological analy-
sis of S672R channels showed a more negative 
activation curve (-4.9 mV shift) and faster deac-
tivation kinetics than the wild-type. The effect of 
the S672R mutation, in heterozygosis, is, there-
fore, analogous to a mild vagal stimulation 
corresponding to a low concentration of acetyl-
choline (about 20 nM); this action leads to a 
reduced net inward current during DD and nega-
tive chronotropy. 

An opposite functional consequence has been 
observed in the HCN4 R524Q gain-of-function 
(g.o.f.) mutation, which was identified in family 
siblings affected by Inappropriate Sinus Tachy-
cardia (IST) [162]. IST is a type of sinus node 
dysfunction associated with higher than normal 
resting SAN rate; clinical symptoms are variable 
and include palpitations, activity intolerance, 
recurrent syncopes, lightheadedness, and ortho-
static intolerance. The R524Q mutation is located 
in the C-linker, in close proximity to the S6 seg-
ment, a region known to couple cAMP binding to 
channel activation. Patch clamp experiments
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Mutation Associated phenotypes Ref
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revealed that mutant HCN4 channels exhibit a 
higher than normal cAMP affinity, and this fea-
ture provides the logical molecular and functional 
framework to explain both the tachycardic resting 
condition due to exaggerated response to basal 
cAMP level and the increased response to sym-
pathetic stimuli, which is also observed in mutant 
carriers. 
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" 
G-O-
F 
# 
L-O-
F 

P257S Atrial fibrillation [156] 
R378C Sinus bradycardia [157] 
A414G Sinus bradycardia, left ventricular noncompaction, atrial fibrillation, atrial standstill [158] 
G480R Sinus bradycardia [159] 
Y481H Sinus Bradycardia, left ventricular noncompaction, atrial fibrillation, degeneration of 

the mitral valve; polymorphic ventricular extrasystoles during exercise 
[158] 

G482R Sinus bradycardia, I° atrioventricular block, impaired chronotropic capacity, left 
ventricular noncompaction, intermittent ectopic atrial rhythms, mitral valve prolapse, 
out-of-hospital cardiac arrest 

[158, 160] 

A485V Sinus Bradycardia, out-of-hospital cardiac arrest during extreme exercise, inducible 
and paroxysmal atrial fibrillation 

[161] 

R524Q Inappropriate sinus tachycardia [162] 
K530N Sinus bradycardia, sinus pauses, tachycardia-bradycardia syndrome, Persistent, 

Atrial Fibrillation 
[163] 

R550H Sinus bradycardia [157] 
D553N Sinus bradycardia, QT prolongation; torsade de pointes, cardiac arrest for 40 s 

followed by polymorphic ventricular tachycardia 
[164] 

573X SBS, chronotropic incompetence during exercise, intermittent atrial fibrillation [165] 
S672R Sinus Bradycardia [166] 
695X Sinus bradycardia, episodes of distinctive sinus arrhythmia linked to adrenergic 

stress, left ventricular noncompaction, susceptibility to atrial and ventricular 
premature beats, mitral valve prolapse 

[160, 167] 

P883R Bradycardia-tachycardia syndrome, paroxysmal atrial fibrillation [168] 
G1097W Atrioventricular block [169] 
E1193Q Sinus bradycardia, atrial fibrillation, Brugada syndrome restrictive cardio [157] 

In many cases, the phenotypic features of the mutations listed in the table have been investigated in heterologous 
expression studies with the patch clamp technique. Symptoms listed were identified in the proband and/or in siblings 
carrying the mutation. 

Additional “non-SAN related” pathological 
conditions have been variously found in associa-
tion with different types of HCN4 mutations, and 
among them, it is important to cite atrial fibrilla-
tion, noncompaction cardiomyopathy, and mitral 
valve degeneration. While the causative relation 

between HCN4 mutations and sinus arrhythmias 
is straightforward, the mutation-specific 
connections with non-SAN pathological 
manifestations are challenging and represent an 
incredible window into the future of the research. 
Indeed, unraveling the associative link between 
these pathologies and pacemaker channels will 
add a still-missing and fundamental knowledge 
of the biology of these channels. 

In conclusion, the identification of HCN4 
mutations represents a genetic and molecular par-
adigm that highlights the importance of these 
channels in cardiac rhythm generation and 
disturbances as well as in other cardiac diseases.
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4.7 Biological Pacemaker 

Normal generation and propagation of heart 
rhythm can be affected by several cardiac 
diseases such as Sick Sinus Syndrome, AV 
block, and severe bradycardia, requiring implan-
tation of an electronic pacemaker. Therefore there 
is an increasing interest in biological pacemakers, 
which consist of cellular substrates able to spon-
taneously drive a quiescent but excitable tissue 
and to respond to autonomic modulation. The first 
attempts to induce autorhythmic activity in a qui-
escent substrate used viruses to over-express β2-
adrenoceptors or to inhibit inwardly rectifying K+ 

currents [170]. HCN channels, however, are more 
suitable candidates for gene transfer technology 
because (1) they are active only during, and thus 
contribute solely to, the diastolic phase of APs, 
and (2) they are responsive to autonomic regula-
tion [11, 28]. An exhaustive description of all the 
strategies used to create the biological pacemaker 
are reviewed in Cingolani et al. (2018) [171]; 
here, only HCN and stem cell-based strategies 
are summarized. 

4.7.1 HCN-Gene Strategies 

“Proof of principle” evidence that HCN 
overexpression can induce spontaneous activity 
was provided by experiments showing that 
in vitro infection of primary cultures of neonatal 
rat myocytes with adenoviruses carrying the 
mouse HCN2 channel leads to a significant 
increase in their beating rate (83%) [66]. Further, 
in vivo, overexpression of HCN2 in the left 
atrium or in the left bundle branch of dogs 
increased the If current density and generated 
stable, spontaneous activity following sinus arrest 
or AV block [170]. Similar strategies using 
HCN1 and HCN4 isoforms also successfully 
induced stable ectopic rhythm in an animal 
model [172]. To overcome the limitation of the 
low rate at which these biological pacemakers 
drove the heart, either mutated HCN2 constructs, 

with a more depolarized activation curve and 
faster kinetics, or HCN1–HCN2 chimeric 
constructs characterized by fast activation kinet-
ics (provided by HCN1) and cAMP modulation 
(provided by HCN2) were used. In vivo 
experiments showed that the former construct 
improves catecholamine sensitivity but not basal 
heart rate, and the latter construct causes episodes 
of ventricular tachycardia interrupted by pauses 
of variable length [170]. 

In an alternative approach, a synthetic HCN 
channel, obtained by mutating human Kv1.4 
channels in four specific residues, was used. 
In vivo expression of the engineered channel in 
guinea pig ventricle generated an HCN-like 
inward current and an ectopic rhythm [170]. 

In a hybrid approach, human mesenchymal 
stem cells (hMSCs) or fibroblasts, engineered to 
provide an HCN channels-mediated depolarizing 
current, were delivered to specific regions of the 
heart to produce cardiac automaticity. These 
approaches were based on the ability of hMSCs 
to electrically couple with cardiomyocytes 
through gap-junctions [173], and on the ability 
of fibroblasts to fuse with cardiomyocytes [174]. 

In the last two decades, the elucidation of the 
genetic program driving the embryonic differen-
tiation of the SAN has paved the road to a novel 
type of gene-based approach to biological pace-
making. Tbx18, Shox2, and Tbx3 have been 
shown to play a critical role in SAN specification 
[108]. This evidence has rushed researchers to 
test the hypothesis that ectopic expression of 
one of these transcription factors may 
transdifferentiate the working myocardium into 
pacemaker cells. Hoogaars et al. in 2007 showed 
that ectopic expression of Tbx3 in atrial cells 
leads to repression of working myocardium 
genes and activation of HCN4 [175, 176]. In 
2013, Kapoor and colleagues demonstrated that 
both in vitro and in vivo expression of TBX18 
convert murine ventricular cardiomyocytes into 
pacemaker cells morphologically similar to SAN 
cardiomyocytes and expressing HCN4/If 
current [177].



80 A. Barbuti et al.

4.7.2 Stem Cell-Based Biological 
Pacemakers 

Because of teratogenic risk, viral vectors, even if 
efficient, are unlikely to be the choice delivery 
system for HCN channels. Cell-based biological 
pacemakers have therefore been considered with 
growing interest. Progress in this direction came 
from the use of human adult mesenchymal stem 
cells (MSCs) over-expressing the mouse HCN2 
gene [178]. MSCs express endogenously 
gap-junctions, and when electrically coupled to 
ventricular myocytes, their membrane 
hyperpolarizes, leading to large activation of the 
HCN2 channels and spontaneous rhythm genera-
tion in the surrounding tissue [178]. MSCs 
engineered with HCN4 channels also effectively 
paced ventricular substrate [179]. A different 
approach was based on HCN1-expressing 
fibroblasts induced to fuse (by PolyEthylene Gly-
col; PEG) with guinea pig ventricular myocytes. 
The heterokaryons displayed spontaneous APs 
with slow depolarization phase and expressed If-
like pacemaker current sensitive to the If blocker 
ZD7288. Surprisingly, heterokaryons were 
responsive to β-adrenergic but not to cholinergic 
agonists [170]. 

Embryonic stem cells (ESCs), known to dif-
ferentiate into spontaneously beating SAN-like 
cells expressing If have also been used to develop 
a cell-based biological pacemaker [112–115, 117, 
180]. Two separate studies have demonstrated 
that spontaneously beating ESC-derived 
myocytes can pace cultures of neonatal rat cardiac 
myocytes and generate an ectopic rhythm when 
injected in the ventricle of animal models after 
AV ablation [130, 180]. Although the presence of 
f/HCN channels was not directly addressed in 
these studies, their involvement in the generation 
of the rhythmic activity was apparent, based on 
evidence for rate increase by β-adrenergic activa-
tion and rate decrease by f-channel blocker 
ZD7288 [130, 180]. 

More recently, human iPSC-derived 
autorhythmic cells were proven to be a suitable 
cell model for generating patient-specific 

biological pacemakers. Chauveau et al. have 
demonstrated that spontaneously beating EBs 
generated from iPSC, expressing a prominent If 
current, are able to pace the heart of a canine 
model of conduction block, when injected into 
the anterobasal left ventricle, and are responsive 
to adrenergic stimulation [182]. However, the 
ectopic rate resulted to be quite low, probably 
because EBs are a heterogeneous cell system 
containing only a minor number of sinoatrial-
like cells. Of note, Protze and collaborators have 
published a method for selecting a highly pure 
subpopulation of sinoatrial-like cardiomyocytes 
that are able to pace in vitro ventricular-like 
cardiomyocytes [122]. 

4.8 Conclusions 

Although the biophysical properties of the 
“funny” current fit well with an important role in 
pacemaking, the idea of this bizarre but essen-
tially simple mechanism having a relevant part in 
the governance of cardiac rhythm took time to be 
accepted and is still hotly debated [3, 183– 
185]. In the late 1990s, after the cloning of the 
HCN genes, strong evidence in favor of f/HCN 
channels as key players in the pacemaking pro-
cess was gathered. Analysis of HCN isoform 
distribution highlighted the selective expression 
of HCN4 channels in SAN and the conduction 
system of various species including humans. 
While embryological studies on mice showed 
the early onset of HCN4 expression, specifically 
in the prospective SAN and conduction system, 
the evidence that transgenic mice lacking the 
HCN4 gene die early during embryogenesis 
strengthened the functional role of f-channels in 
the generation of cardiac pacemaker activity. 
Finally, the development of f-channel blockers 
for the therapeutic control of heart rate in humans 
and the discovery of HCN4 mutations in patients 
affected by rhythm disturbances has further 
established the importance of f-channels in 
pacemaking.
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Signaling on Multiple Scales

Cardiac Pacemaking Is an Emergent 
Property of Complex Synchronized 5 
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Abstract 

The generation of automaticity in the sinoatrial 
node is a multiscale process involving the inte-
gration of complex biochemical and biophysi-
cal processes, including a membrane clock and 
a calcium clock operating in a coupled-clock 
system within single cells and further complex 
integration of heterogeneous intercellular sig-
naling at the tissue level. Our current under-
standing of these processes is reviewed in 
detail. Ground-breaking recent studies in intact 
SAN have discovered a new paradigm of SAN 
operation, and this, along with other frontiers 
in pacemaker research, are addressed. 
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5.1 Introduction 

Intrinsic cardiac automaticity, or “pacemaking,” 
is the fundamental physiological process that 
sustains zoological life on Earth. The absence of 
cardiac automaticity is not compatible with life, 
save for in very few medically supported 
circumstances (e.g. cardiopulmonary bypass, 
ventricular assist devices, ECMO). Substantial 
increases in our understanding of cardiac automa-
ticity have been made over the last century [1], 
yet significant uncertainties remain, and 
paradigms continue to shift [2]. Pacemaker cells 
that lead cardiac automaticity are located in the 
sinoatrial node (SAN) of the right atrium and 
spontaneously generate rhythmic changes of 
their membrane potential, producing relatively 
periodic (but not metronomic) spontaneous action 
potential (APs), so-called “sinus rhythm.” The 
essence of cardiac automaticity is diastolic depo-
larization (DD)—a slow, spontaneous increase in 
membrane potential toward the membrane excita-
tion threshold, followed by the firing of an all-or-
nothing AP. 

The initial focus of pacemaker cell research 
was on sarcolemmal ion currents (review [3]). In
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silico reconstruction of the ensemble behavior of 
these currents based on experimental voltage-
clamp data is able to generate spontaneous APs, 
and ultimately the coordinated behavior of these 
ion channels leading to SAN cell automaticity 
was dubbed the “membrane clock” (M-clock). 

90 O. Monfredi et al.

It was with some difficulty that the important 
role of intracellular Ca cycling in normal automa-
ticity was added to the paradigm. The SAN cell’s 
major intracellular store of Ca is the sarcoplasmic 
reticulum (SR), which was discovered to generate 
roughly periodic diastolic Ca releases, dubbed the 
“Ca clock” (review [4]), whether the cell mem-
brane was present or not. This latterly elucidated 
clock can impact the M-clock at many “nodes” of 
interaction between the two, perhaps most impor-
tantly through the acceleration of DD via the 
electrogenic membrane-bound Na/Ca exchanger 
(NCX) [5, 6]. Further studies suggested that the 
Ca clock depends on the membrane clock and 
vice versa, and the functions of both clocks are 
tightly and synergistically integrated to formulate 
a coupled oscillator, leading to the coupled-clock 
theory of normal automaticity [7, 8]. Having cou-
pled clocks ensures both robustness (i.e., “fail 
safe” operation) and flexibility (i.e., the ability 
to react to demands for faster or slower AP firing 
rate) in SAN cells. The coupled-clock paradigm 
has been intricately numerically modeled [7, 9– 
11] and extensively reviewed [1, 8, 12]. In this 
chapter, we review key and novel aspects of this 
concept. Of particular interest will be challenging 
the present perspective that SAN output is 
generated by the collective behavior of loosely 
coupled SAN cells and is not dominated by the 
DD of a single cell. Further, the interactive net-
work of mechanisms intrinsic and extrinsic to 
SAN cells must also interpret and react to signals 
arising extrinsic to the cell, e.g., stretch, electro-
tonic impulses, or neurotransmitter or hormonal 
stimulation of surface membrane receptors. This 
must result from the timely integration of signal-
ing events at multiple levels within the SAN, 
including subcellular, cellular (surface mem-
brane), and tissue architecture. This is presently 
poorly understood, yet extremely important, and 
represents the current and future frontier of car-
diac pacemaker research [13–15]. 

5.2 The Membrane Clock 

Every pacemaker cycle involves the interaction of 
Ca and membrane clocks via multiple time-, volt-
age-, and Ca-dependencies of proteins compris-
ing the system. The membrane clock (Fig. 5.1, 
top) features ion channels, transporters, and 
pumps. Its key molecules include L-type Ca 
channels (LCCh) and T-type Ca channels 
(generating ICaL and ICaT, respectively); K 
channels; nonselective hyperpolarization-
activated cation channels (HCN4), generating If; 
and NCX, generating INCX. NCX is 
electrogenic—it exchanges 3Na for 1Ca, thereby 
generating a membrane current, and this opera-
tion is both Ca- and voltage-dependent, executing 
an efficient coupling mechanism between the 
clocks. 

5.3 The Calcium Clock 

The Ca clock (Fig. 5.1, bottom) features the SR 
refilling Ca pump SERCA, and Ca release 
channels, ryanodine receptors (RyRs), the latter 
of which generate rhythmic, diastolic local Ca 
releases (LCRs). LCRs first appear as small Ca 
spark-like events early in DD, around the time of 
the maximum diastolic potential (MDP). As 
membrane depolarization proceeds, LCRs 
increase in size and develop local propagation 
attributes (abrupted waves). In late DD, these 
propagating LCRs merge into the AP-induced 
whole-cell Ca transient [16]. The LCR period is 
the period from the peak of the prior AP-induced 
cytosolic Ca transient and subsequent diastolic 
LCR emergence. LCR periods inform not only 
on the RyR activation but also on the kinetics of 
recharging the SR Ca capacitor [17]. 

5.4 Clock Coupling During 
Diastolic Depolarization 

Each spontaneous AP is followed by repolariza-
tion and the re-establishment of an MDP, from 
which DD begins due to the removal of K channel



s

activation, activation of If and ICaT, and spontane-
ous local RyR activation generating multiple 
submembrane LCRs. Summation of individual 
LCRs promoted in part by Ca-induced-Ca-release 
(CICR) [18, 19] produces an ensemble Ca signal 
that activates electrogenic inward INCX. Bloom-
ing of the LCR ensemble Ca signal, with 
associated accelerating INCX activation, initiates 
an acceleration in DD to the so-called nonlinear 
phase [20], activating ICaL. The time from MDP 
to the nonlinear DD informs on the kinetics of 
LCR generation and synchronization. If decreases 
during late DD as it gets closer to its reversal 
potential (near –30 mV). 
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Fig. 5.1 The biophysical “engine” of the coupled-clock system 

The relative importance of events in early DD 
continues to be debated. Some believe that LCRs 
are the key events that initiate APs, based on 
several fundamental observations, including 
(1) spontaneous LCRs occur under voltage 

clamp [21], independent of membrane potential 
change, (2) LCRs occur as early as AP repolari-
zation reaches the MDP [16], and (3) oscillatory 
LCRs are observed in membrane-free (i.e., 
detergent-permeabilized, “skinned”) SAN cells 
bathed in a physiological [Ca] of 100 nM 
[21, 22]. These membrane-independent LCRs 
are generated at rates of 1–5 Hz, i.e., similar to 
the rates of spontaneous AP firing in SAN cells 
(in rabbits). 

Others favor the importance of low voltage-
activated Ca currents, such as ICaT [23] and ICaL 
generated by Cav1.3 channels (ICav1.3)  [24]  a  
primary AP-initiating events. Loss of Cav1.3 
function in humans is associated with bradycardia 
and congenital deafness [25], and Cav1.3 knock-
out mice have substantially reduced SAN cell Ca 
dynamics [26].
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5.4.1 The Concept of Ignition 

A unifying view of the AP ignition process [27] 
suggests that pacemaker APs are ignited during 
DD via a feed-forward mechanism that includes 
membrane potential, LCRs, NCX, ICaT, and ICaL. 
This ignition phase begins when the magnitude of 
inward INCX begins to increase due to its activa-
tion by LCRs. INCX, together with If and ICaT 
depolarizes the membrane potential to the ICav1.3 
activation threshold (near –55 mV). During the 
ignition phase, ICav1.3 depolarizes cell membrane, 
and concurrently its mediated Ca influx generates 
more LCRs via CICR that further activates 
inward INCX, implementing a feed-forward con-
trol that drives membrane potential to the thresh-
old potential of –40 mV required for activation of 
ICaL via Cav1.2 channels (ICav1.2) that generates 
the AP upstroke. 

Because Ca and membrane mechanisms are so 
tightly linked within the coupled-clock system, 
perturbations in either clock inevitably affect the 
other to some degree and together affect the ulti-
mate readout of the coupled system, which is the 
AP firing rate. LCR period and AP cycle length 
(APCL) are similarly affected by either selective 
perturbation of the membrane clock (inhibition of 
If by ivabradine) or Ca clock (inhibition of 
SERCA by cyclopiazonic acid) [28], indicating 
that the LCR period reports the crosstalk between 
the clocks. In the case of ivabradine-induced bra-
dycardia, the initial effect on membrane clock 
funny channels reduces the rate of ICaL activation 
and respective Ca influx and SR Ca loading. 
Within the novel concept of AP ignition, whereby 
LCRs interact with NCX and ICaL, this important 
result can be re-cast in terms of a “time-to-igni-
tion” phase (when INCX becomes activated by 
LCRs), determined by coupled-clock 
interactions, playing a key role in determining 
cycle length. 

Robustness is rigidly built into AP ignition, as 
one might expect of such a physiologically criti-
cal process—genetically modified mice with 
knock-down of as much as 80% of NCX 
molecules have normal resting heart rates 

[29]. This is not evidence of a lack of importance 
of NCX; instead, numerical modeling of the 
coupled-clock system revealed that having as 
few as 20% NCX molecules is sufficient to keep 
diastolic INCX amplitude almost unchanged and 
the ignition mechanism remaining intact 
[30]. This is thought to be because, under normal 
function, LCRs occur only in a small part of the 
cell, leaving a substantial portion of NCX 
molecules not yet activated by the LCRs. Those 
NCX molecules in the LCR-free areas represent a 
substantial depolarization reserve. NCX-deficient 
cells exhibit a compensatory increase in the spa-
tial extent of the LCR ensemble to activate almost 
all remaining NCX molecules. However, such 
baseline compensation comes at a cost: nearly 
100% NCX activation at rest leaves no reserve 
to support a further INCX increase, hence no abil-
ity to increase the AP firing rate in the fight-or-
flight reflex [29]. 

5.5 The AP Upstroke, Plateau, 
and Repolarization 

The AP upstroke relies on the availability of 
LCCh (Cav1.2 type). More available channels to 
respond to a membrane voltage change lead to a 
greater rate of increase (dV/dt) of the AP 
upstroke. The resultant Ca influx via activated 
ICaL partially binds to SR-based RyRs and 
synchronizes their activation via CICR, resulting 
in synchronous RyR Ca release to generate the 
whole cell-engulfing AP-induced Ca transient 
[31, 32]. This partially depletes Ca in the SR. 
LCCh also begins to inactivate with time at the 
depolarized membrane potential. The Ca transient 
(intracellularly derived Ca) and Ca influx via 
LCCh (extracellularly derived Ca) activates 
SERCA2 to pump cytoplasmic Ca into the SR, 
with the rapid (Ca-dependent) kinetics of this 
process facilitating efficient and timely replenish-
ment of the Ca store. 

Membrane depolarization activates K channels 
and inactivates forward mode NCX, leading to 
AP repolarization, whose kinetics inform on the



combined actions of K channels, cytosolic [Ca], 
INCX, and If. K channel activation repolarizes the 
surface membrane, reactivating forward Na-Ca 
exchange, which assists in removing the Ca 
released via the AP-induced Ca release via 
RyRs. This same Ca also activates repolarizing 
K channels [33]. 
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Membrane ion channels and transporters regu-
late the Ca balance of the coupled system not only 
directly (Ca influx/efflux via LCCh/NCX) but 
also indirectly, via IK activation, which 
repolarizes the membrane and, in doing so, limits 
Ca influx via LCCh while simultaneously increas-
ing Ca efflux via voltage-dependent activation of 
forward mode NCX. Even If activation indirectly 
regulates the cell Ca balance by limiting the 
MDP, thereby limiting voltage-dependent Ca 
efflux via NCX. 

5.6 Intracellular Na Is an Important 
Modulator of Clock Coupling 

The critical role of NCX within the coupled-clock 
system would naturally suggest a key regulating 
role for intracellular Na. In SAN cells perturbed 
by digitonin (blocker of Na/K ATPase, causing 
intracellular Na accumulation) [34], increases in 
[Na]i and [Ca]i and respective reductions in ENa 

and ECa lead to a small reduction in MDP, 
enhanced LCRs, increased diastolic INCX and 
reduced average APCL. As [Na]i and [Ca]i con-
tinue to increase, MDP, ENa, and ECa are further 
reduced; LCR signal becomes reduced, diastolic 
INCX decreases, and APCL progressively 
prolongs, accompanied by increased APCL 
variability. Numerical modeling reveals that 
increased [Na]i causes ENa and ECa to reduce 
monotonically and decrease important ionic 
currents (ICaL, ICaT, If, IKr, and IbNa). Digitonin’s 
ability via a monotonic Na increase to initially 
increase rate and rhythmicity, followed by a 
decrease in rate and rhythmicity, followed ulti-
mately by frank arrhythmia, is clear evidence of 
the fundamental role played by intracellular Na 
and Ca in the genesis and maintenance of normal 
heart rhythm (see Fig. 3 in [34]). 

5.7 Diastolic Depolarization May 
Be Regarded as a Phase 
of Transition 

While the membrane clock operates as a limit 
cycle oscillator, the Ca-clock operates by a 
completely different mechanism called “critical-
ity” [15]. Ca release channels—RyRs—are 
organized into and operate in clusters, known as 
Ca release units in all cardiac cells, including in 
SAN cells [19]. In vitro experiments and numeri-
cal modeling have demonstrated that LCRs 
emerge via self-organized synchronized activa-
tion of Ca release units (driven by explosive 
CICR), leading to oscillatory, phase-like 
transitions in SAN cells [18], reinforced in more 
recent theoretical studies [35, 36] that demon-
strate phase transitions (including order-disorder 
transitions), pointing to the fractal-like functional 
and structural (hierarchical) organization of RyRs 
in SAN cells (i.e., within and among Ca release 
units). 

Based on the results of these modeling 
experiments and the importance of Na (described 
above), the ignition theory and local interactions 
during DD can now be viewed in terms of phase 
transition, criticality, and electrochemical gradi-
ent oscillations. As already noted, LCRs begin to 
occur around the time of the MDP [16], some-
times before. Such early release events are small 
and stochastic (i.e., disordered), akin to Ca sparks 
in resting ventricular myocytes. The ensuing 
simultaneous growth of the diastolic ensemble 
LCR signal and DD during AP ignition can be 
viewed as self-organization of the LCRs, 
interacting with an excitable cell membrane that 
reaches criticality in late diastole, followed by a 
phase transition manifest as the rapid AP upstroke 
that triggers a global systolic Ca transient. 

5.8 Emerging Players 
in the Coupled-Clock System 

Several new and relatively unclear mechanisms 
are increasingly believed to be important in the 
genesis and maintenance of SAN automaticity.



Store-operated Ca entry (SOCE) via store-
operated Ca channels may represent an addi-
tional pathway for Ca entry into the SR upon Ca 
store depletion. Murine SAN experiments 
suggested that store-operated activity was attrib-
utable to TRPC expression and that store-
operated Ca channels may be involved in 
regulating pacemaker firing rate [37]. More 
recently [38], two new proteins, stromal 
interacting molecule (STIM) (an endoplasmic 
reticulum Ca sensor) and Orai (surface membrane 
channel) were implicated in SOCE in pacemaker 
cells; after store depletion, STIM1 redistributed to 
the cell periphery and co-localized with surface 
membrane-linked Orai1, suggesting the involve-
ment of these proteins in SOCE activity and car-
diac pacemaker function. The TRPC3 channel is 
also involved in the SOCE mechanism, and 
TRPC3(–/–) mice experience sinoatrial 
arrhythmias [39]. 
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The inositol 1,4,5-trisphosphate receptor 
(IP3R) represents a second mechanism of Ca 
release from the SR and contributes to the auto-
maticity of SAN cells: pharmacological perturba-
tion of these channels affected automaticity in 
wild-type mice, but not in transgenic IP3R2 
knockout mice [40]. Furthermore, stimulation of 
IP3Rs accelerates spontaneous beating rate in 
isolated mouse SAN cells, while inhibition 
slows the rate [41], and in mice with uncoupled 
clocks (i.e., in atria-specific NCX knockout 
mice), IP3R agonists and antagonists modulated 
the rate of spontaneous Ca waves, suggesting that 
IP3R-mediated SAN pacemaker regulation is 
controlled primarily by the Ca clock rather than 
the membrane clock [41]. 

SK4 Ca-activated K channels generate IK 
(Ca)—inhibition of this current in spontaneously 
beating human embryonic stem cells depolarized 
the MDP and suppressed automaticity [42]. All 
three SK isoforms (SK1, SK2, and SK3) have 
since been identified in mouse SAN [33]. Inhibi-
tion of SK channels with apamin (i) prolonged 
APs in isolated SAN cells, (ii) slowed diastolic 
depolarization, and (iii) reduced pacemaker rate 
in isolated SAN cells and intact SAN tissue. It is 
proposed that these channels modulate pacemak-
ing via activating a repolarizing Ca-activated 

current. Intraperitoneal injection of SK4 channel 
blockers greatly reduced the arrhythmias in 
CASQ2-D307H knock-in mice and CASQ2 
knockout mice at rest and during exercise, 
demonstrating a role of SK4 channels in adult 
pacemaker function and suggesting that these 
channels may be therapeutic targets for the treat-
ment of certain cardiac arrhythmias [43]. 

5.9 Biochemical Characteristics 
of the Coupled-Clock System 

5.9.1 Enhanced Basal Levels of cAMP 
and Protein Phosphorylation by 
PKA and CaMKII Drive SAN 
Automaticity 

Uniquely among cardiac cells, SAN cells express 
neuronal, Ca-activated adenylate cyclase 
(AC) types AC1 and AC8 [44, 45]. Under base-
line conditions, SAN Ca binds to calmodulin to 
activate these ACs, leading to a high basal level of 
cAMP-mediated, protein kinase A (PKA)-depen-
dent phosphorylation of coupled-clock proteins 
[22, 45, 46]. 

The critical functional importance of these 
Ca-dependent ACs has been validated in studies 
of genetically modified cells and animals. In vivo 
adenoviral implantation and expression of AC1 
into the left bundle branch of dogs with heart 
block results in highly efficient heart automaticity 
emanating from the implant site [47]. Along sim-
ilar lines, drug-induced activation of the AC8 
gene substantially increases rate and improves 
rhythmicity in cardiac pacemaker-like cells 
differentiated from the genetically modified P19 
cell line [48]. Recent studies [49] have also 
shown that increased cAMP production in mice 
with heart-targeted expression of AC8 (TGAC8 ) is  
accompanied by a marked increase in heart rate 
with a concurrent reduction in heart rate 
variability (discussed below), regardless of auto-
nomic innervation. 

The challenge of directly measuring PKA 
activity in SAN cells was eventually met in 
cultured rabbit SAN cells infected with an adeno-
virus expressing the FRET sensor AKAR3



[50]. Here, the kinetics and stoichiometry of 
increased PKA activity matched the increase in 
AP firing rate in response to β-adrenergic receptor 
(β-AR) stimulation or phosphodiesterase inhibi-
tion. Associated numerical modeling predicted 
that phospholamban phosphorylation is a potent 
PKA target to stimulate positive chronotropism. 
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Phosphorylation of coupled-clock proteins is 
also achieved via Ca/calmodulin-dependent pro-
tein kinase II (CaMKII) [51, 52], which (like AC 
and LCRs) is highly localized beneath the surface 
membrane [53]. Mice genetically lacking 
CaMKII fail to mount a fight-or-flight SAN 
response [54]. However, experiments in isolated 
SAN cells subsequently showed twofold greater 
basal levels of activated (autophosphorylated) 
CaMKII in SAN cells compared to ventricular 
myocytes; this high basal CaMKII activation 
modifies the phosphorylation state of 
phospholamban, RyR, LCCh (and likely others), 
affecting LCR period and other LCR 
characteristics, and ultimately regulates both nor-
mal and reserve cardiac pacemaker function [51]. 

5.9.2 Pumping the Brakes: 
Mechanisms Intrinsic 
to the Coupled-Clock System 
That Restrain Its Basal AP 
Firing Rate 

The coupled-clock system would be perpetually 
self-amplifying until maximal function was 
reached (i.e., Ca release begets more Ca release 
via PKA and CaMKII pathways (Fig. 5.2, green 
arrows)) were it not for continuous and concur-
rent mechanisms functioning to drive down SAN 
cAMP level and phosphorylation levels (Fig. 5.2, 
red arrows). High basal phosphodiesterase (PDE) 
activity is one such restraining mechanism 
[55]. The cAMP-degrading PDE1, PDE3, and 
PDE4 represent major PDE activities in rabbit 
SAN cells, with several specific targets (LCCh 
and phospholamban) being regulated by basal 
concurrent PDE3 + PDE4 activation [56]. Basal 
cardiac pacemaker function regulated by 

concurrent PDE3+PDE4 activation operates in a 
synergistic manner via a decrease in cAMP/PKA 
phosphorylation, suppression of LCR activity, 
and prolongation of the LCR period and APCL 
[57]. High basal phosphoprotein phosphatase 
activity also operates in SAN cells [58] to limit 
PKA and CaMKII-dependent phosphorylation. 
Other restraining mechanisms include the limita-
tion of Ca influx and cell Ca load by calmodulin-
mediated LCCh inactivation. 

The net result of these restraining mechanisms 
is that the cAMP production, protein phosphory-
lation, basal LCR period, and APCL are 
maintained near the midpoint of their functional 
ranges. Compare this with ventricular myocytes, 
where the basal phosphorylation of Ca-cycling 
proteins is low to prevent undesirable and poten-
tially arrhythmogenic Ca waves. Forced phos-
phorylation of SR Ca-cycling proteins in a 
physiologic Ca milieu unleashes a high-power, 
rhythmic Ca clock in ventricular myocytes 
generating LCRs and spontaneous APs, 
generating a SAN cell phenotype from the ven-
tricular myocyte [60]. These results demonstrated 
that all cardiomyocytes have the potential for 
automaticity in the right circumstances but that 
normal cardiac function relies on suppression of 
this phenotype in the working myocytes of the 
atria and ventricles. 

5.10 Coupling Biochemical 
and Biophysical Aspects 
of the System Yields Functional 
Flexibility 

5.10.1 High Basal Levels of cAMP 
and Phosphorylation Translate 
into Powerful LCR Signals 

The biochemical and biophysical aspects of the 
coupled-clock system are tightly linked—sponta-
neous LCRs are more likely to occur in response 
to a higher SR Ca load, which is determined by 
the Ca available for pumping into the SR and the 
phosphorylation status of the Ca-cycling proteins,



including phospholamban (major regulator of 
SERCA activity), RyR, and LCCh. SR Ca 
refilling kinetics regulate the LCR period and 
spontaneous beating rate of rabbit SAN cells 
[17]. PKA- and CaMKII-dependent phosphoryla-
tion of Ca-cycling proteins and LCCh 
synchronizes spontaneous RyR activation. The 
restitution process that determines the LCR 

period is regulated by (1) SR Ca-cycling kinetics, 
i.e., rate of Ca pumping into the SR; and (2) the 
threshold of SR Ca load required for spontaneous 
RyR activation. Exquisitely biophysically 
detailed numeric models support these findings 
[7, 9, 19, 50, 61]. 
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Fig. 5.2 The biochemical 
“engine” of the coupled-
oscillator system (from 
[59])
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5.10.2 Autonomic Modulation of AP 
Firing Rate Occurs via the Same 
Coupled Biophysical 
and Biochemical Mechanisms 

The coupled-clock system has to function flexibly 
over the range of rates necessary to sustain life. It 
does this via variation in G protein-coupled recep-
tor signaling to link both adrenergic and choliner-
gic receptors (ChR) to the very same critical 
components of the coupled-clock system that reg-
ulate the basal state LCR period [8]. Stimulation 
of sympathetic β-ARs in SAN cells increases the 
spontaneous AP firing rate via Gs and further 
downstream signaling components resulting in a 
multitude of effects on proteins of both clocks, 
including ion channels of the membrane clock 
[3], specifically IK and ICaL (via PKA-dependent 
phosphorylation) and If (via a direct effect of 
cAMP). Note that the direct effect of cAMP on 
If has recently been studied in exquisite detail 
using a knock-in mouse expressing cAMP-
insensitive HCN4 channels—these mice showed 
sinus dysrhythmia, marked sinus bradycardia, 
sinus pauses, and an inability to increase heart 
rate appropriately (“chronotropic 
incompetence”) [62]. 

β-AR stimulation similarly affects the Ca 
clock, via changes in cAMP/PKA-dependent 
phosphorylation due to AC activation and phos-
phatase inhibition, leading to altered SR Ca 
release via RyR, and Ca sequestration via 
SERCA [63–65]. The ultimate effect is the gener-
ation of stronger and earlier LCR ensemble 
signals [17, 22, 65], activating stronger and ear-
lier INCX, accelerating DD toward threshold 
potential [9]. In addition, CaMKII-dependent 
phosphorylation of phospholamban and RyR 
also increases in response to β-AR stimulation 
(likely, secondary due to changes in cell Ca 
dynamics and concomitant calmodulin activation, 
affected primarily by PKA activation). Thus, 
CaMKII-dependent phosphorylation has an 
important role as a Ca-calmodulin-dependent 
“late” amplifier of the initial effect of β-AR 
stimulation. 

ChRs contrastingly acts as a physiological 
“brake” on heart rate. ChR signaling activates Gi 

proteins that couple to several downstream 
targets: (1) Gi-βγ activation of IKACh (see review 
[3] for details) ; (2) a Gi-αs coupled reduction in 
AC activity that limits cAMP/PKA-dependent 
phosphorylation. Ultimately, in contrast to β-AR 
stimulation, ChR stimulation decreases the Ca 
balance of the system, which leads to a reduction 
in the AP firing rate. 

5.10.3 Mitochondria Provide Tailoring 
of the “Gas” to Fuel the System 

Mitochondrial ATP use is unique in SAN cells 
[66], most being consumed in the synthesis of 
cAMP and Ca cycling maintenance (rather than 
in myofilament contraction as in working myo-
cardium) (Fig. 5.2). That cyanide reduces intra-
cellular Ca transient amplitude and AP firing rate 
in primary pacemaker cells [66, 67] suggests 
mitochondria have an important role in pacemak-
ing. There is evidence that the Ca-activated-
cAMP/PKA signaling cascade not only drives 
basal ATP consumption but also regulates ATP 
production [66]. cAMP/PKA signaling can affect 
ATP production by phosphorylation of several 
mitochondrial proteins (for review, see [68]), 
and a decrease in basal cAMP/PKA signaling in 
SAN cells appears to signal to mitochondria to 
reduce ATP production. Crosstalk occurs 
between the SR and the mitochondria through 
the currency of Ca [69], for example, an increase 
in mitochondrial Ca by inhibition of mitochon-
drial NCX decreases the SR Ca load and reduces 
the ensemble LCR Ca signal. In contrast, a reduc-
tion in mitochondrial Ca by inhibition of mito-
chondrial uniporter increases the SR Ca load and 
increases the ensemble LCR Ca signal. 

5.10.4 Local Signaling 
in Microdomains 

Complex crosstalk of biophysical and biochemi-
cal aspects of the coupled system described above 
is precisely organized and implemented in time



and space within subcellular microdomains 
associated with discrete clusters of different ion 
channels, transporters, and regulatory receptors 
(review [70]). Such subcellular microdomains 
represent an interacting network of various 
proteins that function locally and efficiently as 
macromolecular signaling complexes. The spatial 
organization of essential signaling components 
makes it possible for different proteins to effec-
tively interact and be tightly controlled by a vari-
ety of neurohormonal signaling mechanisms so 
that a limited pool of protein types and second 
messengers can generate a large variety of cellu-
lar responses commensurate to the current physi-
ological demand. As an example of such local 
regulation, co-localization of PDE3 and PDE4 
beneath the sarcolemma or in striated patterns 
inside SAN cells strongly suggests that 
PDE-dependent regulation of cAMP/PKA signal-
ing is locally executed [56]. 
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5.11 The Human Coupled-Clock 
System 

Our historical appreciation of the coupled-clock 
operational paradigm stems largely from studies 
in small mammal hearts. Few studies exist focus-
ing on pacemaker cell function in human hearts 
[71], and until very recently, none had 
substantiated the coupled-clock theory in human 
hearts. Tsutsui et al. [72] made this breakthrough, 
simultaneously measuring LCRs and membrane 
potential in freshly isolated human SAN cells and 
demonstrating all of the salient features of the 
coupled clock previously only seen in experimen-
tal animals. 

5.11.1 The Workings of Automaticity 
Are Finely Tuned to Satisfy 
Physiological Demand 
in Individual Species 

It is well-recognized that major species 
differences in heart rate exist. For example, base-
line APCL in mice is ~100 ms, while in humans is 
~1000 ms. The work of Tsutsui et al. referred to 

in the above paragraph, broadly showed that 
characteristics of the membrane and calcium 
clock are similar among mammalian species, 
including humans [72]. What has remained 
unclear is the degree and nature of differences in 
the coupled clock between species. Recent intri-
cate work from Tagirova et al. has demonstrated 
that parametric Ca and membrane potential 
kinetic transitions in APCL in SAN cells 
in vitro, heart rate in vivo, and body mass can 
be scaled, and demonstrate self-similarity 
(i.e. obey power laws) across species [73]. They 
concluded that “In designing optimal heart rate to 
match widely different body mass and energy 
requirements from mice to humans, nature did 
not ‘reinvent pacemaker cell wheels’, but differ-
entially scaled kinetics of gears that regulate the 
rates at which the ‘wheels spin’.” This work 
represents a frontier in our current trans-species 
understanding of automaticity and paves the way 
for the future development of novel therapies and 
biological pacemakers (see Sect. 5.16 concerning 
future studies). 

5.12 AP Firing Rate and Rhythm 
Reflect Clock Coupling 
Determined by Clock Protein 
Phosphorylation Status 

5.12.1 Beat-to-Beat Ca-Dependent 
Regulation 
of the Coupled-Clock System 

A hallmark of the SAN automaticity is AP firing 
rate variability, i.e., beat-to-beat changes in spon-
taneous AP cycle length. Initially, this variability 
was attributed to the stochastic opening of sarco-
lemmal ion channels, mainly ICaL and IK [74]. Lat-
terly, the spotlight fell on the Ca clock, 
specifically whether Ca signals variably influence 
the duration of each cycle on a beat-to-beat basis. 
Vinogradova et al. [21] showed that the LCR 
period and LCR signal mass remain strongly cou-
pled to APCL, not only in the steady-state AP 
firing but also in each cycle during the transient 
state after the removal of the voltage clamp at the 
MDP. Further experiments clearly demonstrated



beat-to-beat Ca-dependent regulation of APCL: 
acute Ca release from a caged Ca buffer by 
flash-induced photolysis or from the SR by low 
concentrations of caffeine acutely reduced APCL 
via activation of LCRs and NCX in the same 
cycle that the perturbation was applied [75, 76]. 
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LCRs are stochastically generated by RyRs 
and demonstrate clear cycle-to-cycle variations 
in both individual and meantime of LCR occur-
rence during DD. Because Ca regulates automa-
ticity on a beat-to-beat basis, it follows that LCRs 
must contribute to the beat-to-beat variability of 
spontaneous AP firing. This was proven in 
experiments using high-speed, high-resolution 
cameras: while individual LCR timing varied, 
the LCR period averaged for all LCRs in a 
given cycle closely predicted the time of occur-
rence of the next AP [16]. Further studies [77] 
showed that the changes in the average LCR 
period and its variability in response to chemical 
perturbation of the coupled-clock system (with 
cyclopiazonic acid or ivabradine) are correlated 
with changes in APCL and APCL variability. The 
study concluded that the stochasticity within the 
coupled-clock system affects and is affected by 
the AP firing rate and rhythm via modulation of 
the effectiveness of clock coupling. 

5.12.2 Mechanisms Affecting Clock 
Coupling 

Mechanisms influencing the coupling of the 
clocks are of critical importance in understanding 
the SAN’s ability to change its rate/rhythm. 
Yaniv et al. [77] showed that the gradual increase 
of APCL variability (along with APCL) produced 
by increasing concentrations of ivabradine is 
accompanied by gradual decreases in 
phospholamban phosphorylation at Ser16, 
pointing to a key role of PKA-dependent phos-
phorylation in the clock coupling and APCL 
variability [77]. 

Moen et al. [49] used mice with heart-targeted 
expression of AC8 (TGAC8 ) to demonstrate that 
increased AC activity in SAN tissue is 
accompanied by a marked increase in heart rate 
and a concurrent marked reduction in heart rate 

variability, both in the absence or presence of 
dual autonomic blockade, providing further evi-
dence for the importance of the cAMP-PKA-
dependent clock-coupling mechanism. Another 
important result of this study is that variability 
in spontaneous beating intervals in isolated SAN 
tissue and single SAN cells, devoid of autonomic 
neural input, suggests that clocks (and clocks 
coupling) intrinsic to SAN cells may also contrib-
ute to heart rate and heart rate variability in vivo. 

5.12.3 Aging Affects Clock Coupling 

The full spectrum of mouse SAN AP firing rates 
requires PKA-dependent Ca signaling [78], but 
the fidelity of this signaling and, therefore, clock 
coupling deteriorates with age. Liu et al. [79] 
reported that the sensitivity of the SAN beating 
rate responses to both muscarinic and adrenergic 
receptor activation becomes decreased in 
advanced age. The sensitivity of the SAN beating 
rate to cAMP perturbations is also reduced. These 
compromised clock functions, including a 
reduced SR Ca load and reduced size, number, 
and duration of spontaneous LCRs, coincided 
with decreased expression of crucial SR 
Ca-cycling proteins (including SERCA, RyR, 
and NCX). Heart rate variability is also affected 
by aging due to reduced clock coupling. In the 
isolated SAN, the sensitivity of the average beat-
ing interval and beating interval variability in 
response to autonomic receptor stimulation or 
activation of mechanisms intrinsic to pacemaker 
cells by an increase in cAMP production 
(by phosphodiesterase inhibition) declines with 
advanced age [80]. 

5.12.4 Autonomic Signaling 
and System “Memory” 

Extrinsic factors affecting SAN cells, including 
mechanical, autonomic, and hormonal factors, 
modulate the rate and rhythm of spontaneous 
AP cycles. Extrinsic adrenergic input via β-AR 
increases the phosphorylation of clock proteins 
that increases Ca influx in SAN cells. This



indirectly and directly increases synchronization 
of diastolic LCR events, accelerating the kinetics 
of self-organized growth of the LCR ensemble Ca 
signal and activating NCX and ICaL, which both 
ignite the AP almost simultaneously in time, 
increasing rhythmicity and decreasing variability 
[19, 61]. Contrastingly, external cholinergic 
inputs and associated low phosphorylation levels 
leave LCRs small and disordered in time and 
space (like sparks in ventricular cells). Conse-
quently, the peak of the LCR ensemble signal 
and attendant AP ignition occurs with substantial 
variability, decreasing the rhythmicity of AP fir-
ing. Other important cues to AP firing are 
generated by additional members of the 
coupled-clock system (including HCN4, K 
channels, SERCA, etc.). This highly complex 
oscillatory system has memory implemented by 
the SR Ca load level and phosphorylation states 
of clock molecules that reflects the history of 
stimulation and frequency changes in previous 
cycles; and all cues are interrelated and become 
recursive in such a system [81]. Both phosphory-
lation and Ca modulation of K channels in 
response to βAR stimulation accelerate mem-
brane repolarization, which is required for more 
rapid AP firing to occur. A more frequent AP 
firing, ipso facto (via increased Ca influx by 
ICaL) increases SR Ca load, leading to more 
robust and synchronized spontaneous LCR 
signals. 
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5.13 Increasing Clock Coupling: 
From Dormancy to Highly 
Rhythmic Firing 

SAN cell experiments have traditionally focused 
on cells beating spontaneously at an arbitrarily 
defined “physiological” rate. Other healthy 
appearing isolated cells were ignored. Kim et al. 
[82] examined all single cells isolated from 
guinea pig SAN, including rhythmically firing, 
dysrhythmically firing, and cells without any 
apparent spontaneous firing activity (“dormant”). 
LCRs are present in all cell types, indicating that 
SAN cells can generate subthreshold signals that 
have never previously been considered in the 

pacemaker operational paradigm. β-AR stimula-
tion increases LCR size and synchronizes LCR 
occurrences in all dysrhythmic, and about a third 
of dormant cells, some of which develop automa-
ticity, and LCRs become coupled to spontaneous 
AP-induced Ca transients. The majority of 
dysrhythmic cells become rhythmically firing in 
response to β-AR stimulation. Biophysical 
measurements combined with numerical model 
simulations indicate that the two previously 
unstudied dysrhythmic and dormant cell 
populations have intrinsically partially or 
completely uncoupled clocks and that they can 
be recruited to fire rhythmically through β-AR 
stimulation via increased rhythmic LCR activity 
reflecting increased clock coupling. 

Similar findings were made in cells isolated 
from human SAN [72]. Nonbeating arrested 
human SAN cells, or those that do not generate 
spontaneous APs, exhibit extreme clock 
uncoupling, being relatively depolarized yet still 
continuing to generate LCRs. Such “dormancy” 
or “arrest” can be linked to the depolarized mem-
brane potential (near –35 mV), with INCX being 
closer to its reversal potential. When LCRs fail to 
activate INCX, partial uncoupling of the Ca and 
membrane clocks occurs, resulting in substan-
tially slower, dysrhythmic AP firing or even AP 
failure vs. optimal clock coupling in rhythmically 
firing cells. Extreme clock uncoupling leads to 
failure of spontaneous AP generation, which is 
once more restored by recoupling of the clocks by 
β-AR stimulation. 

5.13.1 Self-Similarity Is a Key 
Characteristic of SAN Cell 
Automaticity 

SAN cells do not beat metronomically, that is to 
say, the intervals between action potentials are 
not identical; instead, they vary by varying 
amounts from beat to beat. Autonomic innerva-
tion has a large impact on this in vivo, yet the 
characteristic remains in denervated preparations, 
i.e., single cells, isolated SAN preparations, and 
isolated hearts. One consequence of this 
variability is that SAN cells and their pacemaker



mechanisms never achieve equilibrium during AP 
firing. But what is the nature of this variability? 
Yang et al. recently comprehensively studied rab-
bit SAN cells across the whole range of firing 
rates affected by autonomic agonists and found 
that all studied parameters of automaticity 
(including means and variabilities of APCL, 
local Ca release kinetics, Ca transient decay 
times, diastolic depolarization rates, AP repolari-
zation times) demonstrate self-similarity (“con-
cordance”) across the physiological spectrum of 
heart rates [81]. This suggests a hitherto unrecog-
nized degree of protein cooperation and synchro-
nization, whereby each AP represents the most 
potent integrator/synchronizer of the prior dia-
stolic depolarization and ignition events. This 
kind of self-similar behavior in pacemaking 
represents another frontier in our understanding 
of SAN automaticity and mandates further study. 
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5.14 Marked Electrophysiological 
Heterogeneity Exists Among 
SAN Cells 

The importance of cAMP-dependent phosphory-
lation in clock coupling (or fidelity of coupling) is 
clear, yet how different degrees of phosphoryla-
tion translate in clock coupling and specific cell 
behaviors (e.g., dormancy) will depend on the 
expression level of clock proteins in individual 
cells. This cannot be assumed to be the same from 
cell to cell—immunocytochemical labeling of the 
LCCh, NCX, RyR2, and SERCA2 varies widely 
in SAN cells [83]. SAN cells exhibit a substantial 
degree of cell-to-cell variability in the functional 
expression of ICaL, If, and IK [84, 85]. Patch clamp 
recording of key ion currents in the same cell, 
relationships between basal beating rate and ICaL 
and If density were found, along with a positive 
relationship between If and IK; the response to 
Ca-cycling blockade was also correlated with If 
density [85]. These results demonstrate the exis-
tence of SAN cells with substantially different 
clock-coupling capabilities that could be impor-
tant to execute specific roles at specific times as 
dictated by the prevailing physiological milieu. 

5.15 The Forefront of SAN 
Physiology: Time for a New 
Paradigm? 

The SAN exhibits a high degree of structural and 
functional complexity, and these characteristics 
seem to be critical for its central role in cardiac 
physiology—to reliably deliver automaticity, 
flexibility, and robustness [86]. But how specifi-
cally this enormous heterogeneity translates into 
robust and flexible SAN operation still remains an 
unsolved mystery of the cardiac pacemaker field. 
Numerous SAN cell characteristics have been 
described including diversity in cell shape [85] 
and protein expression; the arrangement of cells 
within the SAN tissue (e.g., gradient vs. mosaic 
[87]); autonomic neuronal input [88]; cell-to-cell 
electrical and mechanical interactions [89, 90]; 
and intranodal impulse initiation, spread within, 
and exit from, the SAN [91–94]. 

A generalized view of impulse initiation and 
transmission in the SAN emerged about 40 years 
ago, in which a dominant or “master” pacemaker 
cell or leading pacemaker center dictates the exci-
tation rate and rhythm of thousands of other sub-
servient SAN pacemaker cells by overdriving 
their intrinsic spontaneous excitation rates 
[91, 95]. Shortly thereafter, the idea of mutual 
entrainment of coupled oscillators [96] was 
applied to the coordinated firing of the entire 
SAN [97, 98], whereby individual SAN cells, 
loosely connected through low resistance 
junctions, mutually entrain each other to fire 
APs with a common period (dubbed the “demo-
cratic” process). In this theory, the frequency of 
impulses that exit the SAN lies somewhere 
between the fastest and slowest spontaneous 
intrinsic excitation rates of resident SAN cells, 
and there can be marked phase differences 
among spontaneous excitation in individual 
cells. Rather than mimicking classical electrical 
conduction by consecutively exciting each other, 
as in ventricular muscle tissue, according to this 
theory, SAN cells are instead mutually entrained 
by phase resetting, and conduction within SAN is 
only “apparent” [98, 99]. The idea of apparent 
conduction was supported by later studies that



showed that the cardiac impulse could arise from 
different locations [100]. Then Verheijck et al. 
[101] performed studies utilizing 
computer-controlled coupling conductance 
between individual pacemaker cells and found a 
critical coupling conductance for 1:1 frequency 
entrainment of less than 0.5 nS, which could be 
generated by a few connexin molecules only. 
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Classic macroscopic imaging of voltage and 
Ca signals within intact SAN tissue lack the reso-
lution to characterize LCR events occurring 
within individual cells within SAN tissue 
[92]. Even though recent studies at higher optical 
magnification detected LCRs within individual 
cells of SAN tissue [102, 103], they did not sys-
tematically examine their role in impulse initia-
tion and spread across individual cells within the 
SAN. Therefore, the current paradigm of SAN 
impulse generation is that full-scale APs of a 
common frequency are initiated at one site and 
conducted within the SAN along smooth 
isochrones yet does not feature fine details of Ca 
signaling known to be present in isolated SAN 
cells. 

A ground-breaking recent study by Bychkov 
et al. [2] investigated subcellular Ca signals 
within and among cells comprising the SAN tis-
sue. The study combined immunolabeling with a 
novel technique to detect the occurrence of LCRs 
and AP-induced Ca transients (APCTs) in indi-
vidual pixels across the entire mouse SAN. At 
high magnification, Ca signals appear markedly 
heterogeneous in space, amplitude, frequency, 
and phase among cells comprising an HCN4+ / 
CX43– cell meshwork. The signaling exhibits 
several distinguishable patterns of LCR/APCT 
interactions within and among cells: in some 
cells, APCT occurrence is preceded by diastolic 
LCRs occurring in the same cell (i.e., similar to 
the coupled-clock operation discovered in 
isolated cells); other cells do not generate sponta-
neous APCTs, but have subthreshold LCRs only 
(like in dormant cells, described above), which 
precede APCT generation by adjacent cells; 
APCTs of various frequencies are generated 
steadily or in bursts. Apparently, conducting 
rhythmic APCTs of the meshwork are transferred 
to a truly conducting HCN4– /CX43+ network of 

striated cells via narrow functional interfaces 
where different cell types intertwine. At low mag-
nification, the earliest APCT of each cycle occurs 
within a small area of the HCN4 meshwork, and 
the subsequent APCT throughout SAN pixels is 
discontinuous. Similar heterogeneous signaling 
has also been demonstrated in SAN isolated 
from human hearts and from genetically 
manipulated mice (pCAGGS-GCaMP8) in 
which Ca signals are linked to HCN4 
expression [2]. 

In summary, rhythmic, synchronized APs 
emerge from heterogeneous, subthreshold Ca sig-
naling not detected in low-resolution macroscopic 
isochrones. These results require a fundamental 
paradigm shift in our understanding of SAN func-
tion to include complex/multiscale integration of 
subthreshold Ca signals with full-scale APs 
(Fig. 5.3), resembling the emergence of organized 
signals from heterogeneous local signals within 
neuronal networks, e.g., Bötzinger cells of the 
brainstem, interstitial cells of Cajal in the gut, 
and uterine smooth muscle [104–106]. In their 
associated editorial, Clancy and Santana 
suggested emergent pacemaking as a complex 
multiscale process with a possible role of stochas-
tic resonance that can increase the synchroniza-
tion and robustness of the pacemaking 
system [14]. 

Thus, classical SAN pacemaking concepts of 
driving, pacing, leading, and concentric propaga-
tion, associated with biological “dictatorship,” 
should be replaced with concepts of “emergence 
and heterogeneity.” While the idea of the “demo-
cratic” process within weakly coupled entrained 
AP oscillators [97, 98] had challenged the old 
“dictatorship” concept, it considered full-scale 
AP firing by pacemaker cells at one common 
frequency via mutual entrainment. Surprisingly, 
there is no such thing as “the pacemaker cell” 
within the new paradigm. No cell alone or in a 
cluster initiates the impulse; rather, numerous 
cells (individually and in clusters) generate het-
erogeneous complex (partially periodic) signals, 
both subthreshold LCR and/or full-scale APs of 
different frequencies, and those signals integrate 
and synchronize over the cellular meshwork so 
that the rhythmic output emerges from those



multiple signals as the result of this complex 
signal processing. The recent work by Fenske 
et al. [62, 107] in knock-in mice expressing 
cAMP-insensitive HCN4 channels has further 
underlined the likely importance of nonfiring 
SAN cells—they showed that tonic and mutual 
interaction (so-called “tonic entrainment”) 
between firing and nonfiring cells slows down 
pacemaking in the SAN and that cAMP increases 
the proportion of firing cells, and in doing so 
increases rate of automaticity, and increases resis-
tance to vagal signaling. 
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Fig. 5.3 A novel SAN structure/function paradigm. 
Panels illustrate HCN4 meshwork (left panel), 
intertwining area (central panel), and CX43 network of 
cells (right panel). Spontaneous signals are generated 
within the HCN4 meshwork and transmitted to the CX43 
network of cells through the intertwining area. AP, action 
potential; APCT, action potential-induced Ca2+ transient; 

CX43, connexin 43: HCN4+, hyperpolarization-activated 
cyclic nucleotide-gated channel 4; IVC, inferior vena 
cava; LCR, local Ca2+ release; SAN, sinoatrial node 
(from [2]). See also online video 9 from the same paper 
(https://www.jacc.org/cms/asset/aa14ddc8-c5d5-45d0-
bcce-d2c0e36c9651/mmc11.mp4) 

5.16 Summary, Future Studies, 
and Harnessing 
the Coupled-Clock Operation 
for Clinical Applications 

Above, we have reviewed contemporary concepts 
surrounding the generation of automaticity in the 
SAN—a multiscale process involving the 

integration of complex biochemical and biophys-
ical processes. The Ca clock generates diastolic 
LCRs that are small and disordered at about the 
time of MDP but then self-organize into larger 
events that initiate AP ignition. The system 
reaches criticality in late diastole and undergoes 
a phase transition culminating in AP generation. 
The ignition process involves feed-forward local 
interactions among LCRs, NCX, and ICaL. Clock 
coupling is biochemically regulated by a complex 
enzyme network featuring high basal levels of 
cAMP (produced by Ca-activated AC1 and 
AC8) and a high basal degree of clock protein 
phosphorylation via cAMP-dependent PKA and 
CaMKII. The feed-forward system is checked by 
highly constitutionally active PDEs and 
phosphatases, leaving the engine’s basal state 
tuned to operate near the middle of its spectrum. 
Various degrees of cAMP production and phos-
phorylation achieved by autonomic receptor 
modulation increase or decrease clock coupling 
and hence AP firing rate and rhythm,

https://www.jacc.org/cms/asset/aa14ddc8-c5d5-45d0-bcce-d2c0e36c9651/mmc11.mp4
https://www.jacc.org/cms/asset/aa14ddc8-c5d5-45d0-bcce-d2c0e36c9651/mmc11.mp4


commensurate to the chronotropic physiologic 
demand. The degree of clock coupling determines 
the entire spectrum of APCL and APCL 
variability, ranging from high coupling (β-AR 
stimulation) to medium coupling (basal state) to 
low coupling (ChR-stimulation), extending fur-
ther to dysrhythmic firing and dormancy. 
Ground-breaking recent studies in intact SAN 
discovered a new paradigm of SAN operation: 
rhythmic cardiac impulses emerge from heteroge-
neous local signals within and among cells of 
pacemaker tissue. These signals include both sub-
threshold LCRs and APs so that the coupled-
clock theory translates into SAN tissue to operate 
within and among cells. How local heterogeneous 
signals self-organize into signaling patterns in cell 
clusters (or cell communities) and further syn-
chronize to generate rhythmic cardiac impulses 
is currently at the frontier of our understanding. 
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With respect to clinical applications, failure to 
initiate and conduct electrical activity within the 
heart is associated with various cardiovascular 
and noncardiovascular diseases and increases as 
we age. Current treatment of such sinoatrial node 
dysfunction involves the implantation of an elec-
tronic pacemaker, which is both a costly and 
imperfect solution. A comprehensive understand-
ing of SAN automaticity helps to expedite the 
creation of a “biological pacemaker,” a superior, 
more physiological, and potentially less invasive 
treatment that would reliably and sustainably 
induce or reinstall cardiac pacemaker cell 
functions via somatic gene transfer, cell fusion, 
or cell transplantation [108, 109]. One type of 
genetically engineered biological pacemakers, 
based on the coupled-clock theory, activates 
Ca-stimulated AC1 or AC8 via virus-transfection 
gene therapy [48]. Indeed, efficient biological 
pacing has been reported in experiments with 
dogs in which AC1 was used as single gene 
therapy and in combination with HCN2 
[47]. Other ideas for biological pacing include 
the transfer of genes encoding transcription 
factors [109, 110]. 
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Abstract 

The sinoatrial node (SAN) is the primary pace-
maker in mammalian hearts, which generates 
intrinsic electrical activation to maintain syn-
chronous and rhythmic contractility of the 
heart. Impairments in SAN structure and func-
tion lead to cardiac dysfunction manifesting as 
tachy-/brady arrhythmias, conduction 
impediments, and rhythm failure. Identifying 
and treating SAN dysfunctions requires an 
in-depth understanding of the complex 3D 
human SAN structure and function, which 
has been possible in recent years with the 
advent of integrated high-resolution 3D 
mapping techniques. While general electrical 
activation properties of the SAN have been 
accepted to be similar across species, recent 
studies reveal that the human SAN pacemaker-
conduction complex may be unique in both 
structural and electrophysiological aspects 
required to maintain pacemaking and conduc-
tion. The human SAN possesses a compact 3D 

architecture, unlike the 2D structure of other 
small mammalian SAN, and is characterized 
by pacemaker myocytes, fibroblasts, and mul-
tiple other cell types enmeshed within a 
fibrotic extracellular matrix. This structure is 
further compartmentalized into head, central, 
and tail compartments characterized by hetero-
geneous ion channels and proteins necessary 
to maintain pacemaking and conduction. Fur-
thermore, recent findings utilizing high-
resolution near-infrared optical mapping 
(NIOM) to investigate the 3D human SAN 
have revealed the existence of several distinct 
sinoatrial conduction pathways (SACP), 
which deliver electrical activation from the 
SAN to the atrial myocardium. NIOM has 
also revealed several mechanisms involving 
novel protein targets that contribute to 
maintaining robust pacemaking and conduc-
tion during physiological conditions and dedi-
cated mechanisms that function as backup 
systems recruited specifically during patho-
physiological conditions to prevent SAN 
arrhythmia and rhythm failure. Furthermore, 
the altered protein composition of the SAN 
extracellular matrix (ECM), including the 
appearance of periostin and increasing 
intranodal fibrosis, may also contribute to 
rhythm and conduction abnormalities leading 
to SAN arrhythmias in failing hearts. 
Integrated studies in ex vivo human hearts 
have also greatly expanded our understanding 
of how cardiac diseases including heart failure,
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diabetes, and ischemic cardiomyopathy impact 
human SAN structure and function, resulting 
in contractile impairments and arrhythmias. 
This chapter will discuss many of these unique 
structural and functional features of the human 
SAN in the context of both physiological and 
pathophysiological conditions. We will also 
present novel perspectives from high-
throughput sequencing RNA and proteomics 
datasets that can identify novel RNA and pro-
tein targets and pharmaceutical interventions 
that can be considered for treating SAN dys-
function and arrhythmias.
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6.1 Structure and Anatomy 
of the Mammalian Sinoatrial 
Node 

The SAN is a complex, multi-compartmental 
structure composed of small clusters of pace-
maker myocytes arranged in parallel rows that 
frequently anastomose [1–4]. It is located at the 
junction of the superior vena cava and the right 
atrium. Unlike in small animals, including mouse, 
the human, and canine SAN structures are com-
plex and more compact, composed of distinct 
compartments and located at an intramural depth 
of ~1–3 mm (Fig. 6.1). The mouse SAN [5, 6]  is  
primarily a 2D structure ~0.6–0.9 mm long and 
~0.2–0.5 mm wide while the human and canine 
SAN are 3D structures ~12–29 mm long, 
~2–6 mm wide, 1–3 mm deep, banana-shaped 
structure [3, 5]. The human SAN 3-dimensional 
(3D) structure is normally tilted such that the 
SAN head (superior third) is subepicardial while 
the SAN tail (inferior third) is more 
subendocardial. The human SAN is centered on 

the SAN artery, which is an important anatomical 
landmark of the SAN complex [1–3]. The SAN 
artery arises from the right coronary artery in 55% 
of humans, or from the left circumflex artery in 
the other 45%. In contrast, SAN arteries in canine 
arise primarily from the right coronary artery and 
run along the SAN borders rather than within the 
SAN. Mammalian SAN is composed of not only 
pacemaker cardiomyocytes but also other multi-
ple cell types including fibroblasts, endothelial 
cells, immune cells, neurons and adipose cells 
[1, 2, 6]. SAN pacemaker cells are striated similar 
to other cardiomyocytes; however, they are typi-
cally skinny, long [7], and twisted with other cells 
into small clusters. These clusters of specialized 
pacemaker cardiomyocytes are enmeshed and 
electrically insulated within strands of dense con-
nective tissue, nerve fibers, and capillaries to cre-
ate a distinct SAN pacemaker complex [1– 
4]. These specialized SAN pacemaker cell 
clusters serve as leading pacemakers that initiate 
electrical activation. Based on canine and human 
functional-structural mapping studies, three 
intranodal pacemaker compartments have been 
defined [4, 5, 8], the superior third of the SAN 
as the head, the middle third as the center, and the 
inferior third as the tail intranodal pacemaker 
regions (Fig. 6.1). The location of the leading 
pacemaker is primarily detected within the central 
SAN compartment of human or canine SAN; 
however, optical mapping studies clearly show 
that the leading pacemaker can shift to either the 
head or tail compartments in response to many 
stimuli including autonomic triggers [4, 9, 
10]. For instance, in mouse SAN, isoproterenol 
can accelerate sinus rhythm and cause a superior 
intranodal shift of the leading pacemaker, while 
acetylcholine causes inferior shifts and slowed 
rhythm (Fig. 6.1c). Similarly, adenosine has 
been shown to slow sinus rhythm and shift lead-
ing pacemakers from the central to either head or 
tail compartments. In canine SAN, adenosine-
induced inferior pacemaker shifts inside the 
SAN complex [8] while in human SAN, it could 
shift pacemaker locations in both superior and 
inferior directions [4].
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Fig. 6.1 3D structure of SAN pacemaker complex. (a–c) 
Anatomical view of the Human, Canine, and Mouse SAN 
pacemaker complex, respectively. Panels show 3D human 
and canine and 2D mouse SAN structure and locations of 
the leading pacemaker at baseline and in response to 
adenosine (Ado) or isoproterenol (Iso) and acetylcholine 
(ACh). BB, Bachmann’s bundle; Cx43, connexin 43; CS, 
coronary sinus; CT, crista terminalis; Endo, endocardium; 

Epi, epicardium; FP, fat pad; IAS, interatrial septum; 
HCN4, hyperpolarization-activated channel 4; IVC, infe-
rior vena cava; LA, left atria; PV, pulmonary veins; RAA, 
right atrial appendage; RV, right ventricle; SACP, sino-
atrial conduction pathway; SAN, sinoatrial node; SVC, 
superior vena cava (data modified from Human: Keith 
and Flack [49]; Li et al. [4]; Canine: Fedorov et al. [10]; 
Lou et al. [5]. Mouse: Glukhov et al. [56])
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6.2 The Redundant and Robust 
Human SAN Complex: 
Intranodal Leading Pacemaker 
and Conduction in the Human 
SAN Revealed by Near-Infrared 
Optical Mapping Ex Vivo 

The first important steps in the investigation of 
SAN excitation and conduction were made by 
microelectrode studies in small mammalian hearts 
including rabbit SAN [11]. However, the SAN in 
small mammals, such as rabbit or mouse, are 
essentially two-dimensional 2D structures 
[11, 12], raising concerns about its relevance to 
the 3D structure of the human [1, 13] SAN, where 
it is practically impossible to utilize the same 
microelectrode techniques. Despite numerous 
detailed direct microelectrode studies of the lead-
ing pacemaker and conduction in the SAN of 
many animal species, only indirect measurements 
of SAN conduction have been recorded in 
humans until recently [4, 14]. 

Both surface epicardial [13] or endocardial 
[15–17] and recent epi-endo multielectrode 
mapping studies [18] have demonstrated 
anatomically widespread but discreet sites of 
earliest atrial activation (EAS) during sinus 
rhythm (SR) and postpacing recovery (Fig. 6.1). 
Furthermore, even multifocal atrial activation 
started simultaneously during normal SR in 
humans in 2–5 EASs located >1 cm apart which 
suggest dynamic changes in leading pacemaker 
sites and preferential sinoatrial conduction 
pathways (SACPs). 

Pioneering studies of atrial epicardial multi-
electrode mapping in canine and humans by the 
Schuessler and Boineau groups reported that EAS 
or atrial breakthroughs over a region of 7.5 cm 
along the CT [13, 16] as that region is signifi-
cantly larger than the length of the human 
anatomical SAN body (11–29 mm) [1, 19] two 
possible mechanisms were suggested. The first 
mechanism proposed that the multifocal activity 
of atria may be caused by a widely distributed 
system of pacemaker clusters, which may have 
similar pacemaker cycle length. The alternative 
mechanism proposed the existence of “...a unique 

form of specialized conduction within the intra-
mural layers of the crista terminalis...” which can 
potentially deliver depolarization waves simulta-
neously to the different areas of atrial myocar-
dium. However, due to the inability of surface 
electrode recordings to define intramural activa-
tion within SAN pacemaker structure, the role of 
multiple intranodal SAN pacemakers and SACPs 
in the robust regulation of human SR and how 
this system fails, leading to SAN dysfunction 
(SND) remained an enigma in the human heart 
until recent developments in 3D optical mapping 
with voltage-sensitive dyes [20], particularly with 
the nontoxic near-infrared dye di-4-ANBDQBS 
[21] or NIOM (Fig. 6.2) [3, 4]. 

NIOM is currently the only reliable method to 
delineate activation and conduction within the 
intramural human [4, 14] or canine [5] SAN com-
plex that is obscured to clinical surface electrode 
mapping by the surrounding atrial fat and fibrotic 
tissues (Fig. 6.2). Importantly, Optical action 
potentials (OAPs) recorded with near-infrared 
shifted voltage-sensitive dyes represent a 
weighted average of transmembrane potentials 
through fluorescent signals from myocardium 
reaching a depth of several millimeters [22]. As 
such, SAN OAPs have specific morphological 
criteria: slow diastolic depolarization and 
upstrokes with multiple components 
corresponding to activation in SAN and atrial 
tissue layers [20] (Fig. 6.2). Analytical 
approaches allow the separation [20] and/or the 
extraction [8] of the slow SAN upstroke 
components from the fast atrial activation and 
resolves subsurface intramural SAN conduction 
separately from epicardial and/or endocardial 
atrial activation [5, 23]. Figure 6.2 shows SAN 
activation patterns and OAPs recorded in human, 
canine, rabbit, and mouse atria during baseline 
SR. In our recent NIOM studies, at baseline, all 
coronary-perfused human hearts exhibited stable 
intrinsic sinus rhythm (55–101 bpm) with cycle 
length 819 ± 173 ms, which are within the range 
of “intrinsic” rates measured during autonomic 
blockade with propranolol and atropine from 
adult human subjects with diseased hearts (range 
57–126 bpm) [24] and for healthy patients 
(69–128 bpm) [25]. Figure 6.2 (top panel)
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Fig. 6.2 Activation maps and optical action potentials 
recorded from ex vivo optical mapping experiments. Opti-
cal action potentials (OAPs) from the SAN exhibit the 
slow diastolic depolarization (SDD), slowly rising 
upstroke of the SAN (SAN component), and rapidly rising 
upstroke of the atrial myocardium (atrial component). 
SAN activation time (SACT) is the delay between SAN 

and earliest atrial activation. CT, crista terminalis; IAS, 
interatrial septum; RAA, right atrial appendage; RAFW, 
right atrial free wall; SACP, sinoatrial conduction path-
way; SVC, superior vena cava (data modified from 
Human: Li et al. [4]; Canine: Lou et al. [8]; Rabbit: 
Fedorov et al. [12]; and Mouse: Glukhov et al. [56])



shows an example of NIOM of the explanted 
coronary-perfused human SAN during stable SR 
[4]. SAN activation originated from the leading 
pacemaker in the SAN center-tail region, prefer-
entially propagated superiorly, and exited the 
SAN through the lateral SACP to excite the atria 
in the superior CT after 58 ± 35 ms by direct 
SACT measurement [4]. While additional septal 
and inferior lateral SACPs were also observed, 
the superior lateral SACP and corresponding 
atrial breakthrough was the primary excitation 
pattern during normal SR, which is consistent 
with previous clinical and experimental 
observations [21, 26]. Human and canine 
intranodal SAN conduction velocities, ranging 
from 1 to 16 cm/s [3, 14], are significantly slower 
compared to CT and right atrial conduction 
(70–160 cm/s). Similar significant differences 
between SAN and RA conduction persist across 
all properly mapped mammalian species includ-
ing rabbit and mouse.
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6.3 SAN Conduction Pathways 

Studies using small animal models have proposed 
a long-held multifocal hypothesis that SAN exci-
tation is delivered to the atrial myocardium by a 
widely distributed system of pacemakers. How-
ever, recent canine and human studies have 
clarified that distinct SACPs structurally and 
functionally connect the SAN with the atria. 
SACPs were functionally identified in NIOM 
experiments as the preferential conduction path 
between the SAN border and the EAS, which 
could only be defined using SAN and atrial acti-
vation maps (Fig. 6.3). Intramural NIOM 
mapping studies [4, 20] revealed that the SAN is 
functionally insulated from the atria except for the 
two to five discrete SACPs, which transmit elec-
trical impulses to the atrial myocardium and cor-
respond to the discrete EAS. Recent clinical 
simultaneous epi-endo Multi-electrode mapping 
(MEM) mapping studies by Kalman and Sanders 
group [18] confirmed these ex vivo observations 
in patients with structural heart disease. SACPs 
are identified based on their general anatomic 
locations (lateral superior/middle/inferior, 

superior vena cava, and septal pathways) 
(Fig. 6.1). During normal sinus rhythm, excitation 
originating in one of the pacemaker 
compartments, and the excitation is preferentially 
delivered to the atria via either superior or inferior 
SACPs resulting in atrial activation. An 
intranodal leading pacemaker could activate one 
or more preferential SACPs simultaneously 
[10]. It could also be possible that two distinct 
SACPs are present in the same anatomic region. 
The same SACP may serve for both exit and 
entrance conduction or preferentially serve as an 
exit SACP (lateral pathways) or an entrance 
SACP (superior vena cava and septal pathways) 
[9, 10]. In the human SAN pacemaker complex, 
3–5 SACPs are formed by 200–400 μm thick 
branching myofiber tracts, providing discrete, 
insulated, and continuous electrical connections 
between the SAN pacemakers and atria. Similar 
to intranodal pacemaker shifts, perfusion with 
isoproterenol and acetylcholine also generally 
results in preferential use of superior and inferior 
SACPs, respectively. This could be due to the 
intranodal pacemaker shifts and/or different con-
duction properties and sensitivities to autonomic 
stimulations including adenosine. Integrated 
mapping studies of ex vivo human hearts have 
revealed the existence of redundant pacemakers 
that were specifically revealed in response to the 
adenosine challenge. These data suggest that 
there may be more SACPs, which could be 
revealed under different conditions. As discussed 
later, such redundancies in available SACPs may 
exist to maintain conduction when disease-
induced stress may suppress some pathways. 

New clinical epi-endo multielectrode mapping 
studies of patients with cardiac diseases and AF 
from two independent groups, de Groot [27] and 
Kalman [18], confirmed ex vivo NIOM 
observations of several discrete SACPs: 
Variations in activation patterns of the SAN 
observed in these studies highlight the complex 
three-dimensional SAN-atria geometry and indi-
cate the presence of inter-individual differences in 
SACPs. During intra-operative Electrophysiolog-
ical (EP) studies, the de Groot group found in 
patients with a history of AF, EASs during activ-
ity occurred more caudally compared to cranial
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EASs in non-AF patients, which indicates 
disease-induced changes in preferential SACPs 
[27]. Kalman group, during simultaneous endo-
epi mapping of the SAN regions, also confirmed 
redundancy of EAS or SACPs with postoverdrive 

shift in EAS and epi-endo dissociation of 
SAN EAS. 
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Fig. 6.3 Structure and morphology of the SAN-SACPs. 
(a) Masson’s Trichrome stained SAN from human and 
canine, identifying the SAN and SACP. (b) Cell morphol-
ogy and protein expression (red-αActinin and green-
connexin 43) transitions across the SACP and (c) 3  

reconstruction of SACP showing myofiber orientation 
and tracts continuing into the atrial myocardium (data 
modified from (a) Fedorov et al. [9], Fedorov et al. [20]; 
(b, c) Csepe et al. [3]) 

Reconstruction of serial high-resolution histol-
ogy sections of optically mapped SANs allowed 
defining structural features of the functionally 
identified SACPs [3]. In nondiseased hearts,
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several discrete branching myofiber tracts are 
found to form the SACP structure, resulting in 
continuous, uninterrupted physical connections 
between the SAN and atria. Microstructural 
analyses further reveal a smooth transition along 
these tracts of increasing cell diameter (Fig. 6.3b) 
from SAN to atria in selected SACP regions, 
unlike the abrupt increase in non-SACP regions. 
Structural studies of the human SAN also show 
continuous myofibers of similar orientation coa-
lescing into several tracts crossing the SAN bor-
der, creating continuous physical connections 
between the SAN and atria. 3D analysis with a 
novel fiber-tracking approach (Fig. 6.3c) showed 
continuous myofibers in functional SACP but 
discontinuous myofibers in nonfunctional 
SACPs, which can lead to exit blocks and SND. 
Furthermore, immunolabeling for connexin 
43 (Cx43), a gap junction protein, showed a pro-
gressive transition from Cx43 negative SAN 
pacemaker cells to intermediate expression in 
the SACP region and high Cx43 gap junction 
expression in the atria (Fig. 6.3). This continuous 
myofibrillar structure of the SACP is 
hypothesized to support the normal function of 
the SAN by maintaining the source-sink relation-
ship between the SAN leading pacemaker and 
atria. The SAN is a relatively weak source of 
current since the pacemaker cell clusters are 
small and rely on a relatively weak action poten-
tial, while the atrial cells are much larger with a 
more negative resting potential. This apparent 
source-sink mismatch may be overcome by the 
specialized branching myofiber structure of 
SACPs. The slow conduction through branching 
myofiber tracts of SACPs with weak Cx43 
expression is also suggested to allow the SAN 
enough time to build up a sufficient charge to 
excite the large atria in both canine and human 
SAN [3]. 
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In contrast to human and canine SAN 3D SAN 
structure, such distinct pathways that conduct 
SAN excitation have not been identified in small 
animal models such as mouse and rabbit. In 
mouse [28], a complex interface between the 
SAN and surrounding atrial muscle has been 
suggested, which may be important for 
conducting the action potential from the SAN to 

the atria. Such structural differences between 
large and small SANs can potentially be due to 
the smaller surrounding atria and the simpler 
2D-like SAN pacemaker structures, which may 
not require sophisticated specialized pathways to 
conduct activation from the SAN. 

6.4 Molecular Profiling of the SAN 

The SAN complex is distinguished from the 
surrounding atria by a unique composition of 
ion channels and Ca2+-handling proteins, which 
maintain SAN pacemaker automaticity and con-
duction (Fig. 6.4). In keeping with the intranodal 
shifts of the leading pacemaker, recent findings 
show that the expression and composition of ion 
channels and receptors vary between SAN 
compartments [4, 14]. This variation allows each 
compartment to respond differently to metabolic 
and pathologic stimuli, which is functionally crit-
ical in preventing complete SAN arrest. SAN 
pacemaker cells exhibit a characteristic slow dia-
stolic depolarization which leads to the spontane-
ous generation of the SAN pacemaker action 
potential driven by both membrane and Ca2+ 

clock components [29]. Importantly, central 
SAN pacemaker cells lack the fast Na+ current 
INa responsible for the fast depolarization and 
conduction in atrial and ventricular cells. Instead, 
SAN conduction is very slow [11, 20, 21] a  
action potential upstroke is generated by small, 
slow Ca2+ current ICa,L [30] which is modulated 
by sympathetic and parasympathetic stimulation. 
The membrane voltage clock is driven by the 
hyperpolarization-activated funny current (If), 
whose molecular alpha-subunits are represented 
by hyperpolarization-activated cyclic nucleotide-
gated channels (HCN1, HCN2, and HCN4). Syn-
ergistically, the Ca2+ clock contributes to SAN 
diastolic depolarization by activating the Na+ / 
Ca2+ exchanger current through spontaneous 
localized Ca2+ release from the sarcoplasmic 
reticulum via type 2 ryanodine receptors. 

The SAN complex has a unique expression of 
gap junction proteins [31], which contributes to 
slow intranodal conduction. Unlike the atrial 
working myocardium, the SAN lacks high



i

conductance gap junction proteins Cx43 and 
Cx40, responsible for myocardial electrical cou-
pling, but expresses Cx45, a low conductance 

connexin that provides weak electrical coupling. 
In fact, the specialized SAN structure, connexin 
distribution, and combination of other ion
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Fig. 6.4 Molecular profile of the human SAN pacemaker 
complex. (a) Immunostaining defines borders in human 
SAN based on connexin43 (Cx43) negativity in SAN and 
high Cx43 expression in atrial myocardium. (b) Represen-
tative photograph of the human SAN tissue superimposed 
with the intramural activation map showing the direction 
of activation from the leading pacemaker (blue circle) in 
the central compartment and exiting from the mid-lateral 
SACP and the demarcations of the head, center, and tail 
compartments dissected for molecular studies. (c) 
Transmural CRYO block of SAN tissue through line #3 
(from panel b) indicates the exact location of SAN and RA 
tissues (blue circles) that were micro-dissected using 
biopsy needles for molecular studies. (d) CRYO sections 
of the SAN were used to identify the exact locations of the 

SAN (blue circles also shown in c) and SACPs by 
immunostaining for Cx43 and α-actinin. (e, f) Representa-
tive immunoblotting images of various proteins examined: 
(e) SAN head, center, and tail compartments and RA from 
the same heart and (f) SAN center and RA from three 
different human hearts. A1R, adenosine A1 receptor; CT, 
crista terminalis; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; HCN, hyperpolarization-activated cyclic 
nucleotide-gated ion channel; IAS, interatrial septum; 
IVC, inferior vena cava; cNav1.5, cardiac isoform of 
sodium channel 1.5; RA, right atrium; SACP, sinoatrial 
conduction pathway; SAN, sinoatrial node; SVC, superior 
vena cava (data modified from a–d, Li et al. [4]; (e)  L  
et al. [33] and Li et al. [4]; (f) Li et al. [14])



channels that contribute to SAN automaticity are 
often used as molecular markers to distinguish the 
SAN from surrounding atrial tissue [7, 32] 
(Fig. 6.4a). A recent molecular mapping study 
[33] of HCN isoform distribution in the human 
heart revealed that HCN1 was found to be exclu-
sively expressed in the SAN pacemaker compart-
ment, which can also be used as a new specific 
molecular marker of the human SAN.
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In keeping with the shifting locations of the 
leading pacemaker, studies show that protein 
expression can vary significantly across different 
compartments of the SAN 
(head vs. center vs. tail). These unique 
compartment-specific ratios are known to prede-
termine the leading pacemaker locations [4, 5, 
33]. The adenosine receptor (A1R) mediated 
pathway, along with its downstream components, 
the G-protein-coupled inward rectifying potas-
sium channel (IK.Ado/ACh) subunits, GIRK1 and 
GIRK4 [34, 35], impacts human SAN [36] func-
tion via its heterogeneous expression pattern 
across the SAN. Adenosine, an endogenous 
metabolite of the heart [37], has been shown to 
directly affect SAN function through negative 
chronotropic depression, especially in patients 
with SND. It is known to cause excessive 
bradycardic response and atrial pauses (2–23 s) 
in response to adenosine bolus [38, 39]. Recent 
NIOM studies [4] have revealed heterogenous 
adenosine-induced inhibition of pacemaking and 
conduction across the human SAN complex. The 
central intranodal pacemaker compartment con-
sistently demonstrates a high sensitivity to aden-
osine and a profound bradycardic response 
compared to the other intranodal pacemakers 
[4], which corresponds to high expression of 
A1R and GIRK4 in the central compartment 
than in the head and tail regions. As shown in 
Fig. 6.1, in addition to defining pacemaker 
locations, the differential expression patterns of 
A1R and GIRK4 subunits also define sensitivity 
to adenosine. Hence, while regions such as the 
central compartment may be depressed due to 
higher sensitivity to adenosine, other 
compartments may still be functional due to 
lower expression of A1R and function as backup 
pacemakers. 

Voltage-gated sodium channels (Nav) are 
major contributors to cardiac and neuronal 
excitability; however, their contributions have 
remained controversial in human SAN pacemak-
ing and conduction. Studies from animal models 
have shown that the expression of cardiac isoform 
(cNav) Nav 1.5 is significantly lower in the SAN 
versus atria [40, 41]. However, loss-of-function 
mutations in the SCN5A gene [42] (encodes 
cNav1.5 α-subunit) are found in some symptom-
atic SND patients suggesting that the voltage-
gated INa may also be required for human SAN 
function. Recent studies [14] in ex vivo human 
hearts show that cNav as well as neuronal 
isoforms (nNav), are heterogeneously expressed 
within the human SAN and they perform isoform-
specific distinct functions. The study [14] showed 
that cNav might be important for both SAN pace-
making and conduction, especially during 
conditions of metabolic or pacing-induced stress, 
while cNav1.5 was found to be highly expressed 
in the atria relative to the SAN (Fig. 6.4f). In 
contrast, nNav1.6 was highly expressed in the 
SAN relative to the atria, which were recruited 
specifically to preserve intranodal conduction and 
to prevent SAN exit blocks. Interestingly, 
diseases including heart failure, hypertrophy, 
and life-style factors including alcohol consump-
tion can alter nNav expression in human SAN, 
which could lead to SAN arrhythmias. 

6.5 Advanced Insights from 
High-Throughput Sequencing 
into the Cellular and Molecular 
Landscape of the SAN 

Studies at the cellular and molecular levels in the 
SAN have always been challenging. The main 
hurdles have been identifying and delineating 
the SAN and the technical ability to dissect the 
SAN with minimal atrial contamination for fur-
ther analyses including cell isolation and molecu-
lar studies. Recent studies have made tremendous 
progress in characterizing the transcriptomic 
signatures of SAN cells using animal models as 
well as in human SAN. Precise dissection 
techniques including laser capture micro-



dissection have aided in accurately collecting 
pure SAN tissue even from mouse hearts 
[43]. The human SAN has also been accurately 
dissected and used to quantify connective tissue 
content and identify expression patterns of 
SAN-specific proteins and RNA levels in 
nondiseased and heart failure (HF) hearts 
(Fig. 6.4). Similarly, high-throughput large-scale 
analyses including RNA sequencing have been 
used to identify and characterize the unique 
molecular signature of SAN tissue which has 
not been possible previously. Transcriptomic 
studies have revealed SAN enriched developmen-
tal gene programs including TBX3, SHOX2, 
ISL1 and HOX family members are evolution-
arily conserved between human and mouse 
[44]. Goodyer et al. [45] used single-cell RNA 
sequencing to identify gene signatures across the 
developing conduction system and specifically 
showed that the head and tail compartments of 
the mouse SAN reveal different gene signatures. 
Large-scale high-throughput omics studies have 
also been able to provide insights into the func-
tional parameters of the SAN. Linscheid et al. 
[46] combined proteomics and single-nucleus 
RNA sequencing and identified significant 
differences in ion channels responsible for the 
membrane clock in mouse SAN but not in Ca2+ 

clock proteins and suggested that the membrane 
clock underpins pacemaking in the mouse SAN. 
Liang et al. [47] conducted single-cell RNA 
sequencing of the mouse SAN and identified 
four distinct cell clusters, which revealed novel 
insights into the cellular composition of the SAN. 
Their results revealed that Cluster 1 highly 
expressed genes involved in calcium ion trans-
port, regulation of heart rate, and membrane 
depolarization of SAN cells. Cluster 2 and Cluster 
3 also revealed enrichment of genes associated 
with cell adhesion and extracellular matrix orga-
nization, respectively. Cluster 4 was shown to 
highly express classical markers of pacemaker 
cells and the basic electrogenic genes involved 
in SAN pacemaker activity including ion 
channels, transporters, calcium regulators, and 
autonomic nerve signaling. More recently, 
Kalyanasundaram et al. [48] have studied SAN 
fibroblasts isolated from nonfailing and HF 

human hearts. They used high-resolution studies 
to generate a comprehensive atlas of proteomic 
and whole transcriptomic signatures of SAN 
fibroblasts, which suggest increased SAN fibrosis 
and stiffer SAN ECM composition in human HF. 
These large-scale, fibroblast-specific datasets 
have not only offered previously unknown 
molecular insights into human SAN connective 
tissue content as well as disease-induced struc-
tural remodeling but have also introduced new 
human SAN cellular models that can effectively 
be utilized to study SAN fibrosis and its role in 
SND (Figs. 6.5 and 6.7). 
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6.6 Unique Structure 
and Functional Role 
of the Human SAN Extracellular 
Matrix 

The SAN is characterized by high levels of dense 
connective tissue [49, 50], which has been used as 
a landmark to identify the SAN (Fig. 6.5). Tradi-
tionally, connective tissue content within the 
SAN is quantified using standard histological 
methods including Masson’s trichrome staining. 
In recent years, contrast-enhanced cardiovascular 
magnetic resonance (CE-CMR) has advanced the 
field by accurately quantifying fibrotic content, 
which has also helped identify the human 3D 
SAN structure in vivo and ex vivo. These high-
resolution imaging techniques have opened new 
avenues to study the structure and contribution of 
the 3D collagenous matrix to the human SAN 
function in normal and diseased hearts. The nor-
mal adult SAN structure consists of dense 
40–55% fibrotic connective tissue, which creates 
a honeycomb-like matrix mostly composed of 
collagen sheaths [50, 51]. This fibrotic content 
has been found to increase within the SAN in 
aging and diseased hearts [50]. 

The fibrotic scaffolding houses the specialized 
SAN myocytes and provides mechanical protec-
tion to the SAN. Biomechanical properties of the 
porcine SAN [52] showed that the SAN ECM is 
stiffer than in the ventricle and composed of 
fibrillar collagens, which can withstand high ten-
sile strength along with regions rich in elastin,
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Fig. 6.5 Fibrotic tissue composition in normal and dis-
eased human and animal SAN. (a) 3D myofiber, fibrotic 
tissue and fat composition in and around human SAN: 3D 
computational analysis by a fiber-tracking approach with 
seeding in different textures displays microstructure of all 
tissue types including myofibers, fibrotic tissue, and fat in 
the SAN complex (red) and surrounding atrial tissue 
(green). (b) SAN models depicting increased fibrosis 
within the SAN; histology sections from nondiseased and 

diseased human, canine, and mouse SAN shows 
intranodal fibrosis and fibrosis extending into the SACP 
region with myofibers branching off from the compact 
nodal tissue. CT, crista terminalis; IAS, interatrial septum; 
SACP, sinoatrial conduction pathway; SVC, superior vena 
cava; RAA, right atrial appendage (data modified from 
Human: Csepe et al. [3]; Canine: Lou et al. [5]. Mouse: 
Glukhov et al. [56])



which can undergo deformation to reduce the 
mechanical strain on the myocytes. A structural 
border composed of fibrotic, fatty tissue, and/or 
discontinuous myofibers is found around the 
SAN, penetrated only by the SACPs that exit 
the SAN. This structural border is known to elec-
trically insulate the SAN pacemaker cells from 
the hyperpolarizing effects of the surrounding 
atrial myocardium, thereby protecting normal 
sinus rhythm (SR) [4, 10, 14, 21]. Furthermore, 
in addition to the significant amount of fibrotic 
tissue within the SAN, 3D computational analysis 
using a fiber-tracking approach identifies micro-
structure of several tissue types including 
myofibers, fibrotic tissue, and fat within the 
human SAN complex [3] (Fig. 6.5a). Cardiac 
diseases, including heart failure (HF), atrial 
arrhythmia, myocardial infarction, and genetic 
mutations, can significantly increase fibrosis het-
erogeneously across the SAN pacemaker com-
plex leading to pacemaker-conduction 
impairments, SND and SAN reentrant 
arrhythmias (Fig. 6.5b). In addition, an increase 
in fibrosis, specifically within the SACPs, can 
cause exit blocks whereby impulses generated in 
the SAN cannot be delivered to the atria. Our 
recent study [48] revealed that a significant 
increase in fibrosis in failing human SAN is 
associated with the presence of myofibroblasts, 
cartilage intermediate layer protein 1 (CILP1), 
and periostin-positive interstitial fibrosis. This 
study suggests that in addition to increasing 
intranodal fibrosis, HF can also alter the compo-
sition of human SAN ECM toward increased 
stiffness, which may impair pacemaking and 
intranodal conduction.
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6.7 Arrhythmias and Disease 
Mechanisms in the Mammalian 
and Human SAN 

SND is largely a disease of the elderly, and its 
incidence increases exponentially with age 
[53]. Importantly, patients with SND usually 
exhibit combined abnormalities in SAN automa-
ticity and conduction [54]. SND can be induced 
by a number of different pathophysiological 

conditions such as autonomic and hormone 
imbalances, genetic mutations, drug side effects, 
SAN ischemia, inflammatory conditions, heart 
failure, and AF [5, 15]. The degenerative loss of 
SAN pacemaker cells and their replacement with 
fibrotic tissue is frequently evident upon patho-
logical examination of specimens from aged 
patients with SND [55]. Animal models of SND 
[5, 56, 57] also found upregulated fibrosis in the 
dysfunctional SAN pacemaker complex 
indicating fibrotic remodeling as a major cause 
of SND (Fig. 6.5b). 

6.8 Tachy–Brady Syndrome 
and SAN Entrance and Exit 
Blocks 

Tachy–brady syndrome, or tachy–brady 
arrhythmias, is defined as a pathological heart 
rate alteration between too fast and too slow, 
where termination of paroxysmal tachycardia 
including AF may be followed by long atrial 
pauses lasting several seconds, which can pro-
voke another tachyarrhythmia paroxysm 
[50, 58]. These posttachycardia atrial pauses 
could theoretically result from either sinus arrest 
and/or SAN exit block (Fig. 6.6). Several clinical 
studies have demonstrated the presence of SAN 
exit block by using sinoatrial node electrogram 
(SNE) [54]. These clinical observations and the 
optical mapping of canine and human SAN 
strongly suggest an important role for SAN exit 
block, rather than sinus pacemaker arrest, in 
tachy–brady syndrome. 

SACPs normally conduct the excitation activ-
ity from the SAN to the atria [9], but during AF or 
atrial pacing excitation waves can also enter and 
slowly propagate into the SAN center. Canine 
SAN studies [4, 8, 9] have shown that the central 
intranodal pacemakers cannot be paced faster 
than 10–50% above their intrinsic spontaneous 
rate, although the surrounding atrial rate could 
be 5–10 times faster than normal SR. Similarly, 
the occurrence of SAN entrance blocks could be 
limited by pacing at lower rates (500 ms) in 
human hearts, while faster pacing rates or AF 
induced entrance blocks in SACPs. Moreover, in
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Fig. 6.6 SAN arrhythmias in SND patients and in ex vivo 
human SAN. A. Top to bottom, atrial ECG, SAN electro-
gram (EG), SAN, and atrial OAPs show atrial pause, 
irregular sinus rhythm, and arrhythmia after 300 ms atrial 
pacing in the ex vivo human heart; SAN activation and 
conduction patterns revealed by high-resolution optical 
mapping; B. Top, schematic of the SAN pacemaker com-
plex representing SAN activation pattern for nine 
postpacing arrhythmic beats. Bottom, SAN activation 
maps and corresponding histology sections show locations 

of micro-reentry and macro-reentrant pathways within the 
SAN complex structure. Colored dots indicate the 
positions of SAN leading pacemaker OAPs presented in 
panel A. Orange arrows show the conduction direction 
within the SAN, and green arrows indicate conduction 
between SAN and atrium; asterisk indicates the earliest 
atrial activation site. IAS, interatrial septum; RA(A), right 
atrial (appendage); SVC, superior vena cava; SAN, sino-
atrial node (data modified from Li et al. [4])



the human SAN, the left superior, and septal 
SACPs are usually used as the preferential 
entrance pathways rather than lateral SACPs, 
which usually serve only as exit pathways. 
These studies revealed that SACPs may play a 
crucial role not only in SR regulation but also in 
protecting SAN pacemakers from overdrive sup-
pression during atrial pacing and atrial 
arrhythmias. The SACPs may act like a 
low-pass filter for atrial waves by creating an 
entrance block during atrial pacing. Furthermore, 
rapid stimulation is filtered more in the SACPs, 
which prevents overdrive suppression of the 
SAN-leading pacemaker. The mechanism respon-
sible for SAN entrance block during AF or 
tachypacing is likely related to differences in 
refractoriness and excitability between the SAN 
pacemaker complex and surrounding atria [5].
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Despite the protective effect of the SAN 
entrance block, the effects of overdrive suppres-
sion can still impact the SAN automaticity and 
intranodal conduction. Atrial tachycardia has 
been shown to directly depress the excitability 
of the SAN pacemaker cells by inactivation of 
the ICa,L current [59]. The filtering conduction 
properties of the SACPs would cause the pace-
maker cells near the SACPs to experience more 
overdrive suppression than the central SAN com-
partment. The leading pacemaker located in the 
SAN center may recover before cells in other 
compartments or the SACPs and manifest as an 
exit block after cessation of tachycardia. Impor-
tantly, acetylcholine and adenosine may potenti-
ate pacing-induced depression of excitability of 
SACPs cells, leading to a postpacing-induced exit 
block and, consequently, tachy–brady 
syndrome [8]. 

Postpacing recovery time of SR (SAN recov-
ery time or SNRT) is widely used in clinical 
electrophysiology labs to evaluate the SAN pace-
maker and diagnose SND. However, clinical 
atrial electrograms can only measure the time 
between the last paced atrial beat and the first 
spontaneous atrial beat, which provides only an 
indirect measurement of SNRT (or SNRTi) 
(Fig. 6.6). Moreover, results can be normal 
despite the patient having SND, as it significantly 
depends on autonomic tone. The presence of 

entrance block can also significantly affect 
SNRTi results and may even lead to a falsely 
short SNRTi if the last paced atrial beat measured 
does not pace the SAN [8]. Importantly, when 
presented with an extended pause after pacing is 
stopped, SNRTi cannot differentiate between exit 
block and automaticity failure as the cause. These 
long postpacing pauses are frequent in diseased 
hearts, and clinical studies with SNE and or 
experimental NIOM are necessary to elucidate 
the mechanism because these methods allow for 
the measurement of direct SNRT (SNRTd), the 
time from the last paced atrial beat to the first 
spontaneous SAN upstroke. NIOM studies in 
both canine and human hearts [3–5, 8, 60] 
showed that pacing-induced atrial pauses 
(>1.5 s) are attributable to exit block, which is 
consistent with the majority of clinical studies 
with SNE [54]. 

6.9 SAN Reentrant Arrhythmias 
and Fibrosis 

SAN arrhythmias including SAN macro-reentry 
tachyarrhythmia involving the SAN and 
surrounding atrial tissue, may account for up to 
17% of atrial arrhythmias [61, 62]. The electro-
cardiographic similarity of the P-wave during 
SAN reentry and normal rhythm may lead to an 
underdiagnosis of these arrhythmias in clinics 
[61]. Using transmural NIOM, we were able to 
unmask the mechanisms of SAN reentrant 
arrhythmias in canine failing models [60] and in 
the human-diseased SAN [14] (Fig. 6.6). 
Depending on the excitable state of SAN pace-
maker complex compartments, SAN macro-
reentry and/or micro-reentry could be observed. 
SAN macro-reentry: the initial SAN wave could 
propagate through one SACP and then excite atria 
and re-excite SAN pacemaker compartments via 
another SACP and thus form a macro-reentry 
circuit with two main pathways: a slow intranodal 
and a fast atrial pathway located between exit and 
entrance SACPs [60]. By using this concept, a 
recent clinical study [62] demonstrated the high 
efficiency and safety of targeted ablation of the 
entrance SACP for successful SAN reentry



treatment. In SAN micro-reentry, pivot waves 
anchored to the longitudinal conduction block 
can produce not only tachycardia but even para-
doxical bradycardia (due to the exit block) [60]. 
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An example of complex human SAN 
arrhythmias is shown in Fig. 6.6, that mediated 
by impairment of Nav channels and fibrotic 
remodeling [14]. These SAN arrhythmias may 
result from a perfect storm of several 
dysfunctions including stochastic SAN exit 
block, competing intranodal pacemakers, and 
SAN micro- and macro-reentry. Heterogeneous 
slowing of SAN conduction by NaV blockade 
could lead to intranodal unidirectional blocks 
and initiated SAN micro-reentry or macro-
reentry. Due to the extensive interstitial fibrotic 
strands and the SAN artery (Fig. 6.6). Impor-
tantly, the phenomena of SAN reentry were not 
observed in human hearts without structural 
remodeling. Histological analysis revealed that 
these arrhythmias required intranodal fibrotic 
strands, which were not present in healthy hearts, 
indicating a critical role of a structural substrate 
for SAN macro- and micro-reentry [4, 5]. 

6.10 SAN Dysfunctions 

As discussed above, upregulated interstitial fibro-
sis may lead to disruption of electrical coupling 
between intranodal pacemaker clusters and SACP 
myofiber tracks, thereby disrupting SAN automa-
ticity and slowing conduction, particularly in 
SACPs and ultimately leading to exit block 
(Fig. 6.5b) and/or reentrant arrhythmias 
(Fig. 6.6). Importantly, SAN impaired by fibrotic 
remodeling may still generate physiologically 
adequate pacemaker rhythm. Still, it would be 
vulnerable to exit block in the SACPs when 
exposed to a physiological or pathophysiological 
stimulus that may depress SAN or atrial 
excitability [5, 60]. 

Moreover, many genetic mutations and 
disease-induced remodeling of ion channels 
(e.g., HCN4 [63] and NaV [14, 42]), structural 
proteins (ankyrin-B [64]), autonomic and meta-
bolic receptors (A1 [4]), G proteins/GIRK 
channels [65, 66] gap junctions (Cx40 [67]), and 

Ca2+ handling proteins [32] may also alter the 
excitability and conduction of the pacemaker 
complex and disrupt the delicate source-sink rela-
tionship and ultimately lead to a variety of heart 
rhythm disorders. Moreover, the expression gra-
dient of key proteins including A1R and GIRK 
subunits [4] across the SAN combined with fibro-
sis remodeling may exacerbate region-specific 
conduction abnormalities and incapacitate the 
fail-safe mechanisms of robust heart rhythm pro-
tection, which can predispose to SND. Similarly, 
when cardiac and neuronal NaV channels are not 
available as in diseased hearts, specifically in the 
SACPs, susceptibility to SAN conduction blocks 
increases since the source-sink balance cannot be 
maintained [14]. 

6.11 Therapeutic Advances 
and Novel Strategies to Treat 
Human SND 

Currently, pacemaker implantation is the primary 
treatment option for human SND. Very few stud-
ies have addressed mechanisms of human SND, 
which has greatly limited our understanding of 
disease-causing mechanisms in the human SAN 
(Fig. 6.7). This limitation translates into the lack 
of direct treatment modalities including pharma-
cological interventions to treat underlying 
mechanisms of SND in human hearts. Therefore, 
current treatment options are focused on 
ameliorating symptoms of SND rather than causal 
mechanisms. 

SND is often associated with AF (tachy–brady 
syndrome) which further complicates treating 
SND independent of AF. Currently, mechanisms 
that connect SND and atrial arrhythmias are not 
completely known. SAN remodeling including 
prolongation of corrected SNRT and P-wave 
duration and decreased maximal and intrinsic 
heart rates was shown in a chronic pacing-
induced canine model of AF [68]. Hocini et al. 
[69] showed that ablation to terminate AF in the 
absence of medical therapies in patients with 
prolonged sinus pauses improves heart rate 
parameters and a decrease in the corrected 
SNRT, indicating that terminating AF may help



F

improve SAN impairments in some patients. In 
contrast, many rate-controlling pharmaceuticals, 
e.g., beta-blockers, nondihydropyridine calcium 
channel blockers, antiarrhythmic agents, and 
sodium channel blockers that may benefit A  
treatment, can secondarily worsen SND. 
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Fig. 6.7 Integrated experimental and clinical modalities together with therapeutic interventions to define mechanisms of 
human sinoatrial (SAN) pacemaker and functional conduction impairments and treat human SAN dysfunction (SND) 

Explanted human heart studies have shown 
that ex vivo NIOM intramural mapping of 
nondiseased and diseased human SAN can pro-
vide critical insights into the disease-causing 
mechanisms of human SND. As described earlier, 
NIOM can reveal impairments in pacemaking as 
well as intranodal conduction, which could sug-
gest both functional and structural sources of 
SND. Canine models also replicate some of 

these disease mechanisms identified in the 
human SAN, indicating that SND mechanisms 
can be studied in canine models. As we have 
seen above, human and canine SANs share 
many structural and functional aspects more 
than any commonly used small animal models, 
including mice, which emphasize the need for 
studying disease mechanisms in canine models 
that can be translated to human SAN therapies. 

Animal studies have identified several molec-
ular targets including proteins and miRNAs that 
could play important roles in normal as well as 
diseased SAN function. HCN4 has been shown to 
be downregulated in human HF SAN, which 
impacts the membrane ion clock by reducing If.



This results in impaired pacemaking and brady-
cardia associated with HF. Recent studies have 
identified higher levels of miRNA, miR-370-3p, 
which targets HCN4, in the human HF SAN. 
They further showed in a mouse model of HF 
that is, silencing miR-370-3p with intraperitoneal 
injection of antimiR-370-3p, blunted, or reversed 
the downregulation of HCN4 mRNA and protein 
expression, as well as the density of If and brady-
cardia [70]. They also showed that this treatment 
partially decreased SAN fibrosis as well as SAN 
cardiomyocyte hypertrophy. These novel animal 
findings suggest that SND can be treated by 
targeting molecular targets that can directly affect 
SAN function via multiple mechanisms. How-
ever, it remains unknown if such experimental 
approaches can be utilized in humans, where the 
SAN structure and function are very different 
from that of mouse models (Figs. 6.1 and 6.2). 
Furthermore, HF in humans is also more complex 
and multifactorial, which makes it difficult to 
directly translate such promising animal findings 
to treat human SND. 
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In the absence of suitable animal models that 
replicate the complexities of human SND, com-
puter modeling can be utilized to accurately 
model human SND incorporating findings from 
multiple studies [14, 71]. Many of the ion 
channels that were found altered in HF and 
other diseases, including HCN, NaV isoforms 
and CaV channels can be incorporated into 
models to study their mechanisms as well as to 
test suitable therapeutic interventions including 
pharmaceuticals to treat SND. Structural 
remodeling due to increased interstitial fibrosis 
can also be incorporated into these models along 
with molecular alterations to derive integrated 
therapeutic strategies to treat human SND. Impor-
tantly, these functional and/or structural 
remodeling can be done within specific SAN 
compartments and SACPs, which could provide 
valuable insights into region-specific impairments 
within the SAN. 

Future therapies for human SND will benefit 
from incorporating novel imaging modalities to 
diagnose and identify causal mechanisms and 
develop suitable therapeutics. Late gadolinium-
enhanced cardiovascular magnetic resonance 

(LGE-CMR), originally proposed as a method to 
visualize ventricular scarring, is now used rou-
tinely to visualize many types of fibrosis and 
scarring in the left and right atria. Recently, 
LGE-CMR has been used to visualize the fibrotic 
structure of the human SAN [23], which could 
help avoid the SAN structure as well as its 
neurovascular inputs during targeted ablations. 
As discussed above, recent ex vivo human SAN 
studies [48] have also addressed molecular 
profiles, including RNA and protein, in normal 
vs diseased SAN using high-throughput sequenc-
ing studies. Such large-scale studies at the whole 
tissue as well as at the single-cell level can pro-
vide unique databases to identify novel targets to 
address cell-specific perturbations that may lead 
to functional and/or structural SAN dysfunctions. 

6.12 Conclusion and Future 
Directions 

The human SAN pacemaker complex has a 
unique molecular profile and 3D structure that 
consists of several discrete compartments respon-
sible for the spontaneous generation of electrical 
impulses (pacemaker clusters) and the delivery of 
these electrical impulses to the atria via the 
SACPs, which allow for robust physiological reg-
ulation of SR. SAN robustness, maintained 
through functional, structural, and molecular 
redundancies, is an important property of the 
human SAN, which allows it to efficiently main-
tain its automaticity and conduction even during 
external and internal perturbations. Disease and 
aging-induced molecular and structural 
remodeling in the SAN pacemaker complex may 
decrease its robust function, causing conduction 
impairments and abnormal impulse propagation, 
leading to various types of brady- and tachy-
arrhythmias. 

The development of new integrated 3D 
electro-structural mapping methodologies is 
warranted to directly measure intramural SAN 
conduction and link functional results to patient-
specific SAN pacemaker complex structure. The 
knowledge of the realistic human 3D SAN pace-
maker complex is critically needed for the



successful targeted treatment of SAN 
tachyarrhythmias [62]. Moreover, 3D computer 
models of human SAN function and dysfunction 
incorporating the realistic 3D intramural human 
SAN pacemaker and SACP structures, specific 
ion channels, and connexin distribution may 
shed more light on the exact mechanisms behind 
normal SR regulation and SND and could aid in 
the development of biological pacemakers 
[72]. Eventually, the field may move toward the 
development of new therapies focused on restor-
ing the robustness of the SAN complex where a 
dysfunctional compartment (e.g., SACPs 
impaired by fibrosis) can be defined and selec-
tively treated by gene/cell interventions. 
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Abstract 

Cardiac electrical and mechanical activity are 
closely interrelated, not only via the chain of 
events commonly referred to as ‘excitation-
contraction coupling’ that links electrical exci-
tation to contraction, but equally via feedback 
from the heart’s mechanical environment to 
the origin and spread of cardiac excitation. 
The latter has been termed mechano-electric 
coupling and complements excitation-
contraction coupling to form an intracardiac 
electro-mechanical regulatory loop. This chap-
ter will explore the relevance of mechano-

electric coupling in the heart by reviewing its 
pro- and anti-arrhythmic effects on heart rate 
and rhythm, and the underlying mechanisms 
that may account for clinical and experimental 
observations. 
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7.1 Introduction 

The heart is a remarkably dynamic organ, whose 
efficient function depends on well-coordinated 
excitation and contraction, and their beat-by-
beat adjustment to continuously fluctuating 
haemodynamic conditions. Incredibly, this auto-
regulatory coordination and acute adaption to 
systemic requirements occur in the absence of 
neuro-muscular junctions (which are required 
for steering skeletal muscle activity) and 
continues to function after the removal of 
extracardiac neuro-hormonal inputs (for instance, 
when the heart is removed from the body). 

This intracardiac autoregulation is driven by 
‘feedforward’ and ‘feedback’ interactions 
between the heart’s electrical and mechanical 
activity. In what is generally thought of as the
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forward direction, electrical excitation of the 
heart, which originates in the sinoatrial node 
(SAN) and spreads through the myocardium via 
intracellular coupling and specialised conducting 
pathways (atrioventricular node, bundles of His, 
Purkinje fibres), results in cellular contraction 
through a process known as ‘excitation-contrac-
tion coupling (ECC)’ [1, 2]. In the opposite direc-
tion, the heart’s mechanical state, determined by 
internal and external parameters, affects cardiac 
electrical activity. This acute feedback is known 
as ‘mechano-electric feedback’ (when consider-
ing only the effects of the mechanical activity of 
the heart itself), or more broadly, ‘mechano-elec-
tric coupling’ (MEC, which includes responses to 
extracardiac mechanical inputs). MEC is thought 
to act through stretch-activated ion channels 
(SAC, which are directly gated by a mechanical 
stimulus) [3], as well as through stretch-
modulated ion channels (whose normal activity 
is modulated by mechanical stimulation), changes 
in calcium (Ca2+ ) handling, and mechano-
sensitive second messenger systems (Fig. 7.1) 
[5, 6]. 
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In this chapter, we will present the most 
striking clinical and experimental evidence for 
MEC and explore molecular mechanisms under-
lying these (patho-)physiological observations. 

7.2 Mechanical Modulation 
of Heart Rate 

7.2.1 Background 

Modulation of heart rate (HR) by changes in 
venous return was reported over a century ago 
by Francis Bainbridge, who attributed HR accel-
eration upon venous fluid injection in 
anaesthetised dogs to a predominantly vagal auto-
nomic reflex [7, 8]. His experiments established a 
correlation between HR response and central 
venous pressure (CVP) but not arterial pressure. 
Reconfirmation of this response in humans 
proved difficult, as most non-invasive 
interventions that change CVP also tend to affect 
arterial pressure. The latter may trigger dominant 
baroreceptor responses that stimulate contrasting 
HR effects (e.g., via the depressor reflex). Donald 

and Shepherd finally circumvented this problem 
and established the equivalent of a ‘Bainbridge 
response’ in humans, using passive leg-elevation 
of volunteers in the supine position to favour 
venous blood return to the trunk of the body. 
This raised CVP without measurably affecting 
arterial pressure, revealing a positive 
chronotropic effect on HR in human [9]. 

Since then, the Bainbridge response has also 
been observed in isolated hearts, right atrial 
preparations [10], sinoatrial node (SAN) tissue 
[11], and even single cardiac pacemaker cells 
[12]. Thus, local MEC mechanisms contribute to 
mechanical modulation of HR, beyond the 
originally-implied neural reflex response. 

7.2.2 Clinical Observations 

Human studies of the Bainbridge response have 
focussed on the assessment of respiratory sinus 
arrhythmia (RSA) in normal subjects and in heart 
transplant recipients. 

RSA is a ‘physiological arrhythmia’, where 
HR is modulated during the respiratory cycle, 
increasing during inspiration (when low intra-
thoracic pressure aids not only air intake but 
also venous return) and decreasing during expira-
tion (when output from the chest is favoured). 
RSA is reported to reduce pulmonary shunt 
effects and increase oxygen uptake, when com-
pared to stable HR [13], indicating a possible role 
for mechanical HR modulation in normal physi-
ology. RSA can be measured non-invasively by 
establishing respiratory rate-related frequency 
oscillations in the R-R intervals of the electrocar-
diogram. Two major peaks in HR frequency 
oscillations appear in healthy subjects at rest. A 
so-called high-frequency (HF) peak 
(0.15–0.3 Hz) is correlated with the respiratory 
cycle and is usually attributed to oscillations in 
‘vagal tone’. It is this peak which is considered to 
represent RSA. A second, low-frequency 
(LF) peak (~0.1 Hz), attributed to changes in 
‘sympathetic tone’, is not modulated with each 
respiratory cycle. 

As expected, transplant recipients (whose 
hearts no longer receive nervous system inputs) 
tend to lack the LF peak. A distinct HF peak is



still discernible, albeit at a reduced magnitude, 
suggesting that mechanisms intrinsic to the heart 
may contribute to RSA [14]. In support of this 
suggestion, tidal volume (and, therefore, venous 
return) modulates HR variability in these patients 
to a greater extent than changes in breathing rate. 
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Fig. 7.1 The feedforward and feedback links between 
cardiac electrophysiology and mechanics forming an intra-
cardiac mechano-electric regulatory loop. The 
feedforward between electrical excitation and mechanical 
contraction involving intracellular Ca2+ handling and 
actin-myosin cross-bridge cycling, is a process known as 
‘Excitation-Contraction Coupling’ (top). Feedback (bot-
tom) from myocardial deformation to cell electrophysiol-
ogy and intracellular Ca2+ dynamics occurs via multiple 

interdependent mechano-sensitive mechanisms, which in 
turn affect the origin and spread of excitation, a phenome-
non known as ‘Mechano-Electric Feedback’ (considering 
only cardiac mechanical activity as an input signal) or 
more broadly ‘Mechano-Electric Coupling’ 
(encompassing mechanical perturbations of the heart 
irrespective of their origin). (From [4], with permission) 

Intrinsic HR modulation is not unique to trans-
plant recipients. In normal subjects, the magni-
tude of both LF and HF oscillations is reduced 
during early exercise. As workload increases, the 
LF component diminishes and all but disappears 
at maximal workloads, whereas the HF peak 
increases in magnitude, despite the loss of 
‘vagal tone’ associated with physical work 
[15]. This can be observed even after additional 
ganglion block [16], again suggesting 

intracardiac contributions to RSA. Interestingly, 
the delay between respiratory and HF oscillation 
peaks drops with exercise in normal subjects, 
rendering it similar to that in transplant recipients 
(in whom it remains unchanged), perhaps 
suggesting a switch from normally dominant 
longer-latency reflex loops to intrinsic cellular/ 
tissue-level control [15]. 

Human studies, therefore, point towards the 
existence of an intracardiac mechano-sensitive 
HR control mechanism contributing to HR mod-
ulation through fluctuations in venous return. Elu-
cidation of the stimulus for, and mechanisms of, 
this response requires experimental manipulation 
that would be impractical and/or unethical in 
humans.
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7.2.3 Experimental Studies 

The HR changes observed in humans have been 
reproduced in intact anaesthetised dogs, where 
SAN-specific stretch (applied via a weight and 
pulley system in open-chest experiments) can 
elicit instantaneous HR acceleration by >20%, 
which is not abolished by denervation or adrener-
gic and cholinergic block [17]. 

In the isolated rabbit heart, responses similar to 
those in intact preparations were described by 
Blinks, who observed that progressive increases 
in atrial pressure (up to ~100 mmHg) are 
accompanied by instantaneous HR acceleration 
in rabbit [10]. This response appears rapidly 
(within the first minute), plateaus by 2–3 min, 
and can be maintained for several hours. Interest-
ingly, further atrial pressure increases beyond this 
(already supra-physiological) range result in HR 
deceleration. 

Adrenergic or cholinergic block, sufficient to 
alter HR by 50% from baseline, have no effect on 
the HR response to changes in filling pressure in 
rat [18]. Neither do application of tetrodotoxin 
(a fast sodium [Na+ ] channel blocker) or neonatal 
capsaicin injections (ablation of intracardiac 
neurons). This suggests that neither external auto-
nomic nor intracardiac neuronal signalling is nec-
essary for the intrinsic HR response to stretch. 
Finally, the high solution flow rates used in atrial 
preparations [10] and the speed of HR response 
suggest that humoral factors are unlikely to be 
key contributors. 

In the 1960s, Deck observed beating rate 
(BR) changes during the distension of cat and 
rabbit isolated atrial tissue containing the SAN. 
Measuring the trans-membrane potential (Vm) of  
SAN pacemaker cells and the contractile 
behaviour of the tissue during uni-axial or equi-
biaxial stretch [11], he observed a 15–20% BR 
acceleration upon stretch. This was accompanied 
by an instantaneous reduction in absolute 
amplitudes of both maximum systolic and maxi-
mum diastolic potentials (MSP and MDP, respec-
tively), giving rise to a reduction in SAN action 
potential (AP) amplitude and in the duration of 
the spontaneous diastolic depolarisation phase. 

These direct electrophysiological observations of 
Vm changes in SAN tissue help to narrow down 
the range of plausible molecular mechanisms 
involved, as their effect would appear to be linked 
to an electrophysiological mechanism with a net 
reversal potential (Erev) between the MDP and 
MSP of SAN pacemaker cells. 

7.2.4 Underlying Mechanisms 

Early single-cell studies into the mechanisms 
underlying mechanical modulation of HR used 
cell swelling as a mechanical stimulus. This was 
shown to activate a chloride current (ICl,swell), 
whose Erev near 0 mV could conceivably confer 
the capacity to augment pacemaker frequency in 
response to mechanical stimulation [19]. How-
ever, ICl,swell activates with a lag time of over 
30 s in cardiac myocytes, rendering it too slow 
for acute beat-by-beat changes in 
HR. Furthermore, cell swelling is associated 
with an increase in cell diameter and negligible 
axial elongation (or even shortening). Micro-
mechanically, this is fundamentally different 
from axial stretch, where lengthening at constant 
cell volume is associated with a reduction in cell 
diameter. In addition to these biophysical 
differences in stimulus, hypo-osmotic swelling 
of rabbit spontaneously beating SAN pacemaker 
cells actually reduces spontaneous BR [20]. Cell 
swelling is not an ideal approach, therefore, to 
probe acute mechanical modulation of 
cardiomyocyte electrophysiology in normal phys-
iological conditions, where cardiomyocyte cell 
volume is not assumed to change. That said, 
acute cell swelling mimics certain aspects of cell 
behaviour in ischaemia and reperfusion which, 
together with pathologically remodelled cells 
(e.g., in hypertrophy, where ICl,swell can be persis-
tently activated in working myocardium [21]), 
may constitute meaningful research targets for 
this technique. 

Axial stretch can be applied to single myocytes 
using a range of techniques to attach probes for 
mechanical stimulation. One approach is to use 
carbon fibres, which adhere to single cells without 
the need for gluing, tying, or suction [22]. Using



this technique, Cooper et al. observed a signifi-
cant increase in BR of rabbit single SAN cells 
during 5–10% stretch. This was accompanied by 
a reduction in absolute values of MSP and MDP 
[12], reproducing previous SAN tissue results 
[11]. Voltage clamp studies revealed that 
stretch-activated a 6 nS/pF whole-cell current 
with an Erev of –11 mV [12]. 
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The properties of the stretch-activated current 
measured by Cooper et al. [12] are similar to the 
mechanically induced cation non-selective cur-
rent (SACNS) reported in many other eukaryotic 
cells [3]. SACNS is carried by rapidly activating 
channels with Erev approximately halfway 
between MDP and MSP [23]. SACNS opening 
will therefore depolarise diastolic, and 
re-polarise systolic Vm, potentially explaining 
the observed changes in SAN cell and tissue 
MSP and MDP during stretch. 

A point of contention has been the observation 
that HR responses may differ between species. 
Most medium and large mammals (and other 
classes of animals, such as fish [24, 25]) respond 
to SAN stretch with HR acceleration, while 
smaller mammals have shown HR deceleration 
[26]. Interestingly, this discrepancy is not incom-
patible with a major contribution of SACNS to 
both responses. Larger animals (as well as fish) 
tend to have a more slowly beating SAN, with AP 
shapes that are characterised by a slow AP 
upstroke (carried by Ca2+ influx) and a prominent 
plateau-like phase, while smaller mammals with 
faster HR show a faster upstroke (with a signifi-
cant contribution from fast Na+ channels) and 
swift initial repolarisation, giving rise to a more 
triangular AP shape (Fig. 7.2). Thus, ‘slow’ SAN 
AP waveforms spend the majority of each cycle 
moving their Vm from MDP (or MSP) towards the 
Erev of SACNS. Their faster counterparts spend a 
larger proportion of time moving their Vmaway 
from Erev of SACNS. Thus, one and the same 
mechanism—activation of SACNS by SAN 
stretch—may speed up slow HR and reduce 
already fast ones. This notion has been supported 
recently by experiments involving stretch of 
mouse-isolated SAN, in which lengthening of 
the AP plateau by block of rapidly activating 
potassium currents with 4-aminopyridine shifted 

the stretch-induced change in BR from slowing to 
acceleration [28]. 

Ideally, the insight obtained by the reduction 
of a problem from whole animal to tissue, cells 
and channels is complemented by re-integration, 
from putative mechanisms to systemic response 
[29]. This can be achieved using conceptual con-
sideration, or better, quantitative mathematical 
models [30] and experimental investigation 
(e.g., via application of selective pharmacological 
probes). Computational modelling of stretch 
effects on SAN cell activity has confirmed the 
plausibility of SACNS contributions as a key to 
stretch-induced BR changes [12]. Experimental 
proof calls for selective inhibition (or activation) 
of SACNS. At present, available pharmacological 
tools are limited. Gadolinium ions are potent 
SACNS blockers, but they also affect other ion 
channels and precipitate in physiological buffers. 
At low concentrations (<50 μM), streptomycin is 
both potent and reasonably selective when used 
on isolated cells, but its utility for acute SACNS 

block in multicellular preparations has been 
called into question (if streptomycin did act as 
an acute SACNS blocker in situ, we could proba-
bly not prescribe it to patients) [26]. The most 
specific SACNS blocker, Grammostola spatulata 
mechanotoxin-4 (GsMTx-4), is a peptide isolated 
from a tarantula toxin [31]. It has been found to 
reversibly block stretch-induced BR changes in 
guinea pig and mouse SAN tissue, without affect-
ing background force [26]. One should remem-
ber, however, that quantitative plausibility is no 
substitute for experimental validation [32], and 
mechano-sensitivity of other currents involved 
in pacemaking, or changes in intracellular signal-
ling, may also contribute to SAN stretch 
responses [33–36]. 

The magnitude of mechanical effects on HR 
appears to increase with the structural complexity 
of the biological model (isolated SAN cells ~5%, 
whole-heart/SAN tissue ~15%, intact dog up to 
30% [26]). Probable explanations include: (1) the 
increasing loss of structures involved in the trans-
mission of mechanical stimuli to molecular 
effectors as one reduces the biological model 
system [28]; (2) increasing deprivation of possi-
ble paracrine effects, such as may be mediated by



endothelial cells, which are prone to suffer from 
tissue isolation and are removed by cell separa-
tion; or (3) removal of inter-cellular electrotonic 
coupling between identical and/or different cell 
populations. For instance, human fibroblasts have 
been found to contain SACNS [37], and functional 
electrotonic coupling has been shown to exist 
between fibroblasts and myocytes in native car-
diac tissue [38, 39], including the SAN [40]. The 
possibility that fibroblasts may be important for 
stretch-induced changes in HR is supported by 
computational modelling, which predicts that 
stretch-modulation of fibroblast Vm could accel-
erate diastolic depolarisation in electrotonically 
coupled SAN myocytes by >20% [41]. Similar 
considerations may apply for macrophages, which 
have also been shown to be mechano-sensitive 
[42] and can electrotonically couple to 
cardiomyocytes, affecting their electrical activity 
[43, 44]. 

136 T. A. Quinn et al.

Fig. 7.2 Species differences in the theoretical effects of 
SACNS on the SAN cell AP. Membrane potential 
recordings illustrate the interrelation of cell electrophysio-
logical parameters (MSP and MDP) and the SACNS rever-
sal potential (ESAC,NS). Time periods during which SACNS 

activation would either accelerate ("ΔV) or slow (#ΔV) 

intrinsic changes in SAN cell membrane potential are 
labelled. Left: rabbit SAN cell; right: mouse SAN cell. 
The rabbit SAN cell spends ~71% of cycle duration in 
"ΔV, whereas in the mouse, this phase accounts for just 
~46%. (From [27], with permission) 

Finally, intrinsic cellular MEC responses 
could be amplified in vivo by interaction with 
autonomic signalling. Atrial pressure increases 
of just 2 mmHg, for example, induce both HR 
acceleration and a significant reduction in the 
percentage response to vagal stimulation in intact 
rabbit [45], effectively reducing the influence of 
underlying vagal tone. Thus, local and systemic 

HR modulation occur in conjunction and may 
amplify, or dampen, each other’s effect. 

7.2.5 Summary 

The intrinsic HR response to stretch, such as 
caused by changes in venous return, is demon-
strable at physiologically-relevant levels of 
mechanical stimulation, over multiple spatial 
scales. Intrinsic control has been estimated to 
contribute >30% of RSA during exercise in 
healthy individuals [16]. The evolutionary advan-
tage of such a mechanism has been speculated to 
arise from earlier beat induction in response to 
cardiac filling (haemodynamic benefit), from 
improving cardiac pump function (which is 
more mechanically efficient when working at 
smaller radii), and/or from maximising pulmo-
nary gas exchange (with reduced shunt volume) 
[13]. Alternatively, stretch effects on HR could be 
a side-effect of mechanisms that underlie 
mechanical modulation of contractile force [46]. 

Future investigations should consider the 
mounting evidence suggesting that SAN 
pacemaker rate depends not only on trans-
sarcolemmal ion fluxes but involves an intracel-
lular Ca2+ redistribution, driven by the release of



Ca2+ from the sarcoplasmic reticulum, followed 
by trans-sarcolemmal inward currents such as via 
the Na+ /Ca2+ exchanger [47]. Of note, stretch has 
been shown to increase sarcoplasmic reticulum 
Ca2+ release in ventricular cells [48–50], 
which—if present in SAN—could be relevant 
for the mechanical modulation of heart rate. 
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7.3 Pro-arrhythmic Effects 
of Mechanical Stimulation 

7.3.1 Background 

First observations that perturbation of the heart’s 
mechanical status may initiate deadly cardiac 
arrhythmias were published nearly 150 years 
ago, with reports of sudden cardiac death 
associated with non-penetrating impact to the 
precordium (Commotio cordis, CC; for review, 
see [51]). More recently, rhythm disturbances 
due to internal mechanical stimulation during 
cardiac catheterisation have been observed 
[52]. It is now also believed that cardiac 
tachyarrhythmias, encountered in pathologies 
associated with non-uniform contraction, tissue 
remodelling, and/or volume or pressure overload 
are, in part, caused by electrophysiological 
responses to the altered mechanical environment 
[4, 5]. Arrhythmogenic effects of stretch on car-
diac electrophysiology have been investigated in 
isolated whole heart, tissue and cellular models, 
helping to elucidate underlying mechanisms 
[5, 53]. 

7.3.2 Clinical Observations 

Reports about pro-arrhythmic effects of acute 
external mechanical stimulation by CC [51], 
occasionally occurring during chest compressions 
soon after electrical defibrillation [54], together 
with cases of ectopy induction upon intracardiac 
catheter contact [52], suggest that heart rhythm 
disturbances can be related to intracardiac MEC 
effects. In vivo evidence also indicates that 
arrhythmogenic mechanical stimulation can be 
local or global. For instance, an increase in ven-
tricular load by transient aortic occlusion during 

cardiac surgery has been shown to reduce longi-
tudinal shortening and increase mechanical dis-
persion, which is associated with AP shortening 
and a pro-arrhythmic increase in local dispersion 
of AP duration [55], while balloon inflation dur-
ing pulmonary valvuloplasty is associated with 
the induction of ventricular ectopy [56]. The 
same is true for the atria, where acute changes in 
volume loading have been found to increase the 
incidence and sustenance of arrhythmias 
[57]. Changes in atrial electrophysiology have 
also been seen with acute drops in atrial pressure 
during balloon commissurotomy for mitral steno-
sis and atrial flutter, as well as with short-term 
dual chamber pacing [57]. 

Effects of chronic stretch are usually observed 
in patients with sustained ventricular pressure or 
volume overload. Hypertension, congestive 
heart failure, and dilated cardiomyopathy are all 
associated with a high incidence of arrhythmias 
[58, 59]. It is difficult to assess, in these cases, 
whether mechanical stimulation directly 
contributes to rhythm disturbances or whether it 
acts via structural and functional tissue 
remodelling [60]. However, the observations 
that average daily blood pressure is highly 
correlated with the risk of ventricular 
tachyarrhythmias in heart failure patients [61], 
and that acute temporary removal of ventricular 
overload (e.g., by the Valsalva manoeuvre) can 
terminate chronic ventricular tachycardia [62], 
suggest that mechanical factors may play a role 
in the chronic setting. 

7.3.3 Experimental Studies 

Depolarisation of Vm by acute diastolic stretch 
has been demonstrated in isolated hearts, as well 
as in ventricular and atrial tissue and cell 
preparations [5]. In isolated hearts, a transient 
increase of intraventricular volume during dias-
tole results in membrane depolarisation, which, if 
sufficiently large and rapid, can trigger premature 
ventricular excitation [63] and short periods of 
ventricular tachycardia (VT) [64]. 

The effects of acute systolic stretch are more 
complex. Both shortening and prolongation of the 
AP have been observed, along with early after-



depolarisation-like events, both in isolated 
cardiomyocytes and multicellular experimental 
preparations [5]. In the setting of CC, 
non-penetrating precordial impacts can induce 
rhythm disturbances in the absence of structural 
damage to the heart. The severity of arrhythmias, 
including ventricular fibrillation (VF), changes in 
an impact magnitude- and timing-dependent man-
ner. This was first investigated experimen-
tally some 90 years ago by Schlomka et al., who 
found that impacts to the precordial region of 
anaesthetised rabbits, cats, and dogs result in 
ectopic excitation and, in 20% of cases, VF 
[65, 66]. Importantly, they showed that mechani-
cal induction of arrhythmias is not affected by 
bilateral vagotomy, indicating that 
arrhythmogenesis is not a result of a parasympa-
thetic reflex. Furthermore, arrhythmia induction 
depends on the region of impact (mid and lower 
sternum are the most susceptible areas, especially 
for VF), the size of the contact area (smaller 
impact areas result in more severe rhythm 
disturbances), and the duration of the impact 
(rapid impacts are most arrhythmogenic). More 
recently, in a swine model of CC, Link et al. 
confirmed the importance of impact site, size, 
and severity and showed that only impacts during 
the early T-wave result in VF, while impacts at 
other times of the cardiac cycle produce various 
other transient rhythm disturbances [67]. A simi-
lar response has been demonstrated with a rapid 
increase in intraventricular volume in isolated 
rabbit hearts [68]. Acute volume loading has 
been shown to decrease conduction velocity, 
both in ventricles [69] and atria [57], which can 
contribute to the initiation and maintenance of 
arrhythmias. With volume loading of the atria, a 
reduction in AP duration and refractoriness, and 
an increase in dispersion of refractoriness, have 
been demonstrated, increasing the vulnerability to 
atrial fibrillation [57]. This can be prevented by 
acute atrial unloading [70]. Interestingly, it has 
been shown (by one of the editors of this book 
under her maiden name Theophile) that stretch of 
Purkinje fibres speeds up their rate of spontane-
ous diastolic depolarisation [71], while increasing 
conduction velocity [72], potentially leading to 
stretch-induced ectopy [71]. Other cardiac cell 

types, such as fibroblasts [41], pulmonary vein 
muscle cells [73], valve cells [74], chondrocytes, 
smooth muscle and endothelial cells [75], 
macrophages [42], and intracardiac neurons [76] 
are also mechano-sensitive, suggesting that the 
interplay between different cell types in the 
heart may be relevant for stretch-induced 
arrhythmogenesis, an important concept that has 
been insufficiently explored. 
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The similarity of effects of precordial impact 
and rapid intraventricular pressure increase raises 
an interesting question about the relative contri-
bution of local versus global stretch to electro-
physiological responses. This is highlighted by 
the large change in intraventricular pressure 
(brief spikes of more than 500 mmHg seen with 
precordial impact in the swine model), whose 
magnitude has been correlated with the probabil-
ity of VF induction in vivo (maximum effects 
between 250 and 450 mmHg) [77]. Myocardial 
compliance varies throughout the ventricle 
(which may also be affected by regional 
differences in coronary vascular pressure), so 
gross changes in intraventricular pressure or vol-
ume will result in a heterogeneous distribution of 
tissue stretch. This is supported by the observa-
tion that intraventricular volume changes yield 
non-uniform depolarisation, with the origin of 
any stretch-induced excitation most often in the 
posterolateral region of the left ventricle, typically 
an area of high compliance [63]. The only 
published data of intraventricular activation 
sequence during extracorporeal CC impacts 
from a single pig experiment suggests focal exci-
tation of the ventricle right underneath the impact 
site. This suggests a more directly impact site-
related mechanism and reemphasises the question 
of the relative causal contributions of global and 
local stretch to arrhythmogenesis [78]. 

In isolated heart models, large intraventricular 
pressure pulses (between 200 and 280 mmHg) 
have been used to trigger VF [68]. At the same 
time, local low-energy non-traumatic impacts, 
timed with the early T-wave, can induce VF in 
isolated guinea pig [79] and rabbit hearts 
[80]. Epicardial optical mapping revealed the 
presence of deformation-magnitude-dependent 
focal activation [80, 81]. This results in VF only



when there is spatiotemporal overlap of the 
mechanical stimulus with the trailing wave of 
repolarisation [80], as predicted in prior 
modelling work (see next section) [82]. 
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The idea that the structural heterogeneity of 
ventricular tissue modulates globally applied 
stretch to create heterogeneous strain 
distributions and focal sites of excitation that 
lead to initiation of re-entrant arrhythmias is fur-
ther supported by a study that used optical 
mapping with stretch applied across a right ven-
tricular tissue flap [83]. This demonstrated that 
focal excitation originates at the point of largest 
strain differences, which can result in sustained 
re-entrant tachyarrhythmias. Similarly, an 
increase in the probability of mechanically 
induced excitation in areas showing paradoxical 
segment lengthening has been observed in 
diseases with heterogeneous changes in ventricu-
lar compliance, such as regional ischaemia [84] 
and infarction [85]. In acute regional ischaemia, 
the degree of dilation of the acutely ischaemic 
tissue is a strong predictor of the probability of 
arrhythmogenesis, including VF [86]. The role of 
heterogeneous stretch in VF induction is further 
supported by experiments showing that acute 
localised stretch increases the complexity of VF 
activation maps, with more areas of conduction 
block and breakthrough patterns [87]. Such 
heterogeneities in stress-strain distribution 
would result in significant differences in mechan-
ical stimulation of cells, which could give rise to 
local ectopic foci and regions of functional block. 

7.3.4 Underlying Mechanisms 

Pro-arrhythmic effects of myocardial stretch can 
be explained, in part at least, by SAC activation. 
Two sub-categories of SAC can be distinguished 
in myocardium: SACNS, which allow passage of 
various cations (Erev usually between 0 and – 
20 mV), and potassium-selective SACK (Erev 

near –90 mV; for review see [88]). During dia-
stolic stretch, Vm tends to show depolarisation 
(Fig. 7.3), which can be explained by a predomi-
nant contribution of SACNS (SACK would cause 
diastolic hyperpolarisation, which is not seen in 
cardiac cells). Systolic stretch primarily 

accelerates AP repolarisation, which could be 
caused by either SAC sub-type [90]. 

A predominant contribution to stretch-induced 
changes in Vm by SACNS is further supported by 
the observation that MEC effects can be 
eliminated in ventricles [80, 91] and atria [57] 
by pharmacological block of this channel. In 
turn, activation of SACNS is sufficient to trigger 
AP generation in isolated cardiomyocytes 
[92]. Interestingly, SACNS blockers do not pre-
vent the reduction in refractory period seen with 
atrial pressure-loading of the isolated heart, 
suggesting that SACK may contribute to 
responses in that setting [93]. 

Relative contributions of SACNS and SACK to 
impact-induced VF have remained controversial. 
The vulnerable window for VF induction 
coincides with a period of pronounced heteroge-
neity in ventricular Vm and refractoriness. 
Mechanical stimulation, in this setting, 
depolarises cells that have regained excitability 
(presumably a SACNS effect, potentially giving 
rise to ectopic foci), while in other cells that are 
still more depolarised the time-course of 
repolarisation is altered (possibly through both 
SACNS and/or SACK effects, increasing heteroge-
neity in refractoriness). The former may provide 
the trigger, and the latter a sustaining mechanism 
for arrhythmias, including VF. Among experi-
mentally proposed contributors is the 
ATP-dependent potassium channel (KATP), 
whose open probability is also modulated by 
stretch [94]. In the presence of glibenclamide 
(to block KATP), the incidence of VF upon 
precordial impact is significantly reduced in pig. 
At the same time, impacts during the T-wave still 
trigger premature ventricular contractions, 
highlighting the continued ability to mechanically 
induce an arrhythmogenic trigger [95]. Applica-
tion of streptomycin in the same animal model did 
not affect VF inducibility [96], but as mentioned 
before there is potential for false-negative inter-
pretation of data obtained with systemic strepto-
mycin application (as it doesn’t block SACNS 

well in intact tissue). In rabbit isolated hearts, 
block of SACNS with GsMTx-4 was indeed effec-
tive in preventing mechanically induced VF 
[80]. Thus, activation of SACNS seems to be a 
necessary contributor to CC.
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Fig. 7.3 Schematic representation of transient stretch 
effects on whole-cell Vm. SACNS have a reversal potential 
(ESAC,NS) about halfway between plateau and resting 
potentials. Depending on the timing of mechanical stimuli 
(bottom curve), SACNS activation may shorten AP dura-
tion, cause early or delayed after-depolarisation-like 
behaviour, or—if strong enough—trigger excitation (top 
curve). The reversal potential of SACK is negative to 

resting Vm. Their activation, during any part of the cardiac 
cycle, would tend to re- or hyperpolarise cardiac cells, in 
particular during the AP plateau (when their electrotonic 
driving force is largest). Given that diastolic stretch, if it 
causes any change in Vm at all, tends to depolarise resting 
cells, thus this response appears to be dominated by 
SACNS under normal circumstances. (From [89], with 
permission) 

The principal electrophysiological 
consequences of cardiac MEC have been 
reproduced in various computational models of 
cardiomyocyte SAC effects [97]. These 
formulations have been integrated into two- [82] 
and three-dimensional models [98] of ventricular 
tissue, which suggest that sustained re-entry is 
observed only if a mechanical stimulus 
(1) encounters tissue that has regained excitability 
(so that a mechanically-induced ectopic focus can 
arise), (2) overlaps with the trailing wave of 
repolarisation (so that local AP prolongation 
gives rise to an area of the functional block at 
the intersection of the preceding and new excita-
tion wave), and (3) extends into tissue that is still 
at more positive Vm levels (so that regional AP 
shortening may help to sustain the arrhythmia). 
This would explain why the most severe expres-
sion of CC, sudden cardiac death from VF, is rare 
in real life. The view that ischaemic segment 
lengthening may be responsible for mechanically 
induced excitation and re-entry has also been 
supported by three-dimensional computational 
modelling, suggesting that premature ventricular 
excitation originates from the ischaemic border 

because of mechanically induced depolarisation 
[99]. These computational predictions form inter-
esting targets for further experimental 
assessment. 

7.3.5 Summary 

Stretch of the myocardium, whether acute or 
chronic, has pronounced effects on cardiac elec-
trophysiology. This can contribute to induction 
and sustenance of cardiac arrhythmias. Experi-
mental models have reproduced the effects of 
stretch on heart rhythm in single cells, tissue 
preparations, isolated hearts and whole animals, 
demonstrating that a significant proportion of 
mechanically induced changes in heart rate and 
rhythm can be explained by intracardiac MEC. 
Experimental and computational work strongly 
suggests a role for SAC in these responses. In 
addition to mechanically gated SAC, most ion 
channels in the heart can be modulated by the 
mechanical environment [100], which 
complicates the picture, in particular as longer-
term responses mediated via altered intracellular



ion concentrations are concerned. In addition, 
effects of heterogeneous stretch on myocardial 
Ca2+ handling have been shown to independently 
act as sources of ectopic excitation (for a review, 
see [101]). The molecular mechanisms by which 
ion channels (and Ca2+ handling proteins) sense 
mechanical changes, as well as their individual 
roles in the generation of arrhythmias, may, in the 
long run, help to devise new pharmacological and 
device therapies to treat diseases associated with 
stretch-induced changes in cardiac 
electrophysiology. 
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7.4 Anti-arrhythmic Effects 
of Mechanical Stimulation 

7.4.1 Background 

Schott’s observation that a forceful blow to the 
chest wall (precordial thump, PT) could restore a 
palpable pulse of a patient in ventricular standstill 
during a Stokes-Adams attack, published in 1920, 
is believed to have been the first report on anti-
arrhythmic effects of mechanical stimulation in 
the Western medical literature [102]. Since then, 
mechanical resuscitation has been attempted 
using a range of interventions. However, even 
though PT has been a documented part of 
European clinical practice for much of the past 
century, there is little agreement on the 
mechanisms and clinical utility of mechanical 
cardioversion. 

7.4.2 Clinical Observations 

Anti-arrhythmic mechanical stimulation has been 
observed in various clinical settings [103]. In his 
studies of ‘intracardiac therapy’ in the 1930s, 
Hyman found that the mechanical interaction of 
a needle with the myocardium could induce con-
tractile activity [104]. Similarly, direct 
myocardial contact with catheters can cause 
ectopic excitation, with case reports illustrating 
termination of VT, ventricular bradycardia [52], 
and even atrial fibrillation [105]. Cardiac 
mechano-sensitivity is also exploited by cardiac 

surgeons when weaning the heart from cardio-
pulmonary bypass, where finger tapping of the 
heart may serve to restore rhythmic contractile 
activity, in particular after failed electrical defi-
brillation. Extracorporeal mechanical stimuli can 
trigger contractions in ventricular standstill [106], 
for example, to maintain consciousness in cardiac 
arrest victims [107] and (although less reliably) 
terminate VT and VF [108]. Several reports have 
also found a link between an abrupt increase in 
intra-thoracic pressure (due to coughing [109] or  
the Valsalva manoeuvre [62]) and termination of 
tachyarrhythmias, although contributions by the 
nervous system and/or improved coronary perfu-
sion have not been differentially assessed. 

7.4.3 Experimental Studies 

The use of cardiac catheterisation to terminate 
sustained cardiac arrhythmias was systematically 
explored in patients by Befeler [52], who showed 
that catheter tip stimulation of atrial and ventricu-
lar muscle is effective in reverting various rhythm 
disturbances (24% of atrial tachycardia cases, 
60% of junctional tachycardias, and 14% of VT). 

The success rate of PT has been studied with 
highly variable results. In the report by Befeler, 
27% of VT cases were successfully treated with 
PT [52], while other investigations have shown 
success rates exceeding 40% [110]. Only a hand-
ful of prospective studies on PT effects have been 
published, all of which demonstrated vanishingly 
low success rates of tachyarrhythmia termination 
by PT (below 2%) [111–114]. However, the use 
of PT may be more promising in the asystolic 
heart, where PT-induced restoration of spontane-
ous circulation was found in 50% of asystolic 
cardiac arrest victims (although this study suffers 
from low n-numbers, so extrapolation to practice 
should be done with care) [114]. 

The (limited) clinical utility of PT in the 
setting of VF [115] appears to be related to 
time-since-collapse, as all reported successful 
cases of PT-induced cardioversion occurred very 
early during the development of VF, either at the 
verge of VT deterioration [116] or within the first 
few seconds of VF [52]. Animal models of PT



have shown a similar disparity of results, with 
success rates ranging from 0% in an asphyxiated 
dog model [117] to 95% in a post-infarction pig 
model [118], suggesting that the utility of PT may 
be inversely related to myocardial tissue energy 
supply. Also, in keeping with clinical data, repet-
itive extracorporeal mechanical stimuli in a pig 
model of cardiac standstill have been shown to be 
an effective means to mechanically pace the 
heart [119]. 
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7.4.4 Underlying Mechanisms 

The mechanisms underlying mechanical induc-
tion of ectopic excitation in the asystolic heart 
have been discussed above, and similar 
mechanisms may underlie PT pacing of patients 
in ventricular standstill. The dynamic interaction 
of SAC effects with ectopic foci and/or re-entrant 
excitation in the tachycardiac heart is more 
complex. 

During mechanical stimulation in VT and VF, 
cells in the excitable gap(s) will be near the rest-
ing Vm, while others will be at various stages of 
the AP (somewhat like in the setting of CC, only 
that there will be multiple waves that co-exist in 
the tissue). Stretch of resting cells, if of sufficient 
amplitude, may cause excitation and obliterate the 
excitable gap. In cases where no re-entrant circles 
survive and no new ones are created by the inter-
vention, this may terminate the arrhythmia. 
Computational simulations have shown that this 
conceptual view is biophysically plausible, using 
two- [97] and three-dimensional models 
[120]. Interestingly, these simulations also high-
light how reduced availability in energy 
substrates may render PT less efficient. This is 
mediated via an ATP-reduction induced ‘pre-con-
ditioning’ of KATP channels, which activate more 
readily upon mechanical stimulation in ischaemic 
conditions [121]. In the models, mechanical 
co-activation of KATP channels shifts the whole-
cell ‘net’ Erev towards more negative potentials, 
compared to what would be encountered with 
SACNS activation alone. This shortens AP dura-
tion and reduces the ability of mechanical stimu-
lation to obliterate excitable gaps by 

depolarisation, with eventual failure to terminate 
re-entry, as observed in the setting of severe 
hypoxia [117]. 

7.4.5 Summary 

The anti-arrhythmic effects of mechanical stimu-
lation in various settings have been known to 
medical practitioners for over a century. PT can 
be utilised to pace the asystolic heart or, less 
successfully, to terminate tachyarrhythmias. 
These beneficial effects have been attributed to 
SACNS activation. However, reported success 
rates vary drastically, and even though PT can 
be quickly and easily applied, recent international 
resuscitation guidelines have de-emphasised PT 
as an emergency intervention in cardiac arrest 
[122, 123]. There is a concern, also, regarding 
the timing of PT, due to potential 
pro-arrhythmic effects of mechanical stimulation. 
The idea, however, that ill-timed PT would easily 
convert VT to VF has not been confirmed in most 
studies, except in the setting of pre-existing 
severe hypoxia [117]. Overall, reported PT side 
effects have been rare and minor. The variable 
success rates of PT may be related to a lack of 
training and/or variability in energy delivery by 
individuals applying PT. The scarcity of prospec-
tive study data calls for further research, to help 
identify the clinical utility of PT, and to explore 
the potential for more sophisticated mechanical 
interventions in emergency medicine and anti-
arrhythmic therapy. 

7.5 Conclusion 

The heart is an integrated electro-mechanical sys-
tem. Firmly established mechanisms underlying 
cardiac MEC effects include mechanical modula-
tion of trans-sarcolemmal ion fluxes and intracel-
lular Ca2+ handling. MEC affects heart rate and 
rhythm, from venous return-mediated changes in 
SAN pacemaker rate, to stretch-induced induc-
tion or termination of arrhythmias. 

What is less clear is the physiological rele-
vance of MEC [124]. Of course, from a regulation



theory point of view, ECC should be 
complemented by an intracardiac feedback path-
way from mechanics to electrics [125]. But per-
haps many of the ‘most striking’ examples of 
MEC effects on electrophysiology are, in fact, 
secondary to mechanisms involved in the 
mechanical modulation of contractility. Strategies 
successfully employed in skeletal muscle force 
grading, such as spatial recruitment or temporal 
summation of muscle fibre contractility, are 
ill-suited for the heart, where all cells contract 
during every cardiac cycle, where long AP 
plateaus cover most or all of the period during 
which cytosolic free Ca2+ is elevated, and where 
neuro-muscular junctions for individual cells are 
missing. Thus, cardiac myocytes must be able to 
actively adjust their own contractility to locally 
prevailing, and dynamically changing, mechani-
cal demands. If this involved mechanisms (such 
as SAC) that—in response to distension 
(or reduced active cell shortening)—allowed a 
cardiomyocyte to preserve or gain Ca2+ (whether 
directly or indirectly via Na+ influx with knock-
on effects on Na+ /Ca2+ exchanger flux balance), 
then that would offer an evolutionary advantage. 
This advantage for autoregulation of mechanics 
may well be more important than the associated 
‘side-effect’ on electrics of inward currents, 
which carry a risk of triggering ectopic excitation 
or of contributing to the sustenance of 
tachyarrhythmias. 
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Clearly, cardiac bi-directional electro-mechan-
ical cross-talk is an area for further study. What is 
without question is that the heart is an exquisitely 
mechano-sensitive organ, and that this mechano-
sensitivity has direct effects on heart rate and 
rhythm. 
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Neurocardiac Axis and Arrhythmias



Intracardiac Nervous System
Fundamental Neurocardiology: The 8 
Frank M. Smith 

Abstract 

Cardiac output is controlled by the autonomic 
nervous system to meet continually changing 
demands for the perfusion of systemic vascular 
beds. Dysfunction of autonomic control can 
contribute to a range of cardiopathies; con-
versely, robust autonomic function can help 
maintain a failing myocardium as heart 
diseases progress. Understanding the structure 
and operation of the intracardiac nervous sys-
tem is thus essential to guide the formation of 
novel neuronally-directed cardiac therapies. 
Neural control of the heart operates through a 
hierarchy of interconnected reflex loops at the 
levels of the intracardiac neural network, the 
extracardiac intrathoracic ganglia and medul-
lary and spinal autonomic nuclei. Within this 
hierarchy, the intracardiac nervous system 
represents the final common pathway for 
local cardiac control, capable of modulating 
chronotropy, dromotropy and inotropy on a 
fast, beat-by-beat basis. Intracardiac neurons 
constitute a series of interconnected ganglion-
ated plexi distributed throughout the atrial 
walls and around the atrioventricular border; 
plexus nerves innervate all regions of the heart. 
This chapter reviews the position of the intra-
cardiac nervous system in the autonomic 

control hierarchy and summarizes current 
knowledge of the neuroanatomy, physiology 
and potential roles of neuronal populations in 
cardiac control. Opportunities for future 
research to address remaining gaps in knowl-
edge of this system are discussed in terms of 
the application of new tissue imaging 
technologies, genetic manipulations and 
novel experimental models. 
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8.1 Introduction and Scope 

This chapter considers the role of the autonomic 
nervous system in controlling cardiac output to 
maintain cardiovascular homeostasis, a role that 
has been recognized at least since the middle of 
the nineteenth century. Modern concepts of the 
anatomy and organization of the autonomic ner-
vous system were crystallized by Gaskell [1], 
Langley [2], and Cannon [3], whose works car-
ried forward earlier ideas of the innervation and 
control of the viscera by the cranial and spinal 
nerves. These concepts were developed
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principally from the seventeenth century on (see 
[4] for a historical review). In the last four 
decades, the relationship between the nervous 
system and the heart has become a fertile area of 
research in which the interests of basic scientists 
and clinicians have converged. This convergence 
has led to the formation of the discipline of 
neurocardiology. A core tenet of this discipline 
is that in healthy individuals, normal control of 
the heart involves autonomic reflexes that drive 
rapid variations in cardiac output to meet chang-
ing demands for vascular perfusion under differ-
ent physiological conditions such as exercise, 
arousal and sleep. Furthermore, in a wide variety 
of cardiovascular disease states, dysfunction of 
the neurocardiac axis can parallel or even precede 
the deterioration of the pumping capability of the 
heart. Therefore changes in neural and 
myocardial components must be considered 
together in developing many cardiac diseases 
[5]. It is thus essential to establish a clear under-
standing of the fundamental principles of the 
structure and operation of the autonomic network 
controlling the heart to guide the evolution of 
effective, neurally based therapies for managing 
cardiovascular diseases. 
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Progress in neurocardiology has been compre-
hensively represented in a series of review 
articles, book chapters and books covering both 
clinical and basic aspects of this field. In a land-
mark volume on neurocardiology edited by J. A. 
Armour and J. L. Ardell [6], the opening chapter 
by Dr W. Randall succinctly describes its genesis 
[5]. Dr Randall, with whom both of these 
investigators had worked, was a pioneer in the 
field and his article continues to reward the reader 
with valuable insights into major issues still 
driving research in neurocardiology. A second, 
expanded edition of that book [7] updated prog-
ress made in the decade after the publication of 
the first edition; both of those volumes remain 
essential reading. In a 2008 review by Armour, 
summarizing more than two decades of work 
from his and others’ laboratories, codified the 
proposition that the portion of the autonomic 
nervous system lying within the heart, the intra-
cardiac nervous system (ICNS), comprised a “lit-
tle brain on the heart”, that provides fast, local 

processing of responses to intracardiac events 
[8]. In 2016, special issues on neurocardiology 
were published in the Journal of Physiology [9] 
and in Autonomic Neuroscience [10]. These 
issues included articles that comprehensively 
summarized work on basic, translational and clin-
ical aspects of autonomic control of the heart. 
Osteraas and Lee [11], Durães Campos et al. 
[12], Wake and Brack [13] and others have also 
recently reviewed aspects of neurocardiology. 
Together these reviews give a wide-ranging per-
spective of the state of this field at both central 
and peripheral levels of organization. 

At the level of the mammalian central nervous 
system, nuclei involved in determining auto-
nomic output to the heart and other viscera extend 
along the neuraxis from the insular cortex through 
the basal ganglia, hypothalamus, midbrain, 
medulla and spinal cord (see for example 
[14, 15]). These nuclei process inputs from 
generalized and specific visceral afferents con-
veying information to the central nervous system 
about changes in cardiorespiratory status. 
Cardiovascular-specific afferent information 
projecting to the central nervous system arises 
from two general populations of receptors, those 
with their somata in the petrosal and nodose 
ganglia of the vagus nerve, targeting secondary 
neurons in the nucleus of the tractus solitarius 
[16, 17] and receptors with their somata in the 
dorsal root ganglia associated with the lower cer-
vical and upper thoracic segments of the spinal 
cord, targeting the dorsal horn of the cord 
[16, 18]. These inputs drive a wide range of 
reflexes generated by central autonomic nuclei 
that modify the heart to maintain cardiovascular 
homeostasis. The outputs of these reflexes are 
conveyed to the heart by the parasympathetic 
and sympathetic limbs of the autonomic nervous 
system through populations of peripheral neurons 
located in intrathoracic and intracardiac ganglia, 
connected in networked circuitry that modulates 
the activity of effectors within the heart to modify 
cardiac output. 

The operating principles of those peripheral 
circuits are beginning to emerge from studies of 
the properties of their individual elements, the 
neurons in the intrathoracic and intracardiac



ganglia. In this system, the ICNS represents the 
final common pathway for cardiac control. In the 
present chapter, I consider current knowledge of 
the physiological properties, patterns of synaptic 
connectivity, neurotransmitter phenotypes, recep-
tor complements and cardio-modulatory 
influences of neurons in the ICNS and summarize 
the evidence for the operation of the circuitry in 
which they are embedded. Ultimately, clarifying 
the properties and functions of these neurons will 
have profound implications for the development 
of evidence-based therapies for cardiovascular 
diseases that target the intracardiac component 
of the autonomic nervous system. Clinical aspects 
of neurocardiology are considered elsewhere in 
this volume (see Chap. 9). 

8 Fundamental Neurocardiology: The Intracardiac Nervous System 153

8.2 Hierarchical and Distributed: 
An Overview of Autonomic 
Innervation of the Heart 

Autonomic neurons within the thoracic and intra-
cardiac ganglia form a network coordinating the 
activities of myocardial effector cell populations 
that collectively determine cardiac output. This 
network innervates pacemaker cells in the sino-
atrial and atrioventricular nodes, myocytes in the 
atrial and ventricular walls, the ventricular 
conducting system and the coronary vasculature. 
In the normal heart, the ongoing activity of effec-
tor cells is modulated by tonic influences and 
phasic fluctuations of inputs from this neural net-
work to precisely match cardiac output with vas-
cular perfusion demands. 

A major theme running through many of the 
reviews of neurocardiology cited in Sect. 8.1 is 
that the organization of autonomic neurons in the 
network controlling the heart is hierarchical, com-
prising several nested levels. This theme is 
embodied in a series of schematic diagrams that 
have evolved over time to encompass more and 
more elements as investigators became increas-
ingly aware of the complexity of the system and 
as additional information became available about 
the details at each level in the hierarchy. One of 
the earliest of these schematics is shown in 
Fig. 8.1 [19]. A more recent version of Fig. 8.1 

is shown in Fig. 8.2 [20] to illustrate the develop-
ment of this concept. Broad acceptance of the 
principle of hierarchical organization and its use-
fulness as a conceptual framework for thinking 
about cardiac control has provided a focus for the 
rapid expansion of the field of neurocardiology in 
recent decades. This framework will be used here 
to structure the discussion of cardiac-associated 
neurons and how they may be organized into 
networks for control of the heart. 

The “classical” concept of efferent cardiac 
innervation consists of a parallel series of simple, 
two-neuron pathways from the central nervous 
system to the target organ, in accord with the 
general plan of dual sympathetic and parasympa-
thetic efferent autonomic outflow to the viscera 
proposed by Langley [2] and Cannon [3]. In this 
scheme, sympathetic cardiac preganglionic 
neurons are located in the intermediolateral cell 
column of the spinal cord in the caudal cervical 
and cranial thoracic segments [14, 21]. Axons 
arising from these neurons exit the cord via the 
white rami to synapse on somata of postgangli-
onic neurons located predominantly in intratho-
racic ganglia (middle cervical and stellate 
ganglia) of the sympathetic paravertebral gan-
glion chain. Neurons in these ganglia in turn 
project axons via cardiac nerves [22] to target 
virtually all regions of the heart [23], acting to 
accelerate pacemaker cell discharge, increase 
contractility of atrial and ventricular myocytes, 
enhance activity in conducting tissues and induce 
changes in radius of the cardiac vasculature. Para-
sympathetic preganglionic neurons, located in the 
nucleus ambiguus, the dorsal vagal motor nucleus 
and areas between these in the medulla, give rise 
to axons coursing peripherally via the 
vagosympathetic trunks and cardiac vagal 
branches to target postganglionic neurons in 
intracardiac ganglia distributed in subepicardial 
tissue. In turn, axons from intracardiac parasym-
pathetic neurons innervate the same groups of 
cardiac effector cells as do sympathetic postgan-
glionic axons [19], influencing the activity of 
these cells in the opposite direction to the actions 
of sympathetic innervation. Thus, in this “classi-
cal” view of autonomic cardiac control, sympa-
thetic and parasympathetic drive is conveyed



from the brain to the heart by pre- to postgangli-
onic synapses functioning as basic 1:1 relays. In 
this view, it was also considered that these auto-
nomic divisions acted antagonistically on the 
heart such that when sympathetic drive was ele-
vated, parasympathetic activity was withdrawn 
and vice versa [24]. The elements of this simple 
innervation scheme can be readily identified in 
the schematics in Figs. 8.1 and 8.2. 
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Fig. 8.1 Schematic 
representation of a 
proposed hierarchical 
organization for 
populations of autonomic 
neurons involved in control 
of the heart and their 
interconnections. Three 
levels of hierarchy are 
shown: intracardiac 
neurons (“cardiac 
ganglia”); neurons within 
the thorax (“intrathoracic 
ganglia”) and central 
neurons (“medulla” and 
“spinal cord”) ([19] used by 
permission) 

This simplistic view of cardiac innervation has 
been belied by the results of studies in the last 
four decades using a variety of experimental 
models including open-chest, anesthetized mam-
malian preparations in which the heart was 
accessed in situ. The outcomes of these studies 
have driven the continued revision of our 
concepts of neural control of the heart, as 
demonstrated by (1) the addition of components 
representing populations of local-circuit neurons 

(LCN) and (2) afferent somata and their 
interconnections with the intrathoracic and intra-
cardiac levels of the hierarchy, as shown in the 
schematic of Fig. 8.1. As more information 
became available about the operation of these 
components, the schematic was modified to 
reflect the increasing complexity of the system 
(Fig. 8.2). 

According to the “classical” view of operation 
of the neurocardiac axis, all neuronal activity 
within intrathoracic and intracardiac ganglia 
should result from the activation of efferent post-
ganglionic neurons by inputs from the central 
nervous system. However, recordings of neuronal 
activity in these ganglia during electrical stimula-
tion of preganglionic axons showed that only a 
proportion of neurons were activated at the short 
latencies consistent with a monosynaptic path-
way. Other neurons responded indirectly



(presumably through multisynaptic pathways 
with varying degrees of latency) to such 
stimulations, or had activity patterns not 
correlated with the stimuli (summarized by 
Armour [19, 25]). These observations led to the 
concept of a population of neurons in peripheral 
cardiac ganglia that did not receive direct pregan-
glionic inputs but were instead involved in 
processing information originating either from 
within the ganglia or, more distally, from cardiac 
afferents [8, 19]. This concept was expressed by 
the incorporation of LCN at the levels of the 
intrathoracic and intracardiac ganglia in sche-
matic diagrams (Figs. 8.1 and 8.2). 
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Fig. 8.2 Advanced hierarchical model for neural control 
of the heart showing the elaboration of known 
interconnections between levels in the hierarchy, derived 

from studies undertaken since the schematic in Fig. 8.1 
was proposed ([20] used by permission) 

A critical question in determining the origin of 
spontaneous neuronal activity within extra- and 
intracardiac ganglia was whether this activity 
could have arisen from events in the periphery 

rather than originating from the central nervous 
system. This question was investigated by 
disconnecting these peripheral ganglia from the 
central nervous system by surgical means aimed 
at severing preganglionic inputs (decentraliza-
tion), leaving all other connections intact. In a 
landmark paper, Armour, Randall and coworkers 
[26] established that spontaneous activity in intra-
cardiac ganglia, much of which was phase-related 
to events in the cardiac cycle, continued after 
decentralization, although the overall frequency 
of this activity was reduced. Likewise, spontane-
ous neuronal activity in decentralized stellate and 
middle cervical ganglia also survived decentrali-
zation [27, 28]. These observations led to the 
proposal that afferent neurons, transducing chem-
ical or mechanical events in the heart, provided 
local inputs to LCN or directly to efferent



postganglionic neurons, thus engendering cardio-
cardiac reflexes that operated independently of 
the central nervous system. These inputs may 
have arisen as intraganglionic collaterals of car-
diac sensory axons with their somata in the dorsal 
root [16, 18, 29] or vagal nodose [30, 31] ganglia 
or from somata of afferent neurons located within 
the intracardiac or intrathoracic ganglia them-
selves [8]. This concept was illustrated by 
representing afferent neurons at the levels of the 
intrathoracic and intracardiac ganglia in the car-
diac control hierarchy (Figs. 8.1 and 8.2). 
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The presence within intracardiac ganglia of 
afferent neuronal somata (or collateral branching 
within these ganglia from axons of nodose or 
dorsal root cardiac afferents), along with LCN, 
together provide the necessary components for 
local, short-latency (on the order of <20–40 ms) 
cardio-cardiac reflexes that operate within the 
ICNS. Reflexes of slightly longer latency 
(100–200 ms) would involve projections through 
the intrathoracic ganglia [8]. Such reflexes are 
presumably capable of operating well within the 
duration of systole of a single cardiac cycle. 
Cardio-cardiac reflexes with the longest latencies 
(up to 350 ms [8]) would involve feedback from 
the heart originating from mechano- or 
chemosensitive afferents with their receptors in 
the atria or ventricles and their somata in the 
nodose ganglion or dorsal root ganglia. These 
would project to cardiomotor circuits in the cen-
tral nervous system, indicated in the schematic 
diagrams at the “central” level of the network 
hierarchy (Figs. 8.1 and 8.2). 

8.3 Elements of Intracardiac 
Neuronal Circuitry 

To date, the vast majority of data on the organi-
zation and principles of control of the heart by the 
intrathoracic and intracardiac neural networks has 
resulted from studies recording spontaneous or 
evoked axonal or ganglion cell activity along 
with the behavior of cardiac functional indices 
(e.g., heart rate, atrial and ventricular chamber 
pressures, regional chamber wall tension). This 
work has been done in a variety of experimental 

models in which the beating heart (in vivo, in situ 
or in vitro) and components of the ICNS and 
extracardiac nerves are accessible for manipula-
tion. These studies have provided major advances 
in our understanding of the principles of cardiac 
control at the systems level and are the subject of 
a number of recent reviews to which the reader is 
referred (e.g., [11, 12, 32–34]). While many of the 
issues addressed in the present chapter arise from 
aspects of this work, this material will not be 
covered in depth here. 

Extracellular recordings of action potential 
discharge in the peripheral cardiac nervous sys-
tem (particularly when multiple recording 
electrodes are used to increase the regional 
scope of data recovery; see, e.g., [35]) and the 
changes in neuronal activity evoked by electrical, 
mechanical and chemical stimulation in this sys-
tem are effective tools for enabling analysis of the 
behavior of populations of neurons. In that type of 
study, it may, however, be problematic to discern 
the ongoing activity pattern of a particular neuron 
from others recorded simultaneously at the same 
electrode site. Furthermore, the connectivity and 
physiological type of neuron from which such 
extracellular recordings are made may only be 
deduced indirectly from circumstantial evidence. 
In contrast, intracellular recordings or whole-cell 
patch recordings provide direct access to mem-
brane properties, firing behavior and postsynaptic 
responses of single neurons, usually in reduced 
preparations of isolated tissues. Such recordings 
leave no doubt about the physiological type and 
the nature of synaptic inputs for each cell sam-
pled. However, in those reduced preparations, the 
connections of the sampled neurons with 
extracardiac and distant intracardiac neurons 
have been disrupted. It is thus difficult to deter-
mine, based on single-cell recordings, what the 
roles and contributions of the sampled neurons 
might have been in the system in which they were 
originally embedded. Yet the determination of 
functional properties and input patterns of indi-
vidual autonomic neurons in the intrathoracic and 
intracardiac ganglia is essential in understanding 
how neuronal networks are built from these basic 
elements.
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A major principle of autonomic control of the 
viscera is that the sympathetic and parasympa-
thetic limbs of this system are organized into 
“function-specific pathways” that precisely target 
visceral organs and specific tissues performing 
particular functions (hence “function-specific”) 
within those organs [36–40]. Understanding the 
properties, characteristics and connections of 
individual neurons in the networks controlling 
the heart enables a fundamental step to be taken 
in unraveling the integrative capabilities of this 
network. Neurons subserving various functions 
(motor neurons, afferents and those that integrate 
and process information locally) form the basic 
elements of a variety of local reflex arcs, the 
organization and operating principles of which 
will emerge from investigations of the properties 
and connectivity of these elements. In the follow-
ing sections, I focus on the characteristics of 
intracardiac neurons and what is known of their 
connections to see how these neurons might work 
in combination to create function-specific 
pathways within the heart. 

8.3.1 Overview of the Intracardiac 
Nervous System 

Among the vertebrates autonomic innervation of 
the heart is phylogenetically ancient, with sympa-
thetic and parasympathetic pathways employing 
the same basic operating principles in all extant 
orders from Teleostei [41] to mammals [42– 
44]. Interest in the gross innervation of the heart 
has been strong for centuries (see [4] for historical 
aspects). In the last century, works by Nonidez 
[45], Mizeres [22] and others have clarified the 
anatomical pathways of cardiac nerves into the 
heart in a number of mammalian species. It was 
recognized from the late 1800s that the ICNS 
consisted of collections of ganglia, associated 
with the epicardium, that were connected together 
into ganglionated plexi [46], but the details of this 
organization have only become clear relatively 
recently. The neuroanatomy of the ganglia and 
interganglionic plexi has now been well-
established in both small and large mammals 
commonly used as experimental models in 

cardiovascular research. Among small mammals, 
the ICNS has been characterized in the mouse 
(estimated ~1000–1800 intracardiac neurons 
[47, 48]), rat (~4000 [49–51]) and guinea pig 
(~1500 [52–54]). Comparative studies of the neu-
roanatomy of the ICNS have also been done 
between rat and guinea pig [55, 56]. In larger 
mammals, the neuroanatomy of the ICNS has 
been analyzed in the pig (~3000 [57]), sheep 
(700–800 [58]) and dog (~20,000 [59]). Several 
studies have examined the innervation of the 
human heart and patterns of occurrence of gangli-
onated plexi (~40,000 [56, 60, 61]). Pauza et al. 
[56] presented a quantitative, comparative study 
of neurons in ganglionated plexi in rat, guinea 
pig, dog and human specimens, finding that the 
morphology of neuronal somata was similar 
across species and that the numbers of ganglia 
and the total numbers of neurons per heart scaled 
positively with body and heart size. 

In mammalian hearts, the ganglionated plexi 
are associated with the external walls of both 
atria, the region adjacent to the atrioventricular 
border and within the interatrial septum. The 
occurrence of ganglionated plexi in the human 
heart is illustrated in Fig. 8.3 [34], where major 
plexi have been named for their proximate cardiac 
regions. This example clearly shows the 
distributed nature of the ICNS: ganglionated 
plexi are located close to the pacemaker loci in 
the right atrium (sinoatrial and atrioventricular 
nodes), the ostia of the inferior and superior 
vena cavae, adjacent to the pulmonary vein-atrial 
wall junctions and near the roots of the pulmonary 
artery and aorta. These ganglionated plexi are 
connected together into a network by numerous 
interganglionic nerves, so that there is communi-
cation among populations of neurons located in 
all regions of the heart [62]. 

Once details of the neuroanatomy of the ICNS 
became available, these were used to design a 
variety of physiological studies to electrically 
and chemically stimulate specific loci within the 
system to map the relationships between local 
neurons and cardiac effectors. As a general 
organizing principle for the ICNS, it is tempting 
to assume that most, if not all, neurons adjacent to 
a particular cardiac effector tissue, for instance,



the SAN, would be involved in the control of that 
tissue (e.g., pacemaker discharge rate [63]). How-
ever, this assumption has proven to be an over-
simplification [64]. Certainly, neurons exist in 
right atrial ganglionated plexi near the SAN that 
do in fact affect heart rate, but subpopulations of 
neurons with their somata in most other gangli-
onated plexi in the heart can also modify heart 
rate via axons coursing in the plexus nerves to the 
SAN region. More generally, it has been firmly 
established that the ICNS constitutes a function-
ally as well as anatomically distributed system, 
with neurons in all ganglionated plexi projecting 
to effector tissues in the atria and the ventricles 
[62, 65–68]. 
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Fig. 8.3 Illustrations of distribution of major ganglionated plexi (dots) in the mammalian heart (left panel, dorsal view; 
right panel, superior view with dorsal aspect of heart toward the bottom of panel) ([34] used by permission) 

8.3.1.1 Properties of Intracardiac 
Neurons 

8.3.1.1.1 Electrophysiological Properties 
The first recordings of transmembrane potential in 
intracardiac neurons were made from cells in the 
cardiac ganglion in the interatrial septum of 
amphibian hearts in vitro [69, 70]. Those studies 
investigated the synaptophysiology of inputs to 
the neurons from vagal preganglionic axons. Two 
categories of neurons were described: (1) large 
principal cells projecting axons to the myocar-
dium and to other nearby principal cells, releasing 
acetylcholine from their terminals; and (2) a 

population of catecholamine-containing 
intercalated cells with somata smaller than those 
of principal cells and with processes that termi-
nate exclusively on nearby principal cells 
[71, 72]. Principal cells from the cardiac ganglion 
of mudpuppy, studied in an isolated tissue prepa-
ration, exhibited repetitive action potential (AP) 
firing behavior when depolarized by long-
duration intracellular current injection 
[73, 74]. A major advantage of such reduced 
preparations of the amphibian heart is that cardiac 
ganglia are readily visualized in the thin wall of 
the interatrial septum and can be easily accessed 
for electrical recording and stimulation. In con-
trast, in the mammalian ICNS, it has proven diffi-
cult to obtain intracellular recordings from ICN 
somata in situ since these are embedded in 
subepicardial tissue throughout both atria and 
near the atrioventricular border. Two general 
approaches have been taken to solve this prob-
lem. In the first, tissue containing atrial ganglion-
ated plexi are removed from the heart and the 
neurons are enzymatically dissociated and 
cultured in preparations in which sharp intracel-
lular microelectrodes or patch pipettes are used to 
record membrane potentials and ion channel 
currents. In the second approach, atrial tissues 
containing ganglionated plexi are isolated and 
dissected to expose individual ganglia for the 
impalement of neurons with sharp electrodes.



Both of these approaches have yielded insights 
into the properties of individual ICN, but the 
scope of information obtainable from each type 
of preparation is limited. 
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Dissociated and cultured ICN are free of 
associated connective tissue and are not subject 
to movement artifacts resulting from the contrac-
tion of substrate cardiomyocytes; however, these 
cells no longer have synaptic connections. This 
type of preparation has been used extensively to 
analyze passive and active membrane voltage 
properties as well as ion channel currents, AP 
firing behavior and membrane receptor-mediated 
responses to neurotransmitters, agonists and 
antagonists (see [75] for review). A key electro-
physiological property in understanding neuronal 
function is AP firing behavior during long-
duration current pulses (usually 0.2–1 s), deliv-
ered through the recording electrode to depolarize 
the membrane above the threshold for AP initia-
tion. This type of stimulation at least partially 
mimics the effect of strong excitatory synaptic 
drive on neurons in situ and has been used to 
classify cells into functional categories. Based 
on this test, cultured neurons from a variety of 
mammalian models display three main classes of 
AP discharge in response to prolonged depolari-
zation, illustrated in the example from guinea pig 
intracardiac neurons shown in Fig. 8.4 [76]. The 
most common neuronal type (65–75% of neurons 
sampled) typically discharged one AP at the start 
of prolonged (>1 s duration) depolarization 
(Fig. 8.4a, right panel). Furthermore, this type of 
neuron, when depolarized with a short (5 ms 
duration) intrasomal stimulus pulse, displayed a 
high-amplitude, prolonged afterhyperpolarization 
(AHP) following the AP (Fig. 8.4a, left panel), so 
was designated “AHs” after these characteristics. 
A second neuron type also displayed a prolonged 
AHP following single APs (Fig. 8.4b, left panel), 
but when challenged with long-duration 
depolarizing current injection, these cells pro-
duced multiple APs, initially at a high frequency 
but accommodating to a lower discharge rate as 
the stimulus continued (Fig. 8.4b, right panel). 
This type, making up 10–15% of the neurons, 
was designated “AHm” to reflect a prolonged 
AHP along with multiple AP discharges. The 

third type of neuron (10–15%) displayed contin-
uous, high-frequency AP discharge during 
sustained depolarization (Fig. 8.4c, right panel) 
but had a short-duration AHP following a single 
AP (Fig. 8.4c, left panel). This type was classed 
as “M,” reflecting its multiple and rapidly repeat-
ing AP discharge. Similar results were obtained 
by Xu and Adams [77] in neurons dissociated and 
cultured from the neonatal rat heart; those authors 
described neurons with two patterns of AHP time 
course and AP firing behavior that resembled 
those of the guinea pig AHs and M type neurons 
shown in Fig. 8.4. In cultured guinea pig and 
neonatal rat intracardiac neurons, the distinct 
AHP time courses and firing behaviors of the 
different neuron types were shown to result from 
differential membrane ion channel complements, 
thus establishing the ionic basis for the functional 
differences among these types [75]. 

Cultured neurons lack the interconnections 
present in intact ganglia, so studies such as those 
cited above cannot address questions concerning 
the organization and properties of synaptic 
connections between cells. These questions and 
others have been addressed using isolated, per-
fused preparations of atrial ganglionated plexi 
in vitro, taken from the hearts of a variety of 
mammalian species. Electrophysiological 
properties of ICN in these studies show trends 
generally similar to those in cultured ICN. Pas-
sive membrane properties (transmembrane poten-
tial, whole-cell input resistance, membrane 
capacitance and characteristics of evoked APs) 
of ICN in vitro (summarized in [78]) appear to 
be within the range of those of autonomic neurons 
in other peripheral ganglia (summarized in [79]), 
so these characteristics may not be particularly 
useful in distinguishing between functional neu-
ron types (or their roles) in the heart. However, by 
extension, from studies in cultured ICN, 
properties such as the time course and amplitude 
of AHP and AP firing behavior appear to provide 
distinctions among neuronal types in the heart 
that may be correlated with their functions. 
When analysis of these electrophysiological 
properties is combined with investigation of 
other neuronal features, such as sources of synap-
tic input or neurochemical phenotype of axon



terminals and somata, a clearer picture of the role 
of specific classes of neurons in intracardiac 
function-specific pathways may result. To 
address progress on this issue, I focus on several 
schemes for classifying ICN based on data from 
cells in ganglia with intact synaptic connections 
and what these schemes may contribute to a 
unified perspective relating the properties of 
neurons to their network functions. 
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Fig. 8.4 Intracellular 
recordings of action 
potential firing properties of 
identified intracardiac 
neurons dissociated from 
guinea pig heart and 
cultured. In a, b and c, left 
panels show responses to 
single, short intrasomally 
injected depolarizing 
current pulse; right panels 
show responses to 1 s 
duration current pulses. (a) 
Responses of AHs neuron 
subclass. (b) Responses of 
AHm subclass. (c) 
Responses of M subclass 
(see text for explanation of 
subclasses) ([75] used by 
permission) 

Figure 8.5 shows examples typical of the clas-
sification schemes that have been proposed based 
on active membrane properties of ICN from 
in vitro studies of intact ganglion preparations in 
four mammalian species. In the adult rat heart, 

Selyanko [80] proposed two general neuronal 
types: Type I and Type II (Fig. 8.5a). Type I 
neurons had relatively short AHP duration fol-
lowing a single brief stimulus that evoked an AP 
(Fig. 8.5a, trace designated “a”). These neurons 
were further categorized into two subtypes, Ib and 
Im, based on responses to long-duration 
depolarizing intracellular current injection 
(Fig. 8.5a, traces designated “b” and “c”). Type 
Ib neurons generated a short burst of APs only at 
the start of this depolarization, while Im displayed 
multiple but frequency-decrementing APs for the 
duration of depolarization. Type II neurons had a 
relatively long-duration AHP following a single



AP and produced one or a few low-frequency 
APs during long-duration depolarization 
(Fig. 8.5a, traces designated “a” and “b” 

respectively, bottom panels). No information, 
however, was provided on synaptic inputs to 
any of these neuron types. 
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Fig. 8.5 Comparison of classification systems for intra-
cardiac neurons based on intracellular recordings of mem-
brane potentials from in vitro preparations of mammalian 
hearts (see text for details). Action potentials were evoked 

by intracellular stimulus protocols similar to those used in 
Fig. 8.4.  (a) Rat (after [80]). (b) Canine [82]. (c) Guinea 
pig [84]. (d) Pig [85] (all images used by permission)
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Xi et al. [81, 82] identified R, S and N neurons 
in the canine right atrial ganglionated plexus 
based on AP firing behavior during long-duration 
depolarization (Fig. 8.5b; note, no data on AHP 
were given). Type R (“repetitive”) neurons fired 
APs for the duration of depolarization (Fig. 8.5b, 
upper left), usually with an accommodating firing 
pattern (decrementing in frequency), but a few 
cells maintained a high firing frequency through-
out. The authors indicated that nearly two-thirds 
of R neurons also generated spontaneous APs 
(that is, APs appearing in the absence of external 
stimulation). Type S (“single AP”) neurons 
generated one AP at the start of depolarization 
(Fig. 8.5b, center traces, top); half of these 
neurons showed spontaneous APs. Type N 
(“nonresponding”) neurons (Fig. 8.5b, traces at 
top right) did not respond to hyperpolarizing or 
depolarizing currents injected intracellularly at 
any intensity. These authors noted that, overall, 
AP discharge patterns of these classes of neurons 
paralleled those reported in other peripheral auto-
nomic ganglia [83], such that type R neuronal 
discharge resembled that of tonic neurons, type 
S resembled that of phasic neurons, and the lack 
of responses of type N neurons was also found in 
other ganglia. Xi et al. [82] also injected a 
neuromarker into some of the cells they sampled 
to determine if there was any correlation between 
electrophysiological class and morphology of 
ICN. Examples of the typical somatic morphol-
ogy and patterns of processes of each cell type are 
shown in Fig. 8.5b under their respective mem-
brane response traces. Some differences in 
somatic morphology were reported among these 
types, but the processes of some samples of each 
cell type were observed either to terminate 
entirely within the ganglion under study, or to 
leave the ganglion. 

In the guinea pig, Edwards et al. [84] also 
reported three classes of neurons, S, SAH, and P 
cells (Fig. 8.5c). S cells (Fig. 8.5c, upper trace) 
had a relatively short AHP and displayed frequent 
spontaneously arising postsynaptic 
depolarizations (hence the designation). These 
cells were reported to respond with only a single 
AP at the start of long-duration intracellular 

depolarization (responses not illustrated in their 
article). They described this cell type as 
discharging phasically. S cells displayed ongoing, 
spontaneous postsynaptic depolarizations, some 
of which exceeded the threshold for AP genera-
tion. All of these cells responded synaptically to 
electrical stimulation of local interganglionic 
nerves attached to the sampled ganglion, but 
very few of these cells were even weakly respon-
sive to stimulation of the vagosympathetic trunk. 
SAH cells had long AHPs (Fig. 8.5c) and 
maintained AP discharge throughout the duration 
of long intracellular depolarizing pulses. These 
cells showed strong postsynaptic depolarizations 
and AP discharge from vagosympathetic trunk 
stimulation. P cells had long AHPs (Fig. 8.5c) 
and displayed repetitive AP discharges under 
long-duration depolarization, as well as showing 
spontaneous and rhythmic AP discharge without 
apparent postsynaptic depolarizations. No post-
synaptic responses could be elicited by 
stimulating the vagosympathetic trunk or local 
nerves in this cell type. 

In pigs, ICN have been classified into three 
categories: phasic, accommodating, and tonic 
(Fig. 8.5d [85]). Phasic neurons, constituting 
40% of the neurons sampled, showed only one 
AP at the start of long-duration depolarization and 
had a relatively short-duration AHP after the AP 
(Fig. 8.5d, top panel, main trace and insert). 
These neurons all received cholinergic synaptic 
inputs from vagal preganglionic axons; some also 
received adrenergic inputs from postganglionic 
axons in cardiopulmonary nerves. Accommodat-
ing neurons (33%) displayed multiple AP firing 
that decremented during long-duration depolari-
zation and had short AHPs following the AP 
(Fig. 8.5c, middle panel, main trace and insert). 
Few of these neurons received inputs from either 
the vagosympathetic trunk or the cardiopulmo-
nary nerves. Tonically discharging neurons 
(27%) showed long AHP duration and fired APs 
continuously at a high frequency throughout the 
duration of long depolarizing pulses (Fig. 8.5d, 
bottom main trace and insert). These cells had 
neither vagosympathetic nor cardiopulmonary 
inputs.
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The above data begs the question: are there 
common features among these schemes that may 
be used to determine what the roles of the 
identified neurons might be in controlling the 
heart? First, it appears that different AP firing 
characteristics during prolonged depolarization 
are determined by specific membrane ion channel 
compositions that vary among the neuron types 
(see [75] for discussion), so a categorization 
founded on AP discharge patterns likely has a 
physiological basis. Second, neurons that could 
be identified with “phasic,” “accommodating” 
(equivalent to “adapting”) or  “tonic” firing 
behaviors occur in all of the classification 
schemes discussed here. Third, there are large 
variations among these schemes in terms of 
correlations between neuronal firing behavior 
and accompanying characteristics such as 
patterns of synaptic input or AHP duration, within 
each neuronal class. Regarding synaptic connec-
tivity, all neuron types in the classification system 
of Xi et al. [82] and Smith [85] appeared to have 
synaptic inputs. However, while SAH and P 
neurons in the scheme of Edwards et al. [84] 
had mixed accommodating and tonic firing 
patterns, only SAH neurons received synaptic 
inputs. There was thus no clear correlation 
between the source of synaptic drive and AP 
discharge behavior in that study. In the scheme 
of Smith [85], phasic neurons predominantly 
received inputs from extracardiac nerves while 
accommodating and tonic neurons were 
innervated primarily by axons of intracardiac ori-
gin. Conversely, in the scheme of Edwards et al. 
[84], S (phasic) neurons received primarily intra-
cardiac inputs, while SAH (accommodating or 
tonic) neurons received inputs from the 
vagosympathetic trunk. It is likely that at least 
some of the differences in connectivity of ICN 
among these schemes resulted from interspecies 
variations in the organization of the ICNS, given 
that data were derived from four different species. 
Additionally, many details of the features of ICN 
and their integration into the ICNS are still unex-
plored within each of these experimental models. 

In the ongoing quest for a consistent neuronal 
classification scheme, more recent studies of the 
properties of ICN at the cellular level in both 

cultured cells and intact ganglia preparations 
have used AP firing behavior as a primary char-
acteristic in categorizing cells. In cultured rat 
ICN, Xu and Adams [86] found that the majority 
of neurons sampled were phasic (85%), and the 
rest were tonic. Cuevas et al. [87], also working 
with cultured rat ICN, reported that while more 
than 90% of neurons were accommodating 
(termed “multiple adaptive firing”) at room tem-
perature, when the temperature was increased to 
37 °C more than a third of the accommodating 
neurons were converted to phasic discharge. The 
temperature of the preparation is thus a factor in 
the firing behavior of ICN, so should be consid-
ered in experimental designs. In in vitro studies of 
ICN in rat atria by Rimmer and Harper [88] and 
Dyavanapalli et al. [89] phasic, accommodating 
and tonic neurons were identified, all with synap-
tic inputs from both extracardiac and intracardiac 
sources. In a refinement of the technique of 
recording from ICN in situ, McAllen et al. [90] 
used a working heart-brainstem preparation in the 
rat to record intracellularly from ICN in the 
innervated heart. They identified neurons 
responding to activation of centrally-mediated 
cardiorespiratory reflexes that displayed either 
tonic or phasic discharge characteristics. Tonic 
neurons, which they termed “principal cells,” 
responded predominantly to reflex-driven vagal 
inputs; these neurons were proposed to be the 
major intracardiac relays from preganglionic 
neurons in the medulla to cardiac effectors. Pha-
sic neurons had synaptic inputs from intracardiac 
sources but not from the vagus; these ICN were 
proposed to represent “interneurons” that fulfill 
the role of LCN [8]. One potential limitation of 
this study was that intracellular recordings were 
made only from a limited subset of cardiac 
ganglia located near the sinoatrial node, so 
generalizing these results to the whole ICNS 
may be problematic. In a recent study by Ashton 
et al. [91] in atrial tissue isolated from rat, ICN 
with intact synaptic connections were accessed 
through whole-cell patch electrodes to record 
synaptic currents. No phasic cells were found; 
all voltage-clamp records were made from tonic 
neurons that received synaptic inputs. The 
authors reported that there was considerable



ongoing, spontaneous synaptically driven activity 
in these ICN but were unable to identify the 
source of the activity. 
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It is thus clear from the studies cited above that 
knowledge of the basic AP discharge properties 
of ICN is an important component of the overall 
characterization of the roles of these neurons in 
the intracardiac network. Inherent AP firing 
patterns of specific neuron types will control the 
frequency-dependent properties of information 
throughput by the network. However, while this 
component is a necessary factor, it is not suffi-
cient to evaluate how ICN work in function-
specific pathways in the heart. In addition to the 
inherent membrane properties of ICN, their syn-
aptic connections, axonal projections, neurotrans-
mitter phenotype and receptor complement 
remain to be established to complete the profile 
of these neuron types. 

8.3.1.1.2 Neurochemical Complexity 
In the peripheral autonomic nervous system, para-
sympathetic postganglionic neurons generally 
employ acetylcholine as their main excitatory 
neurotransmitter at neuroeffector terminals while 
sympathetic postganglionic neurons release nor-
epinephrine from their terminals (some also 
release epinephrine). Activation of subtype-
specific receptors for these neurotransmitters on 
effector cells in the visceral organs then 
determines the nature of the influence of the 
limbs of the autonomic nervous system on these 
organs. However, as studies of the neurochemical 
constitutions of various populations of peripheral 
autonomic neurons have progressed, it has 
become clear that there is a wide variety of addi-
tional neurotransmitters and neuromodulators that 
may be expressed by a given population of 
neurons. In fact, in some systems, these 
so-called “nonadrenergic, noncholinergic” 
(NANC) neurochemicals may have a greater 
influence on visceral effectors than the “main” 
neurotransmitter [92]. The patterns of 
co-localization of neurotransmitters or 
neuromodulators in autonomic neurons (termed 
“chemical coding” [37, 39, 40, 93]) are thus part 
of the overall profile identifying discrete 

populations of these cells with their roles in 
function-specific pathways. 

In the ICNS, primary parasympathetic efferent 
postganglionic neurons have been identified as 
cholinergic by the presence of choline 
acetyltransferase (ChAT), an enzyme in the syn-
thesis pathway for this neurotransmitter, or by the 
occurrence of vesicular acetylcholine transporter 
(VAChT), in their somata and processes. Simi-
larly, sympathetic postganglionic efferent 
neurons are usually identified as adrenergic by 
their expression of one or more enzymes involved 
in the synthesis of NE (most commonly tyrosine 
hydroxylase, TH). Numerous studies over the last 
three decades have used immunohistochemical 
detection of these markers to explore the distribu-
tion of parasympathetic and sympathetic ICN in a 
wide variety of mammalian hearts. Immunohisto-
chemical techniques have also been used to detect 
the coexpression of NANC neurotransmitters and 
neuromodulators, such as peptides, nitric oxide 
(NO) and glutamate in these neurons. Much of 
this work has recently been summarized by Wake 
and Brack [13]. 

In all species examined to date, the majority of 
ICN appears to be cholinergic, and many receive 
synaptic inputs from cholinergic axon terminals 
(see for example guinea pig intracardiac ganglia 
in Fig. 8.6: map, Fig. 8.6a; ChAT immunohis-
tochemistry, Fig. 8.6b [54]). At least a portion of 
this population appears to represent principal 
parasympathetic postganglionic neurons in the 
ICNS. However, many subpopulations of cholin-
ergic ICN display differential coexpression of 
NANC neurochemicals. For most of these 
subpopulations, data on their synaptic connectiv-
ity, target projections within the heart and the 
physiological effects of neurochemicals released 
by these cells are still lacking. The specific details 
of neurochemicals co-localized in cholinergic 
neurons also vary greatly depending on the spe-
cies examined [13]. The most common peptides 
co-localized in neurons expressing ChAT or 
VAChT in the ICNS across species are vasoactive 
intestinal polypeptide (VIP) and neuropeptide Y 
(NPY); in addition, ICN in many species com-
monly express neuronal nitric oxide synthetase 
(nNOS), an enzyme in the synthetic pathway for



8 Fundamental Neurocardiology: The Intracardiac Nervous System 165

Fig. 8.6 Neuroanatomy of intracardiac nervous system in 
guinea pig heart. (a) Flattened wholemount preparation of 
both atria; neuronal network identified by antibodies 
directed against the pan-neuronal marker protein gene 
product 9.5 (white lines). Edges of tissue mark atrioven-
tricular border (AV), interrupted by areas labeled PV (pul-
monary veins), IVC (inferior vena cava) and SVC 
(superior vena cava). LAA and RAA: left and right atrial 
appendages; LVN, RVN: left and right vagosympathetic 
nerve trunks (arrowheads); LCPN, RCPN: left and right 
cardiopulmonary nerves (arrowheads). Small arrows indi-
cate ganglia containing intracardiac neuronal cell bodies; 
dotted oval shows the location of sinoatrial node 

pacemaker. A line taken between the large arrows at top 
and bottom of the tissue marks the position of the junction 
of the external atrial wall with the interatrial septum (not 
shown). (b) Ganglion with labeled neuronal somata (oval-
shaped cells; protein gene product 9.5) adjacent to two 
interganglionic nerves. Smaller, lighter-staining cells and 
processes expressing tyrosine hydroxylase (arrows and 
arrowheads) are also shown; these do not overlap with 
the neuronal label. (c) Catecholamine-containing pro-
cesses with varicosities (arrowheads) associated with gan-
glion neurons (diffuse background staining). Scale bars 
represent 2.5 mm in a,  50  μm  in  b,  25  μm  in  c ([54] with 
permission)



generating NO, a gaseous transmitter with wide-
spread effects on many visceral organs. In the 
ICNS of some mammals, cholinergic neurons 
have been shown to express multiple 
neuropeptides, thus defining a series of 
subpopulations with distinct neurochemical 
profiles. For instance, in the guinea pig ICNS 
Steele and coworkers reported that neurons 
expressing combinations of the peptides somato-
statin, dynorphin, substance P, NPY and VIP 
constituted at least seven neuronal subclasses; 
this picture is further complicated by the fact 
that many but not all of these cells also expressed 
nNOS [52, 94]. Furthermore, in an extensive 
immunohistochemical study, Steele et al. [95] 
established the axonal termination patterns within 
the heart of multiple peptide-expressing 
subpopulations of ICN, showing that the sino-
atrial node, the atrioventricular node and the car-
diac valves were each innervated by several of 
these subpopulations. In human ICN, the most 
common somatic phenotype was cholinergic, 
with the majority of cells expressing nNOS. How-
ever, none of the somata in humans showed label-
ing for VIP, SP or calcitonin gene-related peptide 
(CGRP, commonly associated with the somata of 
sensory neurons), but these peptides were abun-
dant in axons and terminals throughout the 
ganglia [96]. The latter finding suggests that 
these peptide-containing elements were derived 
from neurons with their somata extrinsic to the 
heart.
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The number of neurons (<10–15% of the total 
number) in the ICNS that express TH is relatively 
small. Members of that population should have 
the capability for synthesizing and releasing NE 
(and possibly epinephrine) [53, 97–101] so they 
may represent sympathetic postganglionic 
neurons with their somata located in the ICNS. 
Certainly, when intracardiac ganglia in most parts 
of the mammalian heart are stimulated chemically 
to activate neuronal somata (but not axons that 
may be of extracardiac origin), cardio-
augmentation occurs similar to the effects of 
activating sympathetic postganglionic neurons in 
the intrathoracic ganglia via axons projecting to 
the heart [32]. On the basis of these findings, 
sympathetic efferent neurons have been 

represented at the intracardiac level of the sche-
matic diagrams of neuronal hierarchy for cardiac 
control (Figs. 8.1 and 8.2). Putative sympathetic 
postganglionic efferent neurons in the ICNS have 
also been shown to co-express peptides such as 
NPY [53]. 

Many reports have also identified TH-positive 
cells in the ganglia of the ICNS that do not 
express markers typical of neurons; such cells 
have a smaller average soma size than ICN and 
may release catecholaminergic neurotransmitters 
[54]. The function of these cells in the heart is not 
known, but it is possible that they may represent a 
form of “interneuron” as proposed by Parsons 
et al. [102] in the cardiac ganglion of the amphib-
ian. In some studies of the mammalian heart, 
these cells are reported to have pericellular 
baskets of cholinergic axon terminals. They also 
give rise to short projections that appear to con-
tact nearby cholinergic ganglion neurons 
(Fig. 8.6), reinforcing the idea that these cells 
could release catecholamines under the influence 
of cholinergic synaptic input. There is also the 
possibility that these TH-positive cells may be a 
type of “small, intensely fluorescent cell” (SIF 
cell), common in other peripheral autonomic 
ganglia (for instance, pelvic ganglia [103]). 

There is a small subpopulation of ICN in 
which individual somata may contain both cho-
linergic and adrenergic neuromarkers, reported in 
several species (guinea pig [53]; mouse [47, 99]; 
human [98]; rats, mice and human [104]). As yet, 
it is unclear what the function of such neurons 
might be, since ACh and NE have different 
influences (i.e., inhibitory versus excitatory) on 
those effectors expressing receptors for both 
neurotransmitters. It has been proposed that the 
function of such neurons may be switched, per-
haps by fluctuating local concentrations of 
neurotrophic factors that control neurotransmitter 
gene expression, to work in either sympathetic or 
parasympathetic pathways at different times and 
under different physiological conditions 
[98, 104]. However, the connectivity and physi-
ology of these neurons have not been established 
and their roles in the control of the heart are still 
unknown, leaving an intriguing gap in our knowl-
edge of this system.
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Nerve fibers containing neuropeptides (SP, 
CGRP) that are expressed by visceral afferent 
neuronal populations with their somata in the 
nodose and petrosal ganglia and the dorsal root 
ganglia (DRG) have also been reported within the 
ICNS [13, 34, 47, 99, 105, 106]. In addition, 
DRG neurons express markers for glutamate-
handling biochemistry and there are numerous 
intracardiac plexus components containing these 
markers [107]. Furthermore, mechanical and 
chemical manipulation of most parts of the myo-
cardium evoke rapid changes in ICNS activity 
that correlate with changes in the behavior of 
cardiac effectors. It has been proposed that 
collaterals of afferent axons within the heart ter-
minate on some ICN, constituting local sensory 
feedback to intracardiac circuitry about the 
dynamic state of the heart [20, 32, 33]. There is 
also evidence that the somata of some ICN con-
tain sensory neuronal markers (CGRP, SP [53]; 
glutamate [107]). These neurons may thus serve 
as intracardiac afferent neurons with their pro-
cesses entirely within the ICNS [32] (see Sect. 
8.3.1.2.2 for further discussion). Such afferent 
neurons are therefore represented within the 
ICNS in the hierarchy for cardiac control 
(Figs. 8.1 and 8.2). 

8.3.1.2 Functional Roles 
At the level of individual neurons within the 
ICNS, what practical criteria might be used dur-
ing experimental studies to identify the cell types 
labeled “efferent,” “local circuit” and “afferent” 
in Figs. 8.1 and 8.2? This question is considered 
in the discussion of function-specific neuronal 
types below. 

8.3.1.2.1 Efferent Neurons 
(i) Parasympathetic Postganglionic Efferent 
Neurons 
There is no doubt that cholinergic ICN are the 
primary parasympathetic postganglionic neurons 
in the two-neuron pathway for signaling from 
medullary preganglionic neurons to the cardiac 
effectors. However, as a number of studies have 
shown over the last four decades, not all, and 
perhaps not even the majority of ICN (depending 
at least partly on species) subserve this function. 

Even determining how many neurons are in this 
category in any species is still problematic. What 
would constitute a reasonable set of necessary 
and sufficient characteristics to define parasympa-
thetic efferent ICN, and what is the evidence for 
neurons that would fit this set? 

1. Axonal projection pattern. Each neuron in 
this category should project an axon directly 
to at least one class of cardiac effector cell 
(pacemaker, conducting system, myocytes, 
smooth muscle of vasculature) in a region of 
the heart (or multiple regions if the axon 
branches) that may lie adjacent to, or more 
distant from, the location of the ganglion in 
which the soma is located. There is anatomical 
and physiological evidence in every species 
examined so far indicating that all regions of 
the heart receive parasympathetic postgangli-
onic innervation [13, 34, 95, 108] and that 
stimulation of ICN in ganglia located in all of 
the major intracardiac plexi can affect cardiac 
function via activation of effector cells both 
adjacent to and remote from the stimulated 
ganglia [62, 65–68]. To date, there have been 
few attempts to analyze the intracardiac axonal 
projection patterns of ICN with the use of 
neurotracers. In an intracellular study of the 
morphology-function relationships of physio-
logically identified ICN [82], a neurotracer 
was injected through the recording microelec-
trode into the somata of sampled neurons. The 
processes of some of these neurons exited the 
ganglion under study via interganglionic 
nerves, but the distal targets of these 
projections could not be determined. In the 
reverse experiment, in which the neurotracer 
cholera toxin subunit B (CTB) was applied to 
the right or left atrial wall of the canine heart, 
the tracer was transported from axonal 
terminals to neuronal somata in both local 
and remotely located ganglia. In some cases, 
individual somata were labeled by CTB trans-
port from axonal branches innervating multi-
ple, well-separated injection sites 
[109]. However, somata in this study were 
not characterized on the basis of their physio-
logical properties. While these findings



While details of the number, source and neu-
rochemical phenotypes of synaptic terminals
on efferent ICN remain unknown, it is likely
that most, if not all, of these cells, will receive
inputs from several different populations of
ICN involved in local processing and possibly
from cardiac afferent axon collaterals or axons
from afferent ICN. These inputs may originate
from cells within the ganglion in which the
efferent neuron resides or from neurons in
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reinforce the general idea of the distributed 
nature of ICN projections to local and distant 
cardiac effectors, it is not clear what the spe-
cific pattern of “fanout” of axonal projections 
of specific efferent parasympathetic neurons 
may be within the heart. 

2. Transmitter release at neuroeffector 
junctions. Parasympathetic efferent neurons 
release ACh from axon terminals in the vicin-
ity of cardiac effectors, representing the ful-
crum for parasympathetic control of cardiac 
functions. Endogenously released ACh acts 
postjunctionally at primarily M2-type musca-
rinic receptors, with consequent negative 
chronotropic, inotropic and dromotropic 
effects. In addition to cholinergic 
neuroeffector transmission, these neurons 
may also release one or more of a constellation 
of neurotransmitters and neuromodulators 
(e.g., NO, VIP and NPY) from their axonal 
terminals (Sect. 8.3.1.1.2), which can modify 
the postjunctional effects of muscarinic recep-
tor activation. However, there have as yet been 
no definitive studies in functioning cardiac 
preparations on the nature of neuroeffector 
transmission from cholinergic efferent neurons 
identified either by their neurochemical 
profiles or by their specific axonal projection 
patterns to particular cardioeffectors. 

3. Convergence of synaptic inputs. Some effer-
ent postganglionic parasympathetic neurons 
receive direct synaptic input from one 
(or more) vagal preganglionic axons coursing 
into the heart from extrinsic nerves, although 
the proportion of neurons receiving such 
inputs is known to be only a small fraction of 
the total number of ICN [26, 110]. Vagal pre-
ganglionic axon terminals release ACh, caus-
ing excitatory postsynaptic potentials (EPSPs) 
in the postsynaptic membrane via activation of 
nicotinic receptors. The simplest arrangement 
for information transfer in this system, assum-
ing that preganglionic input is represented by 
one axon terminating on a single postgangli-
onic cell, would therefore consist of strong 
synaptic drive (one AP arriving at the pregan-
glionic terminal evoking a high-amplitude 

EPSP) that is suprathreshold for AP generation 
in the postganglionic neuron. This would fit 
the “classical” concept of the two-neuron 
peripheral autonomic pathway from central 
neurons to the viscera. However, data from 
studies recording extracellular AP discharge 
within the ICNS in the in situ heart show that 
this condition is rare: trains of high-frequency, 
high-intensity stimuli delivered to vagal pre-
ganglionic nerves are normally required to 
evoke even minimal AP discharge in ICN in 
efferent pathways [26, 110]. The major impli-
cation of this is that the majority of postgan-
glionic parasympathetic efferent ICN do not 
receive direct synaptic inputs from 
extracardiac preganglionic axons. Other 
investigations using intracellular recordings 
from ICN in isolated atrial preparations 
in vitro have identified a population of neurons 
with preganglionic vagal inputs 
[85, 111]. Some of these neurons display 
high-strength, unitary synaptic excitation, but 
most show evidence of polysynaptic innerva-
tion, requiring summation of inputs from mul-
tiple presynaptic terminals to reach the 
threshold for AP generation. In contrast, 
McAllen et al. [90] have reported that vagal 
preganglionic inputs to individual ICN, driven 
both by cardiorespiratory reflexes and 
vagosympathetic trunk stimulation, usually 
evoke strong, unitary postsynaptic responses 
and APs in these neurons. However, it was not 
possible in any of these studies to identify 
where in the intracardiac control pathways 
the sampled neurons resided so their identity 
as potential parasympathetic postganglionic 
neurons could not be confirmed.



other intracardiac ganglia. In any case, given 
the potential complexity of convergence of 
inputs onto efferent ICN, if there are specific 
subsets of these inputs forming differentiable 
patterns, these have not yet been established 
(see further discussion in Sect. 
below). 

8.3.1.2.3 
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4. AP discharge properties. The separation of 
ICN into discrete populations based on their 
AP firing behaviors (Sect. 8.3.1.1.1) was orig-
inally done in the hope that these behaviors 
would correlate with other characteristics such 
as input pattern or output projection to enable 
the identification of neurons in each category 
with a particular functional pathway. So far, 
however, this has not proven to be the case. 
While there appears to be general consensus 
that neurons with phasic and multiple-firing 
(accommodating or tonic) behaviors actually 
represent physiologically distinct subtypes 
(based on discrete sets of membrane ion chan-
nel complements), there are as yet no straight-
forward correlations between the firing 
behavior of a neuron and its position within a 
specific pathway or its functional role in car-
diac control. This may partly be due to inter-
species differences and partly to the fact that 
the anatomical identification of efferent 
neurons is still lacking in any species (see 
above). Therefore studies in which the somata 
of neurons are retrogradely labeled with 
neurotracers applied to various 
cardioeffectors, combined with intracellular 
recordings to determine the firing properties 
of such neurons, would represent the most 
direct way to address the question of physio-
logical to pathway-position correlation. Such 
studies have been performed in investigations 
of the enteric nervous system to help establish 
the functional characteristics of myenteric and 
submucosal neuronal populations (see [112]), 
but these techniques have not yet been applied 
to the heart. 

5. Integrative properties. The capability of a sin-
gle efferent parasympathetic postganglionic 
ICN to generate APs that modulate the activity 
of a cardiac effector will be determined by 
integration of the combination of factors 

discussed above pertaining to that particular 
neuron: the origins of synaptic input and post-
synaptic receptor types present, synaptic 
strength of different inputs and the firing 
behavior of the cell. Given that some of these 
characteristics can also be modified by ongo-
ing changes in the cardiac milieu (such as 
metabolite levels, extracellular ion 
concentrations, availability of nutritive 
substrates, local ischemia and pH [33]), the 
role of any efferent neuron will likely also 
adapt at least in the degree of its effectiveness 
if not in principle, during such variations.(-
ii) Sympathetic Postganglionic Efferent 
Neurons 

While the somata of the vast majority of sympa-
thetic neurons in the peripheral autonomic inner-
vation targeting the heart are located in the 
extracardiac intrathoracic ganglia [101], there is 
evidence that some somata lie within the ICNS 
[32, 101]. These neurons may have been 
displaced from the intrathoracic ganglia into the 
heart during development, so they could have the 
same operating characteristics as those in the 
thoracic ganglia, or they may represent a different 
subpopulation of sympathetic postganglionic 
neurons with their own set of characteristics. 
This has not been established. There is in fact 
very little known about these neurons at the cel-
lular level. Their neuroeffector terminals contain 
catecholamines (chiefly NE), so these cells should 
be distinguishable as a distinct subpopulation 
from the other neuron types in the ICNS by their 
expression of amine-synthesizing enzymes, capa-
bility for storing and releasing adrenergic 
neurotransmitters and affinity for pan-neuronal 
markers. 

1. Axonal projection pattern. By analogy with 
parasympathetic efferent neurons in the heart 
(Sect. 8.3.1.2.1, i(1)), sympathetic efferent 
ICN should project axons to neuroeffectors in 
one or more regions of the heart (diverging 
through axonal branching) and their axon 
terminals will release NE at neuroeffector 
junctions to augment effector function. Physi-
ological experiments support this supposition. 
Activation of these ICN with focal application 
of small volumes of excitatory neurochemicals
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to individual ganglia located in all parts of the 
heart evokes neurally mediated increases in 
cardiac indices [67, 113]. Those results dem-
onstrate that sympathetic postganglionic ICN 
are present and project axons to a range of 
neuroeffectors throughout the heart. It thus 
appears that, while sympathetic postganglionic 
neurons within the ICNS appear to be much 
more rare than parasympathetic neurons, 
adrenergic ICN also constitute a distributed 
control system capable of driving local and 
remote cardio-augmentatory responses. How-
ever, despite several studies that have 
identified ICN somata with adrenergic 
characteristics, thus making them likely 
candidates for sympathetic postganglionic 
ICN [53, 98, 100], there have been no studies 
of the neuroanatomy of the axonal projections 
of these neurons. 

2. Transmitter release at neuroeffector 
junctions. Sympathetic postganglionic 
neurons with their somata located in the 
ICNS will likely have axon terminal-cardiac 
effector relationships similar to those of post-
ganglionic neurons with their somata in the 
intrathoracic ganglia. Release of NE from the 
terminals of sympathetic ICN would thus be 
expected to augment chronotropic, 
dromotropic and inotropic cardiac functions. 
The neuropeptide NPY is co-localized with the 
adrenergic marker TH in the somata and 
terminals of some sympathetic ICN [53] and 
release of this peptide can modulate the effects 
of NE on cardiac myocytes [114] as well as 
reduce the negative chronotropic effect of 
parasympathetic cholinergic inputs to the 
pacemaker [115]. 

3. Convergence of synaptic inputs. The major 
synaptic input on sympathetic postganglionic 
ICN, as for postganglionic neurons in the 
intrathoracic ganglia, is likely from pregangli-
onic neurons with their cell bodies in the 
intermediolateral column of the spinal cord. 
Preganglionic terminals release ACh at the 
synaptic junction, acting at nicotinic choliner-
gic receptors on the postsynaptic membrane 
(Sect. 8.3.1.2.1, i(1)). The cardiac augmenta-
tion that results from chemical activation of 

these neurons was eliminated by propranolol, 
a β-adrenergic antagonist that blocks 
postjunctional effects of NE, as well as by 
the application of hexamethonium, a nicotinic 
cholinergic channel blocker that interrupts 
cholinergic neurotransmission to these 
cells [67]. 
There is as yet no information about 
noncholinergic synapses on sympathetic post-
ganglionic neurons in the ICNS. Studies 
identifying putative sympathetic ICN by their 
primary expression of TH [53, 99] have not 
provided details of the neurotransmitter 
phenotypes of synaptic terminals on these 
cells. 

4. AP discharge properties. No intracellular 
records have yet been made from cells 
identified as intracardiac sympathetic postgan-
glionic neurons, so the firing behavior of these 
neurons is not established. 

5. Integrative properties. Given that sympathetic 
postganglionic ICN will have synaptic inputs 
from one or more sympathetic preganglionic 
axons and that the neurochemical profiles of 
any additional synaptic contacts on these cells 
remain unclear, it is tempting to speculate that 
their capability for integration at the level of 
the soma may be limited. In the simplest case, 
these cells may receive only one strong synap-
tic preganglionic input, thus acting as simple 
relays from the autonomic motor neurons in 
the spinal cord to the cardiac effectors. How-
ever, intracellular studies of sympathetic post-
ganglionic neurons in the intrathoracic ganglia 
have shown that neurons here typically inte-
grate multiple preganglionic inputs and may 
receive additional inputs from afferent axons 
and possibly from intraganglionic processing 
neurons [8, 29, 116]. The capability for 
processing information through the network 
of intracardiac sympathetic postganglionic 
neurons is, therefore, likely to be no less com-
plex than that for their counterparts in the 
intrathoracic ganglia. 

8.3.1.2.2 Afferent Neurons 
Primary afferent neurons associated with the heart 
may be defined as those that respond to one or



more sensory modalities (mechanical stretch or 
change in the local chemical environment) with 
a receptive field limited to a restricted cardiac 
region [117]. Some of these afferent neurons can 
transduce both mechanical and chemical stimuli 
[32]. The somata of such neurons may be located 
outside the heart in the DRG, vagal sensory 
ganglia, intrathoracic ganglia or within the ICNS 
[8, 33]. Thus, within the heart, there are two 
apparent sources of sensory signaling: (1) afferent 
neurons with their somata in extracardiac ganglia 
with axons that give rise to intracardiac collaterals 
terminating on neurons within the ICNS; and 
(2) afferent neurons with their somata resident 
within the ICNS and with axons that project 
intracardially. Activation of receptor endings of 
either of these neuron types by an adequate stim-
ulus of the correct modality results in the genera-
tion of trains of APs. These in turn activate other 
ICN involved in a variety of integrative processes 
that eventually contribute to cardiac command 
signals by which the heart responds to the original 
stimulus [20]. Such afferent input into LCN and 
efferent neurons within the ICNS would thus 
provide the necessary drive for short-latency 
intracardiac reflexes [33]. 
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The observation of ongoing, spontaneous 
intracardiac neuronal activity, recorded in the 
absence of inputs from the central nervous system 
or intrathoracic ganglia (heart decentralized), was 
the first convincing physiological evidence that 
afferent neurons could be driving activity within 
the ICNS [26, 110, 118]. The fact that spontane-
ous activity could be recorded in the hearts of 
dogs up to a year after cardiac transplant 
(in those animals that did not show signs of 
regrowth of extracardiac nerves into the heart) 
further indicated that afferent neurons resident in 
the ICNS were driving this activity [119]. In 
these, and in virtually all other studies of ICN in 
the beating heart, neuronal activity was recorded 
extracellularly. It has thus not been possible to 
determine whether the source of afferent dis-
charge was the primary afferent neurons them-
selves or activity that was induced in secondary 
or higher-order neurons entrained by such pri-
mary afferent inputs [110]. The characteristics of 

primary afferent ICN at the level of individual 
cells have not been established. 

Primary cardiac afferent neurons with their 
somata in the DRG that project to the dorsal 
horn of the spinal cord express CGRP and SP 
along with markers for the synthesis of glutamate 
[107, 120] and have a stereotypical bipolar mor-
phology [55, 105]. Cardiac afferent information is 
also conveyed to the nucleus solitarius in the 
medulla via primary afferent neurons with their 
somata in the nodose and petrosal ganglia of the 
vagus. The occurrence and distribution of the 
axons of these afferent neurons within the heart 
are identifiable by the patterns of expression of 
their sensory neuromarkers. It is reasonable to 
suppose that resident cardiac afferent ICN would 
have similar profiles of neuromarkers; in fact, cell 
bodies expressing neuromarkers typical of affer-
ent neurons have been identified within the ICNS 
[53], although these are relatively rare. Some 
afferent terminals and axons in the heart also 
express the transient receptor potential vanilloid 
1 (TRPV1) ion channel [121–124]; these 
terminals are activated by a variety of chemical 
stimuli including capsaicin and bradykinin 
[121, 122, 125]. Recently the TRPV1 agonist 
resiniferatoxin has been used to overstimulate 
and thus partially deplete these channels, 
providing a method to selectively impair some 
intracardiac afferent terminals [121, 123]. This 
has allowed the contribution of these receptors 
to cardio-cardiac reflexes to be evaluated 
[123, 124]. It is, therefore, possible that the 
characteristics typical of vagal and DRG afferent 
neurons may also apply to resident afferent ICN. 

There is physiological evidence for the pres-
ence of intracardiac afferent neurons in multiple 
mammalian species. Spontaneous, ongoing activ-
ity from ICN in isolated atrial tissues in vitro has 
been reported during intracellular recording by 
several authors [84, 126, 127]. This activity gen-
erally consists of EPSPs occurring either 
irregularly or in rhythmic trains; some of these 
depolarizations exceeded the threshold for AP 
discharge. In this situation, it is not clear whether 
these neurons are themselves primary sensory 
cells or are responding to activity in a primary



neuron with a synapse on the sampled neuron. In 
some cells, APs rose directly from the baseline 
membrane potential without a preceding EPSP. 
Such activity may represent ongoing discharge of 
primary afferent neurons, perhaps responding to 
small contractions of the underlying myocardial 
substrate. 
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An attempt to correlate the firing pattern of 
ICN with other indicators of a potential afferent 
function was made by Edwards et al. [84], who 
recorded intracellularly from several classes of 
neurons in the guinea pig heart (see Sect. 
8.3.1.1.1 for details). They described one class, 
P-type neurons, that had no synaptic inputs, 
showed bipolar or pseudounipolar morphology 
after labeling with neurotracer injected via the 
recording electrode and displayed multiple AP 
discharges in response to long intracellular 
depolarizing current injection. P-type neurons 
also had consistent patterns of spontaneous, fre-
quent short depolarizations that were subthresh-
old for AP generation and occasionally 
discharged APs that rose rapidly from the base-
line membrane potential without a preceding 
EPSP. Selyanko [80] also reported that some 
ICN with the firing properties of type Im 
(Fig. 8.5) showed regular spontaneous AP 
discharges that rose directly from the baseline 
membrane potential without evidence of preced-
ing EPSPs. This author discounted the possibility 
that injury potentials resulting from poor cell 
impalement were responsible, suggesting that 
this activity was “intrinsic in origin”. Such activ-
ity may well have arisen from the transduction of 
mechanical stimuli from elements of the myocar-
dium underlying the ganglia containing the sam-
pled neurons. 

Given the attributes of extracardiac afferent 
neurons innervating the atria and ventricles, it 
would be appropriate to speculate that afferent 
neurons with their somata within the ICNS had 
similar attributes, as a starting point for 
identifying these cells. The most useful criteria 
for this may be: (1) somata and processes that 
exhibit immunohistochemistry for one or more 
of the neuropeptides associated with extracardiac 
afferent cells (CGRP and SP) with markers of 
glutamate expression also a possibility; 

(2) expression of TRPV family channels or 
stretch-activated channels in the cell membrane; 
(3) lack of synaptic inputs; (4) pseudounipolar or 
possibly bipolar cell morphology; (5) receptor 
terminals associated with the myocardium or car-
diac connective tissue; (6) membrane potential 
depolarization in response to activation of 
chemosensory or mechanosensory transduction 
mechanisms (or both), with such depolarizations 
reaching the threshold for AP discharge upon 
delivery of an adequate stimulus to the mem-
brane; (7) capability for firing APs repetitively 
under strong sensory stimulation (some of these 
neurons may show adaptation of AP firing rate); 
(8) synaptic transmission, with a high safety fac-
tor, to one or more secondary neurons. It is possi-
ble, in regard to item 8, that those afferent neurons 
make connections with nearby secondary neurons 
or with those in more distant ganglia; ultimately, 
such afferents may even project axons centripe-
tally via extracardiac nerves. 

8.3.1.2.3 Local-Circuit Neurons 
Evidence from numerous studies employing 
extracellular recordings of ICN activity in in situ 
hearts indicates that the majority of activity 
originates from neither principal postganglionic 
efferent neurons nor primary afferent neurons 
[32]. Instead, such activity is proposed to result 
from the potentially very large number of 
interactions between neurons of as yet indetermi-
nate function within the intracardiac ganglia; 
these neurons are represented in the hierarchical 
schematics of the ICNS as LCN (Figs. 8.1 
and 8.2). 

Beaumont et al. [110] showed that, in sponta-
neously beating hearts in the open-chest, 
anesthetized canine, many ICN discharged APs 
spontaneously at varying rates. Their activity 
could be modulated by manipulations including 
mechanical stimulation of the myocardium, short 
periods of left ventricular ischemia, great vessel 
occlusion, induction of atrial arrhythmia or 
extracardiac nerve stimulation. However, it is sal-
utary that none of the neurons sampled in that 
study responded directly to extracardiac inputs. 
Instead, approximately half of the neurons 
responded indirectly to electrical stimulation of



either vagal or sympathetic extracardiac nerves. A 
proportion of these ICN showed responses to 
stimulation of both extrinsic input pathways. 
The authors interpreted these results as showing 
that most ICN with responses to extrinsic inputs 
was located in intracardiac processing pathways 
that were involved in integrating information 
from central neurons but were not directly driven 
by those inputs. Many of the sampled ICN, 
whether or not they received extrinsic inputs, 
showed spontaneous activity that was locked to 
specific phases of the cardiac cycle, implying that 
this aspect of their activity originated from intra-
cardiac afferent neurons or axon collaterals 
innervating the myocardium. In keeping with 
this, about one-quarter of neurons sampled in 
this study responded to mechanical manipulation 
of the myocardium or to multiple cardiac 
stressors. 
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Given the apparent complexity of neuronal 
pathways within the ICNS and the finding that 
the majority of ICN within this system appears to 
consist of subpopulations of LCN that presum-
ably perform a variety of functions within these 
pathways, it has been proposed that LCN be 
subdivided into three classes on the basis of 
experimental evidence [110, 128]. 

(i) Secondary afferent local-circuit neurons. 
These neurons are defined as receiving 
inputs from one or more primary afferents 
mediating mechanosensory or 
chemosensory modalities (or both). The des-
ignation “secondary” refers to ICN 
contacted either monosynaptically or 
through a multisynaptic pathway by primary 
afferents. In the study of Beaumont et al. 
[110], the majority of neurons that preferen-
tially received afferent inputs certainly 
belonged to this class, as they commonly 
responded to multimodal sensory signals 
and had broad receptive fields. 

(ii) Secondary efferent local-circuit neurons. 
Neurons of this type would be entrained in 
the cardiomotor pathways between extrinsic 
vagal or sympathetic preganglionic inputs 
and cardiac effectors. They would process 

inputs derived from extracardiac sources, 
and their activity would presumably be sub-
ject to modification by intracardiac integra-
tive processes controlling the routing of 
cardiomotor information through these 
pathways. 

(iii) Convergent local-circuit neurons. These 
neurons are perhaps the least well-defined 
of the three LCN categories but may be the 
largest population in the ICNS. A substantial 
portion of ICN responding indirectly to 
extrinsic nerve stimulation was activated by 
more than one input source. These ICN 
could respond to inputs from the right or 
left vagus, the right or left sympathetic 
nerves, or from both sets of nerves 
[110, 128]. These findings are corroborated 
by intracellular microelectrode studies in 
isolated atrial tissue in vitro, in which mem-
brane potential responses of single ICN were 
recorded during electrical stimulation of the 
proximal ends of extracardiac nerves 
[85, 111]. 

In the rat heart stimulation of the stump of the 
vagosympathetic trunk attached to the preparation 
evoked EPSPs and APs in ICN (Fig. 8.7a, top 
panel [111]); bath application of mecamylamine, 
a nicotinic cholinergic antagonist, eliminated the 
nicotinic component of the EPSP, revealing a 
small noncholinergic postsynaptic depolarization 
(Fig. 8.7a, bottom panel). In this context, it is 
important to note that the stimulated nerve branch 
contains both vagal preganglionic (cholinergic) 
and sympathetic postganglionic (adrenergic) 
axons. In the pig heart, more than one-third of 
the neurons sampled responded with EPSPs to 
vagosympathetic trunk stimulation; 
depolarizations usually appeared at latencies of 
20–40 ms or longer from the stimulation pulse 
([85]; Fig. 8.7b, top trace). Some of those inputs 
exceeded the threshold for AP discharge (not 
shown). Roughly half of the ICN responding to 
vagosympathetic trunk input also responded to 
cardiopulmonary nerve stimulation with EPSPs 
(Fig. 8.7b, second trace from the top; none of 
these reached the threshold for AP discharge). In
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Fig. 8.7 Intracellular postsynaptic responses of intracar-
diac neurons to electrical stimulation of extrinsic cardiac 
nerves. (a) Isolated heart of neonatal rat. Upper panel: 
neuron responds with action potential to single presynaptic 
stimulus. Lower panel: upper trace (“control”) shows 
excitatory postsynaptic response in another neuron to sin-
gle presynaptic stimulus; response did not reach threshold 
for action potential discharge. Lower trace (“mecamyl-
amine”) shows that depolarizing response to a repeated 
presynaptic stimulus was eliminated by exposure to this 
nicotinic cholinergic antagonist. (b) Isolated heart of pig. 
From top of panel downward: Postsynaptic depolarizing 
responses of the same neuron to single-pulse stimuli deliv-
ered to attached stumps of extrinsic cardiac nerves 

(“VAGUS,” upper trace) and cardiopulmonary nerve 
(“CPN,” second trace). Stimulation of either nerve alone 
evoked excitatory postsynaptic potentials (EPSPs) that did 
not reach the threshold for action potential discharge. 
Middle trace, simultaneous stimulation of both nerves 
(“VAGUS+CPN”) evoked multiple EPSPs that summated 
to exceed threshold for action potential. Second trace from 
bottom: hexamethonium, a nicotinic antagonist, blocked 
postsynaptic responses from vagosympathetic trunk stim-
ulation (“VAGUS”). Bottom trace: timolol, a B-adrenergic 
antagonist, blocked responses from stimulating the cardio-
pulmonary nerve (“CPN”). In a and b, the stimulus artifact 
is represented by small pulse on baseline trace preceding 
responses (a:  [111]; b:  [85] with permission)



the example shown here, when both nerves were 
stimulated together, the combined EPSP 
exceeded the threshold for the AP (Fig. 8.7b, 
third trace from top). Bath application of hexame-
thonium, a nicotinic cholinergic antagonist, 
eliminated the effect of vagosympathetic trunk 
stimulation (Fig. 8.7b, second trace from bottom) 
and application of timolol, a β-adrenergic antago-
nist, blocked depolarizations from cardiopulmo-
nary nerve stimulation (Fig. 8.7b, bottom trace). 
In both studies, ICN were identified that 
responded to extrinsic nerve stimulation over a 
range of latencies, and in many of these cells, 
increasing the stimulus amplitude recruited mul-
tiple temporally- and spatially-summated EPSP 
components. It is, therefore, arguable that the 
ICN recorded in these intracellular studies could 
be examples of convergent LCN. Unfortunately, 
in neither study was a response to local, 
interganglionic nerve stimulation tested, so 
whether these neurons received synaptic inputs 
from intracardiac sources is not known.
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The concept of classification of LCN by a 
combination of (1) their responses to events trans-
duced by primary afferent inputs; (2) their con-
nectivity (or lack of it) with extrinsic autonomic 
inputs; and (3) their spontaneous discharge 
profiles entrained by the process of integrative 
network signal processing as proposed by 
Beaumont et al. [110] makes a compelling frame-
work to begin to understand how information 
may be processed in the ICNS. Furthermore, it 
appears that there is some evidence of support for 
this system at the level of single ICN, at least for 
the category of convergent LCN, as in the 
examples above. However, the characteristics of 
potential LCN of all types must be further 
investigated at the level of the single cell. 

8.4 Future Directions in Analysis 
of Intracardiac Neuronal 
Circuitry 

A critical factor in the anatomical and functional 
analysis of circuitry within the ICNS is access to 
the system for visualization and experimental 
manipulation in preparations in which in vivo 

levels of integration are maintained. In most 
mammalian models studied to date, the ICNS is 
embedded in relatively thick cardiac walls, so not 
accessible in its entirety. Functional studies on the 
physiology and synaptic interconnections of ICN 
have thus largely been done in explanted cardiac 
segments studied in vitro. This has limited the 
scope for gleaning information about the circuitry 
in which individual ICN are involved. Similarly, 
anatomical studies of the ICNS have been hin-
dered by the lack of capability for visualizing 
labeled neuronal elements in relatively thick, 
nontransparent cardiac tissue. The development 
of new tools for tissue clearance to facilitate visu-
alization of the three-dimensional organization of 
cardiac innervation in whole mammalian hearts 
with relatively low volumes, such as the mouse 
heart, has begun to solve the problem of lack of 
tissue transparency at depth. There are new 
techniques becoming available for identifying 
neurotransmitter-specific populations of ICN in 
whole, spontaneously beating hearts in situ and 
in vitro. Furthermore, enabling the membrane 
expression of light-activated channels in 
identified neuronal subpopulations of the ICNS 
will allow these populations to be selectively 
stimulated and their effects on cardioeffectors 
assessed with high precision. In addition, explo-
ration of the ICNS is being extended to encom-
pass alternative, nonmammalian experimental 
models, such as zebrafish, that provide 
advantages for analyzing the fundamental 
principles of neural control in hearts that are 
dually innervated by sympathetic and parasympa-
thetic nerves, representing archetypes for control 
of the mammalian heart. Such “simple” hearts 
face the same basic challenges of controlling car-
diac output as mammalian hearts. 

8.4.1 “Low-Volume” Mammalian 
Hearts 

The development of genetically engineered ani-
mal models in which defined lines of neurons are 
identified by their expression of specific 
neurotransmitters has begun to clarify our under-
standing of function-specific pathways within the



ICNS. This approach has been facilitated by the 
advent of the parallel development of advanced 
tissue-clearing protocols so that fluorescent 
markers genetically incorporated into neuronal 
somata and processes can be visualized at the 
single-cell level in whole organs [129– 
132]. Recent advances in microscopy techniques, 
such as light-sheet microscopy [133] and 
improvements in laser confocal microscopy, are 
also contributing to the process of visualizing 
details of the ICNS in three dimensions in the 
whole heart [34]. A prime example of the recent 
use of these techniques is the publication of an 
atlas of the ICNS in the whole rat heart: this study 
has, for the first time, provided a detailed three-
dimensional map of the intracardiac neuroanat-
omy in the mammalian heart as well as 
elaborating the organization and distribution of 
neurotransmitter-specific neuronal populations at 
the single-cell level [51]. The rich detail provided 
by such advances is now facilitating the analysis 
of the functional roles of specific populations of 
ICN in cardiac control. 
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A very powerful tool for identifying and genet-
ically manipulating specific neuronal populations 
is the use of recombinant adenoassociated viruses 
(AAV) as vectors for delivering genetic material 
into these populations [134, 135]. Such 
techniques have been used for inducing neurons 
to express fluorescent marker proteins, 
optogenetic actuators such as channelrhodopsins 
(ChR, see below) and a variety of cytosolic cal-
cium indicators and membrane voltage-sensitive 
agents. These viruses can be used to deliver 
genetic material into adult organs and tissues 
including the heart, and once delivered, the 
resulting expression of the cellular products is 
long-lasting. This technique raises the possibility 
of identifying and manipulating whole 
populations of neurotransmitter-identified ICN 
to help define the circuitry in which these neurons 
are embedded. 

A recent example of the use of a combination 
of these new techniques to explore the wiring of 
the ICNS is a study by Rajendran et al. [136] in  
the mouse heart. Here these authors have mapped 
the broad outlines of sympathetic and parasympa-
thetic intracardiac and intrathoracic circuitry 

controlling pacemaker and other cardioeffector 
functions using neuroanatomical and optogenetic 
techniques. In the ICNS, they first defined the 
detailed three-dimensional distribution of ganglia 
and nerves using a pan-neuronal, fluorescently-
tagged marker, whole-organ tissue-clearing pro-
cedure [130, 132] and visualization with confocal 
and light-sheet microscopy. They then used 
AAV-based labeling of cholinergic ICN to iden-
tify parasympathetic efferent neurons projecting 
to the SAN, the AVN and the conducting system, 
thus anatomically defining a portion of the 
function-specific neuronal pathway controlling 
heart rate and conduction (Fig. 8.8). To evaluate 
the function of this neuronal circuitry the authors 
developed a transgenic mouse line expressing 
ChR in the cell membrane of cholinergic ICN. 
Neurons expressing ChR, when exposed to pulses 
of light of the correct wavelength to open these 
channels, become depolarized and generate APs. 
Light-associated opening of ChR channels thus 
emulates excitation of these neurons by 
suprathreshold synaptic input. In an isolated prep-
aration of the spontaneously beating heart, light 
application to the inferior pulmonary ganglion-
ated plexus, adjacent to the SAN, evoked varying 
degrees of bradycardia that depended on the light 
intensity (Fig. 8.9). Activation of these ganglionic 
neurons also altered the electrocardiogram wave-
form (prolonging the P-wave) and caused ectopic 
atrial beats. These results illustrate the potential 
for the use of genetic engineering and optogenetic 
techniques to dissect the circuitry of the ICNS to 
unravel the roles of defined subpopulations of 
neurons in cardiac control. The authors were 
thus able to explore the cardiac effects of 
activating a population of cells that could repre-
sent primary efferent parasympathetic neurons, 
thus defining the output segment of one of the 
function-specific  reflex pathways within the heart 
that controls rate. It is anticipated that the combi-
nation of such new circuitry-defining techniques 
with established intracellular and patch-clamp 
recording methodology will allow the next step 
to be taken in understanding the organization and 
physiology of intracardiac reflexes.
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Fig. 8.8 Intracardiac nervous system in transgenic mouse 
heart. Left panel: schematic of dorsal aspect of heart 
showing the location of major cardiac ganglionated plexi. 
AV node, atrioventricular node; IVC, inferior vena cava; 
IPV-GP, inferior pulmonary vein ganglionated plexus; 
LA, left atrium; LV, left ventricle; PVs, pulmonary 
veins; RA, right atrium; RV, right ventricle; SA node, 
sinoatrial node; SVC, superior vena cava. Right panel 
shows enlarged image of region in dotted box in left 

panel. Cholinergic neurons in the IVP-GP and their pro-
cesses were labeled using an adenovirus-associated vec-
tor-based system (see text for details) showing cholinergic 
axons innervating the SA and AV nodes (dotted circles, 
nodal tissue identified with antibodies against 
hyperpolarization-activated, cyclic nucleotide-gated ion 
channel 4, HCN4). Scale bar in the photomicrograph 
represents 200 μm ([136] with permission) 

8.4.2 Ancestral Vertebrate Hearts: 
Alternative Models 
for Neurocardiology 

The ICNS in several amphibian and teleost fish 
species has been studied using a variety of in vitro 
experimental approaches. The earliest studies of 
vertebrate ICN were done in amphibians to deter-
mine the nature of synaptic inputs from vagal 
preganglionic neurons (see discussion in Sect. 
8.3.1.1.1). At approximately the same time, 
Saito and Tenma [137] evaluated the vagal con-
trol of pacemaker discharge in the heart of the 
carp, a cyprinid teleost fish, demonstrating that 
the principles of neural control of pacemaker 
discharge rate were broadly similar to those in 
the mammalian heart. The fish heart has one 
atrium and one ventricle, while the amphibian 
heart has a divided atrium supplying blood to a 
single ventricle; these organisms thus represent 

different evolutionary stages in progress toward 
the four-chambered hearts of mammals. Yet even 
the most ancestral version of the vertebrate heart, 
that of teleosts, is governed by dual sympathetic 
and parasympathetic autonomic inputs and has 
broadly distributed postganglionic innervation of 
the myocardium [42–44]. The single atrium and 
ventricle, operating in series in these hearts, face 
the same issues in controlling cardiac output to 
perfuse the vascular beds in the body as do mam-
malian hearts. The fish heart also has several 
advantages for neuroanatomical and structure-
function studies of the heart, including the hardi-
ness of explanted, perfused hearts and ready 
access to the entire ICNS in spontaneously beat-
ing in vitro preparations. 

The most powerful nonmammalian model 
emerging for investigating many fundamental 
research questions is the zebrafish, a cyprinid 
teleost. Studies into a broad range of questions



have burgeoned over the last three decades, and a 
number of reviews have covered the use of 
zebrafish in these investigations (i.e., [138] and 
works cited therein). This model was originally 
employed for studies of the genetics and molecu-
lar biology of embryonic development and organ-
ogenesis [139, 140] and the effects of 
mutagenesis (see the special issue of the journal 
Development 123 [1996]) as well as organ func-
tion in adults [141]. The zebrafish genome has 
been sequenced and is highly conserved to that of 
humans; there may be one or more orthologues in 
zebrafish for about 70% of human genes 
[142]. There is now extensive literature on studies 
taking advantage of zebrafish to investigate many 
aspects of basic cardiac function (e.g., [138, 143, 
144]). This model has many applications in stud-
ies of organ function: zebrafish are readily avail-
able and have modest breeding and upkeep 
requirements; fertilization is external and animals 
in early developmental stages are transparent; 
they reproduce quickly and plentifully and form 
an ideal platform for mutagenesis studies 
[145]. Moreover, the physiological range of nor-
mal heart rate, operation of the pacemaker, car-
diac electrophysiology, myocyte AP 
morphology, contractile protein function and 
some aspects of calcium handling strongly 

resemble those of human hearts [146–150]. Trans-
genic lines of zebrafish have been created with 
modified orthologues of human genes that are 
responsible for many heart defects ranging from 
channelopathies to cardiac conduction. These 
transgenics have provided clear and profound 
insights into the physiological mechanisms 
underlying such defects [144, 151–155] .  
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Fig. 8.9 Chronotropic effects of light activation of 
channelrhodopsin-expressing intracardiac neurons. Left 
panel: photograph of Langendorff preparation of mouse 
heart: light pulses from optical fiber were directed toward 
inferior pulmonary vein ganglionated plexus (IVP-GP, 
dotted oval). ECG, bath electrodes placed for surface 

electrocardiogram recording; EP (electrophysiology) cath-
eter site for recording intracardiac ECG. Right panel: 
bradycardia resulting from the application of light pulses 
to IVP-GP neurons. Upper trace: light pulses delivered at 
10 Hz; lower trace, 20 Hz. Scale bar in the left panel 
represents 1 mm ([136], with permission) 

Given these factors, our research group has 
investigated the possibility that the zebrafish 
ICNS could illuminate fundamental questions of 
organization and operation of this system. We 
have shown that all parts of the zebrafish heart 
are innervated, neurons in the ICNS are mainly 
localized at the venous pole within a plexus 
surrounding the sinoatrial valves and the vast 
majority of neuronal somata are cholinergic with 
some adrenergic and nitrergic somata also present 
(Fig. 8.10 [156]). There are approximately 
200 ICN somata within the zebrafish heart. Appli-
cation of a neuronal tracer to the ends of the left 
and right vagosympathetic trunks attached to the 
heart showed that axons in these nerves merge 
with the sinoatrial plexus. Extrinsic adrenergic 
axons terminate either on ICN somata within the 
plexus or continue through the plexus into the 
heart, diverging to innervate targets at the junc-
tion of the sinoatrial valve leaflets with the atrium



and throughout the atrial and ventricular walls. 
Extrinsic cholinergic axons terminate extensively 
on the somata of ICN throughout the plexus. An 
intriguing finding from the application of 
neurotracer to extrinsic nerves was that a few 
neuronal somata were labeled within the sino-
atrial plexus. These somata potentially represent 
afferent neurons with their axons projecting 
cardiofugally. Axons arising from some plexus 
ICN expressing the cholinergic phenotype 
terminated proximal to cells that were immunore-
active for antibodies against hyperpolarization-
activated, cyclic nucleotide-gated ion channel 
4 (HCN4, a marker for pacemaker cells in mam-
malian hearts [157]). These cells were located at 
the junctions of the sinoatrial valve leaflets with 
the atrium, forming a ring around the valve 
ostium, and were adjacent to plexus ICN 
(Fig. 8.10). This study shows that the ICNS can 
be visualized in the whole heart, that this system 
is neurochemically complex, that separate 
populations of ICN express markers indicating 
cholinergic, adrenergic or NANC phenotypes, 
that there may be afferent ICN present and that 
postganglionic axons from both parasympathetic 
and sympathetic limbs of the autonomic nervous 
system innervate all cardiac regions. Our results 
thus provide details of the neuroanatomical 

substrate involved in control of cardiac function 
in the zebrafish. 
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Fig. 8.10 Image (panel a) and schematic (panel b) of  
wholemount preparation of zebrafish heart; intracardiac 
nervous system labeled with pan-neuronal markers 
acetylated tubulin (Act, axons) and human neuronal pro-
tein C/D (Hu, somata). A, atrium; AVP, atrioventricular 
plexus; BA, bulbus arteriosus; SAP, sinoatrial plexus; V, 
ventricle. (c) Enlarged view of SAP region surrounding 

sinoatrial valve leaflets. Arrows indicate the locations of 
some of the ganglia containing intracardiac neurons. 
dSAP, vSAP: dorsal and ventral components of the 
plexus; LX, RX: entry into the plexus of left and right 
vagosympathetic trunks; O: ostium of sinoatrial valve 
between its leaflets. Scale bar in a represents 1 mm; in c, 
100 μm ([156] with permission) 

We developed an isolated preparation of the 
spontaneously beating, perfused zebrafish heart to 
study the relationship between the ICNS and 
pacemaker function (Fig. 8.11 [158]). This prep-
aration provides access to both extrinsic and 
intrinsic neural elements to dissect their roles in 
the control of heart rate. Electrical stimulation of 
attached vagosympathetic trunks activated para-
sympathetic preganglionic axons evoking brady-
cardia during the duration of stimulation 
(Fig. 8.11b). Blockade of cholinergic drive to 
the pacemaker with atropine eliminated the bra-
dycardia. A delayed, adrenergically mediated 
tachycardia occurred following the cessation of 
nerve stimulation (Fig. 8.11b), produced by acti-
vation of sympathetic postganglionic axons also 
present in the vagosympathetic trunks. Blockade 
of β-adrenergic neurotransmission eliminated this 
response. Optical imaging of the spread of elec-
trical activity in the myocardium demonstrated 
that excitation originated in the region of the 
sinoatrial valve, confirming anatomical results 
showing that the HCN4-positive cells clustered 
in this area likely constitute the primary pace-
maker. These cells express both β2-adrenergic 
and muscarinic cholinergic receptors on their



membranes, consistent with the influence of sym-
pathetic and parasympathetic activation on pace-
maker discharge rate. 
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Fig. 8.11 Effects of vagosympathetic trunk electrical 
stimulation on cardiac chronotropy in isolated zebrafish 
heart. (a) Photograph of preparation showing placement of 
electrocardiogram electrodes on atrial (aE) and ventricular 
(vE) walls. Nerve stimulation electrode is not shown. (b) 

Simultaneous electrical stimulation of both attached 
vagosympathetic trunks (0.5 ms, 300 μA pulses, 15 Hz 
pulse rate in 10 s train) evoked bradycardia during stimu-
lation, followed by poststimulus tachycardia. Scale bar in 
a represents 1 mm ([158] with permission) 

Our results from studies of the neuroanatomy 
and activation of the ICNS in the isolated 
zebrafish heart indicate that this preparation has 
the capability to provide additional insight into 
the principles governing neural control of the 
heart. The easy accessibility of the ICNS in this 
preparation for physiological experiments, as well 
as the tractability of the zebrafish for genetic 
manipulation, provides an opportunity to use the 
same advanced techniques for analyzing ICNS 
properties already in use for studies in mamma-
lian hearts. Studies designed to identify 
neurotransmitter-specific neuron populations in 
whole, living zebrafish hearts and to insert genes 
coding for light-activated ion channels into the 
membranes of these neurons to demonstrate the 
effects of optically activating ICN would begin to 
clarify the circuitry of intracardiac reflexes, lead-
ing to an improved understanding of the operating 
principles of the ICNS. 

8.5 Conclusions 

The neural control of the heart has been proposed 
to depend upon a set of feedback loops involving 
populations of neurons in the central and periph-
eral compartments of the autonomic nervous sys-
tem, illustrated in Figs. 8.1 and 8.2. At the level of 
the heart, the ICNS is the final common pathway 
for cardiac control. Intracardiac neurons integrate 
inputs from higher levels in the hierarchy along 
with a range of afferent signals from within the 
heart to generate motor outputs to the effector 
cells that determine cardiac output on a beat-by-
beat basis. The ICNS appears to be composed of 
collections of locally driven reflex circuits whose 
activity is constantly and rapidly being modified 
by changes sensed by local afferents to modulate 
motor outputs. These reflex circuits are subject to 
modulation over longer time scales by higher-
order reflexes relayed through intrathoracic and 
central loops. It is thus not surprising that the 
majority of the ICNS appears to consist of 
populations of LCN involved in the integration 
of information that ultimately sets the discharge 
rates of efferent neurons controlling the cardiac 
effectors. This, coupled with the distributed 
nature of intracardiac ganglia throughout the 
heart and the capability for ICN to influence



both local and remote cardiac regions, provides 
this system with a highly flexible control capabil-
ity. However, at the level of individual ICN, there 
remain large gaps in our knowledge related to 
their physiological types and membrane 
properties, connectivity, neurotransmitter 
phenotypes and organization into local reflexes. 
New technologies for analyzing the neuroanatom-
ical organization of this system combined with 
novel and established methodologies for studying 
neuronal circuitry within the heart will ultimately 
yield a better understanding of the integrated 
function of the ICNS in controlling cardiac output 
in the face of varying demands for whole-body 
perfusion. This understanding is essential to 
guide the development of effective, neurally 
based therapies for managing cardiovascular 
diseases. 
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Abstract 

The autonomic nervous system consisting of 
two limbs, the sympathetic and parasympa-
thetic nervous system, plays a key role in the 
modulation of various cardiac arrhythmias. 
Neurotransmitters, including catecholamines 
and acetylcholine, as well as other 
co-transmitters mediate supraventricular and 
ventricular arrhythmogenesis through distinc-
tive electrophysiologic mechanisms. The intri-
cate autonomic interplay depicts that most 
arrhythmias arise from sympathetic overactiv-
ity and parasympathetic attenuation, with the 
sympathetic nervous system mitigating the 
effects of antiarrhythmic drugs. While this 
remains true for adrenergic-driven arrhythmias 
such as atrial fibrillation, post-infarct 

ventricular tachycardia, and some long QT 
syndromes 1 and 2, parasympathetic nervous 
overactivity may act as a trigger for vagotonic 
arrhythmias including Brugada syndrome, 
long QT syndrome 3, and idiopathic ventricu-
lar fibrillation. Knowledge of the neuro-
cardiac hierarchies and awareness of different 
methods for assessment of autonomic tone, 
combined with promising results from animal 
studies, has established a clear rationale for 
clinical trials of various autonomic 
neuromodulatory interventions, which have 
had varying success for defined arrhythmias. 
Whereas cardiac sympathetic denervation 
imparts clear therapeutic benefits in patients 
with long QT syndrome 1 and polymorphic 
catecholaminergic ventricular tachycardia, the 
impact of vagus nerve stimulation in heart 
failure patients is less defined. Sustainable 
and relatable therapeutic outcomes from future 
clinical trials of neuromodulatory 
interventions dictate conscientious patient 
selection, optimized study protocols, and the 
use of reproducible biomarkers. Novel tools 
such as optogenetics present an exciting direc-
tion in the future for noninvasive 
neuromodulatory interventions. 
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9.1 Introduction 

The autonomic nervous system (ANS) is com-
posed of two limbs, the sympathetic (SNS) and 
parasympathetic nervous system (PNS), each 
exerting opposing effects in modulating 
arrhythmogenesis [1]. The ANS contributes to 
various supraventricular and ventricular 
arrhythmias through distinctive pro- and antiar-
rhythmic mechanisms. Intricate interaction occurs 
between the SNS and PNS at each anatomical 
hierarchy, from the central nervous system 
(brain and spinal cord) and intrathoracic 
extracardiac ganglia (stellate ganglia, dorsal root 
ganglia) to intrinsic cardiac nerves and ganglia, 
thereby enabling the many possibilities for auto-
nomic interventions to modulate 
arrhythmogenesis in both atria and ventricles. 
The effect of arrhythmic triggers by the SNS 
and PNS are unique to each type of arrhythmia. 
At the atrial level, atrial fibrillation (AF) can be 
triggered by both the SNS and PNS [2]. At the 
ventricular level, SNS overactivation is the hall-
mark of most arrhythmias that occur with 
myocardial ischemia and myocardial infarction 
(MI), long QT syndrome (LQTS), and catechol-
aminergic polymorphic ventricular tachycardia 
(CPVT), including benign ventricular premature 
beats, whereas the PNS confers protective effects 
against such arrhythmias [3]. On the other hand, 
the PNS contributes to ventricular arrhythmias in 
certain cardiac channelopathies (Table 9.1). 

In this chapter, the pathophysiological 
properties of SNS and PNS neurotransmitters 
will be discussed, linking their effects with vari-
ous supraventricular and ventricular arrhythmias 
through distinctive mechanisms. The chapter pro-
ceeds to describe each of these arrhythmias, 
followed by discussion of up-to-date evidence-
driven autonomic interventions applicable to the 
relevant arrhythmias. This is followed by 
outlining the current tools available for assess-
ment of autonomic tone. And finally challenges 
of current autonomic interventions and potential 
future directions will be considered. 

9.2 Autonomic Neurotransmitters 
and Their Electrophysiological 
Properties 

9.2.1 Role of Autonomic 
Neurotransmitters 
in Arrhythmogenesis 

The ANS exerts its effect on inducing and 
maintaining arrhythmias through the now well-
known neurotransmitters, catecholamines (SNS) 
and acetylcholine (PNS). Briefly, SNS and PNS 
exert opposing effects on heart rate (chronotropy) 
and conduction through the atrioventricular node 
(dromotropy). While SNS stimulation leads to 
positive chronotropy and dromotropy, PNS stim-
ulation results in negative chronotropy and 
dromotropy (i.e., slowing of sinus rate and atrio-
ventricular (AV) node conduction). Sympatho-
vagal interaction studies, however, revealed a 
phenomenon known as accentuated antagonism 
characterized by vagal dominance in both 
chronotropy and dromotropy [4]. In contrast, 
this phenomenon was absent at the ventricular 
level in terms of ventricular repolarization and 
ventricular fibrillation (VF) threshold during 
direct sympatho-vagal stimulation [5]. 

Recently SNS co-transmitters, notably neuro-
peptide Y (NPY) and galanin, were identified in 
association with certain arrhythmic states and 
play an important role in attenuating the 
chronotropic effect of the PNS. Both NPY and 
galanin reduce acetylcholine release, thereby 
attenuating vagal bradycardia through their 
corresponding receptors (NPY2, GalR1) located 
on the postganglionic vagal neurons projecting to 
the sinus node [6, 7]. At the ventricular level, 
NPY1 receptors found on cardiomyocytes exert 
pro-arrhythmic effects through the putative mech-
anism of increasing calcium transient amplitude 
and diastolic calcium sparks [7]. Indeed, in a 
study comprising 78 patients who underwent per-
cutaneous coronary interventions, 8% experi-
enced ventricular arrhythmias within 48 h, all of 
whom had noticeably elevated levels of NPY 
[8]. In an experimental ischemic and reperfusion 
model, NPY reduced VF threshold, leading to an



increased incidence of ventricular tachycardia 
(VT, 60%) and VF (10%), the effect of which 
was nullified by an NPY1-receptor antagonist. 
Elsewhere, NPY receptors were also found in 
coronary vessels, mediating a vasoconstrictor 
effect via NPY5 receptors. 
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Table 9.1 Autonomic nervous system-modulated supraventricular and ventricular arrhythmias 

ANS 

SNS PNS 

Supraventricular arrhythmias AF 
SVT (AT, AVNRT, AVRT) 
IST 
POTS 

AF 
Sinus bradycardia 
Cardioinhibitory NCS 

Ventricular arrhythmias Normal heart VT 
– OTVA 
Structural heart disease 
– Ischemic VT 
– Post-infarct VT 
– ARVC 
Channelopathies 
– CPVT 
– LQTS (LQT1, LQT2) 

LQT3 
Brugada syndrome 

AF, atrial fibrillation; ANS, autonomic nervous system; ARVC, arrhythmogenic right ventricular cardiomyopathy; AT, 
automatic tachycardia; AVNRT, atrioventricular nodal reentry tachycardia; AVRT, atrioventricular reentry tachycardia; 
CPVT, catecholaminergic polymorphic ventricular tachycardia; IST, inappropriate sinus tachycardia, LQTS, long QT 
syndrome; NCS, neurocardiogenic syncope; OTVA, outflow tract ventricular arrhythmias; PNS, parasympathetic 
nervous system; POTS, postural orthostatic tachycardia syndrome; SNS, sympathetic nervous system; SVT, supraven-
tricular tachycardia; VT, ventricular tachycardia 

9.2.2 SNS-Mediated Arrhythmic 
Triggers 

SNS and its circulating catecholamines (i.e., epi-
nephrine and norepinephrine) account for the 
induction and triggering of many arrhythmias 
(Table 9.1) via different electrophysiological 
mechanisms (Table 9.2). SNS overactivity is 
accountable for most ventricular arrhythmias, 
notably LQTS, CPVT, and those associated 
with myocardial ischemia, mediated through 
beta-adrenoreceptors and cyclic-AMP/protein-
kinase-dependent signaling pathways. On one 
hand, circulating catecholamines increase the 
rate of spontaneous depolarization, resulting in 
autonomic tachyarrhythmias. On the other hand, 
the heterogenous spatial distribution of sympa-
thetic nerve endings may result in non-uniform 
repolarization, promoting reentrant tachycardias. 
Under certain conditions such as ischemia, 

hypoxia, or electrolyte imbalance, 
cardiomyocytes become more susceptible to the 
pro-fibrillatory effect of catecholamines [9]. It has 
been postulated that occurrence of VF in early 
ischemia is driven by the local metabolic effect of 
norepinephrine as opposed to a centrally induced 
effect [9]. In this respect, pharmacological agents 
with a beta-blockade effect are effective in 
antagonizing some of these arrhythmias 
precipitated by SNS overactivity. In certain 
refractory cases, cervical sympathetic denervation 
(CSD) presents an effective therapeutic option 
[10]. Table 9.3 outlines other physiological states, 
medical conditions, and drugs associated with 
SNS overactivity. 

9.2.2.1 Physical Stress/Exercise 
The health-enhancing effect of regular moderate 
exercise is well established in both normal 
individuals and those with cardiovascular 
diseases. A strategy of gradual increments in 
exercise intensity may enhance the predominance 
of the PNS, conferring cardioprotection. Con-
versely, SNS overactivity occurs during intense 
and strenuous exercise, conferring potentially 
adverse or even detrimental effects in provocation 
and exacerbation of potentially malignant 
arrhythmias in individuals with evident or occult



EP properties of neurotransmitters
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underlying cardiovascular abnormalities. Given 
the pro-arrhythmic effects of the acute surge of 
SNS activity and its circulating catecholamines, 
acute bouts of vigorous exercise should be 
avoided in these individuals. When high-intensity 
exercise is entertained in these cases, appropriate 
screening is recommended beforehand to avoid 
unnecessary risks of adverse cardiovascular and 
arrhythmic events [11]. 
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Table 9.2 Cardiac electrophysiologic properties of the autonomic nervous system contributing to various 
arrhythmogenic mechanisms 

Arrhythmogenic mechanisms/EP 
parameters 

ANS 

SNS PNS 

Reentry APD/ERP a SNS: NE release, BAR activation 
PNS: ACh release, antagonizes NE, MR activation 

Repolarization 
dispersion 

SNS: " spatial and temporal heterogeneity 
PSNS: spatial and temporal heterogeneity 

VFT b SNS: NE ± NPY release 
PNS: ACh release 

Triggered 
activity 

EADs SNS: Ca++ overload 
PNS: Ca++ influxDADs 

Automaticity Physiological SNS: NE release, BAR activation, " L-type Ca++ and If currents 
with " SAN phase 4 slope 
PNS: ACh release, MR activation/ " K+ current with # SAN phase 
4 

Pathological SNS: NE release, BAR activation; NPY release 
PNS: ACh release, MR activation 

ACh, acetylcholine; ANS, autonomic nervous system; APD, action potential duration; BAR, beta adrenoreceptor; DADs, 
delayed afterdepolarizations; EADs, early afterdepolarizations; EP, electrophysiology; ERP, effective refractory period; 
MR, muscarinic receptor; NE, norepinephrine; NPY, neuropeptide Y; PNS, parasympathetic nervous system; SAN, sino-
atrial node; SNS, sympathetic nervous system; VFT, ventricular fibrillation threshold 
a Shorten atrial ERP and contribute to triggering AF 
b Reduce VFT in Brugada syndrome and idiopathic VF 

Table 9.3 Physiological and non-physiological triggers of autonomic nervous system overactivation 

Sympathetic nervous system Parasympathetic nervous system 

Physical stress 
Emotional/mental stress 
Sleep disorders 
Acute coronary syndrome 
Heart failure 
Metabolic syndrome 
Phaeochromocytoma/paraganglioma 
Hypoglycemia 
Surgery 
Other medical illness 
Drugs (sympathomimetics, amphetamines, 
cocaine) 

Sleep 
Regular athletic activity 
Bezold–Jarisch reflex
. Orthostasis
. Hypovolemia
. Infero-posterior myocardial ischemia/reperfusion
. Neurocardiogenic syncope (cardioinhibitory response) 
Reflex syncope
. Increased intrathoracic pressure (cough, sneeze, weight-lifting)
. Gastrointestinal stimulation (swallowing, defecation, 
endoscopy)
. Genito-urinary stimulation (micturition)
. Glossopharyngeal neuralgia 
Drugs (pilocarpine, neostigmine, pyridostigmine, arecoline) 

9.2.2.2 Emotional Stress 
SNS overactivity is an autonomic profile typified 
in acute and chronic psychological or mental 
stress among individuals with cardiovascular 
diseases, including various cardiac arrhythmias. 
It is associated with increased frequency and 
malignancy of ventricular arrhythmias. Anger, 
anxiety, sadness, and stress have been found to 
be precipitants for ventricular arrhythmias and AF 
in patients with implantable cardioverter-
defibrillators (ICDs). In contrast, happiness



appears to be protective against such arrhythmias 
[12]. It remains inconclusive whether psycholog-
ical interventions, such as in the form of 
cognitive-behavioral therapy, may alleviate 
stress-induced arrhythmias in this context 
[13, 14]. 

9 The Neuro-cardiac Axis in Arrhythmogenesis: Role and Impact of Autonomic Modulation 191

9.2.2.3 Sleep Disorders 
An optimal sleep duration of ~7 h/night may 
contribute to a balanced ANS profile. Disturbed 
sleep in the form of reduced sleep duration, low 
sleep efficiency, sleep-disordered breathing, and 
insomnia are associated with attenuated PNS tone 
and/or elevated SNS tone, thereby increasing sus-
ceptibility to arrhythmias [15–17]. Sleep 
disruptions have been associated with both AF 
and ventricular arrhythmias [17]. While acute 
sleep deprivation modifies ANS activity by 
increased SNS, chronic sleep deprivation 
produces a constant hyperadrenergic state 
associated with pro-arrhythmic consequences. In 
individuals with sleep-disordered breathing, sym-
pathetic overactivity may be one of the patholog-
ical drivers for increased incidence of arrhythmias 
[15, 16]. 

9.2.3 PNS-Mediated Arrhythmic 
Triggers 

Parasympathetic nerve fibers form synapses with 
ganglionic plexuses (GPs) on the epicardial sur-
face of the heart, facilitating adaptive changes in 
neuronal activity, i.e., neuroplasticity to fine-tune 
the neuro-cardiac status [18]. However, maladap-
tive changes of PNS overactivity or attenuation 
are a source of arrhythmogenesis [19]. One clas-
sical example is vagally induced AF due to spa-
tially heterogeneous shortening of atrial 
refractoriness (Table 9.2), forming the rationale 
for certain ablation strategies that constitute a 
degree of autonomic intervention [10]. Further-
more, Brugada syndrome and LQT3 have been 
attributed to vagotonia (Table 9.1). Yet, vagus 
nerve stimulation (VNS) was shown to reduce 
VT/VF inducibility in the setting of myocardial 
ischemia and infarct. 

The contribution to arrhythmias by ANS goes 
beyond the balance between SNS and PNS activ-
ity. On its own, VNS exerts differential effects on 
the heart based on its tonic (resting) and phasic 
activation pattern [18, 20]. For example, resting 
sinus bradycardia is common and thought to be 
normal among the athletes due to high vagal tone. 
Whereas in individuals suffering from 
neurocardiogenic syncope (NCS), the vagus 
nerve activation pattern is phasic, provoking 
cardioinhibitory and/or vasodepressor response 
under certain conditions [21]. AF in athletes, 
however, may not be solely due to vagus nerve 
overactivity as other factors such as atrial stretch, 
inflammation, and fibrosis have been implicated 
[11]. Finally, the different hierarchy of SNS and 
PNS at the neuro-cardiac axis provides a recipe 
for spatial heterogeneity in the interaction 
between the two arms of ANS with the temporal 
variation in this interaction providing additional 
mechanistic intricacies in precipitating different 
arrhythmias [22, 23]. 

9.2.3.1 Neurocardiogenic Syncope 
(NCS) 

NCS is the most common form of syncope 
manifesting as profound slowing of heart rate 
(cardioinhibitory component, Type II) and/or 
hypotension from vasodilation (vasodepressor 
component, Type III) [24]. In spite of potential 
manifestations as isolated asystole/ 
bradycardia vs. hypotension, most NCS is in 
fact a mixed response (i.e., Type I). Type II 
NCS is precipitated by cardio-inhibition by 
increased vagal input to the sinus and/or AV 
node, contributing to profound bradycardia 
(<40 bpm for >10 s) or even asystole (Type 
IIb). Type III NCS characterized by a 
vasodepressor response is attributed to a decrease 
in sympathetically mediated peripheral vasocon-
striction. NCS have several well-identified 
triggers including emotional stress and upright 
posture, as well as specific activity triggers such 
as cough, micturition, deglutition, and pain (i.e., 
situational syncope). Post-exercise rebound vago-
tonia has been described in healthy individuals 
whereby exercise-induced sympathetic activation 
is swiftly followed by a neuro-cardiac interaction



of sympathetic withdrawal coupled with exces-
sive parasympathetic overdrive at the end of the 
exercise [25]. 
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Cardio-neuroablation aiming to eliminate 
postganglionic parasympathetic neurons in atrial 
wall and GPs has been advocated as an alternative 
to pacemaker intervention for patients with medi-
cally refractory NCS with dominant 
cardioinhibitory component [26]. 

9.2.3.2 Bradyarrhythmias 
with Long-Short Sequence 

A resting sinus bradycardia is generally a reflec-
tion of a favorable autonomic profile with a dom-
inant parasympathetic state, as observed in 
athletes. However, excessive parasympathetic 
activity has been implicated in debilitating 
arrhythmias, including extreme sinus bradycar-
dia, sinus exit blocks, sinus and AV blocks, and 
cardioinhibitory NCS, all of which can lead to 
pre-syncopal and syncopal episodes with a risk 
of head injury [24]. 

Vagotonia-induced bradycardia has, in addi-
tion, been associated with certain extrasystole-
induced arrhythmias through the mechanism of 
long-short sequence. These have been found in 
patients with paroxysmal AF, LQTS, and VT/VF 
[27]. The underlying arrhythmogenic mechanism 
of long-short sequence is functional conduction 
block and/or slowed conduction, resulting in 
functional reentry when there is differential 
transmural repolarization, typically with a greater 
degree of refractoriness at midmyocardial and 
endocardial sites compared to epicardial sites 
[27]. This phenomenon has been observed in 
patients with cardiac implantable electronic 
devices (CIEDs) when an overzealous lowering 
of the pacing rate leads to bradycardia, which 
facilitates pause-dependent VT/VF in addition to 
polymorphic VT in the context of Torsades-de-
pointes (TdP) [28]. This insight forms the basis of 
a higher programmed pacing rate in the first few 
weeks following AV node ablation for rate con-
trol in drug-refractory fast AF. In patients 
presenting with complete heart block, the possi-
bility of polymorphic VT sometimes necessitates 
insertion of a temporary pacemaker for overdrive 
pacing until a definitive permanent pacemaker is 

inserted [29]. Similarly, overdrive ventricular 
pacing also effectively prevents arrhythmia 
recurrences in patients with LQTS by abolishing 
VT/VF induced by long-short sequence. On the 
other hand, continuous atrial pacing at 
75–80 bpm anecdotally prevents recurrence of 
AF in patients with CIEDs [30]. 

As such, parasympathetic-modulated 
bradycardias are not all benign, especially in 
view of potential bradycardia/pause-dependent 
VT/VFs. Although pacing interventions may cir-
cumvent these bradyarrhythmias, ANS modula-
tory interventions may avoid the use of 
pacemakers [26, 31]. It should be emphasized 
that bradycardia/pause-dependent arrhythmias 
are not exclusive to ANS dysfunction but can 
occur independently [28, 29]. 

9.3 Tachyarrhythmogenic States 
Associated with Autonomic 
Imbalance 

The two limbs of ANS modulates various supra-
ventricular and ventricular arrhythmias 
(Table 9.1) either through the dominant effect of 
one of the limbs or the convergent effect of auto-
nomic interaction via different electrophysiologic 
effects (Table 9.2). 

9.3.1 Supraventricular Arrhythmias 

Supraventricular tachycardia (SVT) associated 
with SNS overactivity can be induced by abnor-
mal automaticity or triggered activity, typically 
under physical and/or emotional stress (atrial 
tachycardia, AF), upright postures (postural 
orthostatic tachycardia syndrome), or in some 
cases without any obvious precipitant (inappro-
priate sinus tachycardia) [32]. Other SVTs 
(atrioventricular nodal reentrant tachycardia, 
atrioventricular reentrant tachycardia, atrial 
tachycardia), especially those involving the 
ANS-innervated AV node, rely on a reentrant 
mechanism when catecholamines expose differ-
ential conduction velocities in the critical part of 
the reentrant circuit [33].
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9.3.1.1 Inappropriate Sinus Tachycardia 
(IAST) and Postural Orthostatic 
Tachycardia Syndrome (POTS) 

IAST is a clinical condition characterized by 
nonparoxysmal palpitation manifesting as a 
sinus rate of >100 bpm at rest, and/or a mean 
24-h heart rate of >95 bpm without any obvious 
cause, out of proportion to physiological need 
[21]. This condition is generally regarded as a 
reflection of a hypersympathetic state, leading to 
the concept of beta-blockade as the mainstay of 
treatment to achieve sympatholysis. In some 
cases, ivabradine, a selective HCN channel (If 
current) blocker—largely considered to be with-
out any other cardiovascular effect apart from 
chronotropy—is an effective adjunct or alterna-
tive [34]. Other more invasive therapeutic 
interventions involving sinus-node modification 
through catheter ablation of atrial GPs or sympa-
thetic denervation are not recommended for treat-
ment of IAST [21]. 

POTS is a clinical syndrome manifesting with 
a myriad of symptoms including light-
headedness, palpitations, tremor, fatigue, general 
weakness, exercise intolerance, and visual blur-
ring when sinus rate increases by ≥30 bpm upon 
standing (≥40 bpm in individuals aged 12–19 
years) [21]. The underpinning mechanisms of 
POTS are complex and have been postulated to 
include peripheral autonomic denervation, 
hyperadrenergic stimulation, deconditioning, 
hypovolemia, and/or hypervigilance. Manage-
ment of POTS overlaps with that of IAST 
encompassing lifestyle modifications (increased 
fluid and salt intake, avoidance of certain drugs 
and dehydration, compression stockings, 
structured exercise) and pharmacological 
approaches (fludrocortisone, midodrine, propran-
olol, ivabradine, central sympatholytic 
agents) [21]. 

9.3.1.2 Atrial Tachycardia 
ANS imbalance with hyperadrenergic state 
contributes to neural triggers of atrial tachycardia. 
This is supported by the observation that parox-
ysmal atrial tachycardia can be abolished with 
ablation of extrinsic sympatho-vagal nerves akin 

to the effect of abolishing paroxysmal AF with 
the same method [23]. Focal atrial tachycardias 
are catecholamine-sensitive, occurring as a result 
of increased automaticity and/or triggered activity 
as opposed to reentrant mechanism in certain 
atrial tachycardia/flutter [32]. As such, focal atrial 
tachycardias tend to manifest in catecholamine-
driven states, e.g., during exercise and/or stressful 
conditions. A further corroboration arises from 
the induction of these atrial tachycardias by infu-
sion of isoproterenol during an electrophysiology 
study [32]. 

9.3.1.3 Atrial Fibrillation 
The pulmonary veins (PV) are anatomically 
linked to the left atrium (LA) through myocardial 
sleeves, the latter being extensions of atrial myo-
cardium over the PVs. These myocardial sleeves 
are typically more prominent around the superior 
than the inferior PVs, containing not only cardiac 
myocytes but also rich innervation of autonomic 
nerves [35]. Indeed, co-located sympathetic and 
vagal nerves are at their highest densities within 
5 mm of the PV-LA junction [36]. While there is 
emerging evidence suggesting that histological 
remodeling at the PV-LA junction contributes to 
the development of AF, the exact role of neural 
remodeling in AF initiation remains 
uncertain [20]. 

The atria are richly innervated by both intrinsic 
cardiac nerves and extracardiac autonomic 
nerves/ganglia, with remodeling potential under 
various conditions [36, 37]. In particular, the PVs 
and posterior LA wall demonstrate unique depo-
larization and repolarization patterns associated 
with heterogenous vagal activity during auto-
nomic manipulation, contributing to both the 
triggers and substrate for AF [37]. In a canine 
model of sustained AF induced by prolonged 
right atrial pacing, significant nerve sprouting 
and sympathetic hyperinnervation were observed 
[38]. As such, selective stimulation or inhibition 
of these extracardiac autonomic neural structures 
may form attractive therapeutic targets for auto-
nomic interventions of AF. 

While abnormal neuro-cardiac innervation at 
the PV-LA junction and other parts of LA provide 
the trigger and substrate for AF, the role of



autonomic imbalance in the modulation of AF is 
far more complex as AF itself may result in auto-
nomic disturbance, thus explaining the maxim 
“AF begets AF” [22]. Vagotonia is regarded as a 
classical trigger for AF as seen in young, healthy 
individuals with lone AF, yet stressful situations 
like acute mental stress have been shown to 
induce a transiently adverse LA electrophysiolog-
ical state and hence provide the perfect substrate 
for AF [39]. Furthermore, it is thought that the 
initiation of AF does not rely exclusively on vagal 
or adrenergic activation, but rather the complex 
interaction between SNS and PNS to achieve a 
certain level of autonomic imbalance [1]. It has 
been postulated that while PNS overactivity is the 
culprit of spontaneous AF initiation, circulating 
catecholamines provide the appropriate adrener-
gic tone to modulate the initiation and mainte-
nance of vagally triggered AF [2]. 
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Neuromodulation via low-level VNS 
(LLVNS) at voltages below the bradycardia 
threshold achieved both antiadrenergic and anti-
cholinergic effects [40, 41]. In experimental 
models of AF [41] and postoperative AF patients 
[42], LLVNS has been shown to reduce AF 
inducibility and duration. Chronic LLVNS has 
been shown to be associated with reduced stellate 
ganglia activity, leading to improved rate control 
in persistent AF [40]. 

Endurance athletes undergoing extreme exer-
cise may have maladaptation of their autonomic 
tone in addition to development of an 
arrhythmogenic atrial substrate (i.e., atrial fibro-
sis), driving the high prevalence of AF in this 
group of individuals [11]. Indeed, an 
arrhythmogenic right ventricular cardiomyopathy 
(ARVC)-like phenotype has been described in 
these individuals although the role of chronic 
SNS overactivity in this phenotype remains 
unestablished [11]. 

9.3.1.4 Atrioventricular Nodal 
Reentrant Tachycardia (AVNRT) 

The AV node forms a critical part of the reentrant 
circuit in patients with AVNRT, and is a structure 
richly innervated by autonomic nerves exerting 
positive (SNS) or negative (PNS) dromotropic 
effect. The inducibility of AVNRT by 

catecholamines is attested by triggering of tachy-
cardia in some patients during exercise and/or 
emotional stress, in addition to the occasional 
requirement for isoproterenol infusion during 
electrophysiology studies and ablation 
procedures to initiate AVNRT [43]. Furthermore, 
the reversal effect of antiarrhythmic drugs by 
adrenergic agents (e.g., isoproterenol) in patients 
with SVT suggests a key role for adjunctive use 
of beta-blockers [44]. 

Interestingly, transient inappropriate sinus 
tachycardia (IAST) has been noted following 
ablation of the AV node fast- or slow-pathway 
due to thermal injury to the parasympathetic 
fibers at the right septal region. This phenomenon 
has been postulated to be a consequence of 
radiofrequency ablation at the anterior, mid, and 
posterior aspects of the interatrial septum 
disrupting preganglionic or postganglionic para-
sympathetic fibers innervating the sinus node, 
thus producing parasympathetic denervation that 
accounts for the IAST [45]. 

9.3.1.5 Atrioventricular Reentrant 
Tachycardia (AVRT) 

In patients with pre-excitation syndromes, includ-
ing those who are asymptomatic, malignant 
arrhythmias can occur during states of increased 
sympathetic activity. Exercise and/or administra-
tion of exogeneous catecholamines may unmask 
high-risk features in patients with Wolff– 
Parkinson–White (WPW) syndrome (i.e., patients 
with manifest/antegrade accessory pathway con-
duction) [46, 47]. Thus, appropriate risk assess-
ment should be performed in these patients 
including those with purportedly low-risk 
features at baseline (i.e., intermittent 
pre-excitation) with isoproterenol/epinephrine 
administration or an electrophysiology study. 
Indeed, the use of exercise traditionally as a non-
invasive risk assessment tool has been called into 
question in one study [48]. In extreme cases, 
increased sympathetic activity such as exercise/ 
emotional stress can accelerate antegrade conduc-
tion over the accessory pathway facilitating 
degeneration of pre-excited atrial 
tachyarrhythmias (atrial flutter/AF) into VF caus-
ing sudden cardiac death (SCD) [49].
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Administration of exogeneous catecholamines 
has also been shown to partially or completely 
reverse the therapeutic effect of certain antiar-
rhythmic drugs in patients with pre-excitation 
syndromes already established on antiarrhythmic 
drugs, further cementing the requirement for 
adjunctive use of a beta-blocker in such patients 
[44, 50]. 

9.3.2 Ventricular Arrhythmias 

ANS dysfunction plays a key role in modulating 
the initiation and maintenance of ventricular 
arrhythmias. Sympathetic overdrive and para-
sympathetic attenuation are the hallmark of 
increased risk of sudden arrhythmic death in the 
setting of channelopathies, ARVC, and structural 
heart diseases (SHD) such as MI and heart failure 
[1]. SNS overactivity provides the trigger 
(increased automaticity and triggered activity) 
and the substrate (reduced action potential dura-
tion and refractoriness, reduced VF threshold) 
necessary for initiation and maintenance of 
VT/VF. In conjunction, PNS attenuation 
exacerbates pro-fibrillatory effect through 
reduced refractoriness, augmentation of disper-
sion of repolarization, and reduced VF threshold. 
However, in certain arrhythmic syndromes such 
as the Brugada syndrome and LQT3, increased 
PNS is conversely pro-arrhythmic [51]. 

9.3.2.1 Channelopathies 
The underlying arrhythmogenesis of congenital 
LQT1 and LQT2 is prolongation of the QT inter-
val by sympathetic activation. In these patients, 
heightened sympathetic activity under certain 
circumstances leads to increased malignant ven-
tricular arrhythmias with arrhythmogenic events 
among LQT1 occurring during exercise or stress, 
while those among LQT2 occur during emotional 
stress, such as provoked by auditory stimuli 
(alarm clock, telephone ring, abrupt noises), espe-
cially at rest. In comparison, the arrhythmic 
events among LQT3 patients occur during states 
of high parasympathetic tone, i.e., at rest or dur-
ing sleep. CPVT is another channelopathy relying 
on sympathetic triggers, characterized by the 

onset of bidirectional VT during exercise [1]. As 
such, patients with LQT1 and CPVT should be 
steered away from physical or emotional exertion 
to avoid potential ventricular arrhythmias. 

Similar to LQT3, ventricular arrhythmias in 
Brugada syndrome tend to manifest during states 
of high parasympathetic tone, typically during 
rest or sleep. The vagotonic trigger in combina-
tion with an underlying electrophysiologic sub-
strate (e.g., at the epicardial surface of the right 
ventricular outflow tract [RVOT]) mediates and 
perpetuates the ventricular arrhythmias 
[1, 51]. An abrupt surge in PNS activity charac-
teristically occurs before episodes of VF in 
Brugada syndrome, further supported by the 
observation of adverse ECG changes enhanced 
by parasympathomimetic agents and mitigated 
by sympathomimetic agents [1]. 

In spite of autonomic imbalance being 
strongly characterized in these channelopathies, 
the underlying molecular pathology remains the 
culprit for the manifestation of malignant ventric-
ular arrhythmias. As such, autonomic 
interventions remain limited in these conditions 
with the most success observed in LQT1. 

9.3.2.2 Arrhythmogenic Right 
Ventricular Cardiomyopathy 
(ARVC) 

ARVC is an inherited arrhythmogenic syndrome 
characterized by abnormal fibrofatty infiltration 
of the right and/or left ventricular myocardium, 
progressing from epicardial to endocardial (i.e., 
out-to-in) aspects. A high incidence of ventricular 
arrhythmias with potential SCD events tend to 
occur at times of heighted sympathetic state, 
e.g., during sports and athletic activities 
[52]. Both exercise and isoproterenol infusion 
can lead to an arrhythmogenic response in 
patients with ARVC [53]. In summary, the role 
of SNS in ARVC-related arrhythmogenesis is 
supported by the occurrence of exercise-induced 
or catecholamine-sensitive VT, as well as the 
therapeutic effect of beta-blockade. However, 
the presence of fibrofatty replacement of ventric-
ular myocardium providing the arrhythmogenic 
substrate should not be neglected. Like most 
channelopathies, the impact of autonomic



modulation is reflected by a lack of concrete 
autonomic intervention to treat ventricular 
arrhythmias in ARVC, although patients with 
ARVC are advised against competitive 
sports [54]. 
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9.3.2.3 Idiopathic Premature 
Ventricular Complexes (PVCs), 
VT, and VF 

The relationship between ANS activity and pre-
mature ventricular complexes (PVCs) is complex. 
Although PVCs commonly occur with increased 
SNS activity, these can occur in the setting of 
increased PNS activity as previously described 
[3, 11]. Most of the idiopathic focal VTs (other-
wise known as the normal heart VTs) arise from 
outflow tracts (70% RVOT), but can also arise 
from other locations (e.g., papillary muscles, left 
ventricular fascicles, mitral annulus, aortic cusps, 
and RV moderator band) [55]. The involvement 
of SNS in arrhythmogenesis is implicated by the 
inducibility of such tachyarrhythmias during 
physical and/or mental stress, as well as by cate-
cholamine infusion. Furthermore, the origin of 
RVOT PVCs and VT has been found to have 
dense sympathetic innervation, suggesting the 
impact of sympathetic hyperactivity in the trigger 
and perpetuation of RVOT PVCs and VT 
[56]. Prognosis of patients with these idiopathic 
VTs is generally benign, but life-threating 
arrhythmic events have been reported [57]. 

Idiopathic VF is a rare arrhythmic conundrum, 
comprising 1.2% of out-of-hospital cardiac 
arrests with a shockable rhythm. However, 
given its predilection for young individuals and 
its malignant presentation, it has garnered consid-
erable focus [58]. In particular, idiopathic VF 
among pediatric patients was noted to occur in 
situations associated with high adrenergic tone 
[59]. An implantable cardioverter-defibrillator 
(ICD) implantation is mandated in all survivors 
of idiopathic VF. Successful ablation of PVC 
triggers has been reported in selected cases of 
idiopathic VF [60]. Interestingly some of these 
patients were found to have elevated vagal tone, 
in association with an adverse ECG phenotype of 
J point elevation, with some similarities seen in 
Brugada syndrome [61]. 

9.3.2.4 VT/VF in Structural Heart 
Disease (SHD) 

The left stellate ganglion, an integral component 
of the cardiac SNS, modulates ventricular electro-
physiology in patients with SHD, thereby 
contributing to initiation and perpetuation of 
VT/VF. During myocardial ischemia, the myo-
cardium becomes sensitive to the catecholamines 
from increased sympathetic activity, increasing 
its susceptibility to VF [9]. Indeed, left stellate 
ganglionectomy (more commonly known as left 
cardiac sympathetic denervation, LCSD) has 
been shown to prevent post-ischemic VF in 
experimental models [62]. Correction of auto-
nomic imbalance during myocardial ischemia by 
pharmacologic stimulation of PNS with a musca-
rinic agonist has also been shown to protect 
against malignant ventricular arrhythmias [63]. 

A more elaborate and complex neural phe-
nomenon occurs during MI. Sympathetic dener-
vation occurring at the infarct zone undergoes 
neural remodeling characterized by nerve 
sprouting, heterogeneous sympathetic hyperin-
nervation with subsequent supersensitivity, and 
increased propensity for ventricular 
arrhythmogenesis [64]. Upstream autonomic 
intervention by LCSD, either with surgical or 
percutaneous approach, has been effective in 
treating patients with post-infarct ventricular 
tachyarrhythmias and electrical storm [65]. 

9.4 Autonomic Neuromodulatory 
Interventions (ANIs) 

Interventions for autonomic neuromodulation 
have been introduced in neurological practices 
for over two decades, treating conditions such as 
epilepsy and depression [66]. As the knowledge 
of different ANS hierarchy at the neuro-cardiac 
axis expands [67], there has been a growing inter-
est to develop autonomic neuromodulatory 
interventions (ANIs) aiming at different targets 
of the ANS hierarchy to treat a variety of cardio-
vascular diseases, in particular heart failure and 
arrhythmias [68]. ANIs may include lifestyle 
practices, pharmacological agents, and



percutaneous and surgical interventions. Lifestyle 
practices such as habitual moderate aerobic exer-
cise have been shown to improve ANS balance 
while mind-and-body practices including yoga 
and meditation may also exert a restorative effect 
on ANS imbalance [11, 20]. In this section, the 
antiarrhythmic impact of ANIs in clinical 
neurocardiology, from drug therapy to invasive 
approaches, will be discussed, focusing on the 
different modalities available for supraventricular 
and ventricular arrhythmias, respectively. Pro-
spective clinical trials of ANIs are summarized 
in Tables 9.4 and 9.5 for corresponding supraven-
tricular and ventricular arrhythmias. 
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9.4.1 Fundamental Principles 
of Autonomic 
Neuromodulatory 
Interventions 

ANIs, similar to other neuro-stimulatory 
interventions, exhibit memory, allowing short 
interventional duration to provide long-lasting 
therapeutic effects [90, 91]. The physiological 
phenomenon of long-term potentiation or long-
term depression, i.e., stimulatory or inhibitory 
effects of neuro-stimulation extending beyond 
the interventional period, is preserved in ANIs 
[92]. Indeed, cardiac GP has been shown to 
exhibit synaptic plasticity, a property that allows 
the neurons to strengthen synaptic communica-
tion to achieve long-term potentiation or long-
term depression [93]. 

Different approaches of ANIs acting at either 
limb of the ANS at various hierarchies have been 
developed over the years, although the underlying 
therapeutic mechanisms remain to be fully 
elucidated. Several mechanisms have been pro-
posed, including restoration of ANS neurotrans-
mitter balance, potentiation of nitric oxide 
pathways, and inhibition of downstream pro-
cesses including inflammation, fibrosis, and apo-
ptosis [94–99]. 

9.4.2 Autonomic Modulation 
for Supraventricular 
Arrhythmias 

9.4.2.1 Beta-Blocker 
Beta-blocker therapy is an established pharmaco-
logical agent for all catecholamine-driven and/or 
exercise-induced arrhythmias. They act as a com-
petitive antagonist for adrenoreceptors, specifi-
cally β1-receptors, which constitute 80% of the 
adrenoreceptors in the heart [100]. By inhibiting 
the effect of epinephrine and norepinephrine, they 
effectively counteract the arrhythmogenic effect 
of SNS activity. Unlike other antiarrhythmic 
drugs, they are virtually free from 
pro-arrhythmic effect and therefore present a 
safe and effective therapeutic option. 

In patients with AVNRT or AVRT, which 
classically are triggered by SNS activity, beta-
blocker therapy is a useful adjunctive therapy 
[44, 50]. In AF, beta-blockers are used primarily 
for control of ventricular rate, but in a subset of 
patients with adrenergic AF triggered by anger or 
stress, beta-blockers have a role in rhythm con-
trol, attenuating the SNS response [101]. The 
rhythm control property of beta-blockers has 
also been demonstrated in persistent AF follow-
ing electrical cardioversion [102]. 

9.4.2.2 Vagus Nerve Stimulation (VNS) 
Increased vagal activity with the resultant 
prolongation of atrial effective refractory period 
(ERP) is a well-known trigger for atrial fibrilla-
tion [103]. As such, the use of VNS in 
suppressing AF appears counterintuitive. While 
high-level VNS achieving >60% sinus rate 
slowing promotes AF inducibility, mild to mod-
erate levels of VNS producing <40% sinus rate 
slowing do not have an impact on the inducibility 
of AF [104]. Studies using LLVNS, i.e., at levels 
10 or 50% below the bradycardia threshold, in 
fact exhibit a strong antiarrhythmic effect [40, 41, 
105, 106]. The targets of LLVNS appear to be the 
efferent nerve endings and the GPs. The lack of 
antiarrhythmic effect on sectioned sympatho-
vagal trunks supports the notion that LLVNS 
mediates its AF suppressive effect at the efferent
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nerve endings [107]. In one study, LLVNS 
suppressed the bradycardic response from ante-
rior right GP stimulation as well as markedly 
reduced both frequency and amplitude of the 
neural activity recorded from the anterior right 
or superior left GPs [105]. In another study, 
LLVNS of the right vagus nerve alone exerted a 
profound antiarrhythmic effect sufficient to sup-
press the neural activity of both adrenergic and 
cholinergic components of the intrinsic cardiac 
nerve [41]. 
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Table 9.4 Summary of prospective clinical trials of autonomic neuromodulation for supraventricular arrhythmias in 
humans 

Clinical trial/ 
first author 

Vagus nerve 
stimulation 

Stavrakis et al. 
[42] 

Randomized 
sham-controlled 
trial 

Patients undergoing cardiac 
surgery 

54 # postoperative AF 
incidence 

Tragus 
stimulation 

Stavrakis et al. 
[69] 

Randomized 
sham-controlled 
trial 

Patients with paroxysmal AF 
undergoing EP study 

40 # inducible AF 
duration during EP 
study 

TREAT-AF 
[70] 

Randomized 
sham-controlled 
trial 

Paroxysmal AF 53 # AF burden at 
6 months 

Renal 
denervation 

Pokushalov 
et al. [71] 

Randomized open-
label trial 

Paroxysmal/persistent AF and 
resistant hypertension 

27 # recurrence of 
atrial 
tachyarrhythmia at 
3 months 

AFFORD [72] Single-arm 
feasibility trial 

Paroxysmal/persistent AF and 
hypertension 

20 # AF burden at 
12 months 

ERADICATE-
AF [73] 

Randomized open-
label trial 

Paroxysmal AF undergoing AF 
ablation 

302 " freedom from 
AF, AFL, or AT 
recurrence at 
12 months 

Ganglionated 
plexus 
ablation 

Kampaktsis 
et al. [74] 

Meta-analysis of 
4 randomized 
controlled trials 
[75–78] 

Paroxysmal/persistent AF 
undergoing thoracoscopic [75] or  
catheter-based [76–78] AF  
ablations 

718 " freedom from 
AF/AT recurrencea 

AF, atrial fibrillation; AFFORD, atrial fibrillation reduction by renal sympathetic denervation; ERADICATE-AF, effect 
of renal denervation and catheter ablation vs. catheter ablation alone on atrial fibrillation recurrence among patients with 
paroxysmal atrial fibrillation and hypertension; TREAT-AF, transcutaneous electrical vagus nerve stimulation to 
suppress atrial fibrillation 
a Results driven by catheter-based AF ablation trials 

In an experimental model of ambulatory dogs, 
LLVNS of the left vagus nerve suppressed left 
stellate ganglion neural activity which occurs in 
the morning as well as decreased tyrosine-
hydroxylase positive cells in the left stellate gan-
glion 1-week post-LLVNS [40]. Importantly, AF 
inducibility by rapid atrial pacing in these dogs 
was prevented by left-sided LLVNS [40]. In a 

follow-up study by the same group of 
investigators, chronic LLVNS was shown to pro-
duce left stellate ganglion damage, resulting in 
attenuated ganglionic activity [108]. 

Application of LLVNS in clinical studies is 
currently limited to its demonstrated effect in the 
treatment of postoperative AF. One study 
randomized 54 patients undergoing cardiac sur-
gery to active or sham LLVNS [42]. LLVNS was 
achieved by suturing a bipolar wire to the pregan-
glionic vagus nerve fibers along the lateral aspect 
of the superior vena cava, and by delivering a 
mean 61 h of VNS (20 Hz, 50% bradycardia 
threshold). At 1-month follow-up, the incidence 
of postoperative AF was significantly lower in the 
LLVNS group compared to the sham group. 

The electrophysiologic mechanism underlying 
LLVNS in AF suppression may involve 
prolongation of atrial and PV ERPs, but the



Study design Selection criteria N Outcome

#

#

induced structural changes during LLVNS should 
be highlighted: upregulation of atrial gap 
junctions by preventing loss of atrial connexins 
and phenotype-switching between adrenergic and 
cholinergic nerve fibers [22, 40, 41]. In support of 
the potential anti-inflammatory role of VNS 
beyond AF suppression through an antiadrenergic 
effect, there was a significant effect in peptide 
neuromodulation and reduction of inflammatory 
cytokines associated with VNS [109]. 
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Table 9.5 Summary of prospective clinical trials of autonomic neuromodulation for ventricular arrhythmias in humans 

ANI 
modality 

Clinical trial/ 
first author 

Vagus nerve 
stimulation 

De Ferrari et al. 
[79] 

Single-arm 
open-label trial 

Systolic heart failure, 
NYHA class II or III, 
LVEF ≤35% 

32 Significant improvement in 
NYHA class, QoL, 6-min walk 
distance 

ANTHEM-HF 
[80] 
ENCORE [81] 

Randomized 
open-label trial 

Systolic heart failure, 
NYHA class II or III, 
LVEF ≤40% 

60 Significant improvement in 
NYHA class, LVEF, HRV 

INOVATE-HF 
[82] 

Randomized 
open-label trial 

Systolic heart failure, 
NYHA class II or III, 
LVEF ≤40% 

707 No significant difference in 
all-cause mortality or 
worsening heart failure 

NECTAR-HF 
[83] 

Randomized 
single-blind trial 

Systolic heart failure, 
NYHA class II or III, 
LVEF ≤35% 

96 No significant change in 
LVESV or LVEF at 6 months 

Tragus 
stimulation 

Yu et al. [84] Randomized 
sham-controlled 
trial 

Patients with STEMI 95 VAs within 24 hours 

Renal 
denervation 

SYMPLICITY 
HF [85] 

Single-arm 
feasibility trial 

Systolic heart failure, 
NYHA class III, 
LVEF <40%, renal 
impairment 

39 NT-proBNP at 12 months 

Spinal cord 
stimulation 

SCS HEART 
[86] 

Nonrandomized 
open-label trial 

Systolic heart failure, 
NYHA class III, 
LVEF ≤35% 

22 Improved NYHA class, LVEF, 
QoL, exercise capacity 

DEFEAT-HF 
[87] 

Randomized 
single-blind trial 

Systolic heart failure, 
NYHA class III, 
LVEF ≤35% 

66 No difference in incidence of 
VAs 

Baroreceptor 
activation 
therapy 

HOPEF4HF 
[88] 

Randomized 
open-label trial 

Systolic heart failure, 
NYHA class III, 
LVEF ≤35% 

146 Improved NYHA class, QoL, 
exercise capacity, NT-proBNP 

BeAT-HF [89] Randomized 
open-label trial 

Systolic heart failure, 
NYHA class II or III, 
LVEF ≤35% 

245 Significant improvement in 
NYHA class, QoL, 6-min walk 
distance, exercise capacity, 
NT-proBNP 

ANTHEM-HF, autonomic regulation therapy for the improvement of left ventricular function and heart failure 
symptoms; BeAT-HF, baroreflex activation therapy for heart failure; DEFEAT-HF, determining the feasibility of spinal 
cord neuromodulation for the treatment of chronic systolic heart failure; ENCORE, extension of the ANTHEM-HF study 
evaluating autonomic regulation therapy in reduced ejection fraction heart failure; HOPE4HF, hope for heart failure; 
HRV, heart rate variability; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; 
NECTAR-HF, neural cardiac therapy for heart failure; NT-proBNP, N-terminal B-type natriuretic peptide; NYHA, 
New York Heart Association; QoL, quality of life; SCS HEART, spinal cord stimulation for heart failure as a restorative 
treatment; SYMPLICITY HF, renal denervation in patients with chronic heart failure and renal impairment 

9.4.2.3 Tragus Stimulation 
In view of the antiarrhythmic effect of VNS, 
transcutaneous stimulation of the tragus of the 
ear, where the auricular branch of the vagus 
nerve is located, has been developed as a method 
of noninvasive VNS, affirmed by observation of 
evoked potentials in the brainstem in 
humans [110]. 

In a canine model of AF induced by rapid 
atrial pacing, low-level tragus stimulation



(LLTS) at 80% below the threshold of sinus node 
or AV node conduction slowing suppressed AF 
inducibility through attenuation of pacing-
induced atrial ERP shortening [111]. In addition, 
the amplitude and frequency of GP firing, evident 
from direct neural recordings from the anterior 
right GP, were reduced. When the vagus nerves 
were bisected distal to the site of stimulation, the 
beneficial electrophysiologic effects of LLTS on 
atrial ERP and AF inducibility were abolished, 
suggesting that the LLTS effect was mediated 
through efferent nerve fibers [111]. 
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In humans, a study reported LLTS in 
40 patients with paroxysmal AF (20 LLTS, 
20 sham) [69]. In the LLTS group, the patients 
were subjected to 1 h of LLTS (50% lower than 
voltage to achieve bradycardia threshold) in the 
right ear using a flat metal clip attached onto the 
tragus. Under general anesthesia, AF was induced 
at baseline and after 1 h of either LLTS or sham 
stimulation. In the LLTS group, pacing-induced 
AF duration was shorter and atrial ERP was lon-
ger compared to baseline, while in the sham 
group, there was no significant difference. In the 
same study, LLTS is associated with reduced 
serum levels of anti-inflammatory cytokines, 
namely tumor necrosis factor (TNF-α), compared 
to the sham control. Hence, akin to LLVNS, 
LLTS exerted its antiarrhythmic effect potentially 
through both antiadrenergic and anti-
inflammatory pathways. 

The feasibility and efficacy of LLTS in ambu-
latory settings has been demonstrated in the 
TREAT-AF (Transcutaneous Electrical Vagus 
Nerve Stimulation to Suppress Atrial Fibrillation) 
study [70]. In this study enrolling 53 patients with 
paroxysmal AF randomized to LLTS or sham 
group, LLTS was achieved using ear clip applied 
to the earlobe (a site devoid of vagal innervation) 
for 1 h daily over a 6-month study period. At 
6 months, AF burden measured by a 14-day 
ECG performed at baseline, 3 months, and 
6 months was 85% lower in the LLTS group 
compared with sham. Furthermore, the LLTS 
group also demonstrated a concomitant 23% 
reduction in TNF-α level. This study has several 
implications in therapeutic application of tragus 
stimulation. First, a self-administered 

noninvasive treatment with little or no risk can 
have a significant impact on both AF burden and 
systemic inflammatory response. Second, tragus 
stimulation preferentially activates afferent vagal 
nerve fibers with therapeutic potential 
[112]. Third, tragus stimulation has been shown 
to activate central vagal projections in humans 
with resultant decreased sympathetic output 
[113]. Fourth, tragus stimulation avoids the pos-
sibility of concomitant stimulation of sympathetic 
fibers collocated with vagal fibers in the cervical 
vagus nerve when compared to the cervical VNS 
in humans [114]. 

9.4.2.4 Renal Denervation (RDN) 
Renal denervation (RDN) presents an attractive 
treatment for hypertension, as the proximal renal 
arteries are richly innervated by a network of 
sympathetic ganglia, as well as afferent and effer-
ent nerve fibers linking the central nervous sys-
tem, the kidney, and the cardiovascular system 
[115]. Although RDN was first proposed as an 
innovative tool for treatment of resistant hyper-
tension with subsequent disappointing results 
from the SIMPLICITY HTN-3 trial 
(A Controlled Trial of Renal Denervation for 
Resistant Hypertension), several preclinical and 
clinical studies have demonstrated a beneficial 
effect of RDN on AF. In particular, the antiar-
rhythmic effect was suggested to be independent 
of an improvement in blood pressure in 
preclinical studies [116, 117]. In a goat model of 
pacing-induced AF, RDN resulted in reduced 
atrial sympathetic nerve sprouting and AF com-
plexity [117], whereas in a porcine model of 
obstructive sleep apnea, RDN attenuated atrial 
ERP shortening and AF inducibility [116]. The 
beneficial effect of RDN on AF inducibility is 
purported to be mediated through favorable elec-
trical (attenuation of atrial ERP shortening) and 
structural (reduced afferent sympathetic input to 
the central nervous system, with a resultant 
decrease in efferent sympathetic output to the 
heart) remodeling [115]. 

Small clinical studies in humans involving 
pulmonary vein isolation (PVI) with adjuvant 
RDN during AF ablation procedures appear to 
be supportive of the preclinical findings



[71, 72]. In these studies, an effective RDN 
response manifested as abolishment of a sudden 
expected hypertensive response during 
high-frequency stimulation (HFS) of aortico-
renal ganglion. The efficacy of RDN combined 
with standard PVI was assessed in the large mul-
ticenter ERADICATE-AF trial (Effect of Renal 
Denervation and Catheter Ablation vs. Catheter 
Ablation Alone on Atrial Fibrillation Recurrence 
Among Patients with Paroxysmal Atrial Fibrilla-
tion and Hypertension) [73]. In total, 302 patients 
with paroxysmal AF and hypertension on ≥1 
antihypertensive drugs were recruited. At 
12-month follow-up, the RDN+PVI group 
enjoyed greater freedom from AF off antiarrhyth-
mic drugs compared to standalone PVI 
(71.4% vs. 57.8%; hazard ratio: 0.61; 95% confi-
dence interval: 0.41–0.90; p = 0.011). Complica-
tion rates were comparable between the two 
groups. Blood pressure control was noted to be 
better in the RDN+PVI group. Interestingly, only 
57% of patients with RDN demonstrated conclu-
sive HFS response. As such, this calls into ques-
tion whether the beneficial RDN effect on AF 
recurrence is related to favorable autonomic mod-
ulation, improved blood pressure control, or a 
combination of both mechanisms. 
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9.4.2.5 Ganglionic Plexi (GP) Ablation 
In contrast to the extracardiac location of post-
ganglionic sympathetic neurons at the 
paravertebral ganglia, the parasympathetic post-
ganglionic neurons are located in vagal GPs 
within the epicardial fat pads and the ligament 
of Marshal [118, 119]. The short axons of these 
vagal neurons lend themselves to be feasible 
radiofrequency ablation targets from the endocar-
dial surface. Variable measures have been used to 
define the GPs location, ranging from HFS 
associated with a positive vagal response defined 
as AV block >2 s to spectral analysis through fast 
Fourier transform analysis or anatomical 
guidance [118]. 

Given the parasympathetic contribution to ini-
tiation and maintenance of AF through electro-
physiologic and structural mechanisms as 
discussed before, GP ablation has been proposed 
as an adjunct to PVI during AF ablation 

procedures [118]. A meta-analysis of four studies 
(n = 718, mean LA size 45.7 mm, mean LV EF 
54.8%) comparing the strategy of GP ablation 
+PVI (n = 358) vs. standalone PVI (n = 360) 
demonstrated that adjunctive GP ablation was 
associated with significantly higher freedom 
from AF among patients with paroxysmal AF 
(75.8% vs. 60%; odds ratio [OR] 2.22, p = 
0.001) [74]. For patients with persistent AF, the 
antiarrhythmic effect of GP ablation was more 
modest, with a non-significant trend toward 
higher rates of freedom from AF 
(54.7% vs. 43.3%; OR 1.55, p = 0.08). This 
meta-analysis concluded that GP ablation+PVI 
led to better AF freedom in patients with PAF 
and without significant SHD. 

Ablation of complex fractionated atrial 
electrograms (CFAE) was employed as an 
adjunctive ablation strategy in addition to PVI, 
although no real benefit was demonstratable 
[120]. Part of the rationale for this approach was 
attributable to vagal atrial denervation, with these 
electrograms commonly encountered in areas 
juxtaposed to GPs [121, 122]. However, a meta-
analysis of 14 studies (n = 1613 patients) 
revealed no benefit with adjunctive CFAE abla-
tion compared to adjunctive GP ablation in both 
short- (OR 1.72; p = 0.003) and long-term 
(OR 2.0, p = 0.0006) AF freedom [123]. 

GP ablation remains a challenging approach to 
achieve sustainable vagal denervation due to the 
variable, inconsistent techniques of GP detection 
(electrical vs functional vs anatomical), assess-
ment of complete GP ablation, and prevention of 
reinnervation [124]. Of note, denervation of post-
ganglionic vagal neurons at the atrial level has 
been shown to be associated with increased sus-
ceptibility to ventricular arrhythmias [125, 126]. 

9.4.2.6 Spinal Cord Stimulation (SCS) 
SCS is currently used to treat patients with refrac-
tory, chronic severe pain or angina pectoris by 
delivering electrical stimuli to the segments of 
spinal cord through implantable electrodes 
[127, 128]. Of relevance, SCS can exert electro-
physiologic changes through modulation of affer-
ent and efferent connections between the heart 
and the intrinsic cardiac autonomic nerves



[129]. In a canine model with chronic AF induced 
by rapid atrial pacing, SCS prolonged atrial ERP 
as well as reduced AF burden and inducibility 
[130]. Another postulated mechanism includes 
direct suppression of neural activity in atrial GP 
and stellate ganglia [131, 132]. At the molecular 
level, SCS modulates relevant cytokine levels, 
reducing the expression of c-fos and nerve growth 
factor in addition to increasing the expression of 
the small conductance calcium-activated potas-
sium channels type 2 within the stellate ganglia 
neurons [132]. However, adoption of SCS 
beyond pain management into the clinical realm 
of AF treatment is curtailed by its invasiveness. 

202 S. H. Chin and G. A. Ng

9.4.2.7 Baroreceptor Receptor 
Activation Therapy (BAT) 

Baroreceptors in the carotid sinus are an integral 
component of the neural feedback loop in 
modulating blood pressure. Elevation in blood 
pressure activates these baroreceptors, enhancing 
neural signals to the brainstem and ultimately 
reducing sympathetic output [133, 134]. Over 
the last few decades, several medical devices for 
baroreceptor receptor activation therapy (BAT) 
have been designed for the treatment of drug-
refractory hypertension [135, 136]. In principle, 
BAT modulates ANS by sympathetic withdrawal 
and vagal activation [137, 138]. Low-level BAT 
(80% of threshold for blood pressure reduction) 
in a canine model invoked atrial electrophysio-
logic changes in the form of progressive 
prolongation of atrial ERP, reduction in AF 
inducibility, and attenuation of GP function, 
with the latter effect suggesting potential AF sup-
pression through inhibition of atrial GP 
[139]. Moreover, low-level BAT was noted to 
attenuate atrial electrical remodeling induced by 
rapid atrial pacing in another canine AF model 
[140]. In spite of the promising experimental data 
hinting at prominent antiarrhythmic potential of 
BAT in the treatment of AF, the widespread 
applicability of BAT in clinical practice will be 
limited by its invasive nature. 

9.4.3 Autonomic Modulation 
for Ventricular Arrhythmias 

9.4.3.1 Beta-Blockers 
Beta-blockers with their antiadrenergic properties 
are considered the mainstay therapy in managing 
patients with inherited channelopathies such as 
LQTS and CPVT. In patients with SHD, espe-
cially those with myocardial ischemia, post-
myocardial infarct, or heart failure with reduced 
left ventricular ejection fraction including ische-
mic and non-ischemic cardiomyopathies, beta-
blockers remain a steadfast therapy in reducing 
ventricular arrhythmias and sudden arrhythmic 
death [141]. 

Although selective β1 adrenoreceptor 
antagonists (metoprolol, bisoprolol) have been 
the beta-blockers of choice in a majority of the 
indicated cardiovascular conditions, 
non-selective beta-blockers (nadolol, proprano-
lol) are the preferred agents for channelopathies 
(LQTS, CPVT) [142]. Indeed, propranolol 
achieved a better QT-shortening effect in LQTS 
compared to metoprolol and nadolol. While 
nadolol and propranolol are equally effective, 
metoprolol trails behind in its cardioprotective 
effect and should not be used for symptomatic 
LQTS individuals [142]. In contrast, selective β1-
blockers (metoprolol, bisoprolol, carvedilol, 
nebivolol) are effective in patients with both 
ischemic and non-ischemic cardiomyopathies, 
especially in the setting of heart failure with 
reduced ejection fraction [141]. 

9.4.3.2 Cardiac Sympathetic 
Denervation (CSD) 

Stellate ganglia serve not only as a key relay 
station for cardiac sympathetic afferents but also 
contain the cell bodies of postganglionic sympa-
thetic efferent neurons with direct connections to 
the myocardium [143]. Importantly, they present 
an accessible target for ANIs through CSD, the 
latter aiming to interrupt the sympathetic input to 
the heart by removal or blockade of the extrinsic 
sympathetic nerves. In general, CSD involves 
bisecting the stellate ganglion with removal of 
the lower half of this ganglion along with a few



ganglia below it, thus creating an adequate sym-
pathetic block to the heart. This makes mechanis-
tic sense as the arrhythmogenic sympathetic input 
has been shown to be more prominent from the 
caudal spinal segments and on the left [143]. The 
boundary of bisection is important as to prevent 
Horner’s syndrome when denervation occurs 
above the level intended. Bilateral or left CSD 
(LCSD) is regarded as an effective antiadrenergic 
therapy, disrupting both afferent and efferent 
sympathetic fibers [144]. The technique of 
LCSD has matured over the years, progressing 
from an open surgical approach via thoracotomy 
or supraclavicular access to a minimally invasive 
technique of video-assisted thoracic surgery 
[145, 146]. A percutaneous approach has been 
described, achieved either through 
radiofrequency ablation or use of an anesthetic 
agent for stellate ganglion blockade (SGB) [147]. 
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The efficacy of CSD extends beyond a local 
antiadrenergic effect, with anti-fibrillatory impact 
on patients with LQTS, CPVT, and SHD 
[144, 148]. LCSD was first pioneered by 
Schwartz et al. for treatment of patients with 
LQTS refractory to beta-blockers [149]. Although 
LCSD led to significant reduction in the incidence 
of aborted sudden death and syncope in high-risk 
LQTS cohort compared to pre-LCSD period, the 
risk of sudden cardiac death persisted in the long-
term follow-up [150]. As such, LCSD is currently 
a recommended adjunctive therapy to beta-
blockers and ICD in LQTS patients experiencing 
breakthrough events [151]. Furthermore, the ther-
apeutic effectiveness of LCSD extends to patients 
with CPVT [152]. In patients with either LQTS or 
CPVT, improvement in procedural technique 
enables LCSD to be performed via video-assisted 
thoracic surgeries [145]. 

In patients with SHD and refractory ventricu-
lar arrhythmias, CSD has proved to be a valuable 
anti-fibrillatory intervention. A multicenter CSD 
study involving 121 patients (26% female, mean 
age 55 ± 13 years, LVEF 30 ± 13%) with SHD 
and refractory VT/VT storm demonstrated a 
1-year composite freedom from sustained VT, 
ICD shock, transplant, and death of 58% for 
LCSD and 50% for bilateral CSD [153]. In this 
study, 120 patients were on antiarrhythmic drugs 

before CSD with 39 (32%) no longer requiring 
antiarrhythmic drugs at follow-up. Interestingly, 
bilateral CSD appears to be more effective than 
LCSD in this group of patients as those 
undergoing bilateral CSD were found to have 
longer VT or ICD shock- and transplant-free 
survival. 

The overall efficacy and safety of CSD was 
attested by a systematic review of 13 studies com-
prising 183 patients (70% male, mean age 54.6 
years, 28% ischemic cardiomyopathy, 82% bilat-
eral CSD) [148]. Freedom from arrhythmic 
events was noted to be 58–100% while most 
complications were transient with no procedural 
death reported. Complication rate was reported at 
28% including transient hypotension (9%), pneu-
mothorax (5%), neuropathic pain (4%), Horner’s 
syndrome (3%), abnormal perspiration pattern 
(3%), and hemothorax (2%). 

Recently, percutaneous SGB has been 
advocated as a less invasive approach to achieve 
CSD in patients with refractory ventricular 
arrhythmias. A systematic review of 23 studies 
comprising 38 patients (71% male, mean age 
52 ± 19.1 years, 45% ischemic cardiomyopathy, 
mean LVEF 31 ± 10%) presenting with an elec-
trical storm (15 patients with acute MI; 7 patients 
with QT prolongation) who were refractory to 
antiarrhythmic drugs and subsequently 
underwent SGB concluded that SGB with the 
use of bupivacaine (0.25–0.5%) resulted in a sig-
nificantly lower burden of ventricular arrhythmias 
(p < 0.001) and number of external and ICD 
shocks (p < 0.01) [65]. More importantly, the 
survival rate was 80.6% at discharge. 

9.4.3.3 Vagus Nerve Stimulation 
Ventricular electrophysiology depicts a 
cardioprotective effect exerted by parasympa-
thetic dominance. Conversely, reduced vagal 
activity following MI is associated with height-
ened risks of ventricular arrhythmias 
[154, 155]. In experimental models, VNS and 
exogeneous cholinergic agonists prolong the ven-
tricular ERP [156, 157]. Of note, VNS reduced 
the vulnerability to VF by increasing VF thresh-
old, flattening the restitution curve (i.e., reducing 
the maximum slope of action potential duration



restitution), attenuation of electrical alternans, 
and increasing ventricular ERP in an in vitro 
experimental model [158]. In a separate study, 
VNS was found to mediate these favorable ven-
tricular electrophysiologic effects through a 
nitric-oxide-dependent pathway [159]. 
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In addition to inducing a protective electro-
physiologic profile, VNS in multiple animal 
models is shown to prevent adverse cardiac 
remodeling and ventricular arrhythmias 
[98, 160]. In a rat model of acute MI, VNS 
prevented the loss of phosphorylated connexin-
43 [94]. In a canine model of healed MI, VNS 
prevented sudden arrhythmic death [161]. In a 
canine model of pacing-induced heart failure, 
chronic VNS improved cardiac autonomic con-
trol, promoted anti-inflammatory effects, and 
attenuated heart failure development [97]. Nota-
bly, VNS modulates all these beneficial effects 
independent of a reduction in heart rate [79, 162]. 

The promising findings in preclinical studies 
have led to the design of clinical trials of VNS in 
humans. An initial open-label, non-randomized 
trial in patients with heart failure demonstrated 
that VNS produced significant improvement in a 
multitude of outcomes including New York Heart 
Association (NYHA) class, quality of life, 6-min 
walk test, and LV end-systolic volume, without 
any major side effects [79]. However, three 
subsequent randomized trials of VNS in heart 
failure showed inconsistent results, with two trials 
reporting neutral results [82, 83] and one 
reporting modest benefits [80]. At present, 
ANTHEM-HFrEF (Autonomic Regulation Ther-
apy to Enhance Myocardial Function and Reduce 
Progression of Heart Failure with Reduced Ejec-
tion Fraction) pivotal study (NCT03425422) is an 
ongoing multicenter randomized clinical trial for 
VNS in heart failure [163]. Its open-label feasi-
bility study comprising 60 patients (ANTHEM-
HF) has shown improvement in heart failure 
parameters at 6 months [80], with results 
sustained to a 12-month follow-up period 
(ENCORE [Extension Study of Neural Regula-
tion Therapy on Myocardial Infarction with Heart 
Failure]) [81]. 

9.4.3.4 Tragus Stimulation 
All clinical trials of VNS in heart failure 
populations involve an invasive approach of sur-
gical placement of the electrodes around the cer-
vical vagus nerve in the neck, which is not 
without procedural risk, with 1 death from 
implantation-related embolic stroke 3 days fol-
lowing the procedure in the ANTHEM-HF trial 
[80]. Furthermore, there is long-term implication 
for potential device-related complications, includ-
ing infections, electrode fracture/displacement/ 
malfunction, and battery depletion [164]. Direct 
stimulation of the cervical vagus nerve may be 
associated with such side effects as tinnitus, dys-
phonia, cough, and nausea [164, 165]. As such, 
tragus stimulation involving transcutaneous stim-
ulation of the auricular branch of the vagus nerve 
presents an attractive noninvasive option [110]. 

Animal studies provided evidence for the 
effects of tragus stimulation in preventing adverse 
cardiac remodeling and ventricular arrhythmias. 
In a canine model of chronic MI, chronic inter-
mittent LLTS 2 h daily for 2 months (80% below 
the bradycardia threshold) induced neuropeptide 
modulatory changes including suppression of left 
stellate ganglion activity, attenuation of cardiac 
sympathetic nerve sprouting, downregulation of 
nerve growth factor, and upregulation of small 
conductance calcium-activated potassium chan-
nel type 2. Notably favorable electrophysiologi-
cal remodeling occurred with suppression of 
ventricular arrhythmias and a flattening of restitu-
tion slope [166]. Chronic intermittent LLTS also 
attenuated adverse structural remodeling, fibrosis, 
and inflammation [160]. In a proof-of-concept 
study, LLTS for 2 hours in humans undergoing 
primary coronary intervention for ST-segment 
elevation MI led to reduced ventricular 
arrhythmias, preserved cardiac function, and 
reduced biomarkers of myocardial injury/inflam-
mation, suggesting a potential opportunity for 
noninvasive ANIs as an adjunctive 
nonpharmacological treatment in ST-segment 
elevation MI [84].
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9.4.3.5 Renal Denervation 
Early preclinical studies with RDN achieved 
using low-energy radiofrequency ablation along 
the renal arteries demonstrated reduced angioten-
sin receptor density and improved cardiac output 
[167]. In the SYMPLICITY HF study, a single-
arm feasibility study enrolling 39 patients with 
mild-moderate symptoms, EF <40%, and renal 
impairment, RDN resulted in a reduction in NT-
pro-brain natriuretic peptide 12 months after 
treatment without perceived deterioration in both 
cardiac and renal function [85]. In patients with 
cardiomyopathy and refractory VT, RDN has 
been shown to be an effective adjunctive therapy 
to catheter ablation of VT [168]. In patients with 
cardiomyopathy and recurrent VT following cath-
eter ablation, RDN was used as an adjunct to 
CSD, leading to reduced ICD therapies in patients 
who underwent CSD and RDN as staged 
procedures [169]. 

9.4.3.6 Spinal Cord Stimulation (SCS) 
In canine post-infarct heart failure models, SCS 
was consistently associated with reduced ventric-
ular arrhythmias and recovery of left ventricular 
ejection fraction [170–172]. The improved elec-
trical and structural remodeling mediating the 
antiarrhythmic effects of SCS was attributable to 
sympathetic withdrawal and vagal enhancement 
[171]. Initial case series of two patients with high 
ventricular arrhythmia burden depicted the same 
antiarrhythmic effect from SCS [173]. However, 
the two clinical trials investigating SCS in 
patients with heart failure, including the 
randomized controlled trial DEFEAT-HF (Deter-
mining the Feasibility of Spinal Cord 
Neuromodulation for the Treatment of Chronic 
Systolic Heart Failure), have yielded conflicting 
results [86, 87]. The conflicting outcomes of the 
two trials could be accounted for by variation in 
the duty cycle, intensity of stimulation, and 
design and position of the electrode, highlighting 
the need to optimize a systematic stimulation 
protocol to allow for meaningful translational 
research from animal studies to large clinical 
trials. 

9.4.3.7 Baroreceptor Activation 
Therapy (BAT) 

BAT has been shown to modulate ventricular 
electrophysiology through prolongation of ven-
tricular ERP and flattening of the action potential 
duration restitution slope in canines [174]. At 
80% below the voltage threshold for blood pres-
sure lowering, low-level BAT was found to sup-
press premature ventricular complexes VT and 
VF in a canine model with acute ischemia 
induced by occlusion of the left anterior 
descending artery [175]. Additionally, BAT 
reversed adverse structural remodeling in canine 
models of heart failure with improvement in inter-
stitial fibrosis, myocyte hypertrophy, LV 
end-diastolic pressure, and survival [176, 177]. 

In the clinical arena, a proof-of-concept, 
single-center, open-label study demonstrated the 
safety and efficacy of carotid BAT in improving 
quality of life and exercise capacity [178]. A 
small randomized clinical trial of BAT showed 
improvement in various heart failure markers at 
6 months, including 6-min walk test, quality of 
life, NYHA class, and N-terminal pro-B-type 
natriuretic peptide level [88]. A large randomized 
clinical trial (BeAT-HF [Baroreflex Activation 
Therapy for Heart Failure]) comprising 
245 patients (from a pool of 408 randomized 
patients) with heart failure and reduced ejection 
fraction (8% female, mean age 62 ± 11 years; LV 
EF 27 ± 6%) concluded that BAT is not only safe 
but also efficacious, resulting in significant 
improvement in quality of life, 6 min walk, exer-
cise capacity, and functional status, as well as 
significantly lower N-terminal pro-B-type natri-
uretic peptide [89]. The impact of BAT on hard 
clinical endpoints is currently pending from this 
trial. 

9.5 Assessment of Autonomic Tone 

Distinctive methods have been developed over 
the years for assessment of specific aspects of 
sympathetic and parasympathetic nervous 
systems. These noninvasive and invasive 
methods can complement one another,



contributing to a global picture of autonomic sta-
tus. While these methods provided key insights 
into the abnormal autonomic characteristics in 
arrhythmias and heart failure, they remain rooted 
in the research arena, each with their unique 
strength and limitations. 
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9.5.1 Baroreflex Sensitivity (BRS) 

Baroreflex sensitivity (BRS) describes the acuity 
of arterial baroreceptor control of heart rate in 
response to blood pressure changes. The heart 
rate changes in response to acute perturbation in 
blood pressure are thought to be an indication of 
reflex vagal response due to the preferential influ-
ence of cardiac cycles on the release of acetylcho-
line as opposed to norepinephrine. The strength 
of this reflex vagal response can be assessed by 
three techniques: (1) analysis of bradycardic 
response following the increase of blood pressure 
with vasoconstrictors such as phenylephrine; 
(2) assessment of reflex sympathetic-induced 
tachycardic response following the reduction of 
blood pressure by vasodilators such as 
nitroprusside or nitroglycerin; and (3) direct stim-
ulation of carotid baroreceptors with neck suction 
or unloading by neck pressure, allowing these 
neck maneuvers to elicit counter-regulatory 
responses from aortic arch baroreceptors. These 
techniques are not without their limitations. 
Prolonged infusion of vasoactive agents can sim-
ulate a steady state, leading to competing sympa-
thetic responses. Additionally, these vasoactive 
agents may exert a confounding effect on sino-
atrial node discharges, baroreceptor nerve 
endings, and atrial and pulmonary 
mechanoreceptors [179, 180]. To circumvent 
these limitations, algorithms have been developed 
with the ability of identifying spontaneous con-
cordant fluctuations in blood pressure and heart 
rate within the brief time window from continu-
ous noninvasive or invasive recordings [181]. 

Central to all these techniques is the utilization 
of a regression equation correlating changes in 
pulse interval to changes in systolic blood pres-
sure during the immediately preceding cardiac 
cycles. The gradient of the resulting graph 

describes the gain of the arterial baroreflex regu-
lation on heart rate. The final results therefore 
indicate the sensitivity of vagal response toward 
stress response in blood pressure changes, 
allowing this method to be used as a bedside test 
comparable to the BRS derived from drug-
induced changes in blood pressure. This method 
lacks the ability to identify the cause of autoim-
mune impairment. Nonetheless, low BRS has 
been shown to correlate with poor prognostic 
outcome. Canine models demonstrating reduced 
BRS after MI were more susceptible to VF 
[182]. These findings were extrapolated to post-
MI human studies, demonstrating that a 
depressed BRS of <3 ms/mmHg was associated 
with a high incidence of arrhythmic deaths [183– 
185]. In heart failure patients receiving optimal 
medical therapy, the prognostication of BRS has 
recently been challenged [186]. 

9.5.2 Heart Rate Variability (HRV) 

Beat-to-beat heart rate varies stochastically due to 
the influence of tonic vagal control of the sinus 
node, with direct or indirect influence of circadian 
rhythms, temperature regulations, and changes in 
autonomic nerve activity [187–189]. The positive 
chronotropy (increase in sinus rate) induced by 
catecholamines (epinephrine and norepinephrine) 
released by the SNS and the negative chronotropy 
(decrease in sinus rate) by acetylcholine released 
by the PNS are responsible for the subtle degree 
of variability in the intervals between consecutive 
beats [190–192]. Heart rate variability (HRV) is 
therefore a noninvasive surrogate marker of auto-
nomic balance of the heart, with its analysis being 
performed in time, frequency, or nonlinear 
domains. 

9.5.2.1 Time-Domain Measures 
Time-domain measurements represent the most 
widely adopted technique to evaluate HRV due 
to its relatively straightforward computation of 
parameters derived from the time series of RR 
intervals. Long-term HRV is deduced from the 
standard deviation of RR intervals usually 
computed from 24-h Holter recordings, whereas



short-term HRV is reflected by root mean square 
of successive differences of the RR intervals. 
Additionally, short-term HRV can also be 
assessed as the percentage of consecutive RR 
intervals with >50 ms difference. All these 
time-domain measures have been verified to be 
age-dependent, gender-sensitive, and decreased 
with aging, whereas preservation of HRV is 
associated with healthy longevity [193, 194]. 
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9.5.2.2 Frequency-Domain Measures 
Using fast Fourier transform and wavelet analysis 
quantifying the spectral and time-frequency con-
tent of HRV, the frequency-domain measures 
serve to complement the time-domain 
measurements of HRV. High frequencies 
(0.15–0.5 Hz) are thought to be a representation 
of the parasympathetic component of the ANS 
with vagal blockade abolishing oscillations in 
heart rate within this frequency band [195]. Low 
frequencies (0.05–0.15 Hz) are mediated by both 
the PNS and SNS and are affected by BRS. This 
is supported by observations that the 
low-frequency spectral power is increased by 
maneuvers that stimulate central sympathetic out-
put, such as standing up, tilting, and exercising. 
Conversely the spectral power in this frequency 
band of 0.05–0.15 Hz is decreased by beta-
blockade, clonidine, and during sleep. Very-low 
frequencies (<0.05 Hz) are under the influence of 
many in vivo factors including the renin-
angiotensin system and thermoregulation 
[195]. As a rough guide, the ratio of low- to 
high-frequency power is therefore considered a 
measure of autonomic balance [189]. 

In heart failure, the spectral power appears to 
be markedly reduced and concentrated within the 
very-low- and low-frequency ranges [196]. Simi-
lar to BRS, HRV provides insights into sympa-
thetic and parasympathetic contributions to heart 
rate modulation and contributes to estimation of 
prognostic outlook, despite the lack of specificity 
to the degree of regional sympathetic output. His-
torically, a depressed HRV demonstrated a high 
sensitivity and specificity in predicting suscepti-
bility to VF in MI canine models [197]. This is 
further corroborated by the finding of HRV 
recovery in low-risk post-MI dogs compared to 

high-risk dogs with persistent depressed HRV 
parameters independent of beta-blockade 
[198]. These preclinical findings were echoed by 
subsequent human studies involving post-MI 
patients. In these trials, HRV was a significant 
predictor of SCD after adjusting for clinical and 
demographic factors, including ejection fraction 
[185, 199, 200]. Furthermore HRV improvement 
over time following MI coincided with decreas-
ing risk of arrhythmic death [201]. In one study, a 
HRV of <5 ms conferred a hazard relative risk of 
5.3 in SCD, compared with low-risk patients with 
a HRV of >10 ms during a follow-up period of 
31 months [200]. Notably a depressed HRV has 
also been observed in patients with idiopathic 
dilated cardiomyopathy with a history of SCD 
compared to those without fatal ventricular 
arrhythmias [202, 203]. Other conditions in 
which frequency-domain measures have been 
utilized to evaluate autonomic balance include 
sleep apnea and hypertension [204, 205]. 

The concept of low- to high-frequency ratio as 
a reflection of autonomic balance has been 
questioned due to the fact that, in contrast to the 
previously conceived notion that low-frequency 
content comprises exclusively SNS activity, 
low-frequency content is now regarded to be a 
reflection of combined SNS and PNS inputs 
[192, 206]. 

9.5.2.3 Nonlinear Domain Measures 
Nonlinear measures have been developed over 
the past decade to address complex nonlinear 
autonomic interactions [207–209]. Measurements 
such as SD1/SD2, Poincare maps, entropy, and 
detrended fluctuation analysis attempt to quantify 
the degree of information, disorder, or complexity 
of HRV. 

SD1 and SD2 are measures of short- and long-
term HRV, respectively, both based on RR 
intervals and derived from Poincare maps. SD1 
measures immediate beat-to-beat variability, 
signifying parasympathetic tone, whereas SD2 
reflects combined SNS and PNS influences on 
the heart [209]. The ratio SD1/SD2 therefore 
serves to indicate underlying autonomic tone, as 
well as short- and long-term variability in RR 
intervals. Indeed, intermittent VNS has been



demonstrated to increase SD1/SD2 ratio in heart 
failure patients, suggesting a restorative role of 
VNS in autonomic balance [208]. In patients with 
dilated cardiomyopathy, Poincare plot analysis of 
HRV has been utilized for risk stratification 
[207]. Furthermore, approximate entropy has 
been shown to be raised in patients with heart 
failure compared with healthy subjects, indicating 
loss of autonomic control in association with 
more erratic heart rate [210]. Other measures 
such as sample entropy and detrended fluctuation 
analysis were used to demonstrate changes in 
autonomic drive and to assess the neural effects 
of HRV in both healthy individuals and those 
with spinal cord injury [211]. 
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9.5.3 Neural Tracer Imaging 

Over the last few decades, neural imaging 
techniques have been developed and employed 
using several different tracers that allow for direct 
visualization of sympathetic nervous innervation 
in the heart. These tracers target molecular 
landmarks at the presynaptic and postsynaptic 
side as well as second messenger systems of the 
sympathetic nervous system and are thereby 
capable of portraying the overall picture of sym-
pathetic signal transduction. The majority of these 
radiotracers mimic the structure of norepineph-
rine and other catecholamines to enable them to 
target the endogenous reuptake pathway of sym-
pathetic neurons. These tracers are exemplified by 
labeled neurotransmitters ([18 F]-dopamine, [11 C]-
epinephrine), “false neurotransmitters” serving as 
substrate analogues ([123 I]-MIBG, [11 C]-mHED, 
[18 F]-LMI1195, [11 C]-phenylephrine, [11 C]-
phenethylguanidines), and uptake-1 inhibitors 
([11 C]=methylreboxetine, [11 C]-desipramine). 
Each tracer possesses unique uptake and retention 
characteristics, contributing information on vari-
ous aspects of neuronal reuptake, uptake-1 den-
sity, vesicular packaging, vesicular release, and 
norepinephrine metabolism. In heart failure, a 
chronic state of sympathetic overdrive fuels a 
decrease in neuronal reuptake, downregulation 
of uptake-1, and increased synaptic norepineph-
rine content and regional spillover. 

The two most commonly utilized tracers in 
clinical practice are [123 iodine]-
metaiodobenzylguanidine ([123 I]-MIBG) and 
[11 C]-meta-hydroxyephedrine ([11 C]-mHED). 
The former was first developed to image neuro-
endocrine tumors, with early studies identifying 
[123 I]-MIBG uptake in myocardium to be in 
inverse correlation with plasma and urinary 
catecholamines [212] due to its high affinity to 
neuronal uptake-1 and extra-neuronal uptake-
2 [213, 214]. Using semiquantitative analyses in 
single-photon emission computed tomography 
(SPECT), an estimation of sympathetic tone can 
be inferred from the rate of [123 I]-MIBG washout, 
as well as early and late heart-to-mediastinum 
ratios [215]. Reduced late heart-to-mediastinum 
or raised [123 I]-MIBG washout in semiquantita-
tive myocardial [123 I]-MIBG measurements has 
been shown to be a poor prognostic marker in a 
systematic meta-analysis [216]. Conversely beta-
blockade and renin–angiotensin–aldosterone 
inhibition are characterized by an increase in 
[123 I]-MIBG uptake and a reduced myocardial 
washout. Pertinently large-scale clinical trials 
have recognized [123 I]-MIBG imaging as an inde-
pendent prognostic tool in the identification of 
heart failure patients at the greatest risk of disease 
progression [217–219] and sudden cardiac death 
independent of left ventricular ejection fraction 
and B-type natriuretic peptide [216, 220– 
223]. In patients with ventricular tachycardia 
without any coronary artery disease, the uptake 
of [123 I]-MIBG was noted to be reduced 
[224]. Notably, a reduced [123 I]-MIBG predicted 
ventricular arrhythmias requiring ICD therapy in 
patients with heart failure [218]. Recently, [123 I]-
MIBG imaging was shown to accurately identify 
atrial GP locations as verified by HFS [225]. 

In positron emission tomography (PET), 
[11 C]-mHED is the most widely used radiotracer 
for sympathetic neuronal imaging. As it is devoid 
of postsynaptic activity, the retention of [11 C]-
mHED reflects solely presynaptic function of 
sympathetic neurons due to its selectivity for 
uptake-1 over other reuptake transporters 
[226]. [11 C]-mHED has a predilection for tissue 
retention in organs with complex adrenergic 
networks including the heart, adrenal glands,



and spleen, with gradual accumulation in the 
liver. This is supported by the findings of selec-
tive competitive inhibitors of uptake-1, including 
true or false neurotransmitters, attenuating 
myocardial accumulation of [11 C]-mHED, with 
consequent increase in hepatic activity due to 
the accumulation of metabolites [213, 227– 
232]. High-speed liquid chromatography further 
confirmed plasma accumulation of [11 C]-mHED 
metabolites in guinea pigs and rats within 30 min 
after injection [229, 230, 232], and in human 
subjects within 10–20 min [233]. 
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In spite of the attractiveness of these imaging 
modalities to measure autonomic tone noninva-
sively, complete assessment of autonomic tone is 
currently confounded by the lack of parasympa-
thetic tracers. 

9.5.4 Direct Measurement 
of Sympathetic Nerve Activity 

While neural tracer imaging provides a means of 
direct visualization of sympathetic innervation, 
microneurography allows direct multi-fiber or 
single-fiber microelectrode measurements of 
postganglionic sympathetic nerve activity, 
thereby serving as a real-time recording of the 
dynamic sympathetic nerve and reflex controls 
[234, 235]. Sympathetic nerve activity is recorded 
from intraneural microelectrodes inserted percu-
taneously in a peripheral nerve, typically at the 
level of the peroneal nerve [236, 237]. Skin 
(SKNA) and muscle sympathetic nerve activities 
(MSNA) manifest as distinctive discharge 
patterns, the former preferentially responding to 
external acoustic, tactile, or temperature stimuli 
independent of cardiac cycles while the latter 
being heavily entrained by input from cardiopul-
monary and arterial mechanoreceptors. 

MSNA possesses unique pulse synchronicity, 
firing discharges 1.1–1.3 seconds after the pre-
ceding R wave of the electrocardiogram. At rest, 
MSNA is found to correlate with both cardiac and 
renal norepinephrine spillover, whereas during 
isometric exercises there is a concordant increase 
of sympathetic nerve activity between MSNA and 
cardiac norepinephrine spillover [238, 239]. This 

phenomenon is absent in heart failure 
[240]. Indeed, in heart failure, evidence of sym-
pathetic hyperactivity manifested as increased fir-
ing probability and frequency with possible 
recruitment of otherwise silent sympathetic 
nerve fibers [235]. Importantly, increased 
MSNA predicts mortality in patients with heart 
failure in addition to its association with 
non-responders of cardiac resynchronization ther-
apy [237, 241]. 

In view of the invasiveness and time-
consuming nature of microneurography, MSNA 
is not routinely used despite its reproducibility 
and reliability in assessment of autonomic tone 
[236]. In contrast, SKNA activity can be 
measured noninvasively from ECG recordings 
[242]. SKNA is found to increase in subjects 
undergoing Valsalva maneuver as well as water 
pressor test due to increased sympathetic drive 
[242]. In ambulatory dogs, SKNA correlated 
well with stellate ganglion activity [243]. In 
humans, increased SKNA demonstrated a tempo-
ral relationship with paroxysmal atrial 
tachyarrhythmias, preceding the onset and termi-
nation of paroxysmal atrial tachycardia and AF 
[244]. In another study, sustained level of 
increased SKNA is noted to associate with tem-
poral clustering of AF as well as spontaneous VT 
and VF in humans [245]. 

9.5.5 Alternans 

Alternans in ventricular repolarization, measured 
as T-wave alternans (TWA), has been shown to 
surge in magnitude during elevated sympathetic 
activity in humans as well as in an end-stage heart 
failure animal model [246–248]. These surges in 
TWA amplitude are attenuated by beta-blockers, 
supporting the concept that sympathetic activity 
modulates TWA [249, 250]. It is postulated that 
beta-blockade-mediated attenuation of TWA 
amplitude occurs by (1) blunting of the exercise-
related chronotropic response, thereby preventing 
patients from reaching the specific heart rate 
threshold necessary for TWA development, and 
(2) direct reduction of TWA magnitude 
[250]. Conversely, VNS was shown in an isolated



rabbit heart model to reduce TWA amplitude and 
to increase the cycle length for VF 
induction [158]. 

210 S. H. Chin and G. A. Ng

P-wave alternans (PWA) has been proposed as 
a novel atrial substrate of electrical instability, 
predisposing to the development of AF 
[251]. Using a customized algorithm for PWA 
estimation [252, 253], LLTS for 1 h/day resulted 
in lower AF burden and diminished PWA voltage 
in a single patient compared to baseline and to 
another patient on a sham protocol [254]. AF and 
PWA burden for the patient with active LLTS 
was not increased over 6 months when compared 
to the sham patient. 

9.6 Challenges and Limitations 
of Autonomic 
Neuromodulatory 
Interventions 

The conflicting outcome among contemporary 
clinical trials of VNS in heart failure epitomizes 
the challenges and limitations of ANIs. In spite of 
a robust rationale to restore autonomic balance in 
heart failure supported by favorable preclinical 
data, the anticipated promising outcome of VNS 
in clinical populations of heart failure has failed to 
materialize [255]. The discrepancy between clini-
cal trials is reflected by inconsistency in patient 
selection, VNS dosing, and stimulation 
parameters in terms of frequency and intensity. 
Future studies designed after homogenization of 
these challenges are imperative to showcase the 
efficacy of ANIs in various arrhythmias particu-
larly in the heart failure population. 

Use of a biomarker to identify appropriate 
candidates for ANIs is of paramount importance 
given that heterogeneous characteristics in 
subjects with heart failure may account for the 
conflicting results of the VNS clinical trials. This 
concept is in fact well recognized, aiding appro-
priate patient selection for AF ablation [251] and 
for cardiac resynchronization therapy. Further-
more, biomarkers capable of predicting long-
term response to ANIs are currently lacking. 
Although MSNA [256], HRV [256, 257], 

TNF-α [69], global longitudinal strain [257], 
and possibly PWA have been shown to change 
accordingly following acute LLTS in humans, the 
predictive value of these biomarkers for response 
to chronic treatment remains elusive. A novel 
biomarker known as neurotrophic protein 
S100B, released from cardiac glial cells, appears 
to correlate with acute cardiac autonomic nerve 
damage in patients undergoing AF ablation 
[258]. Importantly, following AF ablation, higher 
levels of S100B predicted sinus rhythm mainte-
nance during follow-up [258, 259]. Further stud-
ies are required to investigate the role of S100B in 
predicting response of ANIs. 

9.7 Future Directions 

9.7.1 Optogenetics 

Optogenetics refers to the capability of specific 
cell types for optical imaging and genetic 
targeting [260]. In principle, illumination of 
genetically targeted brain circuits can regulate 
excitable tissue via the expression of opsins 
(light-sensitive microbial proteins) in the target 
cells [260]. The various functions of opsins as 
ion channels, ion pumps, or signaling receptors 
enable light-sensitive, temporally precise, 
focused low-energy control at cellular, tissue, 
and organ levels (see also Chap. 17). Application 
of optogenetics in cardiovascular research 
involves the use of viruses and exogenous 
“donor” cells expressing opsins as a means to 
create optically sensitive cardiac cells and 
syncytia [261]. Using this technique, two 
categories of opsins can be created: (1) excitatory 
opsins (e.g., channelrhodopsin2), which can pro-
vide currents sufficient for triggering action 
potentials, and (2) inhibitory opsins (e.g., 
archaerhodopsin, halorhodopsin) which 
suppresses action potentials [262]. The use of 
optogenetics at the neural-cardiac axis will allow 
precise dissection of neuro-cardiac interaction, as 
well as focused dynamic manipulation of cell 
signaling, neural feedback loop, and specific 
gene control through light transmission [263].
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In an experimental model, left stellate gan-
glion was optogenetically silenced by using ade-
novirus vector to deliver archaerhodopsin T 
(ArchT, an inhibitory opsin) to the neurons within 
the left stellate ganglion of 20 male beagles 
[264]. All dogs successfully expressed ArchT, 
the latter activated by transient light-emitting 
diode illumination, resulting in significantly 
suppressed left stellate ganglion function and 
neural activity, depressed sympathetic indices of 
HRV, and prolongation of left ventricular ERP 
and action potential duration. These effects were 
enhanced by up to 30-min duration of illumina-
tion. Crucially, ischemia-induced ventricular 
arrhythmias were greatly reduced throughout the 
duration of illumination. All these observations 
returned to baseline within 2 h after illumination 
was turned off. 

9.7.2 Transcutaneous Magnetic 
Stimulation (TCMS) 

Although optogenetics presents a noninvasive 
revenue for autonomic neuromodulation, manip-
ulation of left stellate ganglion activity using this 
method to reduce sympathetic input to the heart 
and to suppress ventricular arrhythmias is very 
much restricted in the preclinical realm [264]. In 
comparison, transcutaneous magnetic stimulation 
(TCMS) presents itself as a suitable noninvasive 
and nondestructive method of neuromodulation 
[265, 266]. Animal studies demonstrated the fea-
sibility of magnetic stimulation to achieve antiar-
rhythmic effect in both AF and post-infarct 
ventricular arrhythmia by targeting cardiac sym-
pathetic activation [267, 268]. 

Recently the first-in-human TCMS study was 
performed in five patients with drug-refractory 
VT storm [269]. In this study, a figure-of-
8 TCMS coil was attached to a magnetic stimula-
tion system which was positioned lateral to the C7 
spinous process in approximation of the left stel-
late ganglion. TCMS was conducted at 80% left 
trapezius motor threshold (0.9 Hz for 60 min). 
Compared to baseline 24 h preceding TCMS, 
there was a lower burden of sustained VT in the 
48 h ensuing TCMS. Additionally, there were no 

further external shocks during this period in con-
trast to an aggregate of 41 shocks prior to TCMS. 
One patient required subsequent catheter ablation 
36 h after enrollment as a result of aborted TCMS 
from coil overheating. Importantly, no adverse 
event was reported. Given the promising findings 
of this case series, a randomized, sham-controlled 
trial evaluating the safety and efficacy of TCMS 
in patients with VT storm is currently ongoing 
(NCT04043312). 

9.8 Conclusions 

The two divisions of the cardiac ANS, the SNS 
and the PNS, play a critical role in supraventricu-
lar and ventricular arrhythmogenesis. These 
arrhythmias arise from distinctive electrophysio-
logic mechanisms, being mediated by SNS and 
PNS neurotransmitters as well as co-transmitters 
interacting at various hierarchies of the neuro-
cardiac axis. Knowledge of the intricate auto-
nomic interplay derived from preclinical studies 
gives rise to exciting clinical application of ANIs 
in suppression of troublesome atrial arrhythmias 
and potentially fatal ventricular arrhythmias, 
albeit with conflicting results, especially in the 
clinical trials comprising HF patients. Novel 
methods such as optogenetics and TCMS offer 
noninvasive ANI tools to modulate arrhythmias. 
However, clinical trials of various ANIs 
demonstrating sustainable and meaningful thera-
peutic outcome in the suppression of various 
arrhythmias would require conscientious patient 
selection, optimization of study protocols, as well 
as utilization of reproducible biomarkers. 
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Abstract 

L-type Ca2+ channels (LTCC) are voltage-
gated Ca2+ channels with particular impor-
tance for cardiac function. They mediate 
Ca2+-induced Ca2+ release from the sarcoplas-
mic reticulum and thus are essential for 
excitation–contraction coupling. Furthermore, 
LTCCs play a key role in pacemaker and con-
ductive tissue. Taken together, it is not 
surprising that LTCCs are associated with car-
diac arrhythmias. The members of the family 
of voltage-gated Ca2+ channels differ in cod-
ing genes, expression pattern, and physiologi-
cal as well as pharmacological properties. 
Cardiac LTCCs are defined by the pore-
forming subunits CaV1.2 and CaV1.3, respec-
tively. The expression and function of LTCCs 
is modulated by auxiliary CaVβ and CaVα2-δ 
subunits, which are also encoded by several 
genes. Furthermore, LTCC subunits are sub-
ject to splicing, cleavage, various protein–pro-
tein interactions (e.g., with calmodulin), and 
modulation by phosphorylation (e.g., by pro-
tein kinase A). This chapter focuses on the role 
of LTCCs in congenital and acquired cardiac 
arrhythmias. We review LTCC mutations 
associated with rhythm disturbances and 
LTCC dysregulations caused by pathologic 

immune system activation. Furthermore, we 
address the dysfunction of LTCCs involved 
in the pathogenesis of atrial fibrillation, 
rhythm disturbances associated with heart fail-
ure, and age-related alterations of the 
heartbeat. 
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ACHB Autoimmune congenital heart block 
AF Atrial fibrillation 
AID Alpha-interaction domain 
AP Action potential 
APD Action potential duration 
AV Atrioventricular 
BrS Brugada syndrome 
CaM Calmodulin 
CC-
AAb 

Agonistic CaV1.2 autoantibody 

CDI Ca2+-dependent inactivation 
CICR Ca2+-induced Ca2+ release 
CPVT Catecholaminergic polymorphic 

ventricular tachycardia 
DCM Dilated cardiomyopathy
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EAD Early after depolarization 
ERS Early repolarization syndrome 
HF Heart failure 
HVA High-voltage activated 
LQTS Long QT syndrome 
LTCC L-type Ca2+ channel 
LVA Low-voltage activated 
miR MicroRNA 
NaV Voltage-gated Na+ channel 
NCX Na+ /Ca2+ exchanger 
RyR Ryanodine receptor 
SA Sinoatrial 
SAN Sinoatrial node 
SANDD SAN Dysfunction and deafness 
SCD Sudden cardiac death 
SQTS Short QT syndrome 
SR Sarcoplasmic reticulum 
TS Timothy syndrome 
VDI Voltage-dependent inactivation 
VF Ventricular fibrillation 
VGCC Voltage-gated Ca2+ channel 
VT Ventricular tachycardia 
VWA von Willebrand factor A 

10.1 Introduction 

L-type voltage-gated Ca2+ channels (LTCCs) are 
voltage-gated Ca2+ channels (VGCCs) ubiqui-
tously expressed in cardiac tissue, but also in 
smooth muscle, pancreas, adrenal gland, or brain 
tissue. LTCCs mediate entry of calcium ions 
(Ca2+ ) into cardiomyocytes, by this initiating 
excitation–contraction coupling. Furthermore, 
LTCCs are critically involved in shaping cardiac 
action potentials (AP) [1]. In sinoatrial and atrio-
ventricular nodes, LTCCs are involved in dia-
stolic depolarization, thereby participating in the 
AP firing and regulating automaticity 
[2, 3]. Accordingly, loss-of-function mutations 
in LTCCs can lead to sinus bradycardia, sick 
sinus syndrome, and dysfunction of atrioventric-
ular conduction [4–7]. In the working myocar-
dium and Purkinje system, depolarizing L-type 
Ca2+ currents determine the amplitude of the AP 
plateau, counterbalanced by repolarizing K+ 

currents. Overlapping with an increase of K+ 

outward-currents, inactivation of LTCCs drives 
the AP into the repolarizing phase and, thus, 
affects its duration (APD) [3]. A disturbed inter-
play of depolarizing and repolarizing currents and 
its influence on APD may result in susceptibility 
for life-threatening ventricular [8] and atrial [9] 
arrhythmias. Correspondingly, mutations in 
LTCCs are associated with arrhythmic disorders 
such as long QT, short QT, Brugada, and early-
repolarization syndromes [10]. Furthermore, 
LTCCs are subject to pro-arrhythmic remodeling 
in diseased and/or aged hearts [11, 12]. 

This chapter focuses on the role of LTCCs in 
congenital and acquired cardiac arrhythmias. We 
review LTCC mutations associated with rhythm 
disturbances, LTCC dysregulations caused by 
pathologic immune system activation and dys-
function of LTCCs involved in the pathogenesis 
of atrial fibrillation (AF), rhythm disturbances 
associated with heart failure (HF), and 
age-related alterations of the heart beat 
(Table 10.1, Fig. 10.1). 

10.2 Molecular Properties of LTCCs 

VGCCs conduct Ca2+ upon surface-membrane 
depolarization. VGCCs are divided into high-
voltage activated (HVA) and low-voltage 
activated (LVA) channels according to their acti-
vation potential thresholds [13]. Furthermore, 
HVA VGCCs are characterized by higher channel 
conductance and slower channel inactivation 
compared to LVA VGCCs [13]. Based on their 
biophysical and pharmacological properties, 
HVA VGCCs are further divided into L-, P/Q-, 
N,- and R-type channels. LTCCs are sensitive to 
antagonistic drugs classified as 
1,4-dihydropyridines (e.g., amlodipine), 
phenylalkylamines (e.g., verapamil), and 
1,5-benzothiazepines (e.g., diltiazem) [13]. LVA 
VGCCs consist of the subfamily of T-type Ca2+ 

channels, which can pharmacologically be 
discriminated against LTCCs by the specific 
LTCC agonist (S)-(–)-Bay K 8644 and the 
T-type preferring antagonist mibefradil [14]. In 
cardiomyocytes, both L- and T-type VGCCs are



Table 10.1 Synopsis of rhythm disturbances and channelopathies related to L-type Ca channels

Gene/protein Pathophysiological effects

"

#
#
#
#
#
#
#
"

#
#
#

"
#

#

"
#

"
#

#

" #
#

"

expressed at significant levels [15–19]. LTCCs 
are the predominant VGCCs in the adult human 
heart [16–19], whereas T-type VGCCs seem to 

prevail in the early stages of the heart develop-
ment [16, 19]. Expression of T-type VGCCs in 
the adult myocardium depends on the species and
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2+ 

Phenotype/ 
channelopathy 

Exemplifying 
references 

Genetics 

CACNA1C (CaV1.2) LQT8 (including TS) Gain-of-function, ICaL [86, 91, 92, 
293] 

BrS3, BrS3/SQT4 Loss-of-function, ICaL [129, 130] 
SQT4 Loss-of-function, ICaL [138] 
ERS2 Loss-of-function, ICaL 

a [130] 
SAN dysfunction Loss-of-function, ICaL 

a,b [7] 
CACNA1D (CaV1.3) SANDD syndrome Loss-of-function, ICaL [6] 
CACNB2b (CaVβ2b) BrS4, BrS4/SQT5 Loss-of-function, ICaL [129, 130] 

ERS3 Loss-of-function, ICaL 
a [130] 

SNPs in addition to 
BrS3, BrS4, ERS3 
mutations 

Gain-of-function, ICaL 
c [130] 

CACNA2D1 
(CaVα2δ-1) 

BrS9 Loss-of-function, ICaL 
a [130] 

SQTS6 Loss-of-function, ICaL [145] 
ERS4 Loss-of-function, ICaL 

a [130] 
CALM1–3 (CaM) LQT14–16 Loss-of-function of CaM, reduced CDI of ICaL [68, 123] 
Autoimmunity 

CaV1.2 VT, SCD in DCM Agonistic antibodies, ICaL [156, 157] 
Idiopathic cardiac arrest Antagonistic antibodies, ICaL [180] 

CaV1.2 and CaV1.3 ACHB Ro/SSA antibodies, ICaL [154, 174] 
Inflammation 

CaV1.2 LQTSd IL-1, ICaL [190] 
AFd IL-1, ICaL [193, 194] 
LQTSd IL-6, CaV1.2 phosphorylation, ICaL [187] 
AFd TNFα, ICaL [195] 
AFd MIF, ICaL [196] 

Remodeling 

CaV1.2 and CaV1.3 Age-related SSS miR-1976 , ICaL [200] 
CaV1.2 and CaV1.3, 
CaVβ1, CaVβ2, 
CaVα2δ-1 

AF ICaL [207, 218] 

CaV1.2, CaVβ2a HF 
occurrence of rhythm 
disturbances 

Single LTCC activity ", channel hyper-
phosphorylation, reduced number of functional 
channels 

[253, 255, 
267, 273] 

Data are compiled from human and animal studies 
" indicates increase/upregulation; #, decrease/downregulation; ACHB, autoimmune congenital heart block; AF, atrial 
fibrillation; BrS, Brugada syndrome; CaM, calmodulin; CDI, Ca2+-dependent inactivation; DCM, dilated cardiomyopa-
thy; ERS, early-repolarization syndrome; HF, heart failure; ICaL, whole-cell L-type Ca

2+ current/current density; LQT, 
long QT syndrome (in the disease names); LQTS, long QT syndrome; LTCC, L-type Ca2+ channels; miR, microRNA; 
SAN, sinoatrial node; SANDD, sinoatrial node dysfunction and deafness; SCD, sudden cardiac death; SNP, single-
nucleotide polymorphism; SQT, short QT syndrome (in the disease names); SQTS, short QT syndrome; SSS, sick sinus 
syndrome; TS, Timothy syndrome; VT, ventricular tachycardia 
a Proposed mechanism, no experimental measurements 
b Accompanied by a titin mutation 
c Probably counteracted by a concomitant HERG channel mutation 
d Proposed related disorder, no/little experimental evidence



s

strongly decreases with increasing body size in 
mammals [20]. In diseased hearts, however, 
T-type VGCCs can be re-expressed [21].
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Fig. 10.1 Schematic 
overview of mechanisms 
underlying rhythm 
disturbances associated 
with L-type Ca2+ channel 
(LTCC) dysfunction. From 
left to right: LTCC 
mutations, either de novo 
or hereditary, aging and 
age-related diseases such 
as heart failure or atrial 
fibrillation, inflammatory 
diseases, or (auto-) 
antibodies can affect 
LTCC expression and/or 
function and lead to 
alterations in electrical 
activity of the heart or even 
to cardiac arrhythmia 

LTCCs are defined by their transmembrane 
pore-forming subunit, CaVα1 (CaV1.X), which 
determines most properties of the ion channel 
complex, which consists of the pore and up to 
three auxiliary subunits, CaVα2-δ, CaVβ, and 
CaVγ [13, 22]. Auxiliary CaVα2-δ and CaVβ 
subunits are constitutively bound to the CaVα1 
subunit, although different CaVβ isoforms can 
dynamically alternate in a competitive manner 
[23, 24]. CaVα2-δ and CaVβ modulate channel 
trafficking, gating properties, and interaction 
with other proteins. Cardiac LTCCs can also 
associate with CaVγ subunits in heterologous 
expression systems, but the role of this interaction 
in native heart tissues remains to be investigated 
[25]. Multiple genes encoding LTCC subunits 
and their alternative splicing provide molecular 
diversity of LTCCs [26]. In addition, the ubiqui-
tous Ca2+ sensor protein calmodulin (CaM) can 
be considered essential for LTCCs [27, 28]. CaM 
associates with the CaVα1 subunit with high 

affinity and regulates channel activity and Ca2+-
dependent feedback, e.g., Ca2+-dependent inacti-
vation (CDI). 

10.2.1 CaVa1 Subunit 

The CaVα1 subunit is the primary subunit of 
VGCCs (Fig. 10.2), which encompasses an 
ion-conducting pore with a selectivity filter and 
voltage sensor, as well as activation and inactiva-
tion machineries. It provides sites for regulatory 
interactions and drug binding [1, 29]. Ten 
phylogenetically related genes encode different 
CaVα1 subunits [1, 29]. Four of them, CACNA1S, 
CACNA1C, CACNA1D, and CACNA1F, encode 
the LTCC CaVα1 subunits, CaV1.1–CaV1.4, 
respectively. While CaV1.1 (CaVα1S) is specific 
for skeletal muscle cells, CaV1.4 (CaVα1F)  i  
essential for retinal photoreceptor function. 
CaV1.2 (CaVα1C) and CaV1.3 (CaVα1D) are the 
only LTCCs expressed in cardiac tissue and of 
particular functional relevance here.
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Fig. 10.2 Schematic structure of a CaVα1 subunit with 
associated CaVβ, CaVα2-δ, and calmodulin. CaVα1 
consists of four domains (DI–DIV), each comprised of 
six transmembrane segments (S1–S6). S4 segments are 
positively charged and serve as voltage sensors. S5 and 
S6 segments together with S5–S6 loops form the channel’s 
conducting pore. DI–DII loop contains the alpha-
interaction domain (AID) enabling high-affinity interac-
tion with CaVβ subunit. The C-terminus of CaVα1 can be 
either post-translationally cleaved (CaV1.2 channels) or 
truncated due to alternative splicing (CaV1.3 channels), 

as symbolized by the scissors. The proximal part of the 
full-length C-terminus binds calmodulin (CaM). CaM 
consists of two lobes, each having two Ca2+-binding 
sites. The distal part of the full-length C-terminus interacts 
with the proximal C-terminus and competes with CaM. Of 
note, the cleaved distal C-terminus of CaV1.2 can also 
non-covalently bind to the channel’s proximal 
C-terminus. CaVα2-δ subunit is anchored to the membrane 
through its δ portion and interacts with extracellular loops 
of CaVα1 

The CaVα1 subunit belongs to the family of 
four-domain cation channels, which also includes 
pore-forming subunits of voltage-gated Na+ 

channels (NaVs) [30]. CaVα1 protein with a length 
of approximately 2000 amino acids consists of 
four homologous domains (DI–DIV) connected 
by intracellular loops and having intracellular N-
and C-termini [1]. Each domain contains six 
transmembrane segments (S1–S6). S5 and S6 
are connected at their extracellular ends by the 
reentrant pore loops. Together, S5, S6, and the 
pore loops of DI to DIV form the ion-conducting 
pore of CaVα1 [1, 31–33]. The lower (intracellu-
lar) thirds of S6, which are rich in hydrophobic 
amino acids, interact with each other, sealing the 
pore in the non-conducting (closed) state of the 
channel. The positively charged S4 segments 
serve as voltage sensors. Their outward move-
ment in response to membrane depolarization 

allows S6 segments to diverge thus opening the 
channel [34]. The intracellular DI–DII loop forms 
the inactivation gate, which docks to the cytoplas-
mic ends of S6 segments upon channel opening, 
leading to voltage-dependent inactivation (VDI) 
[35]. Furthermore, this DI–DII loop of HVA 
VGCCs contains the alpha-interaction domain 
(AID) (Fig. 10.2), which enables interaction 
with CaVβ subunits [36]. The co-localization of 
AID and the inactivation gate in the DI–DII loop 
provides structural basis for profound regulation 
of VDI by CaVβ subunits (see Sect. 10.2.2)  [35]. 

The cytoplasmic C-terminus of CaVα1 allows 
channel regulation by numerous protein–protein 
interactions [37, 38]. Particularly, it binds CaM 
and thus permits Ca2+-dependent channel 
autoregulation [28]. Besides, distal C-termini of 
LTCC CaVα1 contain auto-inhibitory domains 
[39–42]. However, LTCC CaVα1 can exist in the



full-length form or in truncated forms, which lack 
the distal C-terminus. In CaV1.1 and CaV1.2 
channels, the distal C-terminus can be post-
translationally cleaved but remains 
non-covalently associated with the channel 
[39, 40]. A dissociated distal C-terminus of 
CaV1.2 channels can translocate into the nucleus 
and regulate transcription [37]. In CaV1.3 and 
CaV1.4 channels, short and long C-termini arise 
from alternative splicing [42–45]. 
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As mentioned above, from the family of 
LTCCs, only CaV1.2 and CaV1.3 were found in 
the heart. While CaV1.2 is ubiquitously expressed 
in all cardiac tissues, CaV1.3 is preferentially 
expressed in sinoatrial (SA) and atrioventricular 
(AV) nodes, can be found in atria and Purkinje 
fibers, and is practically absent in ventricles [17– 
19, 46, 47]. CaV1.2 and CaV1.3 channels are often 
expressed in the same tissues but can have distinct 
functions due to differences in their gating 
properties. CaV1.3 channels activate at more neg-
ative potentials than CaV1.2: the activation 
threshold of CaV1.3 channels is at about – 
50 mV, whereas CaV1.2 channels open at 
voltages above –30 mV [13, 46, 48, 49]. The 
low activation threshold of CaV1.3 channels, 
which is slightly more positive than the activation 
threshold of T-type VGCCs, makes CaV1.3 
channels suitable to support slow conduction 
and pace-making activity and this correlates 
with CaV1.3 expression patterns. 

10.2.2 CaVb Subunit 

CaVβ subunits are cytosolic auxiliary subunits of 
HVA VGCCs (Fig. 10.2) and the main modulator 
of activation, inactivation, and membrane 
targeting of these channels [36]. Structurally, 
CaVβ subunits consist of the so-called functional 
core flanked by variable N- and C-termini 
[36]. The CaVβ core comprises conserved SH3 
and GK domains, which are linked by a flexible, 
weakly conserved HOOK region. SH3 and GK 
domains evolved as interaction sites for protein– 
protein interactions [50, 51]. The SH3 domain of 
CaVβs can bind dynamin, promoting channel 
endocytosis [52]. The GK domain of CaVβs 

interacts with the family of RGK proteins (Rem, 
Gem/kir, and Rad), which are strong inhibitors of 
HVA VGCCs [53]. It also contains a tiny hydro-
phobic groove, termed α-binding pocket, which 
interacts with the AID of CaVα1 [54]. Both SH3 
and GK domains are required to reproduce multi-
ple functional effects of CaVβ, with the HOOK 
region being important for the modulation of VDI 
of HVA VGCCs [36]. 

Four CaVβ subfamilies are known, each 
encoded by a distinct gene (CACNB1– 
CACNB4), but due to alternative splicing several 
variants of each CaVβ isoform exist [36]. All 
CaVβ subunits have been found in the mammalian 
heart, while CaVβ2 is the most prominent. Among 
these, CaVβ2b,c are the most abundant, while 
CaVβ2d,e are only robust in young animals, and 
the expression levels of CaVβ2a seem to be the 
lowest [55–57]. CaVβ2 isoforms differ in their 
non-conserved N-terminal region and differen-
tially affect channel activity and inactivation 
[57]. Besides, cardiac CaVβ subunits can diverge 
in their subcellular localization: e.g., whereas 
CaVβ1b, CaVβ2 and CaVβ3 were detected in the 
T-tubule sarcolemma, CaVβ1a and CaVβ4 were 
found in the surface sarcolemma [58]. 

10.2.3 CaVa2-d Subunit 

CaVα2-δ subunits (Fig. 10.2) promote plasma 
membrane expression of HVA VGCCs, increase 
Ca2+ currents, shift activation to more 
hyperpolarized potentials, and accelerate inacti-
vation [59–61]. There are four genetic variants, 
CaVα2-δ1–4, encoded by CACNA2D1–4 genes, 
respectively [61]. A precursor protein, translated 
from CACNA2D, is cleaved to yield two 
polypeptides, α2 and δ, which, however, remain 
connected by disulfide bridges. CaVα2-δ is an 
extracellularly glycosylated subunit anchored to 
the plasma membrane by a 
glycosylphosphatidylinositol attached to the 
C-terminus of δ. The α2 portion contains multiple 
domains, e.g., von Willebrand factor A (VWA) 
domain, commonly involved in extracellular 
protein–protein interactions. VWA domain is 
important for the physical interaction with



extracellular loops of LTCCs and the modulation 
of their biophysical properties [33, 59, 60]. 
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All isoforms CaVα2-δ1–4 were found in the 
heart but only CaVα2-δ1 is abundantly expressed 
in human ventricles [17, 18, 62–64]. In atria, 
CaVα2-δ1 and CaVα2-δ2 were found to be 
expressed at similarly high levels [17, 64]. 

10.2.4 CaVg Subunit 

CaVγ subunits are transmembrane proteins 
encoded by eight CACNG genes. They build a 
functionally heterogeneous family and can regu-
late other proteins besides VGCCs [65]. CaVγ1 
was identified as a part of the skeletal muscle 
LTCCs. CaVγ4, CaVγ6, CaVγ7, and CaVγ8 were 
found in the human heart and they were able to 
associate with CaV1.2 and differentially modulate 
its properties in a heterologous expression system 
[25]. However, whether CaVγ regulates native 
cardiac LTCCs requires further studies. So far, 
there is no direct evidence of interaction between 
LTCCs and CaVγ in cardiomyocytes. 

10.2.5 Calmodulin (CaM) 

CaM is a universal Ca2+-sensing protein 
regulating a vast number of proteins [27, 66]. It 
can be considered as an auxiliary subunit of vari-
ous ion channels including LTCCs (Fig. 10.2) 
[27, 28]. In humans, CaM is encoded by three 
genes, CALM1–3, with divergent nucleotide but 
identical protein sequences [67]. All CaM genes 
are expressed in the heart, showing expression 
levels in the rank order CALM3 > CALM2 > 
CALM1 [68]. CaM consists of two lobes, each 
composed of two EF hands with high affinity to 
Ca2+ [28]. In LTCCs, CaM is bound to the 
channel’s proximal C-terminus but can be com-
petitively displaced by the distal part of the 
C-terminus of the channel [41, 69–73]. The com-
petition between CaM and the distal C-terminus 
is further regulated, e.g., by PKA phosphorylation 
in response to β-adrenergic stimulation [74]. CaM 
strongly enhances channel activity in its (Ca2+-
free) apo form and is responsible for CDI of the 
channel upon Ca2+ conduction [28]. Furthermore, 

Ca2+ binding to the channels’ CaM is involved in 
internalization of the channels in response to their 
high activity [75]. 

10.3 LTCCs and AP 

Interplay of various ion currents through the 
cardiomyocyte membrane regulates generation 
of cardiac APs [3]. LTCCs open upon membrane 
depolarization giving rise to inward, depolarizing 
currents. Activation of LTCCs is slow compared 
to that of NaVs; therefore, LTCCs contribute little 
to the upstroke (phase 0) of the AP in ventricular, 
Purkinje, and atrial myocytes [3]. Instead, long-
lasting LTCC currents together with opposing 
outward K+ currents shape the AP plateau 
(phase 2) in these cells. In the working myocar-
dium, Ca2+ influx through LTCCs activates 
ryanodine receptors (RyRs) leading to Ca2+ 

release from the sarcoplasmic reticulum (SR). 
This process is called Ca2+-induced Ca2+ release 
(CICR), and it underlies cardiac excitation–con-
traction coupling [76, 77]. Subsequent VDI and 
CDI of LTCCs result in accelerated membrane 
repolarization (phase 3). Regeneration of 
depolarizing currents in the case of insufficient 
repolarization reserve [78] can lead to a new 
membrane depolarization (early after depolariza-
tion, EAD) and thus trigger a premature AP 
[79, 80]. EADs are associated with fatal 
arrhythmias, such as Torsades de Pointes tachy-
cardia, a specific form of polymorphic ventricular 
tachycardia with a high risk of sudden cardiac 
death (SCD) [79]. Overlap of LTCC activation 
and inactivation curves results in steady-state 
currents (so-called window currents, Fig. 10.3). 
Thus, LTCCs can reactivate and contribute to an 
increasing (late) inward current [79, 81]. Accord-
ingly, increased LTCC window currents can 
increase the risk of EADs, while reduced window 
currents can decrease it. 

In SA and AV nodes, LTCCs are essential 
drivers of the membrane depolarization during 
pace-making [82]. In the SA node, spontaneous 
APs are initiated by coupled “membrane-” and 
“Ca2+-clock” mechanisms, which include 
depolarizing currents mediated by HCN channels 
(“funny” currents) and T-type VGCCs as well as



Na+ /Ca2+ exchanger (NCX) activation in 
response to the spontaneous Ca2+ release through 
RyRs [82, 83] (see also Chaps. 4 and 6). 
Subsequent activation of CaV1.3 channels further 
promotes membrane auto-depolarization. After 
the membrane potential reaches the activation 
threshold of CaV1.2 channels, these LTCCs con-
tribute to the upstroke of the AP. Besides its Ca2+-
conducting function, CaV1.3 channels are an 
essential molecular determinant of the 
depolarizing, dihydropyridine-sensitive sustained 
Na+ currents in the SA node [84]. CaV1.3 strongly 
co-localizes with RyRs in SA node cells 
[85]. Thus, CaV1.3 opening here can stimulate 
RyRs-mediated Ca2+ release and further activate 
depolarizing NCX currents. 
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Fig. 10.3 Schematic drawing of a so-called window cur-
rent. The two curves depict steady-state inactivation (solid 
line) and activation (dashed line) of Ca2+ currents 
depending on the respective membrane potential. Within 
the potential range marked in gray (“permissive window of 

voltage”), a large proportion of the Ca2+ channels is in the 
inactivated state, i.e., non-conducting, while another pro-
portion is just activated. L-type Ca2+ channels may reacti-
vate within this voltage range 

10.4 LTCC Mutations Associated 
with Cardiac Rhythm 
Disturbance 

Ion channel mutations in general account for a 
variety of hereditary cardiac arrhythmias. For 
example, a large fraction of sudden unexplained 
deaths in the young are postmortem attributed to 
ion-channel mutations which led to cardiac 

arrhythmias [86]. Primary channelopathies 
predisposing to sudden cardiac death include 
long QT syndrome (LQTS), short QT syndrome 
(SQTS), the Brugada Syndrome (BrS), and the 
catecholaminergic polymorphic ventricular 
tachycardia (CPVT) [87]. As discussed below, 
some LTCC mutations are associated with 
rhythm disturbances, although the major suscep-
tibility genes revealed so far are KCNQ1 (KV7.1), 
KCNH2 (KV11.1/hERG), SCN5A (NaV1.5), and 
RYR2 (ryanodine receptor 2) [86, 87]. 

The report of LTCC mutations causing the 
Timothy Syndrome (TS) by Splawski et al. in 
2004 has highlighted the role of LTCCs for 
hereditary cardiac arrhythmias and up to now 
the number of identified mutations in LTCCs 
affecting cardiac rhythm strongly increased 
[10, 88–90]. Cardiac LTCC channelopathies can 
be conditionally classified as gain- or loss-of-
function mutations [89]. LQTS mutations in 
CaV1.2 channels typically show gain-of-function 
features, whereas loss-of-function CaV1.2 
mutations were found in BrS, SQTS, and early-
repolarization syndrome (ERS) [10, 89]. Further-
more, loss of CaV1.3 or CaV1.2 function can lead 
to sinus node malfunction from bradycardia to 
sick sinus syndrome [6, 7].
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10.4.1 Long QT Syndromes (LQTS) 

On the cellular level, LQTS results from a 
prolongation of the ventricular AP due to an 
increase of depolarizing Na+ and Ca2+ currents 
or a decrease of repolarizing K+ currents 
[91]. This favors EADs, which can lead to 
Torsades de Pointes arrhythmia [79]. Three 
major and at least 14 minor susceptibility genes 
were identified for congenital LQTS [92]. 

LQTS caused by mutations in the pore-
forming subunit of CaV1.2 channels 
(CACNA1C-LQTS) is historically termed LQT8. 
Given the strong expression of CaV1.2 in various 
tissues, gain-of-function CaV1.2 channelopathies 
can result in multi-organ pathologies. LQT8 was 
thus subdivided into the multisystem Timothy 
syndrome (TS) and LQT8 without extra-cardiac 
symptoms as more and more CACNA1C 
mutations and associated effects became 
known [10]. 

TS is a rare multisystem disorder characterized 
by QT prolongation, cardiac arrhythmias (brady-
cardia, AV block, ventricular tachyarrhythmia), 
congenital heart defects, and extra-cardiac 
manifestations such as syndactyly, facial 
abnormalities, immune system dysfunction, inter-
mittent hypoglycemia, and neuropsychiatric 
disorders [88, 93, 94]. TS patients are at high 
risk of SCD and often die during childhood 
[88, 93, 95]. TS is a dominant genetic disorder, 
resulting from de novo CACNA1C mutations. 
However, it can also be inherited from an asymp-
tomatic parent who carries a mosaic CACNA1C 
mutation [88, 96]. The particular phenotype 
depends on the respective CACNA1C mutation 
and can vary among patients with the same muta-
tion [88, 93–95, 97, 98]. Classical TS (TS-1) is 
most commonly caused by a recurrent missense 
mutation (G406R) in the alternatively spliced 
exon 8a, which is widely expressed and 
represents approx. 20% of CaV1.2 transcripts in 
cardiac and neuronal tissue [88]. The analogous 
mutation in the mutually exclusive exon 
8, responsible for nearly 80% of cardiac CaV1.2 
channels, leads to an atypical TS (TS-2) without 

syndactyly but a more severe cardiac 
phenotype [93]. 

The G406R mutation alters CaV1.2 activity at 
various levels: it drastically inhibits channel inac-
tivation (particularly VDI), shifts channel activa-
tion to more negative potentials, and promotes a 
channel gating mode with very long openings 
[88, 93, 99, 100]. The mutation occurs at the 
cytoplasmic end of the sixth transmembrane seg-
ment of the channel’s domain I (DI/S6), which is 
involved in the voltage-dependent regulation of 
the channel activation and inactivation and is 
conserved in VGCCs across various species 
[34, 35, 93, 101]. Moreover, G406R introduces 
a new consensus site for CaMKII enabling phos-
phorylation of S409, which could promote long 
channel openings ([99]; but: [102]). Furthermore, 
G406R leads to enhancement of coupled channel 
gating, by altering the interaction with the scaf-
folding protein AKAP150 [103, 104]. 

Some TS cases were reported to be caused by 
mutations other than the typical G406R mutation. 
Interestingly, many of them are also located at the 
cytoplasmic end of an S6 segment similar to 
G406R, e.g., G402S, G402R, S405R, E407A in 
DI [93, 95, 105], I1166T in DIII [106, 107], or 
A1473G in DIV [108]. Besides, a TS-associated 
mutation was reported in a DII/S4–S5 linker, 
S643F [109]. Of note, S4–S5 linkers appear to 
interact with S6 segments [34]. Electrophysiologi-
cally, gain of CaV1.2 function was confirmed for 
G402S (impairment of inactivation) [93] and 
I1166T (increased window current due to shifted 
activation potentials) [106, 107]. S643F mutation 
showed mixed loss- and gain-of-function 
features: a reduction of peak current density was 
opposed by shifting the activation toward more 
depolarized potentials and increasing late currents 
due to the drastic reduction of VDI [109]. 

Although initially LQT8 was equated to TS, 
later studies expanded the spectrum of 
phenotypes associated with LQT8 [110– 
113]. For example, one patient with idiopathic 
QT prolongation, bradycardia, and autism spec-
trum disorder carried an E1115K mutation in the 
selectivity filter in the DIII/S5-S6 loop 
[113]. When expressed in a recombinant system 
the mutation caused AP prolongation and turned



the LTCC into a dihydropyridine-sensitive but 
nonselective cation channel. 
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Some CACNA1C mutations result in LQTS 
without obvious extra-cardiac attributes [10, 90, 
107, 110]. A whole-exome sequencing of 
102 unrelated “genotype-negative/phenotype-
positive” LQTS patients suggested that 
CACNA1C mutations may be responsible for 1% 
of LQTS cases [110]. CACNA1C mutations lead-
ing to isolated LQTS were found at various cyto-
plasmic linkers and both N- and C-terminus and 
showed gain-of-function features like reduced 
channel inactivation, increased current density, 
increased window current, or negative shift of 
activation potential range [10]. Interestingly, 
many of the CaV1.2 mutations concentrate in the 
DII–DIII linker at a PEST sequence, which serves 
as a signal for protein degradation 
[110, 114]. Genetic analyses of several families 
with multiple cardiac abnormalities, such as 
LQTS, hypertrophic cardiomyopathy, or congen-
ital heart defects, identified recurrent R581C/H 
mutations in CaV1.2 channels [111, 115, 
116]. R581C/H mutations lie within the intracel-
lular DI–DII loop, which is responsible for VDI 
regulation and binding of CaVβ subunits. These 
mutations show an increase of window and late 
currents indicating gain of function [111, 117]. 

LQTS can also be associated with gain of 
LTCC function due to mutations in the CaM 
genes CALM1–3 (LQT14–16, respectively) 
[68, 118–123]. These CaM mutations led to a 
reduction of Ca2+ affinity to the EF hands in the 
C-lobe of CaM, resulting in the loss of CDI of 
CaV1.2 channels [68, 118, 120, 122, 124, 
125]. Crystallographic and NMR investigations 
suggest that altered interaction between CaM 
and CaV1.2 may also be involved [126]. 

10.4.2 Brugada, Early-Repolarization, 
and Short QT Syndromes 

BrS and ERS belong to the continuous spectrum 
of so-called J-wave syndromes. They are 
diagnosed based on the ECG patterns in structur-
ally normal hearts and are associated with an 
increased risk of SCD due to polymorphic 

ventricular tachycardia (VT) and ventricular 
fibrillation (VF) [127]. The mechanisms underly-
ing BrS and ERS are not fully understood 
[127, 128]. Besides, BrS and ERS appear to be 
multifactorial rather than pure Mendelian 
disorders [129]. 

LTCCs came into focus, when it was observed 
that the Ca2+ channel antagonist verapamil can 
induce BrS-like patterns in APs and ECGs of 
canine right ventricular wedges [130]. Subsequent 
studies revealed that mutations in CACNA1C 
(CaV1.2), CACNB2b (CaVβ2b), and CACNA2D1 
(CaVα2δ-1) account for a significant fraction of 
BrS and ERS cases and are often accompanied by 
shortening of the QT interval [89, 131, 132]. 

The latter observation led to reassessment of 
CaV1.2 subunit genes as candidate susceptibility 
genes for SQTS [133]. SQTS is a rare inherited 
cardiac disease, characterized by a high risk of 
developing AF and VT leading to syncope or 
SCD [134, 135]. The short QT interval results 
from a shortening of APD due to accelerated 
membrane depolarization. Reduced effective 
refractory period and increased transmural disper-
sion predispose to re-entry arrhythmias [91, 136]. 

In BrS patients, at least eleven CACNA1C 
mutations were identified of which four lead to 
concomitant BrS/SQTS [131, 132, 137, 
138]. Additionally, two ERS-, one SQTS-, and 
one ERS/SQTS-associated mutations were 
identified in CACNA1C [132, 133, 139, 
140]. The majority of the mutations were located 
in cytoplasmic regions of the channel, particularly 
in the distal C-terminus. Nine mutations were 
studied in heterologous expression systems and 
showed a decrease of Ca2+ current density 
[131, 132, 138–141]. In particular, the splicing-
error mutation R632R could be a subject to 
nonsense-mediated mRNA decay [142]. One 
BrS patient was shown to carry the missense 
mutation E1115K [132] converting CaV1.2 into 
a nonselective monovalent cation channel 
associated with LQTS, as discussed above 
[113]. This BrS patient, however, additionally 
showed a HERG channel mutation known to be 
associated with BrS and thus probably compen-
sating for the CaV1.2 LQTS mutation 
[132]. CACNA1C genetic variants present at low



frequencies in the general population may also 
predispose to BrS and ERS [132, 143]. A 
T1787M variant, found in 0.8% of an African 
population, was identified in three unrelated 
patients with BrS, ERS, or idiopathic VF. 
T1787M is located in the distal C-terminus and 
strongly increased its auto-inhibitory effect [143]. 
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Auxiliary CaVβ and CaVα2-δ subunits, which 
modulate surface expression and gating 
properties of CaV1.2 channels, are also associated 
with malignant ventricular arrhythmias. Genetic 
testing identified nine BrS-related and three 
ERS-related distinct amino acid changes in the 
CaVβ2b subunit [131, 132, 144–146]. Among 
these, one BrS mutation led to concomitant 
SQTS [131, 132]. Two BrS mutations in the 
CaVβ2b subunit were studied in whole-cell 
patch-clamp experiments and showed loss-of-
function features such as decreased current den-
sity or increased rates of channel inactivation 
[132, 146]. In the CACNA2D1 gene, four BrS-, 
one ERS-, and one SQTS-associated mutations 
were reported [132, 146, 147]. The SQTS muta-
tion showed reduced current density in patch-
clamp experiments [147]. 

10.4.3 SA and AV Node Dysfunctions 

LTCCs are involved in the slow auto-
depolarization (CaV1.3) and in the generation of 
the upstroke (CaV1.2 and CaV1.3) of APs in SA 
and AV nodes [82]. CACNA1D (CaV1.3)-defi-
cient mice showed SA node (SAN) bradycardia 
with irregular cellular cycles, disturbed AV con-
duction, and congenital deafness [4, 5, 46, 
148]. Later, a similar phenotype was observed in 
two consanguineous inbred Pakistani families 
[6]. The disorder, termed sinoatrial node dysfunc-
tion and deafness (SANDD) syndrome, is 
characterized by severe hearing loss, bradycardia, 
increased heart-rate variability, and variable 
degree of AV block [6]. SANDD patients were 
homozygous carriers of a 3 base pairs insertion in 
the alternatively spliced exon 8b of CACNA1D. 
The 8b isoform of CaV1.3 channels is predomi-
nant in the SAN [6]. This mutation leads to a 
glycine insertion (403_404insGly) at the 

cytoplasmic end of the inner-pore lining helix 
DI/S6. This region is conserved in human 
LTCCs, and associated with pathological gain-
of-function mutations at homologous position 
not only in CaV1.3 (G403R and G403D) but 
also in CaV1.2 (G402S known from TS) and 
CaV1.4 (G359R) [93, 149, 150]. In contrast, the 
403_404insGly mutation results in 
non-conducting CaV1.3 channels, although the 
channels are expressed in the surface membrane 
and exhibit ON-gating currents, indicating mobil-
ity of the voltage sensor [6]. The glycine insertion 
occurs at the cytoplasmic end of the pore, at the 
interaction site with S4–S5 linkers, which trans-
mit movements of voltage-sensing S4 segments 
to the pore-forming S6 segments 
[34]. Measurements of CaV1.3 gating currents 
suggested that the 403_404insGly mutation can 
disturb this interaction by uncoupling S4 
movements from the channel opening [6]. How-
ever, it is also possible that the mutation obstructs 
ion permeation. Recent studies of five supposedly 
unrelated Pakistani families with SANDD syn-
drome revealed that four of them were carriers 
of the 403_404insGly mutation, which was likely 
inherited from a common distant ancestor 
[151]. In the fifth family, SANDD syndrome 
was associated with a homozygous A376V muta-
tion in the exon 8b of CACNA1D. A376V is 
located in the pore loop (DI/S5–S6 linker). The 
alanine at this position is conserved across 
LTCCs in various tissues. It was proposed that 
the substitution by valine could affect the shape of 
the inner part of the pore and thus affect Ca2+ 

conduction. 
CaV1.2 channels could be involved in familial 

SAN dysfunction as well [7]. Genetic analysis of 
a Korean family with sinus bradycardia, early 
repolarization, and AF revealed compound het-
erozygosity of CACNA1C and titin mutations, 
predicted to be deleterious and perhaps increasing 
the severity of early repolarization [7]. Additional 
age-dependent loss of CaV1.2 channels in the 
SAN (see Sect. 10.5.2.1 for more details) imposes 
a risk of the affected family members to develop 
sick sinus syndrome [7, 152].
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10.5 LTCCs in Acquired Arrhythmias 

10.5.1 Autoimmune and Inflammatory 
LTCC Channelopathies 
and Cardiac Arrhythmias 

The immune system plays an important role in the 
pathogenesis of cardiac arrhythmias [153– 
155]. An exemplary mechanism is the production 
of autoantibodies and inflammatory cytokines 
which can affect ion channels involved in the 
generation of cardiac APs [153, 154]. 

10.5.1.1 Antibodies Activating LTCCs 
Autoimmune LTCC channelopathies play an 
important role in ventricular arrhythmias in 
dilated cardiomyopathy (DCM) [156]. Agonistic 
autoantibodies directed against CaV1.2 channels 
(CC-AAbs, Ca2+ channel autoantibodies) were 
identified in up to 50% of patients with idiopathic 
DCM [157–160]. In the prospective studies, 
patients positive for CC-AAbs had a several-fold 
higher risk of ventricular tachycardia and SCD 
than patients without these antibodies 
[158, 160]. CC-AAbs can bind to the CaV1.2 
N-terminus and increase Ca2+ currents 
[159]. The arrhythmogenicity of CC-AAbs was 
confirmed in an animal model [158]: in isolated 
rat hearts, application of the purified CC-AAbs 
led to ventricular tachycardia and ventricular pre-
mature beats. Consistently, on the level of ven-
tricular myocytes, the antibodies led to AP 
prolongation and occurrence of EADs. Summing 
up, CC-AAbs are an independent predictor of 
SCD in DCM resulting from ventricular 
arrhythmias [158, 160]. CC-AAbs were found in 
patients with ischemic cardiomyopathy (ICM) at 
a similar frequency as in DCM patients [160]. In 
ICM patients, CC-AAbs were associated with a 
several-fold increased risk of both SCD and 
non-SCD. Binding of CC-AAbs to the intracellu-
lar part of CaV1.2 and similar prevalence of 
CC-AAbs in ICM and DCM suggest that 
CC-AAbs can develop secondary to myocyte 
damage [154, 158, 161]. 

Several autoantibodies with targets other than 
LTCCs have been shown to increase LTCC-

mediated currents in DCM. Autoantibodies 
against adenine nucleotide translocators cross-
react with LTCCs, increase Ca2+ influx, and lead 
to progressive cardiomyocyte damage 
[157]. Monoclonal antibodies against cardiac tro-
ponin I can strongly enhance LTCC currents in 
murine myocytes, likely by an indirect mecha-
nism [162]. However, this effect has not yet 
been reproduced with human samples 
[163]. Autoantibodies against β1 adrenoceptors 
from DCM patients prolonged APD by increasing 
LTCC currents via activation of cAMP/PKA 
signaling [164]. 

10.5.1.2 Antibodies Inhibiting LTCCs 
Inhibition of LTCCs by anti-Ro/SSA 
autoantibodies plays an important role in autoim-
mune congenital heart block (ACHB) 
[154, 156]. Of note, anti-Ro antibodies are pres-
ent in healthy people, too. Nonetheless, risk for 
ACHB is significantly enhanced in anti-Ro anti-
body positive individuals with an incidence of 
about 5% compared to 1:11,000 in general. 
ACHB is thought to be caused by transplacental 
transfer of maternal antibodies, leading to inflam-
mation and eventually fibrosis of the fetal AV 
node, but also of SAN and His bundle [165– 
167]. Ro/SSA and La/SSB antigens are intracel-
lular ribonucleoproteins, which become surface 
exposed in apoptotic cells [168]. Interaction 
with maternal anti-Ro and anti-La antibodies 
impairs clearance of fetal apoptotic 
cardiomyocytes by healthy proliferating 
cardiomyocytes and provokes inflammation and 
fibrosis, normally not elicited in physiological 
apoptosis [169, 170]. However, this hypothesis 
alone cannot explain many features of ACHB, 
such as targeting the conduction system 
[171, 172]. Furthermore, in vitro perfusion of 
animal or human fetal hearts with Ro/SSA 
antibodies, which are prevalent antibodies in 
ACHB, led to sinus bradycardia and AV block 
within minutes [173–175]. Ro/SSA antibodies 
directly inhibit L-type (CaV1.2 and CaV1.3) and 
T-type (CaV3.1 and CaV3.2) channels in isolated 
cardiac cells and heterologous expression systems 
[174–180]. Of note, a study in rabbit SAN cells 
supported antibody specificity toward VGCCs:



while human antibodies of mothers whose chil-
dren showed CHB inhibited L- and T-type Ca2+ 

currents, delayed rectifier K+ , and 
hyperpolarization-activated “funny” currents 
remained unaffected [177]. Since AP generation 
in AV and SA nodes depends on inward Ca2+ 

currents, VGCC inhibition explains the acute 
rhythm disturbances induced by Ro/SSA 
antibodies. While both CaV1.2 and CaV1.3 inhi-
bition may cause AVB, studies on expression 
patterns, electrophysiological properties, and cel-
lular functions suggest that SAN dysfunction is 
more likely due to an inhibition of CaV1.3 
channels [5, 156, 181]. The antibody recognition 
site was identified in the DI/S5-S6 extracellular 
loop of CaV1.3 and CaV3.1 channel pores, respec-
tively [179, 180]. Regarding chronic effects of 
Ro/SSA antibodies it was proposed that cross-
linkage of antibody–antigen complexes leads to 
channel internalization [156, 171]. As fetal hearts 
show lower expression of VGCCs and lower SR 
capacity, particularly here VGCC downregulation 
can lead to severe Ca2+ dysregulation and abnor-
mal apoptosis, initiating inflammation and fibro-
sis. Translocation of SSA/Ro and SSB/La 
antigens to the surface of affected cells may play 
an important role here. 
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Recently, an observational study identified a 
novel anti-CaV1.2 antibody in patients with idio-
pathic cardiac arrest [182]. The antibody was 
shown to target the ion selectivity and permeabil-
ity filter segment in the CaV1.2 domain DIII and 
to be pro-arrhythmic by shortening the APD due 
to Ca2+ current inhibition. Of note, it cannot be 
excluded that antibody generation may be sec-
ondary to cardiac arrest rather than being causal 
for this event. 

10.5.1.3 Inflammatory Cytokines 
and LTCCs 

Systemic and cardiac inflammation is associated 
with development of atrial and ventricular 
arrhythmias [153, 183, 184]. Higher levels of 
circulating inflammatory factors are associated 
with an increased AF risk in the general popula-
tion as well as in patients after cardiac surgery, 
AF ablation, or cardioversion [185, 186]. Of note, 
anti-inflammatory treatments can potentially 

decrease the risk of postoperative and post-
ablation AF [183]. It has also been shown that 
the risk of ventricular arrhythmias and SCD in 
apparently healthy subjects and in patients with 
either cardiac or systemic inflammatory disease 
correlates with higher serum cytokine levels 
[184]. Particularly, pro-inflammatory cytokine 
levels were related to a QT prolongation and 
cytokine inhibitors shortened QT intervals. 

Inflammation promotes structural and electri-
cal remodeling of cardiac tissue. On the cellular 
level, pro-inflammatory cytokines, such as TNFα, 
IL-1, and IL-6, can regulate ion channels and 
Ca2+-handling proteins [187]. For example, they 
can inhibit depolarizing K+ currents, thus 
prolonging ventricular AP [187, 188]. Reported 
effects of cytokines on LTCCs vary because of 
different experimental conditions and models. In 
murine ventricles, IL-6 augmented LTCC 
currents by SHP2/ERK-mediated phosphoryla-
tion of the distal CaV1.2 C-terminus, thus 
contributing to the observed APD prolongation 
[189]. However, no changes in the LTCC current 
were reported in ventricles of rats and guinea pigs 
[190, 191]. IL-1 was shown to be able to either 
stimulate or inhibit LTCC currents via different 
pathways. It increased LTCC currents by a 
lipoxygenase pathway in guinea pig ventricular 
myocytes, and here LTCC upregulation was con-
sistent with the measured prolongation of APD 
[192]. In other studies on rat and murine ventric-
ular myocytes, IL-1 inhibited LTCCs via 
G-proteins, NO- (but not cGMP), and ROS/ 
PKC-dependent pathways, respectively [193– 
195]. TNFα effects on ventricular LTCC currents 
were studied in various animal models and 
showed either no effect on LTCCs or current 
inhibition at TNFα concentrations exceeding 
those at pathophysiological conditions 
[187, 195]. Studies of cytokine effects on atrial 
LTCCs showed channel downregulation, which 
is consistent with AF pathogenesis (see Sect. 
10.5.2.2 for more details). In murine atrial 
myocytes, IL-1 reduced CaV1.2 protein levels 
by inhibiting expression of an mRNA-binding 
quaking protein [196]. In rabbit cardiomyocytes 
from pulmonary veins, which are critical in AF 
initiation, TNFα significantly reduced LTCC



currents [197]. Together with the upregulation of 
atrial K+ currents by TNFα, this could shorten 
APD in a pro-arrhythmogenic manner and con-
tribute to AF vulnerability [197]. Similarly, MIF 
(macrophage migration inhibitory factor), another 
cytokine associated with the pathogenesis of AF, 
decreased LTCC current density by lowered 
CaV1.2 protein expression, impaired LTCC func-
tion, and activation of c-Src kinases 
[198]. Recombinant MIF reduced LTCC currents 
in human atrial myocytes from patients with sinus 
rhythm but not in patients with AF. In contrast, 
application of an antibody against MIF increased 
LTCC currents in atrial myocytes from AF but 
not sinus rhythm patients. 
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In summary, although the effects of inflamma-
tion on LTCCs are poorly understood, it appears 
that inflammatory cytokines can alter LTCC 
currents through various mechanisms, so that 
ventricular (LQTS) and atrial (AF) arrhythmias 
are promoted. 

10.5.2 LTCCs in Age- and Remodeling-
Related Arrhythmias 

10.5.2.1 SAN Aging and Dysfunction 
Decline of SAN function, reflected in the progres-
sive reduction of intrinsic pacemaker activity and 
maximum heart rates, is an inherent feature of 
cardiac aging, eventually leading to sinus node 
dysfunction in some individuals [199]. Besides 
vital loss of SAN cells and tissue remodeling, 
reduced excitability of SA myocytes is an intrin-
sic cause of age-dependent deterioration of SAN 
function. LTCC currents and subsequently trig-
gered local Ca2+ release regulate slow diastolic 
depolarization and upstroke of SAN AP [82, 181, 
200]. In SAN of aged mammals, LTCC expres-
sion and consecutive currents were reduced in 
comparison to younger adults [152, 201, 
202]; but: [203]. MicroRNAs (miRs) can post-
translationally regulate expression of ion 
channels. Significant upregulation of circulating 
miR-1976 was observed in patients with 
age-related sick sinus syndrome compared to 
age-matched healthy controls [202]. CaV1.2 and 
CaV1.3 channels were found to be direct targets of 

miR-1976. In transgenic mice, miR-1976 led to 
the inhibition of CaV1.2 and CaV1.3 expression in 
SAN and to slowed intrinsic cardiac rhythm. Fur-
thermore, miR-1976 level was progressively 
increased in blood plasma and SAN tissue of 
aging rabbits and negatively correlated with pro-
tein levels of CaV1.2 and CaV1.3 in SAN [202]. 

10.5.2.2 Atrial Fibrillation 
Prevalence of AF depends on age: compared to 
men aged 65–69 years the AF prevalence is two-
fold increased at an age of 75–79 years and more 
than fivefold compared to men aged 55–59 years 
[204]. While often cardiac diseases like coronary 
artery disease or heart failure increase the risk of 
developing AF, there are also genetic and heredi-
tary components [205–207]. Until 2018 over 
30 genetic loci have been identified as signifi-
cantly associated with AF, although none of 
them were related to genes coding for VGCCs 
[207]. With regard to aging, CaV1.2 LTCCs were 
found to be downregulated in atria of humans, 
dogs, and sheep, reflected by mRNA, protein, or 
peak current levels [12, 208]. In patients, 
downregulation is associated with AF [12, 209], 
atrial dilation, or other structural diseases 
predisposing to AF [210, 211]. In animal models 
of AF, atrial tachypacing reduces LTCC expres-
sion and currents in early stages of AF as well as 
in persistent AF [209]. Downregulation of 
LTCCs could be initially adaptive to oppose 
Ca2+ overload resulting from atrial tachycardia 
[212]. Indeed, the Ca2+ channel antagonist verap-
amil prevented atrial contractile dysfunction and 
attenuated electric remodeling caused by short-
term AF in patients and animal models [213– 
217]. Furthermore, verapamil and other drugs 
lowering intracellular Ca2+ load enhanced cardio-
version success in patients with persistent AF 
[218]. On the other hand, reduction of LTCC 
currents in AF can be pro-arrhythmic, because it 
is associated with shortened APD, abolished AP 
plateau, and attenuation of rate-dependent AP 
accommodation [219, 220]. A diminished effec-
tive refractory period due to shorter APD results 
in a decreased wavelength of conduction, which 
permits more re-entrant circuits and thus 
facilitates AF [221].
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Multiple mechanisms may be involved in the 
regulation of LTCCs in AF. In AF animal models, 
LTCC currents start to decline within several 
hours or days of atrial tachypacing, depending 
on the species [219, 222, 223]. Current reduction 
paralleled mRNA expression of the pore-forming 
subunit (CACNA1C) as well as CaVβ subunits 
(CACNB2a, CACNB2b, and  CACNB3). In 
human AF patients, reduced mRNA expression 
was reported for CaV1.2 [224–228]; but: [229], 
CaV1.3 [227], CaVβ1 [229], CaVβ2 [228], and 
CaVα2δ-1 [227, 229]. In cultured canine atrial 
myocytes, it was shown that tachypacing-induced 
Ca2+ load initiated LTCC downregulation by 
activating Ca2+-dependent calmodulin– 
calcineurin–NFAT signaling within a few hours 
of atrial tachypacing [230]. 

Several studies pointed to the role of miRs in 
the pathogenesis of AF [231]. MiR-328 was 
found to be upregulated in canine and murine 
AF models and human AF patients [232]. Induc-
tion of miR-328 expression promoted AF in dogs 
and mice, and this effect could be antagonized by 
a specific antisense inhibitor oligonucleotide 
(AMO-328). In murine atrial myocytes, 
miR-328 caused APD shortening and reduction 
of LTCC currents as observed in experimental 
and clinical AF before. Downregulation of 
CaV1.2 and CaVβ1 protein was seen in atria of 
AF patients, in dogs treated with tachypacing, as 
well as in murine and neonatal rat atria infected 
with miR-328. In rats, this effect could be 
reversed by AMO-328. Other miRs (miR-21 and 
miR-208b) were also found to be upregulated in 
AF and to decrease LTCC currents by targeting 
CACNA1C and CACNB2 expression [228, 233]. 

Activation of proteolytic mechanisms can 
decrease LTCC protein expression independent 
of mRNA reduction [226, 234]. The Ca2+-depen-
dent protease calpain can degrade surface LTCCs 
on the minute timescale, regulating channel turn-
over [235]. Expression and activity of atrial 
calpain was found to be upregulated in AF 
patients as well as AF animal models and nega-
tively correlated with LTCC protein levels 
[234, 236]. 

Phosphorylation of pore and auxiliary LTCC 
subunits can affect channel gating as well. The 

role of phosphorylation in chronic human AF, 
however, is controversial [237]. One group 
reported unchanged levels of CaV1.2 and CaVβ2a 
expression but a more than twofold reduction of 
LTCC currents, which was associated with the 
increased activity of protein phosphatases 
[238]. In contrast, another group observed a 
reduced CaV1.2 protein expression, which was 
accompanied by a compensatory increase in 
single-channel activity due to higher 
phosphorylation [239]. 

Besides CaV1.2, CaV1.3 channels may also be 
involved in AF pathogenesis. Reduction of 
CACNA1D mRNA was reported in atrial samples 
of patients with persistent AF [227]. CaV1.3-defi-
cient mice showed significant reduction of LTCC 
currents in atria but not ventricles and an 
increased vulnerability to atrial arrhythmias and 
AF [5, 148, 240]. Although still controversial, 
several clinical studies observed an association 
between PR interval prolongation and risk of AF 
[241]. CaV1.3-deficient mice showed PR 
prolongation, too [5, 240]. In atria of AF patients, 
reduced CaV1.3 expression was accompanied by 
decreased levels of ankyrin-B [242]. Using a 
murine model, the authors showed that ankyrin-
B mediates membrane targeting of atrial CaV1.3 
by interacting with its C-terminus and that 
ankyrin-B deficiency leads to reduced Ca2+ cur-
rent density and enhanced AF vulnerability. 

10.5.2.3 Heart Failure 
According to the European Society of 
Cardiology, heart failure (HF) is a clinical syn-
drome characterized by typical symptoms caused 
by a structural and/or functional cardiac abnor-
mality, resulting in a reduced cardiac output 
and/or elevated intracardiac pressures [243]. Of 
note, there is no agreed single classification of the 
causes of HF, and many patients have several 
different pathologies—cardiovascular and 
non-cardiovascular—underlying this disease. 
Among the various cardiovascular pathologies 
are coronary artery disease, myocardial infarc-
tion, hypertension, valve disease, AF, and DCM. 
Prevalence of HF is estimated to be 1–2% among 
adults in developed countries, but steeply rises 
with age, reaching 70% and more among persons



>70 years of age. Although treatment options 
clearly improved during the last few decades, 
HF is still associated with a high mortality 
[244]. Data collected in Europe between 2011 
and 2013 showed 12-month all-cause mortality 
rates for hospitalized (acute) and ambulatory 
(chronic) HF of 24% and 6%, respectively 
[245]. About a half of the deaths is sudden, with 
a large fraction of them presumably due to ven-
tricular arrhythmias [246, 247]. AF and HF often 
coexist, sharing risk factors and promoting devel-
opment and deterioration of each other [248]. In 
chronic HF, AF is an independent predictor of 
mortality [245]. 
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10.5.2.3.1 Alterations of Ventricular LTCCs 
in HF 

Electrophysiological remodeling promoting 
arrhythmias in HF is manifold, including 
ion-channel and Ca2+-handling alterations [249– 
252]. LTCC expression (detected as 
dihydropyridine binding sites, CACNA1C 
mRNA, or CaV1.2 protein level) and current den-
sity were mostly reported to be unchanged in 
human failing ventricular myocytes [253– 
259]. Nonetheless, some studies described reduc-
tion of currents or LTCC expression [260–263], 
although HF etiology and/or stage of HF may 
play a role [250, 253]. Furthermore, a shift in 
the expression of CaV1.2 splice variants was 
observed in human failing myocytes [264– 
266]. Expression of the auxiliary CaVα2-δ subunit 
was not altered in human HF [257, 267]. Studies 
on expression of CaVβ subunits in human HF 
have been conflicting and inconclusive [268]. In 
a comprehensive analysis of human specimens 
from failing ventricles, we found an increased 
expression of CaVβ2 subunits at both mRNA 
and protein level, while that of CaVβ1 and CaVβ3 
appeared to be unchanged or even reduced 
(CaVβ3 protein) [257]. Overexpression of CaVβ2 
subunits in adult mouse hearts over a period of 
6 weeks caused LTCC current alterations similar 
to those observed in human HF [269]. On the 
background of constitutive cardiac CaV1.2 
overexpression, this furthermore led to a signifi-
cantly increased occurrence of cardiac 
arrhythmias including supraventricular and 

ventricular extrasystoles and AV block. Expres-
sion of the RGK protein Rad was found to be 
decreased in failing human ventricles both at 
mRNA and protein levels [270, 271]. Of interest, 
overexpressing a dominant negative mutant of 
Rad caused ventricular arrhythmia in mice 
[272]. Given the inhibitory effect of Rad on 
CaV1.2, increased LTCC activity might have 
been pro-arrhythmic here [272, 273]. Very 
recently, a study found that Rad inhibits CaVβ2-
mediated stimulation of CaV1.2 [274]. Rad phos-
phorylation following β-adrenergic stimulation 
led to a decrease of its affinity for CaVβ2 subunits 
and by this relieved constitutive inhibition of 
CaV1.2. This study sheds new light on the role 
of β-adrenergic signaling and CaVβ2-CaV1.2 
interaction for LTCC stimulation and thus promo-
tion of probably pro-arrhythmic conditions. 

The group of Stefan Herzig found activity of 
single LTCCs to be significantly increased in 
human failing ventricular myocytes 
[275]. Although this was supported by later stud-
ies [255, 256], these data are in an apparent con-
tradiction to the abovementioned findings on 
reduced or rather unchanged CaV1.2 expression 
and whole-cell LTCC current density. However, 
there is loss and remodeling of the T-tubule sys-
tem, which plays an important role in the patho-
genesis and arrhythmogenesis in HF 
[252, 276]. T-tubule degradation in human and 
rat HF was accompanied by redistribution of 
LTCCs from their native positions in T-tubules 
to the sarcolemma crest [277, 278]. Targeting of 
LTCCs to T-tubules is controlled by the scaffold-
ing BIN-1 protein [279]. Its downregulation in 
HF leads to diminished abundance of CaV1.2 
channels in the periphery and, specifically, 
T-tubules of the failing myocytes despite 
unchanged overall cellular expression 
[258]. Besides, BIN-1 organizes dyads formed 
by LTCCs and RyRs [280]. In HF, the 
abovementioned microdomain remodeling of 
LTCCs is related to an increased occurrence of 
orphaned RyRs, i.e., RyRs not coupled to LTCCs 
[280–282]. Such RyRs can lead to spontaneous 
Ca2+ release promoting Ca2+-dependent 
arrhythmias [280]. Dislocated crest LTCCs 
showed increased single-channel activity in HF,
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whereas the activity of the remaining T-tubule 
LTCCs was not changed [275, 278]. The under-
lying mechanism was proposed to be channel 
hyper-phosphorylation due to dephosphorylation 
defects on the one hand and increased phosphor-
ylation on the other hand [255, 256, 275, 278]. An 
increased expression of CaVβ2a subunits, which 
are subject to PKA and CaMKII phosphorylation, 
can also play a role [257, 283, 284]. A channel’s 
basal hyper-phosphorylation is consistent with a 
compromised ability of β-adrenergic stimulation 
to (further) augment LTCC activity in HF 
[255, 256, 262, 275]. Switch to the high-activity 
gating mode and disorganization with RyRs can 
result in a slowed inactivation of LTCC currents 
and thus promote EADs [278]. Accordingly, 
whole-heart computer simulations demonstrated 
that this microdomain remodeling of LTCCs 
promotes EADs in endocardial myocytes, which 
can trigger reentrant arrhythmias. 
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So far, research has focused on CaV1.2 LTCCs 
in HF. However, recently re-expression of the 
fetal CaV1.3 subunit was reported in the human 
failing ventricles on both mRNA and protein 
level [263]. The putative role of CaV1.3 channels 
in HF and ventricular arrhythmias requires further 
studies. 

10.5.2.3.2 Alterations of Atrial LTCCs in HF 
Remodeling of atrial CaV1.2 LTCCs in HF is 
similar to that in AF [209]. In HF animal models, 
atrial LTCC current density was reported to be 
reduced [285–289]. In human HF, atrial LTCC 
currents were either decreased [211, 262] o  
showed no difference compared to control 
[259, 290, 291]. Besides, disruption of atrial 
T-tubules in HF can lead to a decreased number 
of functional LTCCs [292, 293]. Loss of 
T-tubules caused by HF was more dramatic in 
atria than in ventricles [292, 293]. Moreover, 
single-channel current amplitudes of T-tubular 
LTCCs were largely decreased in HF 
[294]. Taken together, animal models of HF indi-
cate reduction of functional LTCCs creating sub-
strate for AF [209], while human data are 
conflicting. 

10.6 Conclusion and Limitations 

LTCCs are critically involved in shaping cardiac 
action potentials. By this capability, dysfunction 
of LTCCs, either congenital or acquired, can lead 
to life-threatening cardiac rhythm disturbances 
(Table 10.1, Fig. 10.1). Though LTCC mutations 
are rare, a growing number of LTCC genetic 
variants are identified in and related to 
arrhythmogenic syndromes. While the associa-
tion between CACNA1C mutations and Timothy 
syndrome is well established, additional research 
is required to validate causality of arrhythmias by 
new LTCC mutations, many of them identified in 
single patients only. Functional studies with 
cultured cells allow for comparison of mutant 
and wild-type LTCCs, but limited by the fact 
that these cells cannot fully reconstitute the 
conditions in native cardiomyocytes. LTCCs are 
also involved in the pathogenesis of acquired 
cardiac diseases. Despite the fact that human 
data are not easy to obtain and that comparison 
with animal models is hampered by differences in 
ion channel expression patterns as well as struc-
tural and electrical properties of the myocardium, 
great progress has been made in understanding 
LTCC (dys-)regulation in atrial fibrillation, heart 
failure, and other arrhythmogenic conditions, 
including aging. 
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Abstract 

The rapid delayed rectifier K+ current (IKr) is  
one of several outward currents that mediate 
repolarization of cardiac action potentials in 
humans and other vertebrates. In humans, IKr 
is conducted by Kv11.1 (hERG1) channels 
encoded by the gene KCNH2. Loss of function 
mutations in KCNH2 cause inheritable long 
QT syndrome, characterized by a prolonged 
QT interval and an increased risk of ventricu-
lar arrhythmia. Gain of function mutations in 
KCNH2 cause short QT syndrome and 
associated arrhythmia. In clinical practice, 
unintended drug-induced QT prolongation 
and associated ventricular arrhythmia are 
most often caused by unintended block of 
Kv11.1 channels. By contrast, compounds 
that activate Kv11.1 can shorten the QT inter-
val and thereby have the potential to prevent 
arrhythmia associated with long QT syn-
drome. This chapter provides a brief overview 
of the biophysical properties and physiological 
and pathophysiological roles of Kv11.1 and a 
more in-depth description of the structural 
basis for binding and molecular mechanisms 
of action of compounds that inhibit or activate 
these channels. 
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11.1 Introduction 

Cardiac myocytes express many different types of 
K+ channels that conduct currents that either 
maintain the resting potential (e.g., inward recti-
fier K+ current, IK1) or mediate repolarization of 
the action potential (e.g., Ito, IKur, IKr, and IKs). 
The relative magnitudes of these outward currents 
and the two major inward currents that determine 
the action potential waveform of a typical human 
ventricular myocyte are depicted in Fig. 11.1. 
Loss of function mutations in the genes that 
encode channels that conduct IKr or IKs slow the 
rate of ventricular repolarization and cause inher-
itable long QT syndrome (LQTS), a cardiac dis-
order characterized by a prolonged QT interval 
measured on the body surface ECG and an 
increased risk of cardiac arrhythmia. LQTS is 
specifically associated with torsades de pointes 
(TdP), a ventricular arrhythmia that can degener-
ate into ventricular fibrillation (VF) and cause 
sudden cardiac death. 

Prolonged QT interval and arrhythmia can also 
be induced by Class III antiarrhythmic agents that 
inhibit repolarizing K+ currents with the intention

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_11&domain=pdf
mailto:m.sanguinetti@utah.edu
https://doi.org/10.1007/978-3-031-33588-4_11#DOI


of uniformly prolonging the electrical refractory 
period of the ventricles. Most potent Class III 
agents inhibit IKr as their primary mechanism of 
action and can prevent ventricular tachycardia 
(VT) when drug dosing is carefully controlled to 
prevent excessive QT prolongation. However, 
excessive inhibition of IKr by these drugs is 
associated with a marked dispersion of ventricular 
repolarization that sometimes leads to TdP and 
VF. The risk of TdP/VF is especially pronounced 

when Class III drugs are administered in the 
setting of other risk factors such as hypokalemia 
or undiagnosed LQTS. Routine monitoring of 
adverse drug reactions in the past few decades 
has also revealed that many noncardiac 
medications (e.g., some antihistaminic and 
antibacterial drugs) also prolong the QT interval 
and are associated with an increased risk of VF. 
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Fig. 11.1 Model of action potential and major ionic 
currents for a human ventricular myocyte. (a) Single 
action potential. Action potential duration for this cell 
type is ~280 ms at 1 Hz pacing rate. Numbers refer to 
different phases of the action potential waveform, includ-
ing the initial upstroke (0), repolarization (1–3), and the 
resting membrane potential (4). (b) Major ionic currents 
that underlie action potential shown in panel A. Outward 
(repolarizing) K+ currents include the rapid delayed recti-
fier (IKr), slow delayed rectifier (IKs), transient outward 
(Ito) and inward rectifier (IK1). Inward currents include 
the L-type Ca current (ICaL) and sodium current (INa) 

Drug-induced QT prolongation and arrhyth-
mia, often inappropriately referred to as acquired 
“long QT syndrome,” by noncardiac medications, 
is most commonly caused by unintended inhibi-
tion of IKr. In the human heart, IKr channel 
α-subunits are encoded by a gene that was 
initially discovered using a human hippocampus 
cDNA library to screen for genes homologous to 
the Drosophila K+ channel gene eag (“ether-a-
go-go”)  [1]. The novel cloned gene was named 
“human ether-a-go-go-related gene” (hERG), 
although now the more accepted gene name is 
KCNH2 and the International Union of Basic 
and Clinical Pharmacology (IUPHAR) preferred 
name for the encoded channel α-subunit protein is 
Kv11.1. Once inhibition of IKr was widely 
recognized as a common mechanism underlying 
drug-induced arrhythmia, the safety screening of 
compounds for undesired block of IKr in isolated 
cardiomyocytes, or Kv11.1 channels heterolo-
gously expressed in mammalian cell lines, 
became a routine practice early in the drug devel-
opment process [2]. An unexpected consequence 
of these safety screening efforts was the discovery 
of several compounds that activate rather than 
inhibit Kv11.1 channel activity [3]. Kv11.1 
activators shorten the QT interval and thereby 
have the potential to prevent arrhythmia 
associated with inherited LQTS or to counteract 
unintended IKr inhibition detected in many other-
wise useful noncardiac medications. This chapter 
provides a brief overview of the physiological 
and pathophysiological roles of Kv11.1 channels, 
and a more in-depth description of the biophysi-
cal properties and the molecular mechanisms of 
action of compounds that inhibit or activate these 
channels.
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11.2 Physiological Roles of Kv11 
Channels 

After the initial discovery of the hERG gene, 
further cloning efforts culminated in the descrip-
tion of three families and eight eag-related Kv 
channel α-subunits, including EAG (Kv10.1, 
Kv10.2), ERG (Kv11.1-Kv11.3) and ELK 
(Kv12.1-Kv12.3). In the heart, the most promi-
nently expressed eag-related Kv channel is 
Kv11.1, encoded by the gene KCNH2. Two 
closely related genes (KCNH6 and KCNH7) 
encode hERG2 (Kv11.2) and hERG3 (Kv11.3) 
channel subunits, respectively, that are expressed 
in the nervous system but not in cardiac myocytes 
[4]. Outside the heart, Kv11 channels display a 
diversity of functions [5], including maintenance 
of K+ homeostasis in hippocampal astrocytes [6], 
regulating spike frequency in glomus cells of the 
carotid body [7] and cerebellar Purkinje neurons 
[8], regulation of hormone secretion in anterior 
pituitary lactotrophs and pancreatic β-cells [9– 
11], and setting the resting membrane potential 
of smooth muscle cells in the gastrointestinal tract 
[12–14]. Kv11 channels are also implicated in 
cell cycle regulation and apoptosis [15, 16] and 
the pathogenesis of several cancers [17–19]. 

In the heart, Kv11.1 channel activity is one of 
the primary determinants of repolarization during 
phases 2 (plateau) and 3 (late repolarization) of 
the action potential waveform (Fig. 11.1a). Simi-
lar to other Kv channels, the open probability of 
Kv11.1 is highly voltage-dependent and thus 
varies throughout the cardiac cycle. In ventricular 
myocytes, channels are closed (nonconducting) 
during diastole (phase 4) when the membrane 
potential is at its most negative (-90 mV). 
Although channels open in response to membrane 
depolarization during the upstroke (phase 0) and 
initial repolarization phases of the action poten-
tial, most channels then rapidly transition to an 
inactivated (nonconducting) state. This results in 
a very small net outward current during the onset 
of the plateau phase. The open probability of 
Kv11.1 channels (and thus IKr) progressively 
increases during the later portion of the plateau 
phase and even more so during initial phase 

3 repolarization, as channels recover from inacti-
vation and re-enter their open state. As the rate of 
membrane repolarization increases during phase 
3, open channels deactivate into a closed state, 
and IKr magnitude is reduced. Together, the volt-
age and time-dependent properties of activation, 
inactivation, and deactivation gating of Kv11.1 
channels results in the whole myocyte IKr shown 
in Fig. 11.1b. 

11.3 Pathophysiological Roles 
of Kv11.1 Channels 
in the Heart 

11.3.1 Kv11.1 and Long QT Syndrome 

Inherited loss of function mutations in KCNH2 
cause LQTS [20], characterized by a prolonged 
QT interval and reduced IKr (Fig. 11.2), an 
increased risk of TdP, VF and sudden cardiac 
death. This type of LQTS is called “LQT2” to 
distinguish it from the many other types of LQTS 
that are numbered based on the chronology of the 
gene discovered to underlie the particular LQTS 
type. LQT1 (KCNQ1 mutations), LQT2 (KCNH2 
mutations), and LQT3 (SCN5A mutations) 
account for the vast majority of the autosomal 
dominant inherited LQTS (Romano-Ward syn-
drome) with an estimated prevalence of 1:2500 
live births [21]. In one large study, it was 
estimated that LQT2 accounts for ~35% of all 
inherited LQTS [22]. LQT2 is characterized by 
a prolonged QTc interval, defined as >440 ms for 
men and > 460 ms for women, and either a 
biphasic or notched T wave [23] (Fig. 11.2b). 
The most common trigger for VT/VF in LQTS 
is emotional stress, with triggering by sudden 
auditory stimuli often reported for LQT2 [24]. 

Multiple mechanisms have been shown to be 
responsible for the loss of Kv11.1 channel func-
tion caused by mutations in KCNH2. The most 
common mechanism is a misfolding and reduced 
trafficking of channels to the cell membrane 
[25]. Less common are problems with channel 
gating that reduce conductance such as a slower 
rate of activation, faster rate of deactivation or



enhanced inactivation [26]. Transgenic LQT2 
rabbits have provided important insights into the 
cellular and tissue mechanisms of arrhythmia that 
result from a loss of function mutation 
(Gly628Ser) in Kv11.1. Isolated cardiac 
myocytes from LQT2 rabbits have prolonged 
APD (action potential duration), no measurable 
IKr and reduced IKs [27]. These rabbits have 
prolonged QTc intervals, exhibit discordant 
APD alternans, marked dispersion in ventricular 
effective refractory periods, and when 
anesthetized with isoflurane develop impaired 
conduction in the His bundle, block in the infra-
His bundle and intermittent, spontaneous second-
degree AV (atrioventricular) block [28, 29]. The 
multiple cardiac defects in LQT2 rabbits result in 
spontaneous polymorphic VT/VF and a high rate 
of sudden cardiac death [27]. 
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Fig. 11.2 Inhibition of IKr causes prolongation of action 
potential in cardiac myocytes and lengthening of QT inter-
val measured on body surface ECG. (a) Normal action 
potential and IKr (top panel) and normal ECG (bottom 
panel). (b) Action potential duration is lengthened, QT 

interval is lengthened, and T-wave is typically notched 
when IKr is reduced. IKr reduction can result from the 
block of Kv11.1 channels by drugs or by a loss of function 
mutation in the KCNH2 gene 

11.3.2 Kv11.1 and Short QT Syndrome 

Gain of function mutations in Kv11.1 channels 
cause short QT syndrome (SQTS), a rare disorder 

that hastens cardiac repolarization, increases the 
risk of VT/VF and atrial fibrillation (AF) that may 
lead to SCD. SQTS is diagnosed when 
QTc ≤ 330 ms [30]. The first two point mutations 
in KCNH2 reported to cause SQTS (Asn588Lys, 
Thr618Ile) were shown to increase outward 
Kv11.1 current (IKv11.1) by shifting the voltage 
dependence of inactivation gating to more posi-
tive potentials. The voltage required to cause 50% 
of channels to inactivate is dramatically shifted by 
these mutations, i.e., +102 mV by Asn588Lys 
[31] and + 50 mV by T618I [32]. Reduced inacti-
vation may increase IKr more in the ventricle than 
in Purkinje fibers, and the resulting disparity in 
APD could create the arrhythmogenic substrate 
responsible for VF [31]. A transgenic rabbit 
model of SQTS (with Asn588Lys Kv11.1 muta-
tion) mimics the human phenotype, including 
reduced atrial and ventricular refractoriness and 
increased inducibility of VT/VF/AF [33].
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11.4 Biophysical and Structural 
Properties of Kv11.1 Channels 

11.4.1 Kv11.1 Channel Subtypes 

Like other Kv channels, functional Kv11.1 
channels are formed by the coassembly of four 
α-subunits into a tetramer. Two different Kv11.1 
proteins are expressed in the heart – a full-length 
protein (hERG1a or Kv11.1a) and an N-terminal 
truncated protein (hERG1b or Kv11.1b) pro-
duced by alternative splicing [34, 35]. Homomeric 
Kv11.1a channels and heteromultimeric Kv11.1a/ 
1b channels are readily trafficked to the plasma 
membrane, unlike Kv11.1b homotetramers that 
can be retained in the endoplasmic reticulum 
[36]. Kv11.1a channels deactivate much slower 
than Kv11.1b channels. Slow deactivation of 
Kv11.1a is dependent on an interaction between 
the cytoplasmic N-terminus of one subunit with 
the cytoplasmic C-terminus of an adjacent sub-
unit [37–39]. Channels containing Kv11.1b 
subunits (with a truncated N-terminus) lack the 
N- to C-terminal interactions and thus deactivate 
faster than Kv11.1a homotetramers and in fact 
more closely match the kinetics of native IKr in 
the heart. The biophysical properties of heterolo-
gously expressed hERG1 channels can be altered 
when coexpressed with β-subunits such as MinK 
or MiRP1 [40–42]; however, the physiological 
relevance of this modulation in the heart is 
disputed [43]. 

11.4.2 Biophysical Properties 
of Kv11.1 Channels 

Kv11.1 channels have biophysical properties that 
are intermediate between a typical Kv channel 
and an inward rectifier K+ (Kir) channel. Kv11.1 
channels are voltage-gated; i.e., the open proba-
bility and rates of activation, inactivation, and 
deactivation of channels are highly dependent 
on the transmembrane potential. In contrast, Kir 
channels lack a voltage sensor, and thus, their 
open probability is intrinsically voltage-
independent. The inward rectification of Kir 

(outward currents are much smaller than inward 
currents) results from a voltage-dependent block 
of outward K+ 

flux by intracellular polyamines 
[44]. Similar to Kir channels, outward IKv11.1 is 
also diminished at positive transmembrane 
potentials, but this reduction results from a gating 
process (inactivation) rather than from pore block 
by polyamines [45]. Although IKv11.1 (IKr) i  
often described as inward rectifying, the more 
proper biophysical description would be that the 
fully-activated current-voltage (I-V) relationship 
for the current exhibits a negative slope conduc-
tance at potentials positive to EK, the equilibrium 
potential for K+ . An example of whole-cell IKv11.1 
elicited at physiologically relevant test potentials 
(-70 to +40 mV) is shown in Fig. 11.3a. At the 
most negative potentials examined, the currents 
activate slowly and do not reach a steady-state 
value during the 2-s pulse. The magnitude of the 
outward current reaches a peak at about -10 mV. 
At pulses to more positive potentials, the rate of 
current activation increases and the current size is 
decreased. At the end of each 2-s pulse, the mem-
brane potential is returned to -70 mV and the 
resulting “tail” current exhibits a transient 
increase in amplitude as channels recover from 
an inactivated state into an open state. After this 
initial outward surge, the “tail” current slowly 
decays in amplitude as channels deactivate (tran-
sition from an open to a closed state). 

The I-V relationship for peak outward 
currents, measured at the end of each 2-s test 
pulse, is bell-shaped and peaks near -10 mV 
(Fig. 11.3b). The shape of this I-V relationship 
is determined by the relative dominance of 
voltage-dependent activation (Fig. 11.3c) at neg-
ative voltages versus inactivation (Fig. 11.3d) that 
dominates at positive voltages. The single chan-
nel behavior that underlies the reduced outward 
IKv11.1 at positive membrane potentials is 
illustrated in Fig. 11.4. At +40 mV, the probabil-
ity of a Kv11.1 channel being in the inactivated 
(nonconducting) state is high and channel 
openings are rare and brief in duration. Repolari-
zation of the membrane from +40 to -120 mV 
induces the channel to rapidly recover from its 
inactivated state into the open state whereupon it



more slowly enters its closed (“resting,” noncon-
ducting) state. 
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Fig. 11.3 Whole cell IKv11.1 recorded in a Xenopus 
oocyte. (a) Voltage clamp protocol (upper panel) and 
ionic currents were recorded at test potentials applied in 
10-mV increments ranging from -70 to +40 mV (lower 
panel). Tail currents were elicited by repolarization of the 
membrane potential to -70 mV. (b) Current-voltage (I-V) 

relationship for IKv11.1 was measured at the end of the 2-s 
test pulse. (c) Voltage dependence of IKv11.1 activation was 
determined by plotting the relative value of tail current 
amplitude as a function of test potential. The half-point 
(V1/2) for activation is -20 mV. (d) Voltage dependence 
of IKv11.1 inactivation (V1/2 = -40 mV) 

11.4.3 Structural Features of Kv11.1 
Channels 

Each Kv11.1 subunit has six α-helical transmem-
brane segments (S1-S6) that are divided into two 
domains, a voltage-sensing domain (VSD, S1-S4 
segments) and a pore domain (S5-S6 segments). 
The long N-terminus of Kv11.1a is cytosolic and 
contains a Per Arnt Sim (PAS) domain (absent in 

Kv11.1b); both α-subunits have a long 
cytoplasmic C-terminus that contains a cyclic 
nucleotide-binding homology domain 
(CNBHD). In 2017, the cryo-EM structure of 
Kv11.1 (hERG1) channels in an open state was 
determined (Fig. 11.5a)  [46]. Based on the com-
parison of Kv10 and Kv11.1 channel structures 
[46], the gating hinge in the S6 segment that 
mediates the opening and closing of channels is 
Gly648 (Fig. 11.5b). However, the critical or 
unique importance of the flexibility afforded to 
S6 by a Gly in this position seems unlikely since 
substitution with Ala (Gly648Ala) has little effect



on channel gating [47]. Similar to Kv10 channels, 
the VSD of Kv11.1 channels is packed up against 
its own pore domain (i.e., not domain-swapped as 
in many other Kv channels), and each S4 segment 
connects directly with its adjacent S5 segment, 
without a long S4-S5 α-helical linker that is com-
monly found in other Kv channels and previously 
proposed to play an important role in Kv11.1 
channel gating [48–51]. In contrast to the S4-S5 
linker acting as a lever that couples movement of 
the VSD to the gating of the pore domain, the 
cryo-EM structures suggest instead that the out-
ward movement of the VSD (mainly S4) 
transmits force required for channel opening via 
the S5-S6 interface and that inward S4 movement 
closes the channel by compressing the S5 
helices [46]. 
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Fig. 11.4 Single channel and whole cell IKv11.1 measured 
in Xenopus oocytes. (a) Traces of single Kv11.1 channel 
activity in a cell-attached patch were recorded during 
five separate test pulses. At +40 mV, the channel is usually 
inactivated (nonconducting) and openings are rare (oval). 
Repolarization of the membrane patch to -120 mV 
induces the channel to open (dashed box) for a brief time 

before deactivating into the rested, closed state. [K+ ]i and 
[K+ ]o = 140 mM. (b) Voltage pulse protocol used to elicit 
currents shown in panels a and c. (c) Whole-cell IKv11.1. 
Labeling indicates dominant transitions between different 
single channel states (C closed, O open, OI open/ 
inactivated) that underlie whole-cell current 

11.4.4 Structural Basis of Kv11.1 
Channel Inactivation 

Inactivation of Kv11.1 is normally extremely 
rapid in onset, but similar to “C-type” inactivation 
of other Kv channels, can be slowed in the pres-
ence of extracellular tetraethylammonium or ele-
vated [K+ ]e, and nearly eliminated by point 
mutations in regions of the pore near the selectiv-
ity filter [45, 52–54]. One of these point 
mutations (Ser631Ala) was found to induce a 
subtle change in the position of Phe627, a residue 
in the middle of the Gly-Phe-Gly motif of the K+ 

selectivity filter. The altered position of Phe627 
closely resembles the position of the residue in 
the selectivity filter motif of Kv channels that do 
not exhibit C-type inactivation [46]. The struc-
tural basis of C-type inactivation in Kv11.1 is



likely to be quite complex and has been suggested 
to involve multiple regions of the channel and 
occur in sequential steps that culminate in a subtle 
change in the conformation of the selectivity filter 
[55, 56], perhaps similar to that described for 
Ser631Ala channels. Inactivation has been stud-
ied using concatenated (all four subunits cova-
lently linked) Kv11.1 channels, and findings 
suggest that the final step in the gating process 

is mediated by a concerted, all-or-none coopera-
tive interaction [57]. 
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Fig. 11.5 Kv11.1 channel structure determined by 
cryo-EM. (a) Side view of the channel in ribbon mode. 
Yellow surface represents the central pore. (b) Pore radius 
was measured along the S6 segment of Kv11.1 (hERG) in 
an open state and Kv10.1 (EAG1) in a closed state. (c) 

Comparison of Kv11.1 and Kv10.1 channel structures 
(two opposing subunits for each channel) in stereo-view. 
Reprinted from Wang and MacKinnon, 2017 [46] with 
permission from Elsevier 

11.5 Drug-Induced QT Prolongation 
and TdP 

Many drugs have been associated with QT 
prolongation and an increase in the risk of



ventricular arrhythmia. Accordingly, the list of 
drugs that are contraindicated in LQTS is vast 
[58, 59]. Although the reduction in either IKr or 
IKs can lengthen the cardiac repolarization time, 
extensive study has led to the general consensus 
that inhibition of IKr is by far the more common 
cause of drug-induced QT prolongation and 
arrhythmia. 
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Class III antiarrhythmic drugs were purposely 
developed for their ability to inhibit IKr, prolong 
cardiac refractoriness, and provide protection 
against arrhythmia initiation mediated by prema-
ture excitation. However, because drug-induced 
changes in the refractory period are not uniform 
throughout the heart, these drugs can also be 
proarrhythmic and induce TdP. The 
proarrhythmic risk of a Class III agent is greater 
when administered at a high dose or when com-
bined with other conditions that prolong repolari-
zation such as hypokalemia, bradycardia, 
impaired hepatic or renal function (that can slow 
metabolism or elimination of drug), or concomi-
tant administration of other drugs that inhibit IKr 
[60]. Quinidine was reported to induce TdP in 
2–9% of treated patients [61]. 

Noncardiac medications that block IKr and 
prolong the QT interval as an unintended side 
effect are structurally diverse [62–64] and span a 
wide spectrum of therapeutic drug classes, includ-
ing psychiatric, antimicrobial, and antihistaminic 
compounds [65, 66]. Drug-induced TdP by these 
compounds is usually a relatively rare event. For 
example, TdP associated with terfenadine or 
cisapride treatment is estimated to have occurred 
in ~1 of 100,000 patients [67]. Of course, this 
incidence is unacceptable for drugs that are pre-
scribed for the treatment of nonlife-threatening 
disorders [59]. Cisapride, sertindole, 
grepafloxacin, terfenadine, and astemizole were 
removed from the US market, or their use was 
severely restricted by drug enforcement agencies 
once a clear association was confirmed between 
their use and significant QTc prolongation or 
arrhythmia [65]. 

11.6 Mechanism of Drug-Induced 
Kv11.1 Channel Inhibition 

The molecular basis of the Kv11.1 channel block 
has been extensively studied. The main findings 
can be summarized as follows: (1) Kv11.1 
channels are preferentially blocked by most 
compounds when the channel is in an open or 
open/inactivated state. (2) Site-directed mutagen-
esis and functional analysis studies have 
identified specific amino acid residues in the 
pore domain that are critical to drug interaction 
with the channel. Finally, (3) the cryo-EM struc-
ture of Kv11.1 provides new clues into the struc-
tural basis of drug binding sites, but definitive 
identification of these site(s) awaits the structural 
determination of channels bound by specific 
compounds. 

A large number of computational models to 
predict Kv11.1 channel block has been developed 
[68–70], including quantitative structure–activity 
relationship models. These studies have 
culminated in several pharmacophore models 
that are summarized elsewhere [71]. While the 
potency of Kv11.1 channel block by drugs is 
most commonly defined by an IC50 value derived 
from a fixed voltage clamp protocol, this measure 
does not always accurately predict the risk of QT 
prolongation associated with the clinical use of a 
specific compound. An important component of 
the disconnect between drug potency and QTc 
prolongation/arrhythmic risk is the kinetics of 
drug binding to the channel [72, 73], and it has 
been demonstrated that dynamic modeling of 
drug-channel interaction can improve risk assess-
ment of compounds [74]. 

11.6.1 Open State Channel Block 

Voltage clamp studies have provided unequivocal 
evidence that positively charged drugs require 
Kv11.1 channels to be in an open state to allow 
access to their binding site. Even at a high con-
centration of 10 μM, prolonged incubation with 
MK-499 (a methanesulfonanilide class III antiar-
rhythmic drug) does not result in block of Kv11.1



channels in cells that are voltage clamped at a 
negative membrane potential to ensure that all 
channels are in the closed state [75]. When the 
cell is depolarized to a positive potential to acti-
vate channels, the initial current magnitude is 
identical to control (predrug) current, and block 
develops slowly over a few seconds. Thus, 
MK-499 only blocks activated Kv11.1 channels, 
implying that a binding site within a region of the 
pore (the central cavity) is made accessible only 
after the activation gate is opened. Slow recovery 
from channel block by MK-499 appears to be 
caused by physical trapping of the compound 
inside the central cavity as the channel 
deactivates. Recovery from block can be strik-
ingly accelerated when Kv11.1 channels contain 
a specific mutation (Asp540Lys) that allows the 
activation gate to reopen in response to mem-
brane hyperpolarization [76]. These 
characteristics of onset and recovery from pore 
block are common to several other potent 
blockers of Kv11.1, including dofetilide, 
E-4031, and bepridil [77, 78]. 

264 M. C. Sanguinetti

11.6.2 Inactivated State Channel Block 

Initial studies of state-dependent block of Kv11.1 
indicated that compounds preferentially inhibit 
channels that are in an inactivated state [79–81], 
although exceptions such as halofantrine were 
notable [82]. The main evidence for inactivated 
state block is that inhibition is enhanced when a 
cell is depolarized to very positive membrane 
potentials where most channels are forced into 
an inactivated state and by the finding that 
inactivation-deficient mutant channels are usually 
far less susceptible to drug-induced inhibition. 
More recent studies using concatenated Kv11.1 
tetramers, having four subunits (either wild-type 
or mutant) covalently linked together with 
defined stoichiometry, have led to a more 
nuanced interpretation of these experimental 
results. Kv11.1 channels with specific point 
mutations (either Ser620Thr or Ser631Ala) do 
not inactivate [83]. The link between inactivation 
gating and blocking potency of three compounds 
(cisapride, dofetilide, MK-499) was assessed 

using concatenated hERG1 tetramers containing 
a variable number of wild-type and Ser620Thr or 
Ser631Ala subunits. The presence of a single 
Ser620Thr subunit in a concatenated channel 
removed inactivation just as effectively as a 
Ser620Thr homotetramer [57], yet the 
heteromeric channels with only one mutant sub-
unit were much more sensitive to block by the 
three compounds than the mutant homotetrameric 
channel [84]. Although Ser631Ala mutant 
subunits disrupt the inactivation of concatenated 
channels in a graded fashion, the blocking 
potency of cisapride was unaltered with up to 
three Ser631Ala subunits incorporated into the 
tetramer [84]. Together these findings indicate 
that inactivation facilitates, but is not an absolute 
requirement for, high-affinity block of Kv11.1 
channels. 

11.6.3 Structural Basis of Kv11.1 
Blocker Binding Site 

Based on the results of binding displacement 
studies using radiolabeled dofetilide or 
astemizole [85–87], structurally diverse drugs 
bind to a common or at least overlapping site on 
the Kv11.1 channel. Site-directed mutagenesis 
and functional analysis of mutant channels have 
provided insights into the structural basis of this 
binding site. Phe656 of the S6 segment was the 
first Kv11.1 residue reported to be a critical resi-
due for the binding of dofetilide and quinidine 
[88]. Additional key amino acid residues that 
form the drug binding site were identified with 
more extensive site-directed mutagenesis and 
MK-499 as a probe [89]. Mutation to Ala of 
three residues near the pore helix (Thr623, 
Ser624, and Val625) and several residues in the 
S6 segment (Gly648, Tyr652, Phe656, and 
Val659) reduced channel sensitivity to block by 
MK-499. More recently, Phe557 in the S5 seg-
ment was implicated in the binding of Kv11.1 
blockers [90]. Compounds that are structurally 
related to MK-499 such as E4031 and dofetilide 
have a nearly identical pattern of residue 
interactions [77]. The locations of these key



residues in the Kv11.1 structure are illustrated in 
Fig. 11.6. 
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Fig. 11.6 Key residues in Kv11.1 that interact with 
blockers. (a) Top-down view of cryo-EM Kv11.1 structure 
[46] illustrating fourfold symmetry of the tetrameric chan-
nel. For one subunit, the VSD is colored in cyan (S1-S3 
segments) and blue (S4 segment), and the pore domain is 
colored yellow. (b) Side view of Kv11.1 channel pore 

domain with the side chains of key amino acid residues 
(in stick mode) that comprise the putative blocker binding 
site indicated. SF selectivity filter. Also shown are N588 
and S620 (in yellow); mutation of either one of these 
residues removes inactivation. Figure reproduced from 
Helliwell et al. 2018 [91] 

The side chains of Thr623, Ser624, Tyr652, 
and Phe656 are all orientated toward the central 
cavity of the closed channel [62], although in the 
open-state Phe656, sidechains are repositioned 
and instead face toward Phe557 of the S5 seg-
ment. The two-pore helix residues (Thr623 and 
Ser624) are highly conserved in Kv channels. In 
contrast, Tyr652 and Phe656 in the S6 segment 
are not conserved; most Kv channels have an Ile 
and a Val at these positions. These two aromatic 
residues have been shown to be of high impor-
tance for interaction with many drugs, including 
chloroquine [92], quinidine [93], halofantrine 
[82], terfenadine, and cisapride [94], lidoflazine 
[95], clofilium and ibutilide [96], and cocaine 
[97]. Further mutagenesis showed that potent 
Kv11.1 block by MK-499, cisapride, and 
terfenadine require an aromatic residue in 

position 652 (either Tyr or Phe), suggesting the 
possibility of a cation-π interaction. The potency 
for block by all three drugs was well correlated 
with the van der Waals hydrophobic surface area 
of the side chain of residue 656 [94]. Specific 
residue-drug interactions predicted from site-
directed mutagenesis studies have been 
corroborated by several in silico molecular 
docking and dynamic simulation studies [98, 99]. 

A precise understanding of how compounds 
bind to the pore of Kv11.1 could facilitate design 
of new drugs devoid of this undesirable molecular 
interaction [100]. Initial molecular dynamic sim-
ulation and docking studies of Kv11.1 blockers 
such as MK-499 or dofetilide suggested that the 
orientation of bound compounds was parallel to 
the longitudinal axis of the central cavity, often-
times with the basic amine making a cation-π 
interaction with Tyr652. However, subsequent 
studies found that compounds could also interact



with most of the residues identified by mutagene-
sis studies when docked perpendicular to this axis 
and tucked into hydrophobic pockets located 
beneath each of the pore helices (Fig. 11.7a). 
These hydrophobic pockets are not found in 
most other Kv channels and were not revealed 
until the cryo-EM open-state structure of Kv11.1 
was solved [46]. Docking models based on the 
cryo-EM structure suggest that the basic amine of 
blockers is positioned in the ion permeation path-
way, just below the selectivity filter in a specific 
location normally occupied by a potassium ion 
[101] (Fig. 11.7b and c). This mode of docking 
suggests a more specific mechanism of pore 
block, interference with ion permeation by 
inhibiting K+ coordination at a specific site, rather 
than a more generalized action (physical plugging 
of the pore) as was suggested by the parallel 
orientation docking mode. 
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11.6.4 Inhibition of hERG Trafficking 

Although drug-induced QT prolongation and TdP 
are most often caused by block of Kv11.1 
channels, some drugs reduce IKr by interference 
with the process of channel trafficking from the 
Golgi apparatus to the cell surface. Drug-induced 
inhibition of Kv11.1 trafficking has been reported 
for arsenic trioxide [102], pentamidine [103], flu-
oxetine [104] celastrol [105], and cardiac 
glycosides [106]. The realization that hERG1 
channel function can be reduced by mechanisms 
other than pore block prompted the development 
of simple assays to test for drug-induced effects 
on hERG1 channel trafficking [107, 108]. 

11.7 Kv11.1 Channel Activators 

Pharmacotherapy for LQTS is very limited. 
β-Adrenergic receptor blockers are the only 
drugs used commonly to treat LQTS [109]. The 
most common cause of inherited LQTS is a loss 
of function mutation in either KCNH2 or KCNQ1. 
Thus, activators of IKr or IKs have been proposed 
as a potentially useful therapeutic approach to 
prevent VT/VF associated with prolonged QT 

intervals [110, 111]. While several compounds 
with such activity have been discovered and 
characterized in vitro and in animal models 
[112–114], none are currently available for 
clinical use. 

11.7.1 Mechanisms of Action of Kv11.1 
Activators 

Routine screening of compounds for off-target 
channel activity led to the serendipitous discovery 
of Kv11.1 channel activators. The first such com-
pound to be discovered and characterized was 
RPR260243 ((3R,4R)-4-[3-(6-methoxyquinolin-
4-yl)-3-oxo-propyl]-1-[3-(2,3,5-trifluorophenyl)-
prop-2-ynyl]-piperidine-3-carboxylic acid) in 
2005 [3]. A plethora of compounds that activate 
Kv11.1 by a variety of mechanisms has since 
been reported, including NS1643 [115, 116], 
PD-118057 [117], PD-307243 [118], 
ICA-105574 [119], ML-T531 [120], A-935142 
[121], ginsenoside Rg3 [122], AZSMO-23 
[123], LUF7244 [124], and HW-0168 [125]. Acti-
vation of Kv11.1 is mediated by allosteric modu-
lation of one or more properties of channel gating. 
The mechanisms of action identified to date 
include: (1) slowed rate of channel deactivation, 
(2) attenuation (positive shift in voltage depen-
dence) of C-type inactivation, (3) shift of the 
voltage dependence of channel activation to 
more negative potentials, and (4) an increase in 
channel open probability [111]. RPR260243 
(RPR) primarily slows the rate of Kv11.1 deacti-
vation [3], but it also slows the rate of channel 
activation and enhances current magnitude by 
attenuation of inactivation [126]. Two 
compounds, NS1643 [115, 116] and PD-118057 
[117], increase the magnitude of outward IKv11.1 
but have little or no effect on the rate of channel 
deactivation. PD-307243 has similar effects on 
channel gating [118]. Several IK11.1 activators 
markedly inhibit channel inactivation, including 
ICA-105574 [119], ML-T531 [120], and 
AZSMO-23 [123]. PD-118057 increases the 
channel open probability of Kv11.1 and shifts 
its voltage dependence of inactivation to more 
positive potentials [127]. NS1643 increases both



IKv11.1 peak and tail currents [116]. Most, if not 
all, Kv11.1 activators also alter the gating or 
inhibit channels other than Kv11.1 and, thus, are 
not ideally suited for testing the specific efficacy 
or clinical utility of “pure” IKr activation. In 

addition, some compounds, especially those that 
dramatically inhibits inactivation, have the poten-
tial to cause excessive QT shortening, essentially 
mimicking SQTS. 
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Fig. 11.7 Model of interaction between a potent blocker 
(Cavalli-6) and hydrophobic pockets located beneath pore 
helices of Kv11.1. (a) Side view of a region of the Kv11.1 
channel cryo-EM structure that highlights the upper por-
tion of the central cavity (CC) and lateral hydrophobic 
pockets (HP) located underneath each pore helix (PH). 
Structure is shown in ribbon mode, with key drug binding 
residues shown in stick mode. Figure modified with per-
mission from Wang and MacKinnon [46]. (b) Cavalli-6 
(in cyan) binds to hydrophobic pockets located beneath the 
pore helices and selectivity filter of Kv11.1. The key 

interacting channel residues identified by site-directed 
mutagenesis studies are labeled and shown in stick 
mode. (c) Top view of Cavalli-6 blocking the ion conduc-
tion pathway immediately below the selectivity filter, with 
its basic amine (in blue) in a location that is normally 
occupied by a coordinated potassium ion. The hydropho-
bic pockets illustrated in side view of panel A are num-
bered 1–4. Panels b and c were reprinted with permission 
from Dickson et al. 2020 [101]. Copyright 2020 American 
Chemical Society
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11.7.2 Structural Basis of Kv11.1 
Activator Binding Sites 

The structural basis of Kv11.1 activation by 
compounds has been explored by functional anal-
ysis of drug response using mutant channels and 
by molecular modeling. Single residue mutations 
in the S6 segment (Asn658, Val659) and S5 seg-
ment (Leu553, Phe557) attenuate the effects of 
RPR on deactivation and inactivation, whereas 
other single mutations (e.g., of Val549, Leu550 
in the S4-S5 linker and Ile662, Leu666, Tyr667 in 
the S6 segment) only affect deactivation 
[126]. These findings suggest that RPR binds to 
hydrophobic pockets located between the S5/S6 
regions of adjacent subunits to partially inhibit 
inactivation and the coupling of VSD movement 
to channel opening. The stoichiometry of RPR 
activities was characterized using tetrameric 
Kv11.1 concatemers containing a variable combi-
nation of wild-type subunits and subunits 
containing a mutation (Leu553Ala) that 
eliminates the drug effect. The slowing of deacti-
vation by RPR was found to be directly propor-
tional to the number of wild-type subunits present 
in a tetramer, whereas inhibition of inactivation 
was half-maximal with a single wild-type subunit 
and maximal in channels with three wild-type 
subunits [128]. These findings suggest that there 
are four identical RPR binding sites per channel 
and that allosteric modulation of deactivation and 
inactivation are characterized by distinct subunit 
stoichiometry. Characterization of mutant and 
chimeric Kv11.1/11.2 channels indicate that the 
cytoplasmic region of the channel (C-linker and 
attached cyclic nucleotide-binding homology 
domain) is the key structural component that 
mediates the slowing of deactivation by RPR 
[129]. Based on mutational analyses, other 
activators, including PD-118057 [127] and 
ICA-105574 [130, 131] have also been proposed 
to bind to four symmetrical inter-subunit hydro-
phobic pockets of the Kv11.1 tetramer. 
Concatenated tetramer analysis indicates that the 
increased single-channel open probability 
induced by PD-118057 (a 2-(phenylamino)-
benzoic acid) and the attenuated inactivation 

induced by ICA-105574 (a substituted 
benzamide) are mediated by cooperative subunit 
interactions and that occupancy of all four bind-
ing sites in a Kv11.1 channel is required for 
maximal channel activation by these 
compounds [132]. 

Based on analysis of multiple negatively 
charged activators (e.g., PD-118057) and potas-
sium channel types (including K2P, BK, and 
Kv11.1), it has been proposed that channel 
activators bind to a common site located below 
the selectivity filter and enhance channel conduc-
tance by increasing K+ occupancy at specific ion 
coordination sites within the pore and selectivity 
filter [133]. This binding mode is somewhat anal-
ogous to that proposed for Kv11.1 blockers [101], 
but instead of inhibiting K+ coordination, this 
model proposes that activators facilitate ion coor-
dination. Molecular dynamic simulation studies 
utilizing long periods of sampling (100s of 
nanoseconds) of the open-state cryo-EM structure 
of Kv11.1 has revealed refined docking modes for 
activators, including PD-118057, that are consis-
tent with earlier site-directed mutagenesis 
studies [101]. 

11.7.3 Kv11.1 Activators Can Be 
Proarrhythmic 

Some Kv11.1 activators may cause excessively 
short action potential duration and refractoriness 
and, therefore, may be proarrhythmic. It is note-
worthy that some activators are used to create 
drug-induced models of SQTS as a short electri-
cal refractory period provides a prime substrate 
for re-entry-based arrhythmia. Attenuated inacti-
vation by a compound such as ICA-105574 
mimics the gain of function Kv11.1 mutations 
that cause inherited short QT syndrome. In 
coronary-perfused canine right atria, PD-118057 
was reported to increase spatial dispersion of 
repolarization and a single premature stimulus-
induced fibrillation [134]. PD-118057 was also 
reported to induce polymorphic VT in left ven-
tricular wedge preparations [135]. NS1643 
suppressed arrhythmias induced by infusion of 
dofetilide to methoxamine-sensitized rabbits or



by atrioventricular block with ventricular 
bradypacing in rabbits [136]. However, protec-
tion was not observed in a transgenic rabbit 
model of LQTS; instead, NS1643-induced 
shortening of QTc was accompanied by an 
increased incidence of arrhythmia [137]. 
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11.8 Conclusions 

Kv11.1 channels conduct a repolarizing K+ cur-
rent that is a major determinant of cardiac repo-
larization in humans. Loss of function mutations 
in KCNH2 are a common cause of LQTS. Gain of 
function mutations in KCNH2 are a very rare 
cause of SQTS. In clinical practice, drug-induced 
QT prolongation is most often caused by block of 
Kv11.1 channels. The cryo-EM structure of 
Kv11.1 has been solved, and the molecular 
determinants of Kv11.1 blockers and activators 
have been described. Extensive structure–activity 
relationships for a wide spectrum of compounds 
are now available and have guided the develop-
ment of pharmacophore models that facilitate the 
rational design of medications that are devoid of 
Kv11.1 channel blocking activity. Further 
research is warranted to determine if novel 
Kv11.1 activators can safely prevent arrhythmia 
associated with congenital LQTS or drug-induced 
excessive QT prolongation. 
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Abstract 

Cardiac electrical activity is mainly deter-
mined by a set of voltage-dependent channels 
that control depolarizing currents carried by 
Na+ and Ca2+ cations and repolarizing currents 
carried by K+ and Cl- ions. Arrhythmia often 
results from a disorder in these currents or 
from the occurrence of additional inward 
currents such as those generated by the tran-
sient receptor potential (TRP) channels. In 
mammals, the TRP family comprises six 
major subfamilies; TRPC (canonical), TRPV 
(vanilloid), TRPA (ankyrin), TRPM 
(melastatin), TRPP (polycystin), and TRPML 
(mucolipin). In the heart, TRP channels are 
known to be involved in various diseases, 
including hypertrophy, heart failure, and 
arrhythmia. A large part of this chapter focuses 
on the potential contribution of TRP channels, 
namely TRPCs and TRPM4, that could carry 
an inward current at the resting potential to 
modulate cardiac rhythm, as well as on their 
potential arrhythmic effects. Specific attention 
is given to the proarrhythmic effects of ATP as 
a purinergic agonist. Under ischemia, a burst 

of ATP is released that stimulates P2Y2 

receptors, which through phospholipase C 
activates heterotetrameric TRPC3/TRPC7 
channels and, as well, releases Ca2+ from the 
sarcoplasmic reticulum to activate TRPM4. 
The subsequent inward currents could depo-
larize the cell and trigger anomalous activity. 
Furthermore, several other neurotransmitters 
that all induce through G protein or tyrosine 
kinase, the formation of DAG could, as well, 
modulate cardiac rhythm and trigger 
arrhythmia. 
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PKB/ 
Akt 

Protein kinase B 

PKC Protein kinase C 
PLC Phospholipase C 
RyR2 Ryanodine receptor (cardiac isoform) 
SERCA Sarcoplasmic/endoplasmic reticulum 

Ca2+-ATPase 
SOCE Store-operated calcium entry 
SR Sarcoplasmic reticulum 
TRP Transient receptor potential 
TRPC Transient receptor potential 

“Canonical” 
TRPM Transient receptor potential 

“Melastatin” 
UTP Uridine 5′-triphosphate 

12.1 Introduction 

In 1969, Cosens and Manning published a paper 
demonstrating that in Drosophila melanogaster, 
despite sustained lightening, a mutation induced a 
transitory response of an ion channel that 
contributes to phototransduction by conducting 
Ca2+ ions [1]. The corresponding transient recep-
tor potential (Trp) gene was cloned in 1989 and 
led to the identification of a nonspecific cationic 
channel that is able to conduct Ca2+ ions 
[2]. Since then, TRP channels have been 
identified in every cell studied, and a huge 
amount of information about the role of TRP 
channels in the most diverse functions has 
emerged [3, 4]. Nowadays, due to their contribu-
tion to Ca2+ homeostasis, TRP channels are 
implicated in almost every organ function and 
are related to many diseases [5–9]. However, 
most of our knowledge about TRP channel bio-
physics, pharmacology, and functions, has been 
achieved by using heterologous expression 
systems. This is mostly related to the fact that 
there is still a lack of truly specific activators 
and inhibitors of TRP channels. Moreover, in 
every cell function or dysfunction, besides TRP 
channels, other ion channels or transporters are 
also involved. In patch-clamp experiments, this 
complicates the analysis of results and their 
interpretations and sometimes could limit the 

conclusions about the role of TRP channels. 
Although not always recognized, the situation 
could be even more complex when using fluores-
cence techniques to study Ca2+ signals following 
the activation of TRP channels. In many cases, 
TRP channel activity implies activation (under 
less controlled cellular conditions) of other 
channels and transporters (especially the Na+-
Ca2+ exchanger) making the interpretation of 
changes in intracellular Ca2+ rather complex. For-
tunately, genetically-modified animal models 
have made a great contribution to our knowledge 
about the roles of TRP channels in health and 
disease, and generally reasonable schemes about 
the functioning of many of the TRP family 
members have emerged. However, there is still 
much to investigate in this field. In this chapter, 
we present evidences about the properties of TRP 
channels that are relevant to their arrhythmogenic 
effect. In particular, focus is made on the 
arrhythmogenic potential of “canonical” TRP 
channel (TRPC) activation following purinergic 
receptor activation during myocardial infarction. 
Although other important roles of TRP channels 
in cardiac physio-pathology (e.g. pacemaking, 
development of hypertrophy, fibrosis, and 
diseases of genetic origin) are recognized, they 
are not fully covered in this chapter. Extensive 
reviews about these subjects have been published 
[8–11]. 

12.2 General Properties of TRP 
Channels 

TRP channels comprise a large super family of 
nonselective cationic channels. Similar to most 
voltage-gated channels, each TRP channel sub-
unit contains six transmembrane domains (TM1– 
TM6) and a pore region formed by a loop 
between TM5 and TM6 [12]. Like K+ channels, 
four subunits are required to constitute functional 
(conducting) TRP channels which can be assem-
bled as homo- or heterotetramers [13]. According 
to their functions and amino acid sequences, in 
mammals, TRP are classified into six large 
subfamilies: TRPC (canonical; C1-C7; C2 is a 
pseudogene in humans), TRPM (melastatin;



M1-M8), TRPV (vanilloid; V1-V6), TRPA 
(ankyrin; A1), TRPP (polycystin; P2, P3, and 
P5) and TRPML (mucolipin; ML1-ML3) [13– 
17]. Up to 28 members have been described in 
mammals [7, 18]. Most of TRP channels lack the 
typical voltage sensor, i.e., they are not voltage-
sensitive [19, 20]. However, they are activated by 
mechanical stretch, temperature variations and a 
miscellany of neurohormones, intracellular 
ligands and various exogenous natural and syn-
thetic ligands such as endothelin-1, thrombin, 
adenosine 5′-triphoshate (ATP), angiotensin II, 
bradykinin, diacylglycerol (DAG) and 
phosphoinositide-4,5-bisphosphate (PIP2) [21– 
28]. TRP channels are nonselective for cations, 
and most of them can conduct Ca2+ (except for 
TRMP4 and TRPM5). The permeability ratio 
PCa/PNa, range from ≈ 0.05 in TRPM4 and 
TRPM5, to ≈ 100 in TRPV5 and TRPV6 
[10]. Others, like TRPM6 and TRPM7, are able 
to conduct Mg2+ [29]. 
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12.3 Expression of TRP Channels 
in the Heart 

In cardiomyocytes, intracellular Ca2+ cycling is 
essential for excitation-contraction coupling and 
relaxation [30]. However, variations in intracellu-
lar Ca2+ concentration [Ca2+ ]in are also important 
in signal transduction pathways that lead to 
hypertrophy, cardiac remodeling, and heart fail-
ure or are essential for cardiac development, 
energy homeostasis, and even for cell death [31– 
35]. Ca2+ cycling is determined by a complex 
interplay between L-type Ca2+ channels, the 
Na+- Ca2+ exchanger, the ryanodine receptor 
(RyR2), the sarcoplasmic/endoplasmic reticulum 
Ca2+-ATPase (SERCA) and sarcolemmal Ca2+-
ATPases [34]. Pathological processes such as 
hypertrophy, cardiac remodeling, and develop-
ment of heart failure are triggered by sustained 
increases in intracellular Ca2+ , which subse-
quently lead to activation of calcineurin/nuclear 
factor of activated T cells (NFAT), calmodulin 
(CaM)-kinase, and protein kinase C (PKC) induc-
ing the development of myocyte growth and car-
diac hypertrophy [35]. Although increases in 

[Ca2+ ]in can be due to alterations in Ca
2+ release 

from and re-uptake by the sarcoplasmic reticulum 
(SR), variations in the expression or function in 
L-type Ca2+ channels, SERCA, RyR2, the inosi-
tol-1,4,5-trisphosphate(IP3) receptor, the Na

+-
Ca2+ exchanger or the Na+ /H+ exchanger 
(NHE1) [36–38], other Ca2+ entry pathways 
could also be important. Since TRP channels 
can conduct Ca2+ , they have emerged as another 
potential source of [Ca2+ ]in variations in 
cardiomyocytes [3, 8, 39, 40]. However, the 
roles of the different TRPs in Ca2+ cycling in 
cardiomyocytes, in physiological and pathologi-
cal states, are far from being completely 
understood. 

A review of the literature indicates that all 
28 members of the TRP superfamily are 
expressed in heart [10, 11, 29], where the most 
extensively characterized has been the TRPC sub-
family (see below). The eight members of the 
TRPM subfamily are expressed in the heart, but 
TRPM2/M4/M7 is specifically expressed in 
cardiomyocytes [10, 11]. TRPM’s  influence on 
cardiac function has been mostly inferred from 
models of cardiac disorders in pathological states. 
For example, in failing hearts, expression levels 
of TRPM2/M3/M8 are reduced [41]. In this 
sense, it has been suggested that the activity of 
TRPM2 could favor cardiac protection from 
ischemia [42]. Likewise, it has been reported 
that TRPM7 expression is increased in patients 
suffering from dilated cardiomyopathy 
[43]. TRPM6/7-like currents have been recorded 
in isolated ventricular cardiomyocytes from pig, 
rat, and guinea pig, and their electrophysiological 
properties correspond to those of the Mg2+-
inhibited nonselective cation current. TRPM6/7 
currents are modulated by ATP, PIP2, and 
nonhydrolysable guanosine 5’triphosphate 
(GTP) analogs [44–46]. So far, the most studied 
TRPM channel in cardiomyocytes is TRPM4 
which has been involved in normal cardiac elec-
trical activity and arrhythmias [43, 47]. TRPM4 is 
considered as the molecular counterpart of the 
nonselective monovalent cationic channel 
activated by Ca2+ (“CNRS channel”) first 
described in 1981 in cultured cardiac cells 
[48]. Unitary current-to-voltage relationship of



TRPM4-transfected HEK-293 cells is linear, with 
a single channel conductance of 20–25 pS, and is 
similar to TRMP4 currents recorded in 
cardiomyocytes [49–51]. The TRPM4 channel is 
equally permeable to Na+ and K+ , but it is not 
permeable to Ca2+ . Intracellular Ca2+ activates the 
TRPM4 channel with an EC50, depending on the 
cellular model used. Evidence exists that TRPM4 
might be able to activate at physiological [Ca2+ ]in 
and that its Ca2+ sensitivity is modulated by 
regulators such as PKC, PIP2, and calmodulin 
[47]. The TRPM4 channel is inhibited by 
flufenamic acid, glibenclamide, spermine, qui-
nine, and 9-phenantrol, the latter being consid-
ered as more specific to TRPM4 
[52, 53]. However, all of these drugs also affect 
other ion channels as well as protein kinase A 
(PKA) [47, 54]. 
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As Guinamard’s group pointed out [11, 47], 
three properties of the TRPM4 channels explain 
their possible influence on cardiomyocyte action 
potential (AP) duration in normal and pathologi-
cal conditions: (1) Its probability of being open 
increases with depolarization; (2) It is activated 
by intracellular Ca2+ , which increases during the 
AP; and (3) It has a reversal potential at 0 mV or 
more negative. Although precise measurements 
of [Ca2+ ]in variations in sinoatrial node cells are 
still lacking, it has been considered that TRPM4 
contributes to diastolic depolarization in SAN 
cells. Its activation by local subsarcolemmal 
Ca2+ releases could contribute to membrane 
depolarization and act “cooperatively” with the 
pacemaker current If, specifically at low heart 
rates [55–57]. However, there is still a need for 
studies about in vivo sinus rhythm regulation by 
pharmacological modulation of TRPM4. Since 
the TRPM4 channel carries an inward current at 
potentials negative to 0 mV it can influence car-
diac AP duration. This has been confirmed in 
mice atria with intracellular microelectrode 
recordings using the TRMP4 inhibitor 
9-phenanthrol in wild-type and TRPM4 knockout 
(KO) animals [58]. However, although some evi-
dence indicates that it could contribute to length-
ening the mouse ventricular AP, its participation 
in the mammalian ventricular AP remains 
elusive [47]. 

The biophysical properties of TRPM4 
channels suggest that they can also be partially 
responsible for arrhythmias in several pathologi-
cal states. During cardiac ischemia and reperfu-
sion, intracellular ATP levels fall drastically, 
leading to intracellular Ca2+ accumulation that 
can contribute to generating early 
afterdepolarizations (EAD) [59] at least partially 
dependent on TRPM4 activation. Based on the 
fact that 9-phenantrol and flufenamic acid 
decreased the appearance of EAD in a model of 
hypoxia-reoxygenation, it was suggested that 
TRPM4 channels could be at the origin of 
arrhythmias in this condition [52]. Similarly, a 
model of ischemic preconditioning in rats seems 
to support this assumption [53]. Several 
mutations in the Trpm4 gene have been identified 
in inherited cardiac diseases such as atrioventric-
ular (AV) block, Brugada syndrome (BrS), right 
bundle branch block, and progressive familial 
heart block type I. Although, in some cases, an 
increase in TRPM4 current density (e.g., in AV 
block) or a decreased expression of TRMP4 chan-
nel protein (in BrS) have been shown, much 
remains to be clarified to establish the role of 
TRPM4 mutations in cardiac inherited diseases 
and arrhythmias [47]. It has been suggested that 
TRPM4 could prevent cardiac hypertrophy 
[60, 61]. 

TRPV channel expression has been reported in 
mammalian hearts, most notably TRPV1, 
TRPV2, and TRPV4 [10, 11]. TRPV1 is mainly 
expressed in cardiac sensory nerves but also in the 
myocardium [62–64], where it seems to protect 
against inflammation and cardiac remodeling dur-
ing postischemic recovery in infarcted hearts 
[65]. On the other hand, TRPV2 is over-
expressed after myocardial infarction in rats 
[66]. Its “protective” role was suggested by the 
results showing a better recovery from 
myocardial infarction in KO mice [67]. However, 
other studies suggested a different role for 
TRPV2 channels since they could serve as a 
Ca2+ entry pathway (and intracellular Ca2+ 

mishandling) in dystrophic cardiomyopathy 
[68]. Another member of the TRPV family, 
TRPV4, is highly expressed in the heart and 
activates during myocardial ischemia and



reperfusion, enhancing Ca2+ influx and release of 
reactive oxygen species [69]. Recently, TRPV4 
upregulation in cardiomyocytes has also been 
linked to aging in mice [70]. 
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Information about the roles of other TRP 
members in heart is scarcer, but certain roles 
have been suggested [11]. In murine ventricular 
cardiomyocytes, the TRPA1 agonist allyl isothio-
cyanate (AITC) produced concentration-
dependent transient rises in [Ca2+ ]in that were 
not seen in TRPA1-deficient mice or in the pres-
ence of the channel antagonist HC-030031 
[71]. It has been suggested that TRPA1 activation 
in cardiac myocytes could be relevant to attenuate 
ischemia and reperfusion injury [72]. TRPP2-
deficient mice die before birth as a result of car-
diac malformations [73]. It has been recently 
published that TRPP2 could be able to regulate 
autophagy through Ca2+ homeostasis in cardiac 
myocytes [74]. TRPML1–3 have been found in 
cardiac fibroblasts and are all constitutively 
active. These channels are necessary for lysosome 
formation and recycling [13]. However, there is 
still a need of studies about the roles of these 
channels in cardiomyocyte function. Several 
members of the TRPC, TRPV, and TRPM 
subfamilies are involved in cardiac hypertrophy 
and failure. Activation of these channels provides 
a pathway for Ca2+ entry into the cardiomyocyte 
and could contribute to sustained increases in 
intracellular Ca2+ . This leads to the activation of 
PKC, protein kinase B (PKB/Akt), calcineurin, 
and NFAT that, finally, involve TRP channel 
overexpression and the activation of fetal gene 
reprograming leading to cardiac hypertrophy 
[9, 10, 29]. More importantly, various TRP 
channels are activated by stretch, i.e., they are 
mechanosensitive. In addition to the normal 
excitation-contraction coupling, there is a feed-
back system in the heart whereby mechanical 
stimuli modulates electrical activity. This feed-
back system is often referred to as mechano-elec-
tric feedback [75]. Stretch-induced modulation of 
electrical activity includes after-depolarization, a 
decrease of the resting potential, and alteration of 
the AP duration. In severe cases, these changes 
are found to be arrhythmogenic as recognized 
30 years ago [76]. It was recognized early that 

major events of mechano-electric feedback were 
mediated by the activation of stretch-activated 
channels(SACs) [77–79]. SACs are nonselective 
to cations and, in most cases, are sensitive to 
block by Gd3+ . Most mammalian TRPC, TRPV, 
TRPM, TRPA, and TRPP channels are 
mechanosensitive [80], although the mechanisms 
underlying mechanosensitivity appear quite 
divergent and complex. Moreover, myocytes 
isolated from human failing hearts exhibited 
enhanced stretch sensitivity with increased den-
sity of Gd3+-sensitive currents and arrhythmic 
electrophysiological features [78, 81]. 

12.4 TRPC (Canonical) Channels 
in Cardiomyocytes 

TRPC channel primary structure predicts six 
transmembrane domains (TM1-TM6). The TM4 
lacks a voltage sensor and the channel pore is 
located between domains TM5 and TM6 
[82]. TRPC channels have three to four ankyrin 
repeats at the NH2-terminus [10, 29]. In TRPCs 
(and TRPMs), there is a small region that 
stretches from the COOH terminus to TM6, 
which is called TRP domain and is involved in 
PIP2 regulation of channel activation and desen-
sitization [83]. The seven members of the TRPC 
subfamily (TRPC1–C7) are widely expressed in 
heart tissues, all of them localized in the sarco-
lemma [10, 29]. TRPC3, C6, and C7 channels are 
gated by DAG or changes in PIP2 composition 
after phospholipase C (PLC)-mediated G protein-
coupled receptor activation [84]. The mechanism 
of activation of TRPC1, C4, and C5 is not well 
defined yet. TRPC channels can also be activated 
by Ca2+ store depletion. It is clear now that TRPC 
activation contributes to Ca2+ influx in several 
cell types [85]. Particularly in cardiomyocytes, 
Ca2+ influx via TRPC channels can contribute to 
the Ca2+ signaling that initiates and regulates 
enhanced protein synthesis and an increase 
infibroblast proliferation typical of cardiac hyper-
trophy [86]. The most well-known and 
characterized pathway is that of the calcineurin/ 
nuclear factor of activated T cells (NFAT). 
Besides this signaling cascade, other pathways



are also involved in the development of hypertro-
phy [35]. The general idea is that Ca2+ signaling 
for these pathways occurs in “Ca2+ 

microdomains” where Ca2+ concentration can be 
extremely high [36, 87]. This might allow the 
activation of Ca2+-dependent signaling pathways 
independently from the Ca2+ rise that normally 
occurs during excitation-contraction coupling. 
However, this entails that the proteins involved 
in Ca2+ signaling pathways, including TRPC 
channels, must be spatially concentrated into a 
definite domain [88, 89]. Although much remains 
to be investigated, it seems possible that TRPC 
channels could be part of those Ca2+ 

microdomains. For example, Doleschal et al. 
[90] have shown that TRPC3 channels mediate 
Ca2+ and Na+ entry in close proximity to the Na+-
Ca2+ exchanger and could contribute to an 
increase in intracellular Ca2+ influencing not 
only cardiac contractility but also 
arrhythmogenesis. 
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Several TRPC subtypes seem to be involved in 
the development of hypertrophy. TRPC1, 
TRPC3, TRPC4, TRPC6, and TRPC7 are 
upregulated in different models of hypertrophy 
and in heart failure patients. Moreover, 
overexpression of TRPC3, TRPC6-enhanced 
hypertrophy, and knockdown of TRPC3, 
TRPC4, and TRPC6 attenuated hypertrophy 
[91–96]. However, it is still difficult to indicate 
which TRPC channel is critical for hypertrophic 
Ca2+ signaling. 

There is enough evidence that TRPC channels 
can form heteromers [19, 97]. However, there is 
no data about heteromeric TRPC channel 
complexes in cardiac tissues. Also, TRPC 
channels might interact with the STIM-ORAI 
signaling complexes that show high selectivity 
for Ca2+ and are activated by the depletion of 
Ca2+ stores after activation of Gq/11 coupled 
receptors. Interestingly, STIM expression seems 
to correlate directly with hypertrophic changes 
[98, 99]. Moreover, it has been suggested that 
STIM1 can also operate TRPC channels 
[100, 101]. Yet, a clear picture of how TRPC 
channels function in cardiomyocytes is still 
lacking, although a general idea emerges that 
TRPC channels contribute to a Ca2+ influx 

pathway that will trigger signaling in the 
calcineurin/NFAT axis [101, 102]. However, it 
is rather difficult to dissect TRPC currents in 
cardiomyocytes due to the presence of other 
important current components and the lack of 
specific TRP antagonists. The analysis of Ca2+ 

signals in fluorescence experiments is also ham-
pered by similar drawbacks. Therefore, functional 
studies of TRP channels in cardiomyocytes are 
difficult to achieve. However, TRPC channels 
could be related to store-operated Ca2+ entry 
(SOCE). There are evidences that TRPC1, C4, 
and C5 channels can be activated by intracellular 
Ca2+ store depletion and participate in the SOCE 
mechanism [103, 104]. Moreover, Domínguez-
Rodríguez et al. [99] showed evidences that 
upregulation of TRPC3/C4 in adult ventricular 
cardiomyocytes correlated with the enhanced 
SOCE and proarrhythmic spontaneous Ca2+ 

waves. Camacho-Londoño et al. [105] identified 
a background Ca2+ entry pathway independent of 
voltage-gated Ca2+ channels reduced in Trpc1/ 
Trpc4-/- myocytes. This background Ca2+ entry 
was amplified by treatment with isoprenaline and 
angiotensin II and remained unchanged in Trpc3/ 
Trpc6-/- myocytes suggesting that this Ca2+ 

influx pathway contributes to isoprenaline-
induced and AngII-induced elevations of intracel-
lular Ca2+ concentration in cardiomyocytes and 
cardiac hypertrophy. 

12.5 Activation of TRPC Channels by 
Purinergic Agonists Released 
during Myocardial Infarction 

Besides its inotropic effect, mostly mediated by 
an increase in L-type Ca2+ current [106–108], 
extracellular ATP can trigger cardiac automatic-
ity, which results from the activation, following 
receptor stimulation, of a nonselective cationic 
current that would appear inward and depolarize. 
Such appears to be the case during the application 
of ATP to isolated cardiomyocytes [109–111]. In 
fact, ATP and UTP (uridine 5′ triphosphate) are 
known to be released during various pathophysi-
ological conditions, including hypoxia during 
which they appeared to be associated with



arrhythmia in animal models and humans 
[112, 113]. The diverse range of physiological 
actions of ATP was recognized very early by 
Drury and Szent-Györgyi in 1929 [114]. More-
over, the role of ATP as a “nonadrenergic, 
noncholinergic neurotransmitter” rather than an 
energy supplier was reported almost 50 years 
ago by Burnstock [115]. As reviewed by 
Burnstock and Pelleg [116], our current knowl-
edge of purinergic receptor subtypes, based on 
cloning, pharmacological characterization, and 
second messenger systems, shows that in 
mammals, there are seven P2X receptor subtypes 
(P2X1–X7) which are constitutive cationic 
channels (ionotropic receptors) and eight P2Y 
receptors (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11-
Y14) which are G protein-coupled receptors 
(metabotropic receptors) [117, 118]. All of them 
play a role in cardiovascular physiology and, 
more often, in several pathophysiological 
situations [119]. 
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In cardiomyocytes, ATP was demonstrated to 
modulate most cellular activities including ionic 
currents, Ca2+ transients, pH, as well as kinases, 
lipases, and many secondary messengers to con-
trol contractile force [119]. Particularly, since the 
late 1980s and later on, several electrophysiologi-
cal studies have reported that ATP activates tran-
sient nonspecific cationic currents in frog, rat, and 
guinea pig heart [109, 120, 121]. In a more 
detailed analysis, ventricular cardiomyocytes 
isolated from various species revealed that ATP 
and UTP activate two nonspecific cationic 
currents (Fig. 12.1). Thus, besides the fast tran-
sient nonspecific cationic current that we reported 
earlier [110], a sustained current (I(ATP)) with a  
lower density is also activated [122]. This current 
has been characterized in rat, mouse, dog, and 
human ventricular cardiomyocytes with densities 
ranging between 1 pA/pF (rat and mouse) and 
3 pA/pF (dog and human); the amplitude of 
I(ATP) was remarkably higher (up to 2 pA/pF) in 
cardiomyocytes from postmyocardial infarcted 
rat ventricles. While the activation of the fast 
transient current requires the presence of Mg2+ , 
suggesting that MgATP is the probable agonist, 
I(ATP) could be elicited by ATP and UTP, in their 
free forms, ATP-4 and UTP-4 . At a constant 

300 μM free external Ca2+ concentration, the 
EC50 of the ATP

-4 effect, determined in various 
ATP-containing (Mg2+-free) solutions, was ≈ 
58 μM, a concentration which is well in the 
range of that reached by released ATP during 
the early phase of myocardial infarction. We 
must recall here that lethal ventricular 
arrhythmias occur in this early phase 
[112]. Other ATP analogs (Bz-ATP, ATPγS, α,-
β-methylene ATP, adenylyl imido-diphosphate, 
and adenosine 5′-(β,γ-imido) triphosphate) as 
well as uridine and adenosine diphosphate 
(UDP, ADP) were ineffective in activating 
I(ATP). In cells perfused with the nonhydrolyzable 
GTPγS, I(ATP) was permanently activated. The 
I(ATP) current reversed near 0 mV, exhibited a 
weak inward rectification, and was inhibited by 
increasing external Ca2+ concentrations 
(Fig. 12.2). Its chord conductance was Ca2+-
dependent with values around 20 pS/pF and 
40 pS/pF at 2 and 0.1 mM extracellular Ca2+ , 
respectively. Furthermore, when [Ca2+ ]in was 
increased (by FK-506 or cyclopiazonic acid), 
I(ATP) was markedly reduced. In the absence of 
specific inhibitors of TRP channels Alvarez et al. 
[122] employed a broad pharmacological 
approach in order to bring to light not only the 
involved channel (or channels) but also the sig-
naling activation pathway. The pharmacological 
profile of I(ATP) indicated that a TRPC channel 
was involved since it was blocked by the general 
Ca2+-permeable TRPC channel blockers 
SKF-96365, La3+ and Gd3+ . Surprisingly, 
flufenamic acid, known to inhibit TRPC6 (and 
TRMP4), enhanced current amplitude. Using 
fluorescence experiments, it was corroborated 
that channel activity was negligible both in con-
trol conditions and in Ca2+-free media since there 
was no significant Ba2+ and Mn2+ influx, while 
ATP triggered marked changes in fluorescence in 
the presence of one or the other cation. 

The nonselective cationic channel related to 
I(ATP) seems to be a heterotetramer composed of 
TRPC3 and TRPC7, as evidenced by 
co-immunoprecipitation. The channel allows cat-
ionic flux only in the presence of agonists and at 
the single channel level, exhibits two main con-
ductance levels of 14 and 23 pS. The intracellular



application of an anti-TRPC3 antibody, but not of 
an anti-TRPC6 antibody (Fig. 12.2, markedly 
inhibits the current [122]. Another pharmacologi-
cal approach allowed to identify the signaling 
cascade involved in the activation of I(ATP). 
Suramin (a P2Y1-P2Y2 antagonist) markedly 
reduced I(ATP), whereas strong P2X inhibitors 
such as pyridoxal phosphate-6-azo(benzene-
2′,4′-disulfonic) acid, oxidized ATP, and brilliant 
blue did not significantly affect I(ATP). A possible 
role of P2X activation by ATP, as a source of 
I(ATP) was then discarded since, in addition, 
cardiomyocytes isolated from P2X1-KO, P2X4-
KO as well as from the double KO P2X1-P2X4 

mice, always exhibited both of the transitory and 
sustained ATP-induced cationic currents recorded 
in control [122]. These results paved the way in 
the search of the signaling cascade after the acti-
vation of a P2Y receptor. Inhibitors of phospholi-
pase D (PLD; propranolol), phospholipase 
A2(PLA2; a rachidonyltrifluoromethyl ketone; 
AACOCF3), PLCγ (LY-294002) as well as the 
wide-spectrum tyrosine kinase inhibitor genistein 
had no effect on I(ATP). However, the PLCβ inhib-
itor U-73122 prevented I(ATP) activation. It was 
thus concluded that this sustained current results 
from the activation of the metabotropic P2Y2 

receptor that leads to the activation of the PLCβ 
and DAG formation, which, in turn, activates a 
TRPC3/C7 cationic channel. As a consequence of 
this signaling cascade, IP3 formation also triggers 
Ca2+ release from the SR via the activation of the 
IP3 receptor. Besides, the local intracellular Na

+ 

increase due to the activation of TRPC3/C7 
channels can also increase [Ca2+ ]in via the Na

+-
Ca2+ exchanger. This increase in intracellular 
Ca2+ after purine application could also contrib-
ute to the activation of various TRP channels, 
including TRPM4 which, due to its biophysical 
properties, is a candidate to contribute to depolar-
ize the cardiomyocyte and trigger EAD or 
delayed afterdepolarizations (DAD). The signal 
transduction cascades activated by ATP/UTP 
and leading to TRP activation are shown in 
Fig. 12.3. Summarizing, after purinergic activa-
tion, the sustained inward current conducted by 
the TRP channels, together with the Ca2+ over-
load and the subsequent activation of the Na+-
Ca2+ exchanger in the reverse mode and probably 
activation of TRPM4 channels may trigger abnor-
mal electrical activity and arrhythmias. 
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Fig. 12.1 Purinergic 
activation of ionic currents 
at resting potential. ATP 
(1 mM) elicits two inward 
currents in a rat 
cardiomyocyte clamped at a 
holding potential (HP) of -
80 mV. The fast transient 
current requires the 
presence of Mg2+ in the 
external solution. 
Reproduced from Alvarez 
et al. 2008 [122] with 
permission 

Due to the presence of interstitial creatine 
kinase in cardiac muscle, it could be hypothesized 
that as long as creatine is at a relatively high 
concentration, transphosphorylation (formation 
of creatine phosphate) may occur, serving as a 
buffer for the sudden release of ATP/UTP during 
the early phase of ischemia. As a result, arrhyth-
mic events [113, 122–125] should decrease. 
Vassort and co-workers [125] tested the potential 
preventive effect of creatine by checking its abil-
ity to antagonize the arrhythmias that occurred 
upon left coronary ligature in rats, preinjected or 
not with creatine, and taking advantage of the fact 
that creatine kinase is also released together with 
ATP/ UTP during ischemic injury. A 2 h



electrocardiogram monitoring revealed that in 
creatine-injected rats (intraperitoneal injection of 
creatine at 0.075 g/kg 1 h before surgery), there 
was a decrease in both ventricular premature 
beats (40% less events) and particularly in ven-
tricular tachycardia (≈ 60% less events). The 

creatine effect was even more striking in early 
deaths. Indeed, while 10% of animals die after 
coronary ligation in control conditions, no death 
was observed during the first 2 h following the 
coronary ligation in creatine-injected rats (more 
than 30 rats per group). Injection of
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Fig. 12.2 Characterization 
of the sustained current 
elicited by ATP in rat 
ventricular cardiomyocytes 
under whole-cell patch-
clamp. (a) Current-voltage 
relationship for the 
ATP-sensitive current 
(I(ATP)) established during a 
ramp potential after the 
application of 300 μM ATP 
in the absence of Mg2+ . (b) 
Concentration-response 
curve of I(ATP) amplitude 
elicited by various ATP 
concentrations at an 
HP = -80 mV in an Mg2+-
free, 300-μM Ca2+ solution 
(n = 6). The apparent 
effective half-
maximum ATP 
concentration, EC50, was 
558 μM corresponding to a 
calculated EC50-ATP

4- of 
58 μM. (c) An anti-TRPC3 
antibody (Ab-C3) added to 
the pipette solution (1:200 
dilution) significantly 
reduced I(ATP) recorded 
within 5 min after the giga-
seal formation. Antibody-
induced inhibition was 
prevented by further adding 
the TRPC3-antigenic 
peptide (Ab-C3 + Pep, 1: 
200) to the pipette solution. 
Adding the anti-TRPC6 
antibody (Ab-C6) to the 
pipette solution did not 
significantly affect the 
ATP-induced current. 
Number of cells in bars, * 
P < 0.05. Reproduced from 
Alvarez et al. 2008 [122] 
with permission



beta-guanidinopropionate, a creatine analog with 
1000-fold lower kinetics [126], exerted no signif-
icant protective effect. It is to note that the so-far 
reported electrophysiological effects of creatine 
phosphate are insufficient to explain such an anti-
arrhythmic action [124]. Moreover, creatine 
(3 mM) was able to markedly decrease the ven-
tricular fibrillation threshold in infarcted isolated 
rat hearts [127] (Fig. 12.4), extending and 
confirming the results with infarcted rats and 
strengthening the idea that creatine could have 
an antiarrhythmic action in the early stages of 
acute myocardial infarction.
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Fig. 12.3 Schematic 
representation of the 
biochemical pathways 
involved with ATP or UTP 
application after their free 
forms bind to the P2Y2 

purinoceptors on a 
cardiomyocyte, leading to 
activation of TRPC3/7 and 
TRPM4 channels. 
Abbreviations are given at 
the beginning of text 

12.6 A Note 
on the Arrhythmogenicity 
of I(ATP) 

One of the major concerns about the contribution 
of a particular ion channel to the normal cardiac 
AP or to arrhythmias is whether the experimen-
tally recorded current densities are enough to 
induce the proposed electrophysiological actions 
and consequences related to their activity. This 
can be particularly problematic when referring to 
cardiac arrhythmias, which are multifactorial in 
their origin and sustainability. In the case of 
I(ATP), the experimentally recorded current 

densities are consistent with a conductance of ≈ 
20 pS/pF near the resting potential and at the 
EC50 for I(ATP) activation by extracellular ATP. 
A current like I(ATP) can easily depolarize the 
sarcolemma of cardiomyocytes. The addition of 
a 20 pS/pF linear conductance to a ventricular 
action potential model [128] generates EADs 
and significant arrhythmic activity (Fig. 12.5), 
indicating that a current with the properties of 
I(ATP) could be able to trigger arrhythmias via 
the proposed mechanisms. Moreover, I(ATP)-
induced depolarization is sustained and lasts as 
far as ATP is acting on the purinergic receptor, a 
characteristic that makes this current highly 
arrhythmogenic. One must remember that the 
signaling cascade activating I(ATP) also releases 
Ca2+ from the SR and could finally activate 
TRMP4 channels magnifying cell membrane 
depolarization. Experimentally, at the single cell 
level or with small multicellular preparations (e. 
g,, papillary muscle), the arrhythmogenic activity 
of sudden application of extracellular ATP has 
been demonstrated [110, 119, 125]. Figure 12.5 
shows an example of sustained arrhythmic Ca2+ 

cycling in a nonstimulated quiescent 
cardiomyocyte suddenly perfused with extracel-
lular ATP. 

Another concern could be the concentration 
range at which I(ATP) is recorded experimentally
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Fig. 12.4 Creatine is able to increase ventricular fibrilla-
tion threshold (VFT) during an acute myocardial infarction 
(AMI) in isolated Langendorff-perfused rat hearts. Liga-
ture of left coronary artery markedly decreased the ven-
tricular fibrillation threshold (VFT). However, when hearts 
were previously treated with creatine (1–3 mmol/L), VFT, 

after the AMI, was significantly higher than in untreated 
hearts. Moreover, in hearts perfused with creatine after 
coronary ligature, VFT was also increased but to a lesser 
extent. * p < 0.05 with respect to control; ** p < 0.05 with 
respect to infarct. Reproduced from López-Medina et al. 
2013 [127] with permission 

Fig. 12.5 (a) Repetitive 
activity modeled in a 
ventricular cardiomyocyte. 
The Ten Tusscher human 
ventricular AP model [128] 
was used. “Control” is the 
AP modeled with the 
default values for all 
parameters, and “+ GL” is 
the AP after adding a 
20 pS/pF time- and voltage-
independent linear 
conductance representative 
of the TRPC3/7 activated 
by ATP. The Cellular Open 
Resource program was used 
(COR; version 0.9.31.1409, 
Prof Alan Garny, Oxford). 
(b) Repetitive activity, 
recorded as intracellular 
Ca2+ fluorescence 
variations in a rat 
ventricular cardiomyocyte 
during extracellular 
perfusion with ATP (1 mM)



and the possible correspondence with the ATP 
concentration released in the pathological situa-
tion. Kuzmin et al. [112] showed that interstitial 
ATP could increase up to 0.4 μM range, but there 
are reports of increases up to 100 μM [129]. How-
ever, I(ATP) activation is concentration-dependent, 
and local ATP concentrations in regions badly 
perfused (or not perfused at all) during 
myocardial infarction, could be transiently higher 
(but hard to determine precisely). Another factor 
to consider in the pathological scenario in clinics 
is that often, myocardial infarction occurs in 
patients with hypomagnesemia related to age, 
renal damage, or drugs [130]. Moreover, 
decreases in serum and blood Mg2+ 

concentrations have been reported during 
myocardial infarction [131, 132], a condition 
that could facilitate I(ATP), which shows an 
inverse Mg2+ dependence.
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Arrhythmias are multifactorial [133], and 
other players could also be involved in the 
sustainability of ATP-triggered arrhythmias. 
Extracellular ATP decreases the fast Na+ current 
[107], increase the L-type Ca2+ current [106–108, 
110], and could affect conduction due to the con-
sequent decrease in gap junction conductance by 
acidosis and increasing intracellular Ca2+ 

[119]. At this point, it must be remembered that 
even if a group of cells generate a depolarizing 
current such as I(ATP) other conditions are impor-
tant in arrhythmia “propagation” and persistence. 
A liminal length (or liminal area) must be timely 
depolarized to ensure the propagation of electrical 
impulses [134]. In addition, electrical heterogene-
ity is an essential condition for rhythm 
disturbances [135]. This latter condition is, how-
ever, easily achieved during a myocardial 
infarction. 

12.7 Conclusion 

In the cardiovascular system, the specific physio-
logical and pathological roles of each TRP chan-
nel are still scarcely known. This results in part 
due to the multiplicity of the TRP expressed in a 
single cell, to the fact that they can form 
heterotetramers with specific properties different 

from homotetramers, and to the lack of specific 
pharmacological tools. Often, and not always 
well recognized, the experimental protocols pro-
voke huge TRP currents that not only compro-
mise voltage control but also, and more 
importantly, could result in significant intracellu-
lar cation concentration variations and activation 
of other channels and transporters not directly 
related to the mechanism originally studied. In 
addition, TRP expression is highly tissue-
dependent, and there are large variations in their 
expression pattern according to species and even 
strain, age, and pathological status. This 
emphasizes the necessity to analyze TRP expres-
sion in isolated myocytes rather than the whole 
heart in order to establish some correlation with 
their specific physiological or pathological func-
tion. Despite the present limitations, the discov-
ery of TRP is probably a milestone of similar 
importance, as was the discovery of voltage-
dependent channels in the 1950s, considering 
the diversity of their physiological and pathologi-
cal functions presently reported. In the heart, by 
generating a background inward current at dia-
stolic potential, the TRP channels, whether con-
stitutively opened, or activated under specific 
conditions by various neuromodulators under 
control and pathological conditions, are relevant 
modulators of cardiac rhythm. We must empha-
size that in addition to the depolarizing current 
resulting from TRP activation, the influx of 
cations might contribute via the electrogenic 
Na+-Ca2+ exchanger and the Na+-K+-ATPase to 
boost inward depolarizing currents. Despite the 
weak amplitudes of these sustained currents, rela-
tive to the voltage-dependent currents controlling 
the action potential, their occurrence in a range of 
membrane potentials could modulate the mem-
brane potential sufficiently to affect cardiac 
rhythm. Furthermore, there is still a road to go 
to identify other TRP channels present in cardiac 
and vascular cells that could also modulate intra-
cellular Ca2+ and cardiac electrophysiology on 
top of the presently reported involvement of 
TRPCs and TRPM4. Finally, to what extent 
other agonists such as angiotensin II, norepineph-
rine, and endothelin that activate the DAG path-
way and, thus, TRPC, could favor or induce



arrhythmic activities deserves further 
investigation. 
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Role of NCX1 and NHE1 in Ventricular 
Arrhythmia 13 
András Tóth and András Varró 

Abstract 

Lethal ventricular arrhythmias are one of the 
primary causes of high mortality among 
patients with a variety of cardiac diseases, 
like acute ischemia-reperfusion injury, chronic 
ischemic heart disease (IHD), all major forms 
of heart failure (HF), and congenital 
cardiomyopathies. Perturbations in intracellu-
lar Ca2+ and Na+ homeostasis leading to mas-
sive intracellular Ca2+ overload are frequently 
found in the background of cardiac 
arrhythmogenesis. Recent data explicitly dem-
onstrate that these perturbations are tightly 
connected to enhanced function and 
overexpression of two cardiac sarcolemmal 
ion transporters, the Na+ /Ca2+ exchanger 
(NCX1), a major regulator of the intracellular 
Ca2+ concentration ([Ca2+ ]i), and the Na

+ /H+ 

exchanger (NHE1), the primary regulator of 
intracellular pH. Recent efforts to delineate 
the real therapeutic value of NCX1 modulation 
were still hampered by the absence of specific 
and effective inhibitors and the total absence 

of specific activators. On the other side, sev-
eral well-established inhibitors of the NHE1 
are already in clinical practice or under evalu-
ation but human data—promising in limiting 
the size of the ischemic injury—are much less 
convincing in preventing lethal ventricular 
arrhythmias. In this chapter, we aim to discuss 
the involvement of these two ion transporters 
in the regulation of the [Ca2+ ]i homeostasis in 
the healthy and diseased heart, to underline 
their principal contribution to the generation 
of ventricular arrhythmia, and to summarize 
experimental results obtained in studies in the 
direction of their antiarrhythmic and 
cardioprotective modulation. 
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13.1 Introduction: The Origin 
and Diversity of Cardiac 
Arrhythmias 

Sudden cardiac death (SCD) is presumed to be 
related to abnormal generation and propagation of 
electrical impulses causing lethal cardiac 
arrhythmias. It may occur in various pathophysi-
ological situations like IHD, major forms of heart 
failure, atrial fibrillation (AF), and congenital ion 
channel abnormalities. 

The cellular mechanism of cardiac arrhythmias 
includes (1) enhanced automaticity, (2) reentry, 
(3) triggered activity, and (4) the combinations of
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these factors. Enhanced normal automaticity can 
be due to changes in electrophysiological 
properties of either the SA or the AV nodal cells 
or the Purkinje fibers under certain conditions, 
such as largely increased sympathetic tone, ische-
mia/reperfusion, cardiac hypertrophy, and atrial 
or ventricular remodeling. Reentry is due to 
abnormal impulse conduction or changes in 
refractoriness and often the combination of both. 
Triggered arrhythmias have been shown to have a 
rather complex background involving several ion 
channels, pumps, and exchangers and are 
manifested as early afterdepolarizations (EAD) 
and delayed afterdepolarizations (DAD). In this 
chapter, we focus on the relationship between 
triggered cardiac activity and upregulation of sar-
colemmal ion exchangers, NCX1 and NHE1, 
clarifying its basic mechanisms at the cellular 
level. 
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13.2 NCX1, a Major Regulator 
of Intracellular Ca2+ Balance 
in Cardiac Cells 

The cardiac NCX1 plays a pivotal role in 
maintaining both the beat-to-beat and the long-
term Ca2+ balance in cardiomyocytes. The energy 
used for exchange is normally provided by the 
sarcolemmal Na+ /K+-ATPase (NKA). The 
molecular properties and physiological functions 
of NCX have been well explored [1–6]. The pri-
mary physiological role of the NCX1 is 
regulating Ca2+ content by beat-to-beat removal 
of the trigger Ca2+ entering the cell during the 
action potential (AP) via L-type Ca2+ channels 
(LTCC) and the NCX1 itself. However, by 
doing this—especially when the intracellular 
Ca2+ ([Ca2+ ]i) homeostasis is severely 
disturbed—it may result in an arrhythmogenic 
inward current (Iti), primarily responsible for trig-
gered arrhythmias and non-reentrant ventricular 
tachyarrhythmia [7–12]. Furthermore, since the 
direction of the Ca2+ transport by the NCX1 is 
fully reversible, beyond its primary ( forward 
mode) action of extruding Ca2+ from the cells, 
under certain conditions, Ca2+ influx into the cells 
from the extracellular space by the exchanger 

(reverse mode transport) may substantially con-
tribute to cytoplasmic Ca2+ overload—also 
widely recognized as major inductor of triggered 
arrhythmogenic activity. 

13.2.1 The Significance of NCX1 
in Maintaining Intracellular 
Ca2+ Balance 

The excitation–contraction (EC) coupling process 
is explored in detail (reviewed in [13–15]). Dur-
ing depolarization, a relatively small but essential 
Ca2+ flux enters the cell mainly via sarcolemmal 
LTCCs as the first step in EC coupling. A minor 
Ca2+ influx (<10% of total) via “reverse” mode 
transport of the NCX1 contributes to the influx. 
The localized [Ca2+ ] increase in the 
sub-membrane “fuzzy space” is essential in trig-
gering the release of a larger Ca2+ flux via the 
ryanodine-sensitive Ca2+ channels (RyRs) of SR 
(calcium-induced calcium release, CICR). 
Integrated Ca2+ flux (Ca2+ transient) in turn 
activates myofilaments and generates contractile 
force. The contribution of the extracellular Ca2+ 

influx to total Ca2+ elevation is species dependent 
(~7% to ~30%). In pathological conditions 
(e.g. heart failure), it may reach a much higher 
(50–60%) proportion. For the steady activity of 
the heart, maintaining the balance between 
transsarcolemmal and intracellular Ca2+ transport 
systems is critical. In a functional steady state, the 
exact amount of Ca2+ entering the cell during AP 
should be extruded. Any major and chronic 
imbalance exceeding functional physiological 
shifts may result in gradual cellular Ca2+ over-
load, leading to increased arrhythmia propensity, 
cell injury, and apoptosis, or gradual cellular Ca2+ 

loss compromising cardiac pump function (heart 
failure). For normal cardiac relaxation, fast disso-
ciation of the activator calcium from the 
myofilaments and its fast removal from the cyto-
sol is likewise essential. Reduced [Ca2+ ]i decay 
rate might lead to incomplete relaxation, subse-
quently limiting ventricular refilling. Cellular 
Ca2+ removal mechanisms permanently compete 
for Ca2+ i, and their relative contributions 
dynamically change throughout the cardiac cycle.
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The single transporter mechanism to pump 
back Ca2+ to the SR is the sarcoplasmic/endoplas-
mic reticulum Ca2+-ATPase (SERCA2). Its activ-
ity is essential to maintain the Ca2+ content of the 
SR for subsequent Ca2+ release. The major trans-
port mechanism extruding the surplus Ca2+ from 
cardiac cells is the forward mode activity of the 
low affinity but high capacity NCX1. Depending 
on species, 3–47% of the total removed cytosolic 
Ca2+ is extruded from the cell by the NCX1. The 
plasma membrane Ca2+-ATPase (PMCA) was 
shown to contribute less than 5% to cytoplasmic 
Ca2+ removal. Nonetheless, PMCA may be more 
involved in fine-tuning the end-diastolic [Ca2+ ]i 
and also in intracellular Ca2+ signaling. A fourth 
but physiologically insignificant alternative 
mechanism for cytoplasmic Ca2+ removal is 
uptake into the mitochondria via their Ca2+ 

uniporter. This uptake only occurs when cyto-
plasmic Ca2+ levels are largely elevated 
(>500 nM) and may represent a safety mecha-
nism that can transiently reduce cellular Ca2+ 

overload. A recently described but practically 
unexplored alternative of Ca2+ removal is into 
the nuclear envelope. Surprisingly, while NCX 
function was expected to be essential for normal 
contraction–relaxation cycling, cardiac-specific 
(NCX1) KO mice were not only able to survive 
to adulthood but also with relatively minor car-
diac dysfunction. In these animals, the absence of 
NCX1 was nearly fully compensated by second-
ary shifts in their Ca2+ handling [16, 17]. 

13.2.2 Physiological Regulation 
of NCX1 Activity: [Ca2+ ]i, [Na

+ ]i, 
and pHi Dependence 

A rather unique feature of NCX is that its trans-
port substrates also exert important regulatory 
effects on its transport activity. Indeed, crucial 
physiological regulation of the direction and rate 
of the transport is accomplished by Na+ i (Na

+-
dependent inactivation) and Ca2+ i (Ca

2+ 
i-depen-

dent activation). Ca2+ i-dependent activation is an 
essential mechanism to activate Ca2+ extrusion 
(and subsequent inward current) in forward 
mode operation. Elevated [Na+ ]i typically 

activates reverse mode transport, while, in con-
trast, highly increased [Na+ ]i may completely 
inactivate INa/Ca. This Na

+-dependent inactiva-
tion, however, is abolished by highly elevated 
[Ca2+ ]i. These basic NCX1 regulatory 
mechanisms depend on the practically unknown 
local Ca2+ and Na+ concentrations in the vicinity 
of the NCX1 proteins. Indirect estimation of the 
peak [Ca2+ ] in the fuzzy space ([Ca2+ ]sm) yielded 
3.5 μM, a value substantially higher than any 
measured [Ca2+ ]i [18]. On the other hand, Na

+-
dependent inactivation could be observed only at 
dramatically elevated (> 30 mM) [Na+ ]i, thus 
normally is not likely to be active. 

Lowering pHi inhibits and elevation of pHi 

stimulates NCX1 [19]. A moderate decrease in 
pHi (0.4 units) may induce its ~90% inhibition. 
ATP increases the affinity of the exchanger to 
[Ca2+ ]i and [Na

+ ]o, which may inhibit Na+-depen-
dent inactivation and stimulate PIP2 synthesis. 
The principal action for negatively charged 
phospholipids is to inhibit Na+-dependent inacti-
vation. Several regulatory proteins may also have 
an important role in physiological NCX1 modu-
lation. Phospholemman is an endogenous inhibi-
tor of NCX1 and also has a role in controlling the 
activity of the NKA. Stimulatory actions by 
angiotensin-II and endothelin-1 may be mediated 
by PKC. NCX1 activity is also modulated by 
local factors, like phosphorylation state or subcel-
lular location. The phosphorylation state of the 
NCX1 is probably regulated by a large macromo-
lecular complex [20]. 

13.2.3 The Contribution of NCX1 
Currents to AP and the Iti 

The net ion transport by NCX1 is not 
electroneutral. An exchange stoichiometry of 
3  Na+$1  Ca2+ is widely accepted, though higher 
exchange ratios were also proposed [21]. Uneven 
charge exchange results in a transmembrane cur-
rent (INa/Ca) of at least one net charge per transport 
cycle. The direction of the INa/Ca is determined by 
the magnitudes of the membrane potential (Em) 
and NCX1 equilibrium potential (ENCX). The lat-
ter is defined by local transmembrane gradients of



Na+ and Ca2+ (ENCX = 3ENa - 2ECa). Whenever 
the difference (Em - ENCX) is positive, Ca

2+ entry 
and Na+ loss should occur, generating outward 
current. If (Em - ENCX) is negative, Ca

2+ extru-
sion and Na+ gain leading to inward current are 
energetically favored. Consequently, both 
depolarizing and repolarizing contribution of 
INa/Ca to AP is possible. Depolarization by INa/Ca 
may facilitate arrhythmogenesis by increasing 
short-term variability of AP duration (APD). 
Increased INa/Ca may have particular importance 
in heart failure when NCX1 expression/function 
is enhanced [22]. 
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The direction of the INa/Ca during the different 
phases of AP is not properly clarified. In the 
guinea pig, it was found predominantly outward 
during the plateau phase, while in rat 
cardiomyocytes, inward INa/Ca prolonged the 
APD. Results from rabbit studies suggested that 
INa/Ca is mostly inward during AP. In a study 
based on measurements with buffered [Ca2+ ]i, 
elevated INa/Ca led to APD prolongation [23]. In 
a complex model [24, 25], NCX1 current was 
found inward during the plateau phase if [Na+ ]i 
was normal. In a study based on an integrative 
model of the canine ventricular myocyte [26] and 
supposing co-localization between NCX1 and 
RyR2, a multi-inflection model has been devel-
oped [27]. In nodal pacemaker cells, INa/Ca may 
significantly contribute to depolarization [28] (see 
also Chap. 5). 

13.3 NHE1: The Major Regulator 
of [H+ ]i (pHi) and [Na

+ ]i 
in Cardiomyocytes 
and an Important Promoter 
of Cardiac Hypertrophy 

The NHE is an integral membrane transport pro-
tein playing an essential role in a wide range of 
cell types in regulating intracellular acid-base 
balance and cellular electrolyte and volume 
homeostasis by translocating one intracellular 
H+ in exchange for one extracellular Na+ . For its 
exchange activity, it uses the energy provided by 
the trans-sarcolemmal Na+ gradient. 

In the mammalian heart, its type 1 isoform 
(NHE1) is predominant and is expressed in large 
quantity. Its molecular properties and physiologi-
cal functions have been well explored [29– 
32]. Shifts in normal NHE1 activity may also 
contribute to pathological changes. At physiolog-
ical pHi, its activity is low; however, even a 
moderate decrease in pHi substantially activates 
proton extrusion, leading to subsequent Na+ i 
accumulation and Ca2+ i overload. Increased 
NHE1 activity was reported to promote cellular 
growth leading to cardiac hypertrophy [33, 34]. It 
also plays a crucial role in the induction of 
necrotic and/or apoptotic tissue damage and is a 
major cause of increased arrhythmia generation 
during/following myocardial infarct (MI) and 
also in HF. Its activation in sympathetic nerve 
endings leads to significantly increased NE 
release and decreased reuptake, leading to 
increased arrhythmia propensity of the heart [35]. 

There are some important differences between 
the NCX and NHE. The NCX is electrogenic, and 
the NHE is electroneutral. However, since their 
activity is tightly coupled, increased proton extru-
sion still would induce depolarizing current 
through co-activation of the NCX1. Another 
major difference is that in contrast to the NCX1, 
the Na+ transport by NHE1 is practically always 
unidirectional (inward). 

13.3.1 The Essential Role of NHE1 
in pHi and [Na

+ ]i Regulation 
and Cellular Growth 

The NHE is responsible for pHi regulation 
[36]. By removing excess protons, it protects the 
cells from intracellular acidosis. In hypoxia or 
acidosis, when excess protons are generated in 
large quantities (lactacidosis), NHE is several 
times more effective than other transporters 
involved in pHi regulation. By modulating Na+ 

uptake, it also participates in the regulation of the 
transmembrane Na+ flux and contributes to 
osmotic cell volume control. In addition, it can 
be activated by growth factors, and normal NHE 
activity is essential for cell growth and prolifera-
tion. NHE also plays an important role in



promoting or inhibiting apoptosis. In 
cardiomyocytes, NHE1 is restricted to specialized 
membrane microdomains, and its regulatory 
function is tightly coupled to the modulation of 
pH-sensitive membrane proteins. In the trans-
verse tubulus, it is localized in close proximity 
to the RyRs (consequently in the vicinity of the 
NCX1; see Chap. 15) and exerts modulatory 
action on EC coupling. At the intercalated disks, 
it is localized close to connexin 43 and was shown 
to modulate cell-to-cell coupling. NHE1 is also 
present in the caveolae and substantially 
influences the rate of cAMP-synthesis by its mod-
ulatory effect on adenyl-cyclase. It also regulates 
the cytoskeletal organization and acts as a plasma 
membrane scaffold assembling regulatory 
proteins and signaling molecules for enhanced 
functional interaction [37]. 
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13.3.2 Physiological Regulation 
of NHE1 

In cardiomyocytes, NHE1 activity is regulated by 
multiple mechanisms [38]. Its primary stimulus is 
intracellular acidosis. Under normal physiologi-
cal conditions (i.e. oxidative energy metabolism), 
its basal activity is practically negligible but is 
rapidly activated as pHi decreases [32]. To 
explain this steep pHi dependence, NHE1 has 
been suggested to contain an extra proton binding 
site for its allosteric regulation. 

NHE1 is also regulated through 
phosphorylation-dephosphorylation, accom-
plished by cellular signaling protein kinases in 
response to hormone or growth-factor stimulation 
or sustained acidosis. Acidosis or ischemia-
activated protein kinases are implicated in 
myocardial NHE1 regulation. Phosphorylation 
stimulates (by moving its setpoint) the exchanger 
to be more active at more alkaline pH values. 
NHE1 activity in response to angiotensin II may 
be inhibited through its phosphorylation by the 
p38 MAPK. This kinase inhibits the NHE1 via 
inhibition of the ERK pathway, but it may also 
induce alkalization and stimulate NHE1 in a 

separate, apoptotic pathway. Its modulation by 
protein kinases C and D is probably indirect. 
Protein phosphatases 1 and 2A inhibit NHE1 
through dephosphorylation, while calmodulin 
blocks its autoinhibitory region. Further regu-
latory factors shown to bind to NHE1 are car-
bonic anhydrase II, PIP2, HSP70, and CHP 
(calcineurin homologous protein), but their role 
is not yet fully clarified. NHE1 expression is also 
regulated at the transcriptional level [39]. NHE1 
expression was induced, and its activity was ele-
vated in isolated cardiomyocytes subjected to 
chronic external acidosis. In isolated perfused 
hearts and also in coronary ligated rats, ischemic 
insult resulted in increased NHE1 mRNA levels 
[40]. It is important, however, to emphasize that 
while acute activation of the NHE1 usually 
contributes to the physiological maintenance of 
the functional integrity of the myocytes, its 
sustained activation and highly increased expres-
sion results in myocardial injury and structural 
remodeling, leading to arrhythmogenesis and 
mechanical dysfunction. 

13.4 Role of Altered Exchanger 
Activities in Cardiac 
Arrhythmia and Heart Disease 

Marked alterations in trans- and intracellular Na+ 

and Ca2+ transport rates leading to impairment of 
cellular Na+ and Ca2+ regulation are characteristic 
of several life-threatening cardiac diseases. Irreg-
ular AP morphology commonly caused by cellu-
lar Ca2+ overload and increased SR Ca2+ leakage 
may result in abnormal EC coupling and 
increased arrhythmia propensity. In CHF, leaky 
SR initiates depolarizing currents and may trigger 
extrasystoles during diastole via the upregulated 
NCX1, thus substantially increasing the risk of 
SCD. In sustained ischemia gradual but substan-
tial [Ca2+ ]i and [Na

+ ]i overload deteriorates nor-
mal electrical activity. If acute or chronic focal 
ischemia is generalized, it may lead to a high 
probability of SCD.
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13.4.1 NCX1-Induced Ca2+ i Overload 
and Its Role in Triggered 
Arrhythmia 

Ca2+-dependent arrhythmias are usually triggered 
by abnormal membrane potential changes 
induced by Ca2+ i overload, generated either by 
increased Ca2+ influx (caused by the enhanced 
open probability of LTCCs) or by decreased 
Ca2+ efflux (induced by the elevated [Na+ ]i). 
The sustained rise in [Ca2+ ]i increases the SR 
Ca2+ content and subsequently enhances the nor-
mally low probability of Ca2+ spark generation. If 
the spark rate is above a threshold, spontaneous 
Ca2+ waves are likely to be induced. 

The principal cellular mechanisms leading to 
triggered focal arrhythmias are EADs and DADs. 
Early EADs arise during the plateau phase of AP 
due to maintained late Na+ current [41], increased 
NCX1 activity, or reactivation of a fraction of 
LTCCs. Late EADs are most likely induced by 
the activation of Ca2+-dependent inward currents 
during the end phase of cardiac repolarization. 
DADs are initiated by spontaneous, generalized 
SR Ca2+ release (multiple Ca2+ sparks, Ca2+ 

waves) during diastole through a current carried 
by the NCX1. EADs are more probable at low 
heart rates when APs are prolonged. DADs are 
more likely at high heart rates due to enhanced 
Ca2+ entry despite the shortened APs. 

Altered NCX1 activity may play a crucial role 
in EAD initiation [42], especially in cardiac 
Purkinje fibers. Inward NCX1 current, generated 
by the extrusion of the spontaneously released 
Ca2+ , promotes membrane depolarization by 
enabling window Ca2+ currents. Enhanced 
NCX1 function may also be important in DAD 
generation through its contribution to elevated 
cytosolic and highly increased SR Ca2+ content 
[43]. Since SERCA2 is depressed by the high SR 
Ca2+ content, the sudden large elevation in 
[Ca2+ ]i caused by spontaneous Ca

2+ waves is 
ultimately removed by the exchanger. Although, 
during diastole, the membrane potential is at or 
close to its resting level, sudden release of a large 
amount of Ca2+ —when extruded by the NCX1— 
may induce sufficiently large depolarizing inward 

current (Iti) to shift the membrane potential to the 
threshold of INa, thus eliciting propagating 
extrasystoles. This is the proposed mechanism in 
a rare, often lethal genetical disorder, catechol-
aminergic polymorphic ventricular tachycardia 
(CPVT), where RyR mutations cause the inter-
mittent abnormal release of Ca2+ in response to 
catecholamine challenge [44]. 

Thus, cardiac arrhythmia propensity may be 
attributed to irregular micro- and macro-
heterogeneities in the generation or propagation 
of APs, caused by focal, cellular-level 
disturbances in intracellular Ca2+ handling. 
Abnormally high [Ca2+ ]i in a particular 
cardiomyocyte may easily spread over to the 
surrounding cells either via membrane depolari-
zation or by direct cell-to-cell diffusion through 
gap junctions, triggering subsequent secondary 
intracellular Ca2+ release [45]. 

13.4.2 NHE1-Induced [Na+ ]i Overload, 
a Generator of Ischemia 
Induced [Ca2+ ]i Overload 
and Cardiac Hypertrophy 

Under physiological conditions, NHE1 removes 
excess intracellular protons in exchange for extra-
cellular Na+ . Surplus intracellular Na+ is then 
removed by the high-capacity NKA and, to a 
limited extent, the reverse mode activity of 
NCX1. In hypoxic or ischemic cardiomyocytes— 
due to the anaerobic shift and largely enhanced 
glycolysis—proton production is highly elevated. 
The subsequent acidosis activates NHE1, and 
intracellular protons are rapidly exchanged for 
external Na+ . Therefore, a crucial consequence 
of hypoxic NHE1 activation is increased Na+ 

influx. Since, due to the increasing energy deficit, 
NKA is gradually inhibited, surplus Na+ content 
may only be removed by the NCX1, resulting in 
intracellular Ca2+ accumulation. Ca2+ overload 
may trigger various pathways, leading to mechan-
ical dysfunction, arrhythmia generation, and 
eventually cellular death. The crucial role of 
NHE1 activation in the induction of ischemia– 
reperfusion injury is further underlined by the 
fact that in mice, genetic ablation of NHE1



protects the heart from ischemia-induced 
injury [46]. 
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NHE1 is also an important factor in inducing 
cardiac hypertrophy, and its inhibition limits 
hypertrophy [34, 38]. The hypertrophic effect of 
norepinephrine, aldosterone, or stretch can, 
indeed, be prevented by NHE1 inhibition. The 
details of this mechanism are not fully clarified. 
Since intracellular alkalosis is not induced by 
NHE1 activation, the actions of NHE1 inhibition 
are probably not mediated through pHi modula-
tion. Since NHE1 inhibition also limits Na+ i accu-
mulation, the latter may provide a feasible 
mechanism by which NHE1 modulates hypertro-
phy [33]. Elevation of [Na+ ]i could act through 
several alternative mechanisms: increased reverse 
mode activity of NCX1, increased reactive oxy-
gen species (ROS) generation, or activation of 
intracellular signaling or phosphorylation 
pathways. All these pathways were studied in 
detail, but no final agreement on the role of 
NHE1 in the induction of hypertrophy has been 
reached. Enhanced NHE1 expression was also 
found in hypertrophy, but the significance of 
this apparently positive feedback mechanism is 
not fully understood. 

13.4.3 NCX1 and Ventricular 
Arrhythmias in Congestive 
Heart Failure (CHF) 

Perturbations in intracellular Ca2+ handling lead-
ing to mechanical dysfunction and arrhythmia 
propensity in HF are summarized in Fig. 13.1. 
NCX1 mRNA and protein expression and activity 
are markedly elevated, while SERCA2 activity is 
depressed, though its expression levels are not 
always decreased. Decreased SERCA2 activity 
causes slower and decreased Ca2+ reuptake, and 
slower and reduced decay in systolic [Ca2+ ]i. 
Consequently, during relaxation, Ca2+ extrusion 
by NCX1 is increased relative to Ca2+ reuptake 
via SERCA2. Furthermore, in HF, the increased 
open probability of RyRs leads to marked dia-
stolic Ca2+ leak from SR [47]. Phospholamban 
expression is not necessarily changed, but its 
phosphorylation level is often lowered. The 

primary consequences of the inverse shift in 
NCX1 and SERCA2 activities are: (1) decreased 
SR Ca2+ content and subsequently depressed 
[Ca2+ ]i transients causing systolic dysfunction, 
and (2) largely elevated diastolic [Na+ ]i and 
[Ca2+ ]i leading to diastolic dysfunction. 

Increased [Na+ ]i due to decreased Na
+ extru-

sion by NKA or increased Na+ influx through 
slowly inactivating Na+ channels is a typical per-
turbation in HF. Since [Ca2+ ]i and [Na

+ ]i are 
tightly coupled, elevated [Na+ ]i should have 
important implications for intracellular Ca2+ 

handling. Elevated [Na+ ]i in the fuzzy space shifts 
the NCX1 reversal potential towards more nega-
tive values, leading to larger, prolonged Ca2+ 

influx during systole and shorter, smaller efflux 
during diastole. Elevated diastolic [Ca2+ ]i, 
reduced SR Ca2+ content, and subsequently 
compromised relaxation are the major 
consequences of downregulated SERCA2, 
upregulated NCX1 expression, and elevated dia-
stolic [Na+ ]i. Since depressed and leaky SERCA2 
is the primary cause behind compromised relaxa-
tion and subsequent diastolic dysfunction, the 
enhanced NCX1 expression may be considered 
a compensatory mechanism. Indeed, in failing 
hearts, increased Ca2+ influx through the NCX1 
during systole may partially compensate for 
decreased SR Ca2+ content by increasing SR 
Ca2+ load, elevating Ca2+ transients, and enhanc-
ing contractile force. 

Increased arrhythmia propensity in the failing 
heart is a consequence of a number of changes in 
the electrophysiological state of the heart. The 
results are often diverse and conflicting, 
depending on the nature of the disease 
(hypertrophic vs. dilatative), the model applied 
(pacing vs. valve dysfunction), and species (rat, 
rabbit, dog). Reduced SA node pacemaker activ-
ity is usually accompanied by enhanced automa-
ticity of the AV node and the Purkinje fibers and 
ventricles (trigger). It may be caused by 
corresponding shifts in If distribution and often 
lead to enhanced ectopic beat formation (trigger). 
Furthermore, elevation of the mRNA and protein 
expression and the current density of If channels 
were also reported in HF [48].
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Fig. 13.1 Schematics summarizing the principal mechanisms leading to arrhythmogenesis (EAD, DAD, and Ca2+ wave 
generation) in the failing heart (see details in the text) 

Since in the failing heart Ca2+-dependent 
NCX1-mediated depolarizing activity is usually 
increased and repolarizing K+ currents (IK1, IKs, 
Ito) are downregulated, while late Na

+ plateau 
current (INaL) is enhanced, APD prolongation 
and dispersion occurs (substrate), subsequently 
favoring EAD formation (trigger). Indeed, 
increased inward exchanger current density dur-
ing the plateau phase is suggested as a major 
contributor to electrical instability and delaying 
the repolarization [49–51]. The probability of 
EAD initiation and incidence of EADs (trigger) 
was demonstrated to be increased as a conse-
quence of reduced repolarization reserve due to 
K+ channel downregulation and increased inward 
INa/Ca generated by the upregulated NCX1. The 
proarrhythmic effect of the enhanced inward 
NCX1 current would further be amplified by a 
reduction in IK1, a current known to stabilize 
cardiac membrane potential. 

Elevated exchanger activity and increased 
Ca2+ leakage from the hyperphosphorylated 

RyRs promote DAD formation (trigger). While 
in healthy myocytes, increased SR Ca2+ content is 
a prerequisite for DAD generation, in HF, as a 
consequence of the decreased K+ channel expres-
sion, the subsequently depressed IK1 cannot carry 
enough repolarizing current to oppose DADs, 
which may even be generated at lowered SR 
Ca2+ content. The probability of DAD generation 
may further be increased by cardiac glycosides 
and β-agonists, commonly used to improve con-
tractile force in the failing heart. HF may also be 
associated with chronic AF, since in the atria, the 
enhanced NCX1 has a greater contribution to 
maintaining AP plateau and duration [52]. Finally, 
as a consequence of the reduced impulse conduc-
tion velocity (substrate), caused by the 
downregulated connexin 43 density, decreased 
INa, and increased APD variability, reentrant 
activity is substantially increased. Enhanced dis-
persion of repolarization and cellular refracto-
riness is a further important factor (substrate) in 
increasing the probability of reentrant



arrhythmias and has been demonstrated in both 
cardiac hypertrophy and HF. 
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13.4.4 NHE1-NCX1 Interaction 
and Ventricular Arrhythmia 
Generation during Acute 
Ischemia-Reperfusion Injury 
and Chronic IHD 

Sustained cardiac ischemia is characterized by 
deprived energy metabolism, acidosis, hypoxia, 
and elevated extracellular [K+ ]. Decreased pHi 

(acidosis) exerts severe negative inotropic effects 
on myocardial contractility (reduced developed 
force and maximal tension) and depresses Ca2+ 

transport proteins (SERCA2, RyR2, NCX1), 
while, surprisingly, the amplitude of the Ca2+ i 
transient increases [53, 54]. This contrast 
suggests that the negative inotropic effect of aci-
dosis is a consequence of the decreased myofila-
ment Ca2+ sensitivity and turnover rate and not 
the depressed Ca2+ transport. In acidosis, both 
[Ca2+ ]i and [Na

+ ]i are elevated. The latter is 
caused by increased proton extrusion by NHE1 
and depressed NKA activity. In sustained, severe 
acidosis, the substantial pHo decrease suppresses 
Na+ /H+ exchange, and since Na+ /Ca2+ exchange 
is also inhibited, elevated [Na+ ]i is accompanied 
by elevated [Ca2+ ]i. In contrast to acidosis-
induced reduction in Ca2+ uptake, the SR Ca2+ 

content is usually elevated. 
Perturbations in pHi and Ca

2+ handling leading 
to arrhythmia propensity in the ischemic heart are 
summarized in Fig. 13.2. In acute hypoxia, reac-
tivation of the late Na+ channel leads to increased 
Na+ influx. Na+ efflux is substantially reduced 
due to the energy deficit of the NKA. NHE1 
activity is significantly enhanced as a conse-
quence of the increased [Na+ ]i. During sustained 
hypoxia, [Na+ ]i may rise to very high levels 
(> 40 mM). Subsequent activation of the reverse 
mode transport by NCX1 leads to enhanced Ca2+ 

influx and increased [Ca2+ ]i. Due to the increased 
K+ efflux, the transmembrane K+ gradient also 
gradually decreases. The decreased K+ gradient, 
in combination with a direct effect of hypoxia on 
K+ channels, induces depolarization. This further 

boosts arrhythmogenic reverse mode NCX1 cur-
rent. Permanent elevation of [Ca2+ ]i during last-
ing hypoxia inevitably leads to massive Ca2+ 

overload of both the sarcoplasma and the SR, 
substantial membrane depolarization, and may 
initiate triggered arrhythmias. 

In acute ischemia, intracellular acidosis 
activates NHE-1 resulting in elevated [Na+ ]i. 
Increased [Na+ ]i in turn activates reverse mode 
transport of NCX1, leading to increased [Ca2+ ]i. 
Na+ I overload is also facilitated by intracellular 
acidosis, leading to further Na+ entry through the 
NHE1. LTCCs are partially inactivated due to 
gradual membrane depolarization. Therefore, 
their contribution to enhanced Ca2+ influx during 
late ischemia and early reperfusion is limited. In 
prolonged, severe ischemia unbalanced Ca2+ i 
accumulation leads to gradual cellular Ca2+ over-
load. When [Ca2+ ]i reaches a threshold (~ 
500 nM) mitochondria begin to accumulate 
Ca2+ . This safety mechanism may transiently 
decrease the rate of [Ca2+ ]i rise [55], but perma-
nently increased Ca2+ entry during sustained 
ischemia would inevitably lead to a high proba-
bility of triggered arrhythmias and permanent 
mitochondrial and subsequent cellular damage. 
Interestingly, during the early phase of ischemia, 
the primary source of [Ca2+ ]i increase is the SR, 
for two important reasons. First, the open proba-
bility of RyR2s is increasing when [Ca2+ ]i 
reaches micromolar levels [56]. Second, 
SERCA2 activity is depressed if ATP delivery is 
compromised. The initial elevation in [Ca2+ ]i fur-
ther increases the open probability of RyRs, lead-
ing to additional Ca2+ release from SR. In 
contrast, during the late phase of ischemia, and 
especially during reperfusion, Ca2+ i accumulation 
is further accelerated by the uptake of extracellu-
lar Ca2+ through the reverse mode transport of 
NCX enhanced by both membrane depolarization 
and increased [Na+ ]i. 

Upon reperfusion, [Ca2+ ]i may either further 
increase due to the sustained entry of extracellular 
Ca2+ , invariably leading to cell death, or—if the 
level of ischemia was moderate—progressively 
normalize, leading to the survival of the cell. 
During sustained ischemia, [Na+ ]i gradually 
increases; however, as NHE1 is temporarily



inactivated due to low pHo, its increase via NCX1 
is limited. During the initial phase of reperfusion, 
pHo rapidly recovers, while pHi still remains rel-
atively low. The large pH gradient fully activates 
NHE1 inducing a second, very rapid increase in 
[Na+ ]i. Since [Ca

2+ ]i is also high, Na
+-dependent 

inactivation of NCX1 is not feasible. Indeed, 
largely elevated [Na+ ]i further accelerates the 
reverse mode activity of NCX1. The rapid and 
dramatic gain in [Ca2+ ]i may facilitate extreme 
Ca2+ i overload (calcium paradox), often leading 
to reperfusion-induced cellular injury. The 
subsequent depolarization enhances arrhythmia 
propensity. 
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Fig. 13.2 Central role of NHE-1 in mediating acute and chronic responses to myocardial ischemia-reperfusion and the 
three principal preventive strategies to limit ischemia-reperfusion induced tissue injury (see details in the text) 

Another major problem during reperfusion is 
the rapid induction of a burst of free oxygen 
radicals. The reason for this is the substantially 
decreased amount of free radical scavengers com-
bined with markedly elevated ROS production. 
Oxygen free radicals were shown to significantly 
participate in the induction of the cellular Ca2+ 

overload, increased Iti, and triggered arrhythmias 

and were reported to harmfully modulate the 
activity of all major Ca2+ transporters, including 
NCX1 [57, 58]. Ca2+ leak and window Na+ cur-
rent may be enhanced during reperfusion, leading 
to further aggravation of Ca2+ overload and sub-
stantial depolarization. 

Under chronic ischemic conditions (post-
infarction myocardial remodeling, IHD), 
overactivation of endothelin-1 (ET-1), angioten-
sin II (Ang II), and norepinephrine (NE) signaling 
pathways promote NHE1 expression and synthe-
sis. Permanent NHE1 activation leads to 
increased intracellular Ca2+ and Na+ levels. In 
acute responses, these shifts result in sustained 
Ca2+ I overload, increased arrhythmia propensity, 
and activation of intracellular necrotic/apoptotic 
pathways, while chronic over-activation of these 
signaling pathways leads to transcriptional level 
changes induced via multiple Ca2+ and Na+-
dependent mechanisms promoting ventricular 
remodeling, hypertrophy and finally heart failure.
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13.5 Inhibition of the NCX1 
and NHE1 as Possible 
Pharmacological Strategy 
in Ventricular Arrhythmias 

13.5.1 The Effects of Acute NCX1 
Inhibition in Ventricular 
Arrhythmia Models 

Antiarrhythmic effects of NCX1 inhibition are 
controversial, primarily due to the lack of specific 
inhibitors. Amran et al. [59] compared the antiar-
rhythmic efficacy of KB-R7943 and SEA0400 in 
guinea pigs on aconitine-induced triggered 
arrhythmias. KB-R7943 suppressed ventricular 
tachycardia, but SEA-0400 was found ineffective. 
They concluded that the less specific KB-R7943, 
in addition to suppressing NCX1, also decreases 
Na+ i and Ca

2+ 
i overload by inhibiting Na

+ and 
Ca2+ channels. NCX1 was proposed not to be 
involved in aconitine-induced triggered activity, 
and the protective effect of KB-R7943 has been 
related to a different inhibitory mechanism. 

In isolated cardiomyocytes treated with 
50 μM/L, strophanthidin KB-R7943 reduced dia-
stolic [Ca2+ ]i and abolished spontaneous Ca

2+ 

oscillations, without preventing the inotropic 
action of strophanthidin [60]. In guinea pig papil-
lary muscles 10 μM KB-R7943 decreased the 
incidence and shortened the duration of 
reoxygenation-induced arrhythmias [61]. In an 
in vivo rat model, KB-R7943 suppressed 
ischemia-reperfusion-induced ventricular fibrilla-
tion [62], while in a similar study, it failed to 
significantly affect coronary ligation- and 
reperfusion-induced arrhythmias [63]. In a guinea 
pig arrhythmia model, pretreatment with 3 mg/ 
kg KB-R7943 increased the ouabain dose 
required to induce ventricular arrhythmias and 
delayed the onset of arrhythmias and cardiac 
arrest following ouabain infusion [64]. Other 
studies in the rat, rabbit, and dog also reported 
controversial results leaving open the questions of 
dose-related problems of KB-R 7943 specificity 
on NCX1. 

Postischemic administration of SEA-0400 
effectively suppressed the incidence of 

ventricular fibrillation and mortality induced by 
coronary ligation and reperfusion in an in vivo rat 
model [65]. The novel NCX inhibitor, 
YM-244769, was also effective in the prevention 
of ischemia-reperfusion-induced ventricular 
tachycardia and fibrillation in rats [66]. In con-
trast, neither preischemic nor postischemic 
administration of SEA0400 could influence the 
incidence of ischemia-reperfusion-induced 
arrhythmias in dogs, while the drug was shown 
to exert a suppressive effect on digitalis-induced 
tachyarrhythmias [67]. In canine papillary 
muscles, APD prolongation induced EADs, and 
in isolated Purkinje fibers, the strophanthin-
induced DADs were substantially decreased 
(Fig. 13.3) following the application of 
SEA-0400 (1 μM), which fairly selectively 
inhibits NCX1 [68]. These data argue for the 
possible antiarrhythmic effect of NCX1 inhibition 
in triggered arrhythmias. 

More recently developed novel inhibitors of 
NCX-1 exhibit greater selectivity than 
KB-R7943 and SEA-0400. ORM-11372, for 
instance, was shown to be effective and safe in 
human ventricular tissue [69], and ORM-10962 
could suppress cardiac alternans [70] to be effec-
tive in suppressing cardiac alternans. Although 
the therapeutic potential of these compounds has 
not yet been shown, they have helped to validate 
the close cooperation between If and NCX1 in 
sinusnode pacemaking (see Chaps. 4 and 5). 

13.5.2 The Effects of Acute NHE1 
Inhibition in Ventricular 
Arrhythmia Models 

Both ischemia and reperfusion can increase the 
incidence of fatal cardiac arrhythmias. It was 
suggested long ago that inhibiting NHE1 during 
ischemia and/or reperfusion may have beneficial 
effects on myocardium. Numerous investigators 
have reported that NHE1 inhibitors can abolish 
ischemia-reperfusion-induced arrhythmias. Even 
low concentrations of amiloride, a nonselective 
NHE inhibitor, suppressed sustained ventricular 
tachyarrhythmia in experimental MI in dogs, 
in vivo. It was also effective to suppress



symptomatic ventricular tachycardia in humans, 
but not to the high degree observed in the dog 
model [71]. In subsequent clinical studies, 
amiloride suppressed spontaneous ventricular 
premature beats. If administered before ischemia 
and during reperfusion, EIPA and HOE 694 also 
afforded substantial protection against 

reperfusion-induced ventricular fibrillation [72– 
74]. However, the clinical studies with cariporide 
derivatives are still controversial and have not 
fulfilled expectations [22, 75–77]. Nevertheless, 
a recent study with cariporide in pigs 
demonstrates a beneficial effect during resuscita-
tion after cardiac arrest [78]. 
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Fig. 13.3 Blocking effect 
of SEA-0400 on EADs & 
DADs in canine 
myocardium. (a) The effect 
of 1 μM SEA-0400 on 
EADs in right ventricular 
papillary muscles, 
stimulated at slow cycle 
lengths (1500–3000 ms) in 
the presence of 1 μM 
dofetilide plus 10 μM 
BaCl2. On the left, the 
results of a representative 
experiment are shown, on 
the right, the average values 
of the amplitude of EADs 
are presented before (open 
bars) and after ( filled bars) 
the administration of 
SEA-0400. (b) The effect of 
SEA-0400 on the delayed 
afterdepolarization (DAD) 
in canine cardiac Purkinje 
fibers, superfused with 
0.2 μM strophanthin. A 
train of 40 stimuli was 
applied at a cycle length of 
400 ms, followed by a 20-s 
long stimulation-free period 
that generated DADs. On 
the left, results of a 
representative experiment 
are shown, on the right, 
average values of the 
amplitude of DADs are 
given before (open bars) 
and after ( filled bars) the 
application of 1 μM 
SEA-0400. (Reproduced 
from [68])
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13.6 Conclusions 

There is a plethora of experimental evidence that 
both NCX1 and NHE1 play a vital role in the 
regulation of the myocardial Ca2+ homeostasis, 
but also in arrhythmogenesis. Nonetheless, our 
understanding of how these transporters function 
and how they are regulated is far from being 
satisfactory. Therefore, further intensive research 
is needed in these directions. Although clinical 
data with NHE1 inhibition are not yet satisfac-
tory, a combination of NHE1 blockade with other 
cardioprotective mechanisms may have improved 
beneficial effects. For example, a proper combi-
nation of NCX1 and NHE1 inhibition may be an 
interesting and important new approach, but to 
our knowledge, no such experimental work has 
been done so far. Another promising approach 
could be enhancing NCX1 activity in the forward 
mode during the systole in acute Ca2+ overload, 
but subsequent diastolic depolarization and 
arrhythmia can be a potential risk. 

A special potential implication of the NCX1 
inhibition is the prevention of triggered 
arrhythmias in heart failure. Partial blockade of 
the upregulated NCX1 may decrease the magni-
tude of EADs and DADs in HF, preventing 
propagating extrasystoles and enhanced disper-
sion of repolarization without marked interfer-
ence with systolic and diastolic Ca2+ levels. If 
the NCX1 block is incomplete and other cardiac 
Ca2+ extrusion mechanisms are functioning, Ca2+ 

overload probably can be avoided. Future work 
with more specific NCX1 inhibitors is necessary 
to address this possibility. 
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Abstract 

A basic phenomenon of the heart is its regular 
beating and a directed propagation of the elec-
trical impulse which, during the plateau phase 
of the action potential, initiates contraction. 
The heart is a network of inter-communicating 
cells, allowing such a directed spread of acti-
vation. Cardiomyocytes communicate among 
each other and to a certain degree with 
non-cardiomyocytes such as fibroblasts. 
Action potentials are transferred from one 
cell to the next by intercellular communication 
channels, the gap junction channels, formed as 
dodecameric channels from protein subunits 
called connexins. In the heart, the main 
connexin isoforms are Cx43 (the 43 kDa 
connexin; ubiquitous), Cx40 (mostly in the 
atrium and specific conduction system) and 
Cx45 (in early developmental states and 
between fibroblasts and cardiomyocytes). 
Gap junction channels allow the intercellular 
transfer of current and small molecules 
(<1000 Da). Regarding arrhythmia, a specific 
feature of gap junctions is that they are nor-
mally found at the cell poles, thereby 

contributing to the heart’s anisotropic 
properties, while in cardiac disease, these 
channels are often found at the lateral borders 
of the cells. Moreover, a broad number of 
stimuli can regulate the channels. Thus, ions 
like H+ , Ca++ and Na+ , as well as ATP-loss, 
acylcarnitines, and lysophosphoglycerides, 
among others, can close the channels. Since 
these factors occur during cardiac ischemia, 
they lead to electrical isolation and silencing 
of the ischemic area. This alters the current 
source/sink ratio at the border, which will 
affect successive conduction. 
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enhance the Cx43-gap junction current by 
preventing the channels from uncoupling. 
This effect of AAPs is mediated via PKCα--
activation and PKC-dependent phosphoryla-
tion of Cx43. The effect of AAP10 is 
pronounced in areas of increased 
de-phosphorylation and thereby shows a pref-
erence for ischemic tissue. These new agents 
open novel pharmacological options for pre-
vention of ischemia-associated ventricular 
fibrillation. 

Keywords 
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14.1 Introduction 

The heart is a rhythmically beating organ serving 
as a pump. A basic feature of this organ is to 
maintain a regular rhythm and to adapt the fre-
quency of beating to the actual demands of the 
organism. The pumping function of the heart 
requires coordinated contraction of the myocar-
dium, i.e. contraction should start in the lower 
parts at the apex cordis and proceed to the free 
walls towards the valves, with a small delay of a 
few milliseconds between right and left ventricle. 
This is necessary to allow the directed propulsion 
of the blood. Any disturbance of this coordina-
tion, e.g. dys-synchrony, will lower the efficacy 
of the pump. 

To maintain this feature, electrical activation 
of the myocardium is coupled to the contraction 
(electro-mechanical coupling), so that contraction 
starts after reaching the plateau phase of the 
action potential, and the working myocardium is 
activated by the specific conduction system, 
which ends up in the tree of the Purkinje fibres. 
From the Purkinje fibre endings in the lower parts 
of the heart near the apex, the activation wave 
propagates through the working myocardium 
from cell to cell. 

The working myocardium is organized as a 
functional syncytium, thus enabling a coordinated 
response. This feature is realized via intercellular 
communication channels, which are called gap 
junction channels. These gap junction channels 
form intercellular low resistance contacts 
enabling the transfer of electrical current (for 
action potential transfer) and the exchange of 
small molecules (maximum size: about 
1000 Da) such as cAMP [1]. These channels 
function as ohmic resistors for voltage differences 
of ±50 mV with <200 ms duration [2–5]. 

The gap junction coupling is highly regulated: 
the conductance is regulated by a number of 
factors either enhancing (e.g. PKCα, in certain 
cases: PKA) or reducing (e.g. H+ , Ca++ , Na+ , 
loss of ATP, PKCε, acylcarnitine) coupling (see 
below; for review see [6, 7]); moreover, the syn-
thesis of gap junction channel proteins is 
regulated as well as their insertion into the 

membrane and their degradation via proteasomal 
or lysosomal pathways, thus regulating channel 
density [8]. Interestingly, gap junction proteins 
possess a relatively short half life time (about 
90 min for Cx43) [9–11], which means a rapid 
turnover of the channels as compared to other 
integral membrane proteins. The gap junction 
channels are preferentially situated at the poles 
of the cells, and only a small part is inserted at the 
lateral side of the cardiomyocytes [12, 13]. In 
cardiac diseases such as cardiomyopathy, hyper-
trophy, post-infarction or atrial fibrillation, how-
ever, the amount of lateral gap junction protein 
often is up-regulated, and it has been speculated 
that this may change the biophysics of the tissue 
[14, 15] However, this is still a matter of debate. It 
seems that certain pathways regulate the traffick-
ing of gap junction proteins and the location of 
their membrane insertion. However, this process 
and its regulation is -at present- not well under-
stood. It can be assumed that a permanent adap-
tion of the communication features to the actual 
situation and actual needs seems to be very 
important for the cell. Thus, it was shown that 
24 h cyclic mechanical stretch can influence the 
localisation of Cx43 [16, 17]. 

Gap junction coupling is a prerequisite for the 
propagation of electrical activation. While the 
availability of sodium channels for activation 
determines the propagation velocity along the 
cell [18], the coupling of gap junctions controls 
the spreading of excitation from one cell to the 
next [19]. The sum of both processes gives the 
final macroscopic conduction velocity resulting in 
longitudinal velocities of 0.4–0.7 m/s and trans-
verse velocities of approximately 0.1–0.2 m/ 
s [20–22]. 

Another function related to gap junction cou-
pling is that small differences in the endogenous 
action potential duration of each cell will be 
smoothened since each difference in action poten-
tial duration results in a voltage gradient between 
the cells, which will cause a gap junction current 
between these cells that will equalize the potential 
durations. Thus, local dispersion or inhomogene-
ity is kept at a minimum by gap junction 
coupling.
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From the considerations above, it follows that 
decoupling can lead to slowing of conduction, 
which will probably affect transverse conduction 
to a greater extent than longitudinal conduction 
[21, 22], as well as to enhance local dispersion of 
action potential duration. Thereby, gap junction 
decoupling can contribute, facilitate or even cause 
(in certain situations) cardiac arrhythmia. 

14.2 Structure, Function 
and Regulation of Cardiac Gap 
Junctions 

Cardiac gap junctions are found in clusters 
located in the intercalated disks. The distance 
between the two neighbouring membranes is 
narrowed to about 4 nm and is bridged by the 
intercellular communicating gap junction 
channels (outside the intercalated disk, the normal 
distance between the membranes is about 20 nm) 
[23]. Each gap junction channel is formed by two 
neighbouring cells with each cell contributing a 
hemichannel. These hemichannels dock with 
each other via their extracellular loops and thus 
form the intercellular communication channel. A 
gap junction channel consists of 12 protein 
subunits, the connexins. Six connexins constitute 
a connexon or hemichannel. 

At present, the connexins represent a protein 
family with 21 isoforms in humans and 
20 isoforms in mice [24, 25] (Table 14.1). A 
connexin protein has an intracellular C- and 
N-terminus, four transmembrane domains and 
two extracellular loops, the latter being stabilized 
by intramolecular disulfide bonds. The most vari-
able region of these proteins is the C-terminal 
domain. Its length and molecular weight vary 
among the isoforms, which are named Cx 
followed by a number indicating the molecular 
weight in kDa, i.e. Cx43, the most abundant 
connexin, has a molecular weight of 43 kDa. 
Often the name is preceded by a suffix indicating 
the species, i.e. hCx43 means human connexin43, 
and rCx40 means the rat connexin40. Two 
connexons of two neighbouring cells dock to 

each other via H-bonds (Fig. 14.1). It is possible 
that the complete dodecameric channel consists 
of only 1 isoform, and thus is homomeric and 
homotypic. However, it is also possible that a 
connexon is formed of two isoforms and thus is 
heteromeric. Moreover, it is possible that two 
connexons of different compositions form the 
channel, which then is heterotypic. Since each 
isoform has specific biophysical properties with 
regard to conductance and voltage-dependent 
inactivation a broad range of channels can be 
composed. 

The process of opening and closing the gap 
junction channel is commonly considered as 
realised via a twisting motion. Interestingly, the 
single channel conductance can vary between 
several states, a closed state, a residual state, and 
several conducting states. The preference for a 
certain state can be regulated by phosphorylation 
of the C-terminal [26]. 

Although gap junctions serve as low resistance 
pathways for spreading the action potentials, an 
almost 90% reduction in the number of gap junc-
tion channels will lower conduction velocity by 
only 25% [27]. This is however still a matter of 
debate and might be different in hypoxic or par-
tially depolarised cells within areas of uneven or 
inhomogeneous current source/sink relationships. 

The macroscopic gap junction conductance 
follows the equation 

g GJð Þ=N*γ* Po 

(N = number of channels; γ = single channel 
conductance; Po = open probability) 

Single channel conductance is regulated by 
phosphorylation processes via PKC (various 
isoforms have different effects), PKA, PKG, and 
MAPKs [26, 28], or by ions such as Na+ , H+ and 
Ca2+ [2]. Whether Po also might be regulated is 
under discussion [29]. As a results macroscopic 
gap junction conductance can be acutely 
regulated by a number of stimuli (see Table 14.2). 

Regulators, such as acidosis (H+ ), Na+ and 
Ca2+-overload, loss of ATP and acylcarnitines— 
among other factors play a particular role in



Table 14.1 Cardiovascular connexin isoforms; t½ is indicated for those connexins, if known [24] 

Organ Cardiac localisation/Function
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Murine 
Connexin 

Human Ortholog 
(if different) 

Cx 30.2 Human: Cx31.9 Heart Conduction system (low levels) 
Cx37 Endothelium 
Cx40 Heart, vasculature (endothelium 

and smooth muscle) 
Atrium, conduction system 

Cx43 Ubiquitous in heart and vessels 
Many other organs 

Working myocardium, atrium, and partially 
in the conduction system; 
t½ = ca. 1.5 h 

Cx45 Heart Conduction system and early develop-mental 
states 
t½ = ca. 3–4 h  

hCx30.2 Heart Unknown function 
hCx31.9 Heart Unknown function 
hCx40.1 Heart Unknown function 
hCx62 Heart Unknown function 

For the last 4 connexins, there is no murine counterpart [23] 

Fig. 14.1 Cx43 (green) distribution in the human atrium 
(upper right). Note the location at the cell poles. Gap 
junction channel (upper middle) made from 2 connexons 

(upper left), each of which consists of 6 connexins (lower 
left). Opening and closure is thought to be realized via a 
rotational movement (lower right)



Table 14.2 Stimuli affecting acute macroscopic gap junction conductance

ischemia and contribute to ischemic closure of 
gap junctions which occurs after about 20 minutes 
of ischemia [30]. On the one hand, this isolates 
the ischemic area electrically and thereby reduces 
oxygen consumption, and, on the other hand, 
leads to changed geometry of the spread of acti-
vation which can initiate or facilitate arrhythmia.
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Stimulus Opening Closure Comment 

H+; CO2 X Takes 7–10 min. 
Na+ , Ca++ X 
Acylcarnitine, lysophosphoglycerides X In ischemia/ reperfusion injury 
ATP loss X In ischema 
Arachidonic acid, oleic acid, palmitoleic acid, hepantol, 
octanol, narcotics (halothane) 

X Via incorporation and/or via altered 
phosphorylation? 

PKC stimulation (e.g. phorbol esters) X Depends on PKC isoform 
cAMP or cAMP enhancing drugs (isoprenalin, forskolin) X Via PKA, in Cx40- or Cx45-

coupled cells 
PKA X In Cx40- or Cx45-coupled cells 
Antiarrhythmic peptides, AAP10, rotigaptide X Via PKCα 

Another possibility to regulate gap junction 
communication is to affect the number of 
channels (see Table 14.3). Connexins are 
synthesized in the SR, then folded and 
transported to the trans-Golgi network under 
modulation by low-density lipoprotein receptor-
related protein 6 [31], where they are 
oligomerized to connexons, and thereafter 
transported to the membrane [32–34], where 
they move probably on lipid rafts in cholesterol-
rich domains until they dock to a hemichannel of 
a neighbouring cell, typically in regions with 
N-cadherin and ZO-1 protein [35]. With a short 
half-life time of around 90 min, they are degraded 
via phosphorylation, ubiquitinylation and 
proteasomal degradation, or in some cases via 
lysosomal degradation [8, 36]. The latter nor-
mally is inhibited by the presence of 
desmoplakin [37]. 

Finally, the localisation of the channels can be 
regulated. Thus, it could be shown that mechani-
cal stimuli like stretch can influence whether 
channels are concentrated at the cellular poles 
[16, 38]. This process of stretch-dependent 
Cx-localisation is regulated via focal adhesion 
kinase FAK [17] 

14.3 Propagation of the Cardiac 
Impulse 

14.3.1 Cable Theory 

The passive electrical properties of a muscle bun-
dle in a first approximation are similar to passive 
cable properties: cables formed by cells coupled 
in series via ohmic resistors with each cell 
representing a resistor with a parallel capacitor 
(see Fig. 14.2; for review, see [39]). The change 
in voltage is a function of distance (x) according 
to Vx=Vx0(exp-x/λ) with the length constant 
λ= √(rm/ri) (rm=membrane resistance; ri= inter-
nal longitudinal resistance); the input resistance at 
x = 0 can be described as rinput = Vx0/I = riλ. Due 
to the fibre geometry, the specific membrane 
resistance Rm equals 2πarm [Ωcm2 ] and specific 
internal resistance Ri = πa2 ri [Ωcm]. The specific 
membrane capacitance can be described as 
Cm=τ/Rm with τ = time constant. In a multicellu-
lar preparation with parallel running fibres the 
longitudinal resistance of the extracellular space 
ro also has to be considered. For these conditions 
λ = √(rm/(ri+ro))) and the conduction velocity, 
θ = √(1/(TfootCm(ri+ro))). However, this cable 
theory, originally formulated for nerve axons 
[40] and later on for Purkinje fibres [41], holds 
true for a continuous cable. 

In the heart, the situation is more complex, and 
there are discontinuities between the fibres at the 
cell–cell contact zones, where two membranes are 
closely neighboured, connected via extracellular 
fluid and the two cytoplasmata are connected via



Table 14.3 Stimuli regulating the number of cardiovascular gap junction channels

a low resistance gap junction channel (Fig. 14.2, 
lower part). The electrical situation is very com-
plex at the cell–cell border, in particular, because 
Na channels are probably clustered at these cell-
cell contact zones [42, 43], which are supposed to 
enable ephaptic coupling under certain conditions 
(see below). 
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Stimulus Enhanced number Enhanced degradation Comment 

Phenylephrine (α-adrenergic stimulator) Cx43 via PKC, MAPKs 
(cardiomyocytes) 

Isoprenaline (β-adrenergic stimulator) Cx43 via PKA, MAPKs 
(cardiomyocytes) 

Angiotensin-II Cx43 via AT1 receptors 
(cardiomyocytes) 

Endothelin Cx43 via ETA-receptors 
(cardiomyocytes) 

Thyroid hormone Cx40, Cx43 Mechanism unclear 
VEGF Cx43 via TGFβ 
bFGF Cx43 via PKCε 
EGF Cx43 Enhanced internalization 
Nicotine Cx37, Cx43 via nACh-R (endothelium) 

14.3.2 Ephaptic Coupling 

Prior to the understanding that gap junctions act 
as low resistance pathways between cells, the 
theory of ephaptic (i.e., field effect) coupling 
was formulated [44, 45] under the assumption 
that the two neighboured cells can be considered 
similar to two closely packed capacitators. 

Capacitive coupling and electrical field cou-
pling have been proposed as alternative 
mechanisms of electrical transmission. For sev-
eral physical reasons ((a) junctional capacitive 
coupling would be decreased by a factor of 
2 since the junction resembles two capacitors in 
series; (b) if only a small portion of the 
intercalated disk is involved, the total capacitance 
would be accordingly smaller; (c) there may be a 
shunt to ground if the two membranes are not 
close enough to each other), capacitive coupling 
may not be operative in normal cardiac tissue 
[44]. Electrical field coupling [46] means the 
induction of an action potential in the post-cell 
by the electrical field arising from the action 
potential at the intercalated disk of the pre-cell. 

Accumulation of K+ in the cleft of the intercalated 
disk is an important factor allowing the mem-
brane of the pre-cell at the intercalated disk to 
fire a fraction of a millisecond earlier than the 
surface membrane, which was necessary for 
effective coupling. At present, it is uncertain 
what the contribution of electrical field coupling 
to electrical transmission is in normal tissue. 
Computer simulation studies, however, indicate 
that in certain situations, ephaptic coupling by 
electrodiffusion may play a role [47]. This is 
further supported by new investigations 
demonstrating that the perinexus region at the 
border of the gap junctions contains 
voltage-gated sodium channels in sufficiently 
close proximity to allow ephaptic coupling 
[48, 49]. In addition, potassium channels in the 
perinexus region also seem to contribute to this 
type of coupling [50]. 

14.3.3 Gap Junction Coupling 

If two cells are manipulated into intimate side-to-
side contact, initially, there is no transmission of 
electrotonic potentials or action potentials from 
one cell to the other [19]. After the cells establish 
new gap junctions, action potential transfer is 
possible [19]. This experimental result is contrary 
to the theory of ephaptic impulse transmission or 
of electrical field coupling [44]. The time delay at 
gap junctions has been determined with 
0.21–0.27 ms [51]. Taken together, the most



important mechanism under physiological 
conditions for the transmission of excitation is 
coupling via the gap junction channels. 
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Fig. 14.2 continuous cable (upper part) and discontinuous cable (lower panel), where the two cells are interconnected 
via (a) an extracellular resistance (extracellular fluid) (rexc) and (b) the cores via gap junction resistances (rGJ) 

14.3.4 Anisotropy and Non-uniformity 
(Inhomogeneity) 

Basic features of cardiac tissue are (a) anisotropy 
(i.e. longitudinal resistance is lower than trans-
verse resistance), (b) discontinuity (i.e. fibres are 

separated by intercalated disks (in contrast to 
continuous cable)), and (c) non-uniformity 
(i.e. the degree of anisotropy varies from area to 
area due to variability in morphology and deposi-
tion of connective tissue or existence of other 
non-conducting structures like fat or vessels). 
The difference between uniform and 
non-uniform anisotropy has many consequences 
for the pathophysiology of arrhythmia [52]. In 
diseased myocardium, the expression of gap junc-
tion proteins often is changed. For example, Cx43



levels are decreased in chronic infarction or in 
heart failure or enhanced in cardiac hypertrophy 
and in certain forms of atrial fibrillation [12–15, 
53, 54]. Moreover, in some of these situations, the 
ratio Cx43/Cx40 was shifted and, probably most 
importantly, much of the gap junction protein was 
not found at the cell poles but at the lateral sides 
of the cells (lateralization) [14, 15]. These factors 
probably enhance non-uniformity in cardiac dis-
ease. In non-uniform anisotropic tissue, 
fractionated extracellular waveforms are typically 
encountered. Such complex waveforms with mul-
tiphasic shapes can be interpreted as the reflection 
of discontinuous propagation, and each of the 
multiple negative peaks represents the activation 
of a small group of fibres. With increasing age, 
there is a general change in the biophysical 
properties of the cardiac tissue from uniform to 
non-uniform anisotropy due to the predominant 
uncoupling of side-to-side connections [52, 55, 
56]. 
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14.3.5 Source–Sink Problem 

It has been observed that the action potential 
upstroke velocity and amplitude were greater dur-
ing transverse propagation, accompanied by a 
faster foot potential, which led to the hypothesis 
that longitudinal propagation, although faster, is 
more vulnerable to block because of its lower 
upstroke velocity and amplitude. This behaviour 
can be explained on a theoretical basis: the 
upstroke velocity increases as a result of reduced 
coupling [22] since current cannot pass to the 
neighbouring cells. 

Transfer of an action potential principally 
means that current has to flow from a current 
source to a sink. This current flow is highly 
dependent on gap junction conduction; however, 
the relationship is not trivial, since the dimensions 
of source and sink have to be taken into account: 
if a small source, represented by a tiny strand of 
activated cardiomyocytes, meets a large sink 
(large area of non-activated cardiomyocytes) cur-
rent will flow radially to many sites so that the 
current is divided between many neighbours and 
in each of these neighbouring cells this current 

may be too low to allow propagation, resulting in 
conduction failure [57, 58]. Moreover, this 
behaviour is critically modulated by gap junction 
conductance: if in this situation of source–sink 
mismatch, gap junction conductance is low, this 
may preserve conduction by limiting fast current 
loss to many sites. On the other hand, if there is 
high coupling this might enable conduction fail-
ure by current loss. 

These phenomena can be mathematically 
described by the safety factor SF of propagation 
as SF=Qc+Qout/Qin (= charge produced/charge 
consumed) [59, 60]. If coupling is reduced grad-
ually, the safety factor first is enhanced, but, if 
very low levels of coupling are reached, SF will 
be reduced until conduction failure if SF < 1. In 
contrast, if INa is reduced, this will result in a 
progressive reduction of SF. However, propaga-
tion velocity will be reduced in both situations 
[59, 60]. 

Situations related to these source-sink 
problems may be found at the end of a Purkinje 
fibre or at the border between normal cardiac 
tissue and an ischemic (electrically silent, 
depolarised and uncoupled) region. 

14.4 Role of Gap Junctions 
in Arrhythmogenesis 

From the considerations above, one can imagine 
that disturbances of gap junction intercellular 
communication (GJIC) may result in altered con-
duction, thereby finally leading or contributing to 
cardiac arrhythmia. There are several arrhythmias 
that are –at least in parts – related to changes in 
gap junction coupling: acute ischemia, digitalis 
intoxication, aconitine intoxication, acidosis, and 
remodelling (chronic ischemia; atrial fibrillation, 
heart failure, cardiac hypertrophy). 

14.4.1 Acute Ischemia 

During ischemia, Cx43 becomes 
de-phosphorylated within 30 min [20, 61–63] 
due to the shortage in ATP [64] and the reduced 
thermodynamic driving force for phosphorylation



[61]. This de-phosphorylation together with 
Ca2+-overload [30, 65, 66], intracellular acidosis 
[65–67] and accumulation of lipid metabolites 
such as lysophospholipids and arachidonic acid 
metabolites [68, 69] contributes to acute ischemic 
gap junction uncoupling. An increase in intracel-
lular Na+ might also promote uncoupling since it 
was shown that H+ , Ca2+ and Na+ can uncouple 
gap junctions [2, 65, 70–73]. The consequences 
are an acute closure of gap junctions and – via 
de-phosphorylation – and reduced presence in the 
membrane probably by removal of gap junctions. 
This reduction at the membrane can be seen 
within 30 min of ischemia in the ischemic centre 
and border [20] and was described as a transloca-
tion of Cx43 from the membrane to the cytosol 
[63, 74]. In addition, Cx43 becomes 
de-phosphorylated in hypoxia, at least in part by 
reduced casein kinase-1-dependent phosphoryla-
tion [75]. In consequence, the ischemic area 
becomes uncoupled, and thereby, activation 
spreading is slowed or ceased so that the ischemic 
centre becomes electrically isolated, due to gap 
junction uncoupling and to depolarisation (which 
results in lower INa availability). Additionally, 
since the low resistance shortcuts between the 
cells are closed, local inhomogeneities in action 
potential duration cannot be equalized, so that the 
dispersion is enhanced [20]. These 
inhomogeneities together with the conduction 
slowing can lead to a close neighbourhood of 
still activated cells and already inactivated (excit-
able) cells, thereby enabling the occurrence of 
re-entrant arrhythmia. There are two peaks of 
ventricular fibrillation (VF) in acute ischemia: 
the first within the first 10 min (type IA VF), 
which has been ascribed to depolarisation, 
mechanical factors and catecholamine release, 
and a second after ca. 20 min (type IB VF), 
which has been shown to be dependent on gap 
junction uncoupling [30, 76, 77]. 
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Against the hypothesis of a role for 
uncoupling, Jongsma and Wilders [27] showed 
that under normoxic conditions, a 90% decrease 
in the number of gap junctions is required for a 
25% reduction in conduction velocity. It is 
unclear whether this also holds true for hypoxic 
conditions. However, heterozygous Cx43 

knock-out mice under standard conditions also 
exhibited only a 25% reduction in conduction 
velocity [78–80]. Some authors interpret this as 
a hint for the existence of ephaptic coupling 
[45]. In simulated ischemia, gap junction cou-
pling of cell pairs remained large enough to equil-
ibrate action potential duration between the 
coupled cells until inexcitability occurred [81]. 

On the other hand, there are studies in favour 
of a role of gap junctions in acute ischemia. For 
example, the number of hearts exhibiting pacing-
induced ventricular tachycardia was significantly 
higher in Cx43+/- mice than in Cx43+/+ 

[79]. Moreover, we could demonstrate that the 
antiarrhythmic peptide AAP10 (H2N-Gly-Ala-
Gly-Pro-[4-OH-Pro]-Tyr-CONH2), which 
enhanced macroscopic gap junction conductance 
in animals [82–84] and in humans 
cardiomyocytes [85] without affecting the action 
potential, could prevent from type IB VF in 
isolated rabbit hearts [86]. Similar antiarrhythmic 
effects could also be shown by another group 
using a chemical derivative of AAP10 (ZP123, 
now called rotigaptide) [87]. These latter results 
indicate that gap junction uncoupling probably 
contributes to type IB ischemic VF. For a detailed 
review and discussion, see [88]. 

14.4.2 Intoxications (Digitalis) 

Ventricular arrhythmia is the most serious com-
plication of digitalis intoxication. While certainly 
depolarization caused by Na+ /K+-ATPase inhibi-
tion and enhanced automaticity plays a role, the 
Na+ /K+-ATPase inhibition results in increased 
intracellular [Na+ ] and [Ca2+ ] via altered dynam-
ics of the Na+ /Ca++ exchanger. It is known that 
both intracellular [Na+ ] and [Ca2+ ] can promote 
cellular uncoupling [5] and that ouabain leads to 
gap junction uncoupling at 0.68 μM  [73], a con-
centration that is typically reached or exceeded 
with intoxication. Thus, gap junction uncoupling 
may play a contributory role in digitalis 
intoxication.
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14.4.3 Acidosis 

Gap junctions uncouple in acidotic areas. 
According to our own experience, pH has to be 
reduced to values below 6.5 to provoke 
uncoupling, which develops slowly after a 
latency of about 7–10 minutes [85], while gap 
junction conductance (gj) is nearly constant in a 
pH range from 7.4 to 6.5 [2]. The pH–gj-relation-
ship is principally not affected by intracellular 
pCa. In neonatal rat heart cells, Firek and 
Weingart [89] found a pKH of 5.85. One H

+ 

binding site could be identified as histidine-95 in 
cardiac connexin 43 [90]. Hermans and 
colleagues [91] investigated the effects of site-
directed mutations in Cx43 transfected SKHep1 
cells by exchange of His-126 and His-142 and 
found an uncoupling effect of acidification related 
to the position of histidines in the cytoplasmic 
loop rather than to the total number of histidines. 
They reported that a fall in pHi caused a reduction 
in channel open probability but not in channel 
conductance. Using a transfection system, it was 
found that Cx45 channels are more sensitive to 
pH than Cx43 channels [91]. Regarding the pH 
sensor, the carboxy tail length has been 
demonstrated to be a determinant of pH sensitiv-
ity [72, 92] and is thought to occlude the channel, 
comparable to the ball-and-chain-model for 
N-type inactivation of potassium channels. 

14.4.4 Chronic Infarction 

After myocardial ischemia, the tissue is submitted 
to complex remodelling processes starting with 
increased fibrosis. Among these changes, gap 
junctions are also remodelled with a decrease in 
Cx43 and altered distribution of Cx43 and Cx40 
[13]. Local contractility is reduced, and the necro-
sis zone is replaced by connective tissue. Fibro-
blast growth factor FGF-2, which can be released 
from cardiomyocytes during contraction and after 
stimulation with catecholamines, is up-regulated 
in response to myocardial damage and can 
decrease intercellular dye coupling in 
cardiomyocytes, whereas in fibroblasts coupling 

may be enhanced [93, 94]. It is unclear whether 
this result from neonatal cardiomyocytes also 
holds true for adult cardiomyocytes. These 
changes might be somehow linked to arrhythmias 
observed after myocardial infarction originating 
from abnormal conduction of activation in the 
vicinity of scar areas [95] and slowed anisotropic 
conduction [96]. 

The effects seen in the chronic phase of ische-
mia (i.e. infarction) are (a) loss of the common 
ordered (polarized) distribution of the gap 
junctions, which was found predominantly in 
the border zone adjacent to infarct scars and 
(b) reduction in the quantity of connexin 43 gap 
junctions in areas distant from the infarct zone 
[12, 13], which may lead to heterogeneous aniso-
tropic conduction with locally slowed conduction 
despite nearly normal active properties of cells 
[96–98]. Gap junctions belong to the most impor-
tant determinants of these passive conduction 
properties [95, 99]. In the border zone of healed 
infarcts (some hundred micrometers from the 
infarct scar), the distribution of gap junctions is 
significantly altered, and connexins are scattered 
over the whole membrane and no longer confined 
to the cell poles (intercalated disks), although 
some of the cells show the normal type of distri-
bution, while in the non-ischemic-normal areas 
there is a regular distribution [12]. In addition, 
fibroblast/myocyte coupling probably plays an 
additional pathophysiological role [100]. Interest-
ingly, successful conduction can be established 
between cardiomyocytes separated by 
(non-excitable) fibroblasts over a distance of up 
to 300 μm [58]. 

Decrease in Cx43, altered Cx43/Cx40 ratio, 
lateralization in the subcellular gap junction dis-
tribution, decrease in gap junction number, and 
alterations in gap junction size, remodelling pro-
cesses and fibroblast/myocyte coupling all 
together initiate a complete change in the bio-
physical architecture of the tissue with a high 
degree in heterogeneity and non-uniform anisot-
ropy forming an arrhythmogenic substrate.
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14.4.5 Atrial Fibrillation (AF) 

In the atrium, Cx43 and Cx40 mediate 
gap-junctional intercellular communication 
GJIC. A common finding in AF is an increased 
heterogeneity in the regional distribution of gap 
junctions regarding the amounts of Cx43 and 
Cx40 [14, 101, 102] (with various findings, prob-
ably depending on the accompanying diseases 
(coronary heart disease, heart failure, mitral 
valve disease, hyperthyreosis or on the disease 
model or the tissue under investigation (right 
atrium or left atrium)). Moreover, alterations in 
the subcellular distribution have been found with 
enhanced expression of connexins at the lateral 
side of the cells (lateralization) [14, 15]. Thus, the 
question arises: what is the specific role of gap 
junctions in AF? 

Regarding initiation, AF mostly originates 
from left atrial sleeves, which protrude from the 
atrium into the pulmonary veins and form circum-
ferential structures which are coupled by Cx43 
and to a lower extent by Cx40 [103]. Among 
many other factors, this circumferential structure 
of conducting tissue around the pulmonary veins 
seems to be necessary for the initiation of a first 
re-entrant circuit from which AF develops. Obvi-
ously, other factors (stretch, heterogeneity, fibro-
sis, ANF, amyloid, ischemia, age, vagal tone, 
angiotensin, Ca2+ ) may also contribute to the 
initiation of AF. Thus, gap junctions do not 
seem to be directly/causally involved in AF initi-
ation. However, in some cases, mutations of 
Cx40 and Cx37 have been described 
[104, 105]. P88S, G38D and A96S mutations of 
Cx40 were shown to slow conduction, thereby 
increasing the propensity for AF induction [106]. 

Regarding maintenance of AF, there is evi-
dence that gap junction remodelling is an impor-
tant factor leading to the formation of an 
arrhythmogenic substrate. In lone AF, we found 
an up-regulation of Cx40, while Cx43 was little 
affected [14, 107]. Connexin up-regulation was 
also found in patients suffering from postopera-
tive AF [53]. Moreover, we found that connexins 
were localized to the lateral sides of the 
cardiomyocytes (lateralization) [14], which was 

later verified [15]. Others found also an 
up-regulation of Cx43 in the right atrium 
[108]. An additional factor found by Kostin and 
colleagues [15] is increased heterogeneity in the 
presence of connexins with the free right atrial 
wall showing elevated Cx40 but reduced Cx43 
expression and the appendage with both 
connexins being reduced. In another patient pop-
ulation (AF with underlying mitral valve disease), 
we found Cx43 being up-regulated in the left but 
not in the right atrium. This up-regulation was 
accompanied by an elevated expression of 
AT1-receptors in the left but not right atrium 
[54]. Since we have also shown that 
angiotensin-II can up-regulate Cx43 via 
AT1-receptors [109], and since it is now known 
clinically that the maintenance of SR after cardio-
version is improved if ACE inhibitors are applied, 
one may suppose that angiotensin-II might be 
involved in the gap junction remodelling process. 
Moreover, the perinexal width seems to be greater 
in AF patients [110]. 

The findings in humans differ from animal 
disease models with regard to the expression 
level of certain connexins [102, 111–113], but a 
common phenomenon in most species seems to 
be regional heterogeneity of connexin expression 
and lateralization. These latter effects will proba-
bly change the biophysics of the tissue and may 
lead to local conduction slowing and to irregular 
spread of activation, which together with the 
other factors enable AF to persist. By gap junc-
tion remodelling AF becomes structurally fixed. 
For a detailed review and discussion see [114]. 

14.4.6 Heart Failure and Cardiac 
Hypertrophy 

If the muscular force of the heart is chronically 
reduced, compensatory mechanisms lead to car-
diac hypertrophy and remodelling processes. A 
basic mechanism is the activation of the sympa-
thetic nervous system and of the renin-
angiotensin-aldosterone cascade and probably of 
endothelin with stimulation of α1- and 
ß-adrenergic receptors as well as AT1-receptors 
and ETA-receptors, which all are known to



enhance Cx43 expression [109, 115]. In addition, 
fibrosis is increased in most types of cardiomyop-
athy. These changes affect the conducting 
properties as well. Due to the altered morphology, 
the cells are larger, which affects both longitudi-
nal and transverse velocity. Fibrotic strands, 
mostly parallel to the fibres, lead to a transverse 
separation of the fibres and can reduce transverse 
propagation. Due to the inhomogeneous nature of 
fibrosis and the changes in tissue architecture, it is 
reasonable to assume that the resulting changes in 
conduction will also be heterogeneous. In addi-
tion, it has been shown, that gap junction distri-
bution becomes heterogeneous in 
de-compensated hypertrophy with areas of tissue 
with normal, very low or no expression of gap 
junction [116]. In dilated cardiomyopathy and 
myocarditis, focal disarrays of gap junctions 
were found [117]. In compensated hypertrophy, 
Kostin et al. [116] observed lateralization of 
Cx43. Thus, heart failure and hypertrophy seem 
to be associated with a dis-organisation (hetero-
geneity, lateralization) of gap junctions (= struc-
tural remodelling). Lateralization of connexin43 
was also seen in patients suffering from hypertro-
phic obstructive cardiomyopathy (HOCM) 
[118]. Regarding the level of connexin expres-
sion, it was found that Cx43 expression was 
diminished in patients suffering from congestive 
or ischemic heart failure [99, 119], or that there 
was a heterogeneous loss in non-ischemic dilated 
cardiomyopathy with ventricular tachycardia 
[120]. In HOCM, however, the Cx43 expression 
was enhanced [118], as it was in guinea pig hearts 
with renovascular hypertrophy [121]. It has been 
hypothetized that the decline in Cx43 expression 
in manifest heart failure is preceded by an 
increased expression during the phases of 
compensated hypertrophy [116]. The 
up-regulation in hypertrophy was also seen in 
cell culture models of cardiac hypertrophy and, 
thus, has been suggested to be possibly related to 
adrenergic or angiotensinergic stimulation 
[109, 115]. Interestingly, Yamada et al. [122] 
reported that Cx45 was up-regulated in heart fail-
ure in parallel to decreased Cx43 expression. 
Cx40 does not seem to be elevated in idiopathic 

dilated cardiomyopathy, but was found to be ele-
vated in ischemic heart failure [119]. 
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Nevertheless, while the level of connexin 
expression apparently depend on the phase of 
the disease [13, 116, 123], a common phenome-
non seems to be the changes in the network archi-
tecture with lateralization of gap junctions, 
heterogeneous expression of connexins, and 
with transverse separation of the fibres by strands 
of connective tissue. New investigations show 
that angiotensin II seems to regulate this laterali-
zation via a guanylylcyclase associated with 
Cx43 [124]. Regarding the functional 
consequences there is still an ongoing debate 
about the contribution of cardiomyopathic gap 
junction remodelling to ventricular arrhythmia. 
While ventricular arrhythmia and conduction 
disturbances in cardiomyopathy are clearly pres-
ent, there is a plethora of factors, which may be 
involved, and which is out of the scope of the 
present article. However, the changes described 
above may lead to local conduction slowing in 
areas without gap junctions or with very low 
levels. As stated above, it was argued that 
reductions below 50% are necessary to affect 
conduction significantly [27]. However, these 
considerations did not take into account fibrotic 
strands, enlarged cells, heterogeneity, together 
with altered electrophysiology in heart failure. 
Taken together, these factors may lead to altered 
source–sink ratios, so that it might be imagined 
that even lower reductions in connexin level 
could affect conduction in diseased myocardium 
(see above). It has been speculated that lateralized 
gap junctions may enable transverse conduction 
or may facilitate re-entrant circuits, although this 
has not been clearly shown in the diseased ventri-
cle until now. It would be a prerequisite that these 
lateralized gap junctions are functional, and that 
in such area, the cells are not separated by fibrotic 
strands. It will be difficult to prove, whether these 
lateralized gap junctions are functional or not. 
However, a large reduction in Cx43 expression 
levels will probably slow conduction, and an 
up-regulation of Cx45 might result in heteromeric 
channels with altered electrophysiology. Thus, it 
is reasonable to assume that the changes seen in 
connexin expression, and localisation may lead to



an altered electrical architecture and may contrib-
ute to the formation of an arrhythmogenic 
substrate. 
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Fig. 14.3 AAP10 and its putative receptor pouch as deduced from [86, 126] together with the AAP10 derivatives 
rotigaptide and danegaptide 

It is necessary to state that there are many other 
factors contributing to cardiac remodelling in 
heart failure and to the pathophysiology of this 
disease, which cannot be mentioned here due to 
the limitation of space, so that we focus here on a 
brief description of those processes affecting gap 
junctions. 

14.5 Antiarrhythmic Peptides 
Targeting Gap Junctions 

Regarding therapeutical or pharmacological 
consequences, in 1994, we developed synthetic 
antiarrhythmic peptides, among which AAP10 
(H2N-Gly-Ala-Gly-HYP-Pro-Tyr-CONH2) was 
found to be the most effective [82]. This peptide 
was found to reduce dispersion with an EC50 of 
1 nM, to enhance gap junction electrical conduc-
tance, and to maintain conduction under hypoxic 
conditions in papillary muscles [82, 84], and to 
prevent type IB VF [86]. AAP10 was also effec-
tive in the suppression of VF in rabbits with 
healed myocardial infarction [125].
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Fig. 14.4 Present view of the mechanism of action of AAP10 in acute ischemia 

The peptide exhibits a semi-cyclic horse-shoe-
like spatial structure as evaluated in 2D mass 
spectroscopy studies ([111]; see Fig. 14.3), so 
that it was possible to construct an equally effec-
tive cyclopeptide cAAP10RG [86, 126], which 
served as a basis for the development of 
rotigaptide, a recent AAP10 derivative with cer-
tain D-amino acids in reverse order (so that the 
functional groups are at the same positions as in 
AAP10). Rotigaptide has also been shown to 
prevent spontaneous ventricular extrasystoles 
and ventricular tachycardia during myocardial 
ischemia/reperfusion [87, 127, 128]. From these 
peptides, a new small molecule, danegaptide was 
developed, which seemed to reduce infarct size 
and lower susceptibility to arrhythmia after 
infarction [129, 130]. However, a phase 2 clinical 
trial failed to verify this effect in patients [131]. 

AAP10 has several mechanisms of action (see 
Fig. 14.4). It acts via activation of PKCα and 
phosphorylation of Cx43, probably via a G-
protein-coupled membrane receptor [132]. In 
ischemic rabbit hearts, AAP10 exhibits its 

inhibitory effect on Cx43-de-phosphorylation 
preferentially in the ischemic region, as it 
prevents from Cx43 loss from the cell poles in 
the ischemic centre and border without affecting 
the non-ischemic zone [20]. According to these 
results, Ser368 on the C-terminal of Cx43 is one 
(but probably not the only) of the phosphorylation 
sites targeted by AAP10 [20]. Typically, a loss of 
Cx43 from the cells is observed during ischemia 
[133]. AAP10 enhances both electric and meta-
bolic coupling and acts on Cx43 and Cx45, but 
not on Cx40 [85]. Moreover, we showed that 
AAP10 prevents acidosis-induced uncoupling 
(pre-treatment), that its effects are significantly 
larger if cells are partially uncoupled in good 
accordance with our findings in ischemic hearts 
(see above) and that it also can reverse acidosis-
induced uncoupling (treatment) [85]. Finally, we 
found that AAP10 acts on human cardiac 
myocytes [85]. 

In 1995, we formulated the theory of improve-
ment in gap junction conductance as an antiar-
rhythmic principle for certain arrhythmia



[134]. However, peptides are pharmacologically 
critical since they are rapidly degraded. Interest-
ingly, in 2016, a substituted quinolone, PQ1, was 
described to enhance GJIC and to prevent 
heptanol-induced dysfunction of sinuatrial 
node [135]. 
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14.6 Conclusions 

Gap junctions play an important role in the con-
duction properties of cardiac tissues and in 
arrhythmogenesis. Acute closure of gap junctions 
is a typical phenomenon in ischemia and acidosis, 
which is thought to be related to late ischemic 
ventricular fibrillation. Changes in the expression 
of connexins, or in the subcellular location (cell 
pole vs. lateral side of the cells), or in the regional 
expression level (heterogeneity) have been found 
in cardiac disease (heart failure, hypertrophy, 
infarction, atrial fibrillation). The new group of 
antiarrhythmic peptides that open gap junctions 
provides a new approach to antiarrhythmic 
treatment. 
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Role of the T-Tubules in the Control 
of Cellular Calcium and Inotropic 
Interventions in Cardiac Ventricular 
Myocytes 

15 

Andrew F. James and Clive H. Orchard 

Abstract 

The sarcolemma of mammalian cardiac ven-
tricular myocytes contains a system of 
invaginations known as transverse (or t-) 
tubules that arise through openings aligned 
with the z-lines and connect to a network com-
prising transverse and axial elements. The 
detubulation technique, developed more than 
two decades ago by Orchard and colleagues, 
physically and functionally uncouples the 
t-tubules from the surface sarcolemma. 
Together with electrophysiological and imag-
ing approaches, this technique has provided 
valuable information regarding the function 
of the t-tubules. This chapter provides a sum-
mary of these studies which highlight the 
important role of the t-tubules in the control 
of cardiac excitation–contraction coupling. 
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15.1 Introduction 

At each heartbeat, the contraction of cardiac mus-
cle is initiated by the depolarisation of the cell 
membrane (sarcolemma) during the action poten-
tial (AP), which causes the opening of L-type 
Ca2+ channels (LTCCs), resulting in Ca2+ influx 
that, in turn, triggers the release of a larger 
amount of Ca2+ from the sarcoplasmic reticulum 
(SR) by activating ryanodine receptors (RyR) in 
the adjacent SR membrane by a process known as 
calcium-induced calcium release (CICR) [1]. The 
release of Ca2+ is localised at the dyad formed by 
the close juxtaposition of the sarcolemma with the 
neighbouring junctional SR (jSR) [1–3]. The spa-
tial and temporal summation of such local 
releases result in a rise in intracellular Ca2+ con-
centration ([Ca2+ ]i) throughout the cytosol—the 
systolic Ca2+ transient—and it is this that 
activates the contractile proteins [1]. The 
localised nature of Ca2+ release allows the total 
amount of Ca2+ released from the SR during each 
action potential to be graded so that the amplitude 
of the systolic Ca2+ transient and, by extension, 
the strength of the contraction, is controlled by 
the size of the Ca2+ trigger and the SR Ca2+ 

content [1, 3]. 
Relaxation requires that Ca2+ is removed from 

the cytosol and this is achieved via two main 
routes: the SR Ca2+ ATPase (SERCA), regulated 
by phospholamban (PLB), pumps Ca2+ back into 
the SR at the expense of the hydrolysis of ATP, 
while the Na+ /Ca2+ exchanger (NCX) is a
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secondarily active transporter that represents the 
predominant pathway for removal of Ca2+ from 
cardiac myocytes [1]. NCX is an electrogenic 
antiporter with a stoichiometry of 3 Na+ 

exchanged for each Ca2+ transported that can 
contribute to both Ca2+ efflux and influx around 
the cardiac cycle, depending on the prevailing 
driving force [4, 5]. The plasmalemmal Ca2+ 

ATPase (PMCA) also makes a minor contribution 
to Ca2+ removal from the cell [1, 6, 7]. The frac-
tion of Ca2+ removed from the cytosol at each 
beat by these pathways depends on their relative 
activities, but it follows that, in the steady state, 
the amount of Ca2+ extruded from the cell must 
equal the amount entering the cell at each beat [1]. 
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Transverse (or t-) tubules, invaginations of the 
cell membrane that form a network with trans-
verse and axial elements, play a critical role in the 
rapid propagation of the AP throughout the cell, 
ensuring a synchronised and co-ordinated release 
of Ca2+ to produce the systolic Ca2+ transient 
[2]. As the t-tubules reduce the distance from 
the cytosol to the cell membrane, in addition to 
the co-ordination of Ca2+ release, the t-tubules 
play an important role in Ca2+ removal from the 
cell. T-tubules also play a role in cell signalling, 
as membrane coupling to the cytoskeleton and 
some G-protein-coupled receptors important to 
the regulation of cardiac myocyte function are 
preferentially located here (e.g [2, 8, 9].). 

15.2 Cardiac T-Tubules 

The structure and formation of the t-tubule net-
work is described in greater detail in Chap. 16 by 
Rog-Zielinska, but points key to this chapter are 
outlined here. The t-tubules form a highly 
branched and interconnected network of sarco-
lemmal invaginations with diameters generally 
ranging from 50 to 600 nm that penetrate the 
cell interior [2]. The lipid content of the t-tubule 
membrane is suggested to be enriched in choles-
terol and sphingomyelin compared to the surface 
sarcolemma [10, 11]. The lumen of the t-tubules 
is continuous with the extracellular space but 
represents a space for restricted diffusion within 
the cell. Constrictions and dilations along the 

t-tubules, and the presence of glycocalyx within 
the lumen, affect diffusion and exchange with the 
extracellular space [12]. The network consists of 
transverse and axial elements, the transverse 
elements being located close to the sarcomeric 
z-disks, while the axial elements can span the 
sarcomere. The transverse elements of the 
t-tubules are anchored to the z-disks by 
costameres comprised of the dystrophin-
glycoprotein and vinculin-talin-integrin 
complexes [2, 13]. 

Immuno-based imaging studies have been 
important in demonstrating that many of the 
proteins involved in EC coupling, Ca2+ transport 
and the regulation of cardiac myocyte function, 
such as LTCC, RyR and SERCA, are located 
predominantly at the t-tubules [2, 14, 15]. The 
development of super-resolution light micros-
copy and three-dimensional (3D) transmission 
electron microscopy (TEM) tomography 
techniques has provided deeper insight at the 
nanoscale level into the ultrastructure of t-tubules 
[2, 16–19]. Many of the proteins found predomi-
nantly in the t-tubules are localised to membrane 
microdomains that serve as signalling complexes 
key to the regulation of cardiac function. 

15.2.1 Dyads 

The dyads are perhaps the epitome of a membrane 
domain predominantly located in the t-tubules. At 
the dyad, LTCC in the sarcolemma are juxtaposed 
to a cluster of RyR in the jSR membrane, 
separated by a gap of ~12 nm. The close proxim-
ity of LTCC to RyR at the dyad is critical to local 
control: when an LTCC opens, the local [Ca2+ ]i 
increases abruptly from a diastolic level of 
~100 nM to >10 μM, leading to a rapid response 
from the adjacent RyRs [3]. A proportion of NCX 
has also been localised close to RyRs and may be 
present in the dyad [20, 21]. The localisation of 
the dyads is often identified by immunostaining 
of the clusters of RyR, and these are predomi-
nantly arranged along the transverse elements of 
the t-tubules at the z-line and the surface sarco-
lemma [22, 23], although junctions thought to



contribute SR Ca2+ release during the AP are also 
found along the axial tubules [24]. 
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15.2.2 Caveolae and Caveolin-3 

As outlined in Chap. 16 by Rog-Zielinska, 
caveolae are 50–100 nm diameter flask-shaped 
invaginations of the sarcolemma organised in 
muscle by the cholesterol-binding membrane pro-
tein, caveolin-3, that are present in both t-tubules 
and the surface sarcolemma [2, 17, 25, 26]. While 
caveolae and caveolin-3 contribute to the genesis 
of t-tubules [10, 27] and mature t-tubules can 
clearly be identified by immunostaining for 
caveolin-3 (e.g [28–30].), there has been some 
controversy regarding the presence of caveolae 
at the t-tubule membrane since they are infre-
quently identified there in 2D TEM [17, 25, 
31]. However, caveolar-like structures are present 
at the t-tubule [26] where they can be more read-
ily observed with 3D imaging techniques 
[17, 32]. It is noteworthy that knockout of 
caveolin-3 in mice results in abnormalities to the 
t-tubule network of isolated ventricular myocytes 
as well as the loss of cardiac muscle caveolae 
[33, 34]. Caveolae are dynamic structures that 
are likely to play important roles in mechano-
sensation and transduction and membrane traf-
ficking and repair [25, 35, 36]. As a form of 
lipid raft that concentrate proteins to a 
microdomain, caveolae play an important role in 
colocalising signalling molecules [25]. A plethora 
of proteins have been identified as caveolar 
cargoes and, due to spatial constraints, it is not 
feasible that these can all co-exist within the same 
caveola [37]. Yet little is known of the processes 
regulating the composition of caveolae, but it 
seems likely that there is heterogeneity in the 
composition of caveolae even within the same 
cell [25, 38]. Notable residents of cardiac 
caveolae include the LTCC α1-subunit, Cav1.2, 
β-adrenoceptors and elements of cyclic AMP sig-
nalling, the α-subunit of the voltage-gated Na+ 

channel, Nav1.5, the α1 and α2 catalytic subunits 
of the Na+-K+-ATPase (NKA) and the 
plasmalemmal Ca2+ ATPase (PMCA) [37, 39– 
43]. It is important to note that while caveolin-3 

has been suggested to interact with junctophilin-
2 and be involved in the assembly of the dyad 
[31, 44], caveolin-3 is not thought to be located to 
the dyad itself [21]. Thus, it is suggested that 
dyads and caveolae may represent separate 
pools of LTCC [45, 46]. The concept that 
caveolin-3 represents a scaffolding protein that 
tethers proteins to the caveola via a scaffolding 
domain has been largely discredited due to struc-
tural considerations for the putative caveolin 
binding domain of partner proteins [47, 48]. Nev-
ertheless, peptides based on the caveolin scaffold-
ing domain have been shown to interfere with 
caveolin-3 signalling [40, 49–51]. Mutations in 
caveolin-3 have been suggested to cause inherited 
cardiomyopathies and susceptibility to arrhyth-
mia (long QT syndrome 9), although the patho-
genic mechanisms remain unclear [52, 53]. 

15.2.3 Ankyrin B 

Ankyrin B, encoded by the ANK2 gene, is a 
cytoskeletal protein originally identified in the 
brain that attaches integral membrane proteins to 
the spectrin-actin cytoskeleton [54]. In cardiac 
myocytes, it colocalises NKA and NCX in the 
sarcolemma and IP3 receptors in the SR mem-
brane to a microdomain at the t-tubule 
[55]. Loss of function mutations in human 
ANK2 cause the arrhythmogenic ankyrin B 
syndromes associated with an increased risk of 
sudden cardiac death, which can manifest as sick 
sinus syndrome with bradycardia, atrial fibrilla-
tion and long QT syndrome (sometimes referred 
to as LQT4) [56–58]. Disruption of the ankyrin B 
microdomain is suggested to cause an increase in 
the cytosolic [Na+ ]i sensed by NCX, resulting in 
reduced Ca2+ extrusion/increased Ca2+ influx and 
increased frequency of Ca2+ sparks and waves 
and this may be an important pathogenic mecha-
nism in ankyrin B syndrome [59]. While cardiac 
caveolae are enriched in NKA subunits, ankyrin 
B does not appear to be a caveolar protein, and it 
is unclear whether the Na+ /K+-ATPase exists in 
multiple membrane domains within the 
t-tubule [37].
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15.2.4 Detubulation 

While high- and super-resolution imaging 
techniques provide important data regarding the 
localisation of proteins and the structures of 
microdomains within the t-tubules, they do not 
provide information about protein function, 
which depends on membrane insertion, the local 
environment and the presence and activity of 
accessory and regulatory proteins. A number of 
approaches to disrupt t-tubules have been tried to 
investigate their functional contribution. For 
example, treatment with methyl-β-cyclodextrin 
(MBCD) to remove cholesterol from the sarco-
lemma has been suggested to reduce the structural 
integrity of t-tubules in cardiac myocytes 
[60]. However, using conditions shown to reduce 
membrane cholesterol and disrupt caveolae 
[37, 40, 61, 62], others have reported that the 
integrity of the t-tubule network was maintained 
following treatment with MBCD [63, 64]. The 
reason for the differences between the studies 
remains unclear, but it can be concluded that 
cholesterol depletion does not afford a reliable 
approach to disrupt the t-tubule network. The 
t-tubule network has been shown to be gradually 
lost from isolated myocytes maintained in short-
term culture, together with changes in membrane 
currents and their regulation [65–69]. This phe-
nomenon provides a valuable system to examine 
the mechanisms of t-tubule remodelling and 
stabilisation (e.g. [31, 44].). However, as it is 
unclear whether the loss of function seen in 
short-term culture is due to the loss of t-tubules 
per se or other aspects of de-differentiation in 
culture, a more direct experimental approach for 
the removal of the t-tubules was desirable. 

The detubulation technique, developed more 
than two decades ago by Orchard and colleagues, 
physically and functionally uncouples the 
t-tubules from the surface sarcolemma using 
formamide-induced osmotic shock [70]. The 
t-tubule membranes remain intact within the 
cell, disconnected from the surface sarcolemma 
[71, 72]. The technique has thereby provided 
insight into the distribution of protein function 
between the surface and t-tubule membranes 

[14, 70, 71]. The loss of cell capacitance and 
membrane currents following detubulation 
enables the fraction of the cell membrane and 
the density of membrane currents in the t-tubules 
and surface sarcolemma to be calculated. For 
non-electrogenic transporters, the change in rela-
tive flux across the membrane on detubulation 
provides evidence for the distribution of transport 
between the surface sarcolemma and t-tubules 
(e.g. [73, 74].). The technique was developed in 
rat ventricular myocytes but has been applied to 
myocytes from a range of species including, for 
example, guinea pigs [73], mice [69, 75, 76] and 
rabbits [77], and has provided considerable 
insight into the distribution of ion flux pathways 
in the cardiac sarcolemma. Table 15.1 shows 
examples of the distribution of activities of key 
channels and transporters in isolated ventricular 
myocytes that have been obtained using the 
detubulation technique. 

The concentration of certain transporters and 
channels to the t-tubule membrane means that ion 
flux occurs into and out of a restricted diffusion 
space. Moreover, proteins in the t-tubule mem-
brane are often regulated differently from those in 
the surface sarcolemma. As we shall see in the 
remainder of this chapter, these considerations 
have important implications in the response of 
cardiac muscle to inotropic interventions. 

15.3 Action Potentials and EC 
Coupling 

Detubulation effectively prevents propagation of 
the AP through the cell [72], resulting in the 
uncoupling of the RyR in jSR in the transverse 
and axial tubules from excitation in the sarco-
lemma so that the synchronous release of Ca2+ 

is lost [71, 83]. Thus, in detubulated cells, Ca2+ 

release is initiated from junctions at the surface 
sarcolemma and CICR proceeds as a propagating 
wave towards the cell centre [71, 83]. In compar-
ison to intact myocytes, the time-to-peak of the 
whole cell Ca2+ transient is thereby delayed in 
detubulated cells [71, 83]. In multicellular 
preparations, the loss of t-tubules results in slower 
kinetics of force generation and reduces the



ventricular myocytes

energy efficiency of contraction [84, 85]. In 
isolated myocytes maintained in culture, the par-
tial loss of t-tubules is associated with a loss of 
synchrony in Ca2+ release reminiscent of the 
effects of t-tubule remodelling in heart 
failure [68]. 
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Table 15.1 Distribution between the t-tubules and surface sarcolemma of the key current and transporter activities in 

Transporter/Current Percentage in t-tubules Species References 

ICa 80 Rat [78] 
71 Mouse [79] 

INa,c 22 Rat [80] 
INa,n 80 Rat [80] 
INCX 63 Rat [81] 

25 Mouse [79] 
INaK 59 Rat [81] 

41 Mouse [75] 
NHE 0 Rat [73] 

0 Guinea pig [73] 
NBC 43* Rat [73] 
PMCA 100 Rat [74] 
Ito 29 Rat [82] 
Iss 71 Rat [82] 
IK 27 Rat [82] 
IK1 26 Rat [82] 

Transverse tubules typically represent ~30% of the cell membrane. Thus, percentage activity >30% indicates that 
function is relatively concentrated to the t-tubules. ICa—L-type Ca2+ current, INa,c—cardiac-type voltage-dependent Na+ 

current, INa,n—neuronal-type voltage-dependent Na+ current, INCX—Na+ /Ca2+ exchange current, INaK—Na+ /K+-ATPase 
current, NHE—Na+ /H+ exchange, NBC—Na+-HCO3

- cotransporters, PMCA—plasmalemmal (sarcolemmal) Ca2+ 

ATPase, Ito—transient outward current, Iss—steady-state outward current, IK—delayed rectifier current and IK1—inward 
rectifier current. *This is an upper estimate taken from the text of Garciarena et al. [73] 

The L-type Ca2+ current (ICa) flows predomi-
nantly, although not exclusively, across the 
t-tubule membrane (Table 15.1), consistent with 
the concentration of LTCC to the dyads. There 
was no significant difference in the gain of EC 
coupling between intact and detubulated cells, 
indicating that ICa is equally effective in inducing 
SR Ca2+ release at the surface sarcolemma as at 
the t-tubule membrane [78]. It has been calculated 
from electron microscopy data and recordings of 
ICa in intact and detubulated myocytes that the 
numbers of LTCC per junction complex (~35) are 
the same at the surface membrane as at the 
t-tubule [15, 86, 87]. As Ca2+ is a charge carrier, 
ICa is important in establishing AP duration 
(APD). In consequence, detubulation results in 
considerable shortening of APD, notwithstanding 
the concomitant loss of (predominantly 

K+-selective) steady-state current (Table 15.1) 
[82, 87, 88]. On the other hand, detubulation 
had no effect on the resting membrane potential 
or AP amplitude [87]. The predominant Na+ 

channel α1-subunit in cardiac myocytes, Nav1.5, 
underlies a current (INa,c) that is relatively insen-
sitive to tetrodotoxin (TTX). INa,c is compara-
tively uniformly distributed between the 
t-tubules and surface sarcolemma (Table 15.1, 
[80]), consistent with the targeting of Nav1.5 to 
domains at the intercalated disks and dystrophin-
glycoprotein complex [89]. However, neuronal-
type Na+ channels (e.g. Nav1.1–4 and Nav1.6), 
distinguished by their greater sensitivity to TTX, 
also contribute to whole cell INa in cardiac 
myocytes, underlying a current (INa,n) that is rela-
tively concentrated to the t-tubules (Table 15.1, 
[80, 90]). The physiological significance of the 
localisation of Na+ channels to the t-tubules is not 
obvious. While it has been suggested that 
neuronal-type Na+ channels might contribute to 
effective excitation of the t-tubule [91], from the-
oretical considerations, it is not necessary for Na+ 

channels to be present in the t-tubule membrane



for the depolarisation of the t-tubules during the 
AP [92]. 
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15.4 Na+ Microdomains and Cardiac 
Glycosides 

Na+ entry early in the AP has been suggested to 
contribute to the efficiency of Ca2+ release 
through the priming of a microdomain sensed by 
NCX and RyR, although this idea remains con-
troversial [4]. The suggestion is that the localised 
increase in cytosolic [Na+ ]i results in Ca

2+ influx 
to the junction via reverse mode NCX during the 
AP overshoot; the consequent localised increase 
in [Ca2+ ]i primes the RyR for CICR triggered by 
the larger Ca2+ influx via the relatively slowly 
gating LTCC. However, the inhibition of INa,n 
with 200 nM TTX had no effect on the Ca2+ 

transient amplitude in rat ventricular myocytes, 
indicating that t-tubule neuronal Na+ channels 
were not required for normal EC coupling 
[80]. On the other hand, Na+ influx through neu-
ronal Na+ channels colocalised with RyR and 
NCX at the t-tubule has been suggested to con-
tribute to diastolic Ca2+ release in a mouse model 
of catecholaminergic polymorphic ventricular 
tachycardia (CPVT) [93]. The functional signifi-
cance of colocalization of Na+ transporters at the 
t-tubule has been illustrated by the arrhythmic 
syndrome associated with ankyrin B mutation 
[4, 54, 59]. In rat ventricular myocytes, the 
t-tubules are enriched in NCX current (INCX) 
[20, 81, 94, 95], consistent with the colocalization 
of NCX with dyads. In contrast, in mouse ven-
tricular myocytes INCX and NCX staining was 
greater in the surface sarcolemma than in the 
t-tubule membranes [79], suggesting the exis-
tence of species differences in the sarcolemmal 
localisation of NCX. Hysteresis in the relation-
ship between INCX and bulk cytosolic free [Ca

2+ ] 
recorded during the application of caffeine to 
unload the SR has been considered as evidence 
that NCX is sensitive to a Ca2+ microdomain 
controlled by RyR [96, 97]. Interestingly, while 
detubulation abolished such hysteresis in rat ven-
tricular myocytes, in mouse ventricular myocytes, 
the hysteresis remained intact following 

uncoupling of the t-tubules, further suggesting 
species differences in the colocalization of RyR 
and NCX [79, 95]. In quiescent rabbit ventricular 
myocytes, Ca2+ spark frequency was increased by 
inhibition of NCX or by detubulation, indicating 
a role for NCX at the t-tubule in controlling local 
[Ca2+ ]i at RyR during diastole [77]. In contrast, 
detubulation of rat ventricular myocytes reduced 
Ca2+ spark frequency, an observation also consis-
tent with a role for t-tubule NCX in the regulation 
of local [Ca2+ ]i at RyR, albeit with the direction of 
Ca2+ transport the reverse of that in rabbit ven-
tricular myocytes [83]. The higher resting cyto-
solic [Na+ ]i of rats in comparison to rabbit 
ventricular myocytes favours Ca2+ entry via 
reverse mode NCX at the resting membrane 
potential [5, 98]. 

The positive inotropic effect of inhibition of 
NKA, or Na+ pump, with cardiac glycosides 
(e.g. ouabain, strophanthidin) is well known and 
arises through effects on Ca2+ transport via NCX 
[99]. The t-tubules of both rat and mouse ventric-
ular myocytes are enriched in Na+ pump current 
(INaK), although the difference in INaK density 
between t-tubules and surface sarcolemma was 
less marked in the mouse in comparison to the 
rat [75, 81, 100]. Notably, there was a difference 
in localisation of the contribution of α1 and 
α2 NKA subunits to INaK in both rat and mouse 
ventricular myocytes: while the α1 subunit 
predominates in both surface sarcolemma and 
t-tubules, the majority of the α2 current is 
localised to the t-tubules [75, 100]. Although 
both α1 and α2 NKA subunits are present in the 
t-tubule, the α2 subunit has been suggested to play 
a particular role in controlling cytosolic [Na+ ] 
concentration in a microdomain sensed by NCX 
in proximity to RyR [4]. While the 
strophanthidin-induced change in bulk cytosolic 
[Na+ ]i was blunted in detubulated rat ventricular 
myocytes, consistent with the concentration of 
NKA to the t-tubules, the increase in amplitude 
of the Ca2+ transient was preserved, indicating 
that NCX in the surface sarcolemma contributes 
to the inotropic action of NKA inhibition 
[101]. Intriguingly, Na+ /H+ exchange (NHE) 
was found to be largely excluded from the 
t-tubules, while Na+-bicarbonate co-transporters



seemed to be relatively uniformly distributed in 
the sarcolemma [73]. The compartmentation of 
Na+ and H+ transporters in the sarcolemma is 
likely to be important in the regulation of cyto-
solic Ca2+ buffering [102]. 
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15.5 The Slow Force Response 

Myocardial stretch produces an increase in devel-
oped force that has two phases: The rapid 
response arises through changes in the sensitivity 
of the myofilaments to Ca2+ and is considered to 
underlie the Frank-Starling mechanism 
[103]. This is followed by a second phase, 
thought to underlie the Anrep effect, that takes 
several minutes to develop and involves an 
increase in the amplitude of the systolic Ca2+ 

transient [103]. A number of studies have 
implicated stretch-induced changes in cytosolic 
[Na+ ]i and changes to the driving force for 
NCX, often suggesting activation of NHE and 
an autocrine/paracrine signalling pathway involv-
ing angiotensin-II and endothelin-1 [103– 
105]. The slow force response in rat ventricular 
trabeculae has recently been shown to be 
abolished by detubulation, indicating that the 
t-tubules are essential for this response [85]. As 
NHE are excluded from the t-tubules, the study 
indicates that other pathways for stretch-mediated 
Na+ entry located in the t-tubules should be con-
sidered, such as stretch-sensitive TRPC channels 
[73, 104, 106]. 

15.6 Autoregulation 

Autoregulation refers to the interdependence of 
SR Ca2+ content, net sarcolemmal Ca2+ flux and 
SR Ca2+ release [1]. In the steady state, influx and 
efflux of Ca2+ over the cardiac cycle are equal and 
the systolic Ca2+ transient amplitude is relatively 
constant from beat to beat [1]. Imbalance in sar-
colemmal influx and efflux can occur only tran-
siently as these will result in a change in SR Ca2+ 

release and SR Ca2+ content so that, usually, a 
new steady state is established. Similarly, for a 
change to the systolic Ca2+ transient to be 

sustained, a change in sensitivity to trigger ICa 
of SR Ca2+ release must be matched by an 
increased SR Ca2+ uptake [1]. Given the role of 
the t-tubules in sarcolemmal Ca2+ fluxes and Ca2+ 

release, and that a significant proportion of 
SERCA are localised to the jSR in relative prox-
imity to the t-tubules [107, 108], it might be 
anticipated that the t-tubules play a significant 
role in autoregulation and SR Ca2+ uptake. 

Uncoupling of the t-tubules from the surface 
sarcolemma in cells from both rat and mouse 
ventricular myocytes significantly slowed the 
recovery of the Ca2+ transient during successive 
stimuli following caffeine-induced depletion of 
the SR, consistent with the t-tubules carrying the 
majority of Ca2+ influx [79, 83], although 
detubulation had no effect on the steady-state 
SR Ca2+ content in cells from either species 
[79, 94, 109]. The slowing of SR reloading fol-
lowing caffeine-induced depletion is not as 
marked as might be expected from the observed 
decrease in peak ICa. The inactivation of ICa was 
slower in detubulated cells relative to control, 
indicating faster inactivation of LTCC in the 
t-tubule membrane relative to LTCC in the sur-
face sarcolemma [78]. As a result, while the sur-
face membrane accounts for only 20% of peak ICa 
recorded using conventional rectangular-shaped 
depolarising pulses (Table 15.1), Ca2+ entry 
across the surface sarcolemma represents ~32% 
of the total Ca2+ entry recorded in voltage-clamp 
experiments using action potential waveforms 
(i.e. 1.4 μmol/l cytosol volume at the surface vs 
3.0 μmol/l cytosol volume at the t-tubule mem-
brane) [78, 87, 110, 111]. Normalising to junc-
tional area shows relatively greater Ca2+ entry per 
μm2 of the junctional membrane at the cell sur-
face (1.43 nmol/l cytosol/μm2 ) compared with the 
junctional membrane at the t-tubule (1.06 nmol/l 
cytosol/μm2 ) [87]. In contrast, detubulation of 
mouse ventricular myocytes had little effect on 
changes to the influx-to-efflux ratio following the 
sensitisation of SR Ca2+ release to trigger Ca2+ 

using a low concentration (200 μM) of caffeine, 
possibly reflecting the lack of concentration of 
NCX to the t-tubules in this species [79]. 

It is also worth noting that the contribution of 
the plasmalemmal Ca2+ ATPase (PMCA) to Ca2+



extrusion is completely lost in detubulated cells 
(Table 15.1, [74]). While the PMCA makes little 
contribution to Ca2+ flux balance on a beat-to-
beat basis, it seems highly likely that it plays an 
important role in the longer term regulation of 
cellular Ca2+ load and diastolic [Ca2+ ]i 
[1]. There is evidence of a role for the SR in 
controlling longer term cellular Ca2+ load through 
store-operated Ca2+ entry, although there is much 
controversy in this area [1, 112]. Store-operated 
Ca2+ entry (SOCE) is a ubiquitous mechanism by 
which Ca2+ depletion of the endoplasmic reticu-
lum/SR (ER/SR) triggers Ca2+ entry via non-
voltage-gated channels in the plasmalemma/sar-
colemma. SOCE involves a protein known as 
stromal interaction molecule 1 (STIM1), which 
is a single membrane pass molecule that resides in 
the ER/SR membrane, sensing luminal [Ca2+ ]SR 
and activating Ca2+ entry via plasmalemmal 
channels, particularly Orai channels although 
TRPC non-selective cation channels may also be 
regulated by STIM1, when the ER/SR is depleted 
[112]. Although SOCE can be observed in neo-
natal cardiac myocytes, which lack a fully devel-
oped t-tubule system, there is no consensus as to 
whether it exists in adult myocytes [1, 112]. It is 
worth noting that STIM1 is generally localised to 
the z-lines, so that it seems likely to interact with 
the t-tubule membrane when present in adult 
myocytes [112]. As SOCE has been suggested 
to be important to the development of cardiac 
hypertrophy and myopathy, it is tempting to spec-
ulate that STIM1 is part of the suite of genes 
expressed early in cardiac development that are 
recruited in hypertrophy [1, 112]. In any case, the 
close juxtaposition between the t-tubules and SR 
implicates a role for the t-tubules in controlling 
longer term cellular Ca2+ load, whether this be via 
SOCE per se or by adjustment of the Ca2+ flux 
balance via other channels and transporters of the 
sarcolemma. 
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15.7 Stimulation Frequency 

It has long been recognised that stimulation fre-
quency has a profound effect on the force of 
contraction [113]. Over the physiological range, 

force generally increases at a higher frequency, 
although the mechanisms are complex. The force-
frequency relation reflects the balance of positive 
and negative inotropic effects of shortening the 
cycle length, and these are mediated through 
effects on the systolic Ca2+ transient [113]. Posi-
tive inotropic effects include greater SR Ca2+ 

loading through increased net Ca2+ and Na+ 

influx due to the greater frequency of APs. As 
interventions that inhibit Na+ entry, such as TTX 
treatment, inhibit the positive inotropic effect, the 
net accumulation of intracellular Na+ is likely to 
be of particular importance to the force-frequency 
response [114–117]. The change in driving force 
for Ca2+ transport via NCX, together with the 
shortened diastolic interval, results in reduced 
Ca2+ extrusion from the cell [116, 117]. The 
frequency-dependent facilitation of ICa and SR 
Ca2+ uptake by SERCA is also likely to contrib-
ute to the positive inotropic effects 
[118, 119]. Negative inotropic effects result 
from the filling kinetics of the SR, refractoriness 
of the release process itself, the Ca2+-dependent 
inactivation of ICa and APD shortening 
[113, 120]. 

The positive force-frequency relations of rat 
ventricular myocytes and right ventricular 
trabeculae were flattened or made negative fol-
lowing detubulation, indicating a particular role 
for the t-tubules in the positive inotropic effects of 
increasing stimulation frequency [84, 101]. How-
ever, the increase in [Na+ ]i at higher stimulation 
rates was not significantly altered by detubulation 
[101]. There are at least three mechanisms by 
which t-tubules contributed to the positive inotro-
pic effect of increasing pacing rate in these stud-
ies: (1) NCX, which translates the increase in 
[Na+ ]i to a change in cellular Ca

2+ load is located 
predominantly to the t-tubule. (2) ICa is also 
located predominantly in the t-tubule. While 
Ca2+ influx would be smaller in detubulated 
cells, the net influx per unit time would still be 
increased at higher rates. However, frequency-
dependent facilitation of ICa occurs exclusively 
at the t-tubule so that this positive inotropic effect 
will be lost in detubulated cells 
[121]. (3) Modelling suggests that Ca2+ influx 
across the t-tubule membrane (predominantly



via ICa) is greater than Ca
2+ efflux (predominantly 

via NCX) so that there is a net loss of Ca2+ entry 
on detubulation. Thus, in detubulated cells, the 
negative inotropic effects of increased pacing rate 
may predominate over the positive inotropic 
effects. The modelling approach also suggests 
that [Ca2+ ] within the t-tubule lumen may be 
decreased below that of the bulk extracellular 
solution at high stimulation frequencies, an effect 
that would limit the increase in Ca2+ load and 
protect against pro-arrhythmic activity at high 
rates [122, 123]. 
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15.8 β-Adrenoceptor Stimulation 

β-Adrenergic stimulation of ventricular muscle 
results in an increase in the amplitude and an 
abbreviation of the time course of the systolic 
Ca2+ transient [1]. The response involves β1-
and β2-adrenoceptors, their selective stimulation 
producing distinct physiological responses 
although both receptor subtypes are Gs-protein 
coupled and their inotropic effects are predomi-
nantly mediated via the second messenger, cyclic 
AMP [124]. β1-adrenoceptor stimulation 
produces a robust inotropic and lusitropic 
response, mediated largely by activation of pro-
tein kinase A (PKA) but also involving the Ca2+-
calmodulin-dependent kinase II (CaMKII) 
[124, 125]. The major Ca2+ flux pathways, 
LTCC, RyR and SERCA/PLB, are regulated via 
these two kinases following β1-adrenoceptor acti-
vation, flux balance being required for the inotro-
pic action of β-adrenergic stimulation to be 
sustained [1]. Note that while NCX may be 
phosphorylated at consensus sites for PKA, INCX 
is not regulated directly by β-adrenoceptor stimu-
lation [126–128]. In contrast to β1-adrenoceptor 
stimulation, the selective stimulation of β2-
adrenoceptors is less effective in producing posi-
tive inotropy, does not have a lusitropic effect and 
does not increase phosphorylation of PLB 
[129]. The β-adrenoceptor-subtype-specific ino-
tropic and lusitropic effects are generally consid-
ered to arise largely from the compartmentation 
of cyclic AMP signalling [124, 125]. Whole-cell 
recordings from frog ventricular myocytes (that 

lack t-tubules) provided early evidence of the 
importance of compartmentation of cyclic AMP 
signalling in the regulation of ICa [130]. It was 
subsequently demonstrated in rat ventricular 
myocytes that the β1-adrenoceptor regulation of 
ICa is via a cytosolic diffusive pathway, whereas 
the β2-adrenoceptor regulation of ICa is localised 
to the cell membrane [131]. Fluorescent 
biosensors reporting cyclic AMP levels in distinct 
cellular compartments have provided important 
evidence regarding the compartmentation of 
cyclic AMP signalling in cardiac myocytes 
[124, 125, 132]. 

In mammalian ventricular myocytes, the 
t-tubules play an important role in the compart-
mentation of β-adrenoceptor signalling. 
Detubulation reduced the effectiveness of the 
non-selective β-adrenoceptor agonist, isoprena-
line (isoproterenol, ISO) in increasing ICa, 
suggesting that LTCC were better coupled to 
β-adrenoceptors at the t-tubules than at the sur-
face membrane [109]. Interestingly, the phos-
phorylation of PLB was not affected by 
detubulation [109]. The preferential regulation 
of LTCC at the t-tubule extended to the constitu-
tive regulation by PKA and CaMKII as the inhi-
bition of baseline ICa by, respectively, H-89 and 
KN-93 were markedly reduced in detubulated 
cells [133]. The effects of H-89 and KN-93 on 
the Ca2+ transient were also lost in detubulated 
cells [133]. The constitutive regulation of ICa at 
the t-tubule in rat ventricular myocytes involved 
caveolin-3 as treatment with a membrane-
permeant peptide based on the caveolin-3 scaf-
folding domain (C3SD) inhibited ICa in intact but 
not in detubulated cells [29]. The localised regu-
lation at the t-tubule by caveolin-3 required PKA 
as (1) the inhibitory effect of H-89 on rat ventric-
ular myocyte ICa was significantly attenuated by 
treatment with the C3SD peptide, (2) treatment 
with the C3SD peptide reduced the fluorescence 
signal specific for phosphorylated LTCC at the 
t-tubule in untreated cells but not in cells treated 
with H-89, and (3) treatment with C3SD did not 
reduce ICa density in H-89-treated cells [29]. The 
β2-adrenoceptor-mediated response of ICa to 
zinterol, which was confined to the t-tubules 
[134], was also effectively abolished by treatment



with the C3SD peptide [29]. The suggestion that 
caveolin-3 is involved in the localised regulation 
of ICa by PKA and β2-adrenoceptors at the 
t-tubules is supported by evidence from other 
approaches. For example, a role for caveolin-3 
in the co-ordination of a caveolar signalling com-
plex involving LTCC, PKA, adenylyl cyclase and 
the β2-adrenoceptor in adult mouse and canine 
ventricular myocytes was suggested from data 
obtained using a combination of biochemical 
fractionation, electrophysiological recording and 
immuno-fluorescence imaging techniques 
[39]. Moreover, Gorelik and co-workers, using a 
combination of FRET-based probes for cyclic 
AMP and the scanning ion conductance micros-
copy system, elegantly demonstrated that cyclic 
AMP responses to β2-adrenoceptor stimulation 
were localised to the t-tubules whereas β1-
adrenoceptor responses could be elicited both at 
the t-tubules and elsewhere on the cell surface 
[8, 124, 135]. 
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Studies using mice with global knockout 
(KO) of the caveolin-3 gene in comparison with 
wild-type (WT) mice provide further evidence of 
a role for caveolin-3 in t-tubule ICa 
[33, 136]. Knockout of caveolin-3 had no effect 
on LTCC protein expression on Western blot 
[33]. However, while ICa density (current 
normalised to capacitance as an index of mem-
brane surface area) at the surface membrane was 
not different between WT and caveolin-3 KO 
myocytes, ICa density in the t-tubule was mark-
edly lower in myocytes from KO hearts than in 
WT cells [33]. Whole-cell ICa density in ventricu-
lar myocytes from WT mice was reduced by 
treatment with the C3SD peptide, but the peptide 
had no effect in myocytes from KO mice, 
indicating that the inhibitory action of the peptide 
was specific to caveolin-3 [33, 136]. Baseline ICa 
density was inhibited by H-89 at the surface and 
t-tubule membranes in both WT and KO 
myocytes, indicating that caveolin-3 was not 
essential for regulating LTCC by constitutive 
PKA in mouse ventricular myocytes [33]. More-
over, the difference in t-tubule ICa density 
between KO and WT myocytes was preserved 
in cells treated with H-89, indicating the existence 
of mechanisms independent of PKA in regulating 

t-tubule LTCC by caveolin-3 [33]. The targeting 
of an LTCC-blocking Rem protein to caveolar 
microdomains has led to the suggestion that 
caveolar ICa does not contribute to contractility, 
although hypertrophic signalling to the nucleus 
was inhibited by the targeting of LTCC in 
caveolae [46]. The finding that Ca2+ release was 
maintained in caveolin-3 knockout myocytes, 
despite the reduction in t-tubular ICa density, 
appears consistent with this suggestion [33]. It 
has been suggested that functional redundancy 
in t-tubule ICa in triggering Ca

2+ release could 
account for the lack of effect of caveolin-3 knock-
out on the Ca2+ transient [33, 137]. On the other 
hand, the delay in the onset of Ca2+ release at the 
t-tubule following treatment of control myocytes 
with the C3SD peptide is consistent with a role 
for caveolin-3-regulated LTCC in EC coupling 
[136]. Although caveolin-3 is not thought to be 
present in the dyad itself [21], presumably, it is 
sufficiently close to control signalling in a 
microdomain comprising junctional LTCC. 

15.9 Heart Failure 

Myocytes from failing hearts exhibit a reduction 
in the amplitude of the systolic Ca2+ transient, 
dis-synchrony and slowing in the onset of Ca2+ 

release, slowing in the recovery phase of the Ca2+ 

transient, increased diastolic Ca2+ leak from the 
SR and a reduced SR Ca2+ content [1, 138]. This 
dysfunction reflects changes to some of the key 
Ca2+ flux pathways in heart failure, including 
reduced SERCA activity and expression, 
increased RyR opening probability and increases 
in NCX expression [1, 138]. Abnormalities in 
dyadic structure and extensive remodelling of 
the t-tubule network are important contributors 
to the pathology [1, 2], and these are considered 
in greater detail in Chap. 16 by Rog-Zielinska. 
The remainder of this chapter will consider evi-
dence from recent studies that employed the 
detubulation technique to produce evidence of 
the redistribution of ICa in the sarcolemma and 
regulation by caveolin-3 in hypertrophy, ageing 
and heart failure.
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Surgical ligation of the left anterior descending 
coronary artery (CAL) in rats has been shown by 
Lyon and colleagues to result in chronic heart 
failure 16 weeks post-surgery, with CAL hearts 
showing hypertrophy, left ventricular dilatation, 
and both systolic and diastolic dysfunction com-
pared with heart from Sham-operated controls 
(Sham) [139]. Myocytes from CAL hearts were 
hypertrophied relative to Sham cells and imaging 
of di-8-ANEPPS-stained cells showed significant 
t-tubule remodelling, with a loss of transverse 
elements, consistent with the previous report of 
Lyon et al. [139, 140]. While there was no change 
in RyR staining at the z-lines, the Ca2+ transient 
amplitude was reduced, there was a slowing in the 
peak of the transient and this was associated with 
increased latency and heterogeneity in Ca2+ 

release at the t-tubule [140]. Although there was 
no difference in total whole-cell ICa density in 
CAL compared with Sham myocytes, 
detubulation revealed that ICa density was 
reduced in the t-tubule and increased in the sur-
face membrane of CAL myocytes, indicating an 
effective redistribution of ICa from the t-tubule to 
surface sarcolemma in failing cells [140]. It seems 
likely that the reduction in t-tubule ICa contributed 
to the effects of CAL on local Ca2+ release, as 
these could be mimicked by the treatment of 
control cells with the LTCC blocker nifedipine 
at a concentration (200 nM) sufficient to reduce 
t-tubule ICa density to the level seen in CAL cells 
[140]. NCX function was also redistributed from 
the t-tubule to the surface sarcolemma in failing 
cells from this model [95]. Notably, hysteresis in 
the relationship between cytosolic free [Ca2+ ]i 
and INCX density during the recovery from 
caffeine-induced unloading of the SR in 
detubulated CAL myocytes indicated coupling 
between NCX and RyR at the surface sarco-
lemma in failing cells that was not evident in 
Sham myocytes [95]. 

The inhibitory action of treatment with the 
C3SD peptide on ICa density was lost in CAL 
myocytes, indicating a loss of the localised 
PKA-dependent regulation of ICa at the t-tubule 
by caveolin-3 [134]. In addition, the response of 
ICa to zinterol, which was confined to the 
t-tubules in normal myocytes, could be elicited 

in both intact and detubulated CAL myocytes 
[134], consistent with a loss of localisation of 
signalling to the t-tubule by caveolin-3 and the 
redistribution β2-adrenoceptors to the surface 
membrane in heart failure [8, 124]. The loss of 
caveolin-3-dependent regulation at the t-tubule in 
CAL myocytes was associated with a greater 
fractional decrease in t-tubule ICa density on treat-
ment with H-89 in CAL myocytes than in Sham 
myocytes, consistent with the idea that caveolin-3 
serves to localise and inhibit cyclic AMP signal-
ling [25, 134, 140]. The reduction of t-tubular ICa 
in ventricular myocytes from young adult mice 
(3 month old) with cardiac-specific transgenic 
overexpression of caveolin-3 (Cav-3OE) com-
pared with cells from age-matched WT hearts 
was consistent with the inhibitory action of 
caveolin-3 at the t-tubule [30]. Taken together, 
these data suggest a role for caveolin-3 in the 
localisation of cyclic AMP/PKA/β2-adrenoceptor 
signalling to LTCC at the t-tubule in normal 
myocytes (Fig. 15.1). 

In heart failure, ICa and β2-adrenoceptors were 
redistributed to the surface sarcolemma and the 
localised regulation by caveolin-3 is lost. While 
the mechanisms underlying this redistribution 
remain unclear, presumably, the repartitioning of 
caveolin-3 to noncholesterol-rich membranes in 
heart failure leads to a loss of caveolin-3 from the 
t-tubules [141]. ICa density at the t-tubule was also 
shown to be reduced with ageing and in a pressure 
overload model of hypertrophy/heart failure 
(transverse aortic constriction or TAC) in mice 
[30, 136]. The reduction of t-tubular ICa with both 
ageing and heart failure was associated with 
reduced expression of caveolin-3 and a loss of 
sensitivity to the C3SD peptide, consistent with 
the suggestion that the loss of t-tubular ICa was 
attributable to the loss of caveolin-3-dependent 
regulation of ICa [30, 136]. Further evidence 
supporting this contention comes from the trans-
genic Cav3OE mice, which were protected 
against the loss of t-tubular ICa with age and 
TAC-induced heart failure [30, 142]. On the 
other hand, the transgenic overexpression of 
caveolin-3 did not prevent the loss of t-tubules 
and their remodelling with age and heart failure 
[30, 142].
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Fig. 15.1 A schematic summarizing the redistribution of 
INCX, ICa and its regulation by β2-adrenoceptors and 
caveolin-3 (Cav-3) in normal and in failing rat ventricular 
myocytes. (a) INCX and regulation of ICa in normal cardiac 
myocytes. NCX and LTCC density is greatest in the 
t-tubules, where Cav-3 co-ordinates a signalling domain 
involving β2-adrenoceptors (β2AR), adenylyl cyclase 
(Ad Cyc), PKA and the LTCC α1c-subunit, Cav1.2. 
β2AR coupled with LTCC are located exclusively in the 
t-tubules. Ad Cyc, PKA and Cav1.2 are also located out-
side of Cav-3 signaling domains, both within and without 

t-tubules. Activation of Ad Cyc, either via β2AR or 
directly, augments LTCC activity through production of 
cAMP. Note that INCX is not regulated by β2-
adrenoceptors, cAMP or PKA. (b) Remodelling of INCX 
and ICa regulation in heart failure. The Cav-3 signalling 
complex is disrupted. β2AR are located both within the 
t-tubules and on the surface sarcolemma. NCX and LTCC 
density are more evenly distributed between t-tubules and 
surface sarcolemma. The role of Cav-3 in the regulation of 
ICa is lost in heart failure. Adapted from Bryant et al. [134]
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15.10 Conclusions 

The use of the formamide-induced detubulation 
technique has provided considerable insight into 
the function of t-tubules and continues to be a 
useful tool in the armoury of the cardiac cellular 
biologist. 
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Structure of Transverse (T)-Tubules 16 
Eva A. Rog-Zielinska 

Abstract 

Transverse (t)-tubules are deep surface mem-
brane invaginations present in mammalian 
striated muscle cells, including 
cardiomyocytes (ventricular and, to a lesser 
extent, atrial). T-tubules allow for close struc-
tural and functional coupling of sarcolemma 
and intracellular compartments, enabling rapid 
and synchronised excitation–contraction cou-
pling within each muscle cell and— 
ultimately—uniform and efficient contraction 
of the whole heart. While continuous with the 
sarcolemma, t-tubules are structurally and 
functionally distinct domains whose luminal 
content, protein composition and lipid compo-
sition are tightly regulated. Furthermore, heart 
failure, even of distinct aetiologies, is com-
monly associated with adverse t-tubule 
remodelling. In this chapter, the structure of 
t-tubules in the healthy and diseased heart, 
new insights from current research concerning 
t-tubule remodelling as a therapeutic target in 
heart failure and, finally, pitfalls commonly 
encountered when conducting investigations 
into t-tubule structure will be discussed. 
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16.1 Structure of Cardiac T-Tubules 
in a Healthy Heart 

16.1.1 T-Tubules Link Cardiac Electrics 
and Mechanics 

Heart function depends on the coordinated acti-
vation of billions of cardiomyocytes. Each indi-
vidual working cardiomyocyte in turn requires 
near-synchronous activation of its contractile 
units. Intracellular membrane systems play a cru-
cial role in the generation of the externally 
homogenous activity of individual cells 
[1]. T-tubules form an elaborate, highly polymor-
phic network of deep tubular invaginations 
(with diameters ranging between 50 and 
600 nm) of the sarcolemma, and are present 
throughout the entire cardiomyocyte body 
(Fig. 16.1a, b). T-tubules are electrically continu-
ous with the ‘surface’ sarcolemma and enable 
close structural coupling of the plasma membrane 
with the intracellular calcium stores in the sarco-
plasmic reticulum (SR; Fig. 16.1c) [2–4]. Close 
physical coupling of t-tubules and SR allows the 
action potential-triggered transmembrane influx 
of calcium to reach the SR rapidly, triggering

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_16&domain=pdf
mailto:eva.rog-zielinska@uniklinik-freiburg.de
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much larger SR calcium release and— 
ultimately—uniform and efficient contraction 
[1]. This mechanism is further described in detail 
in Chap. 15 by James and Orchard. The presence 
of t-tubules ensures that no part of the healthy 
cardiomyocyte interior (except for nuclear con-
tent) is further than ~1 μm away from the 
sarcolemma. 
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Historically, the finding that external mem-
brane tubules extend deep into the centre of 
cardiomyocytes helped to explain how electri-
cal excitation is able to travel through the 
cardiomyocyte much faster than would be possi-
ble based on diffusion alone—with the existence 
of t-tubules hypothesised long before their first 
demonstration [5, 6]. 

While the luminal content of the t-tubular sys-
tem is extracellular, t-tubules are very much a part 
of the interior of the cell. This structural duality of 
t-tubules makes them a fascinating, yet challeng-
ing, research target. 

16.1.2 Formation of T-Tubules 

T-tubules are largely absent during embryonic 
development. The initial stages of the formation 
of t-tubules have been reported to involve the 
appearance and proliferation of initially short, 
curved membrane invaginations at the cell 
periphery [7, 8]. These primitive curved domains 
progressively fuse and extend towards the cell 
centre. The exact mechanisms and drivers of the 
progression of t-tubule formation (addition of 
membrane and proteins, stabilisation of newly 
formed elements) are still unclear [9]. Plausibly, 
t-tubule growth may be driven at least partially by 
motor proteins, cytoskeletal activity, or recruit-
ment of membrane proteins that respond to and 
regulate membrane curvature [10]. T-tubule bio-
genesis is concurrent with the maturation of SR 
and contractile elements, and the three processes 
are thought to be spatially and temporally linked. 
T-tubules continue to develop after birth, and in 
most mammals they achieve their ‘adult’ appear-
ance within the first few weeks after birth. 

Major proteins shown to be involved in the 
biogenesis of t-tubules are caveolin-3 (Cav-3, 
contributing to the initial formation of highly 

curved domains), bridging-integrator-1 (Bin-1, 
aiding tubulation) and dysferlin (Dysf, involved 
in membrane maintenance and repair) [11–14]. A 
further broad repertoire of proteins is involved in 
the subsequent establishment of the coupling to 
SR, recruitment of channels, as well as in docking 
of t-tubules to neighbouring organelles such as 
sarcomeres [15] and—potentially— 
mitochondria [16]. 

Biogenesis and maintenance of t-tubules are 
highly regulated and dynamic processes, and 
t-tubules are susceptible to physiological and path-
ological changes in their mechanical, biochemical, 
and electrical environment. A comprehensive 
understanding of t-tubule formation is important 
not only for basic research, but also in the area of 
translational medicine. An example is the develop-
ment of stem cell-derived, cardiomyocyte-based 
in vitro models, long expected to advance the 
areas of personalised medicine and high-
throughput pharmacology. While indeed 
promising as a research tool, these models tend to 
suffer from an immature phenotype (including 
a lack of t-tubules), limiting translational utility. 
Recent studies have suggested that the formation 
of t-tubules can be triggered through genetic 
manipulation (targeting molecules involved in 
t-tubule biogenesis), as well as by careful and 
sustained hormonal, mechanical, and electrical 
stimulation [17, 18]. The appearance of t-tubules 
following these interventions, in turn, drives the 
establishment of mature and functional excitation– 
contraction coupling machinery. Such approaches 
have the potential to significantly advance the field 
of stem cell-based cardiac research towards trans-
lational relevance. Similar t-tubule ‘enhancing’ 
efforts have also been applied to failing hearts, 
aimed at restoring disturbed t-tubule networks 
and—consequently—calcium cycling and contrac-
tile function (see Sect. 16.2 below) [19]. 

16.1.3 Structural Properties 
of T-Tubules 

16.1.3.1 Network Topology 
The mature, healthy t-tubular system displays a 
high order of intrinsic spatial organisation—espe-
cially in terms of density, regularity, and



orientation of individual elements [20]. Depending 
on the species and developmental stage, t-tubules 
occupy 1–5% of the total cell volume and contain 
20–60% of the total sarcolemma (different 
estimates are probably due to species differences, as 
well as experimental differences) [2, 21, 22]. The 
t-tubule network displays a high degree of regular-
ity, with transverse elements spaced quite evenly 
and displaying a  ‘striation’-like appearance 
(in longitudinal view) [8, 23]. T-tubules and SR 
membranes approach each other within 10–20 nm, 
forming so-called dyads [24, 25]. The precise spa-
tial organisation of the dyad is essential for efficient 
calcium cycling, and its stability is regulated by 
specialised proteins, including junctophilin-
2 (Jph2) which is thought to ‘hold’ the two 

membranes closely together and aid in channel 
recruitment [26]. 
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Fig. 16.1 Complex t-tubular structure in healthy cells. (a) 
Murine single ventricular cardiomyocyte, imaged using a 
combination of brightfield and confocal microscopy; sur-
face and t-tubule membrane (red) visualised using a 
lipophilic membrane dye (di-8-ANEPPS). (b) 3D render-
ing of rabbit ventricular t-tubular system, segmented and 

skeletonised (inset) from confocal stacks of ventricular 
tissue; stained using wheat germ agglutinin to outline 
cell membranes. Image courtesy of Frédéric Sonak and 
Joachim Greiner; IEKM Freiburg. (c) Electron tomogra-
phy and 3D segmentation of a single t-tubule (green) and 
associated SR (yellow) in rabbit ventricular tissue 

While generally referred to as ‘t-tubules’,  this  
term is a misnomer, as the system—even under 
normal conditions—contains a significant propor-
tion of elements that are oriented either axially 
(longitudinally) or which run diagonally in relation 
to the long axis of the cell [4]. The two main differ-
ently oriented tubule populations (axial and trans-
versal) are believed to be structurally and 
functionally distinct (in terms of size, extent of 
coupling to SR, etc.) [27, 28]. The exact relevance 
of the presence of axial elements is not clear, but 
may include aiding in mechanical (providing 
‘spare’ membrane during stretch) or electrical 
(aiding calcium diffusion between neighbouring



t-tubules) integrity of cardiomyocytes. The pres-
ence and contribution of axial elements to 
excitation–contraction coupling changes with 
development and during pathological remodelling 
(see Sect. 16.2 below). 
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16.1.3.2 Individual T-Tubule Geometry 
The topology of individual t-tubule segments 
introduces an additional level of complexity to 
the network, as they are not simply straight 
cylinders of constant diameter, such as usually 
shown in textbook illustrations. Computer 
modelling studies strongly support the presence 
of frequent dilatations and constrictions along the 
t-tubules, which significantly affect their electri-
cal and diffusive properties [29]. 

The t-tubule membrane also contains numer-
ous spheroid domains of 50–100 nm diameter, 
displaying the characteristic ‘omega shape’ of 
caveolae often seen in the surface membrane 
[30]. Caveolae are estimated to occupy as much 
as 10% of the total t-tubule surface area [31]. The 
specific role of t-tubule caveolae (beyond 
compartmentalisation and signal transduction) is 
not clear; they may aid in buffering membrane 
tension through the provision of the spare mem-
brane (they get ‘flattened’ during stretch) [22, 30], 
and contribute to mechanosensing [32]. 

Finally, the t-tubule connections with the outer 
cell surface (‘mouth’ regions) have been reported 
to contain additional structural restrictions in cer-
tain species—for example, mouse t-tubule 
mouths form convoluted narrow spaces filled 
with dense matter, which appears to impede dif-
fusion between the t-tubule lumen and bulk extra-
cellular space [33]. 

In summary, t-tubule topology is complex and 
dynamic. The mechanisms governing t-tubule 
maintenance in the face of continuous beat-by-
beat deformation are poorly understood [22]. Sev-
eral studies have proposed that the stability of 
individual elements is aided by the presence of 
an inside and outside scaffold of various 
curvature-stabilising proteins, adhesion 
molecules, extracellular matrix components, 

glycocalyx, and coupling to membrane stores, 
cytoskeleton, and contractile lattice elements 
[34]. Exploration of which of these matter, and 
when and how they matter, will require ‘dynamic’ 
3D ultrastructural studies (see Sect. 16.3 below). 

16.1.3.3 Membrane Properties 
The passive electrical properties of t-tubule 
membranes are a subject of ongoing debate. Pre-
vious studies have estimated the electrical length 
constant of t-tubules (a reflection of the electrical 
propagation capabilities of passive conductors) to 
be ~200–300 μm, supporting the idea of reliable 
electrotonic conduction over distances exceeding 
the size of cardiac myocytes [35]. These values 
were, however, subsequently suggested to be up 
to an order of magnitude lower, in particular 
during electrical excitation, based on computa-
tional models that included t-tubule constrictions 
and a reduced membrane resistivity during the 
action potential [29]. 

The t-tubule membrane contains a host of 
voltage-, ligand-, and mechano-gated ion 
channels, as well as additional accessory proteins 
and receptors (e.g. β-adrenergic receptor) 
[36]. Most crucial for excitation–contraction cou-
pling are calcium, sodium and potassium 
channels, pumps and transporters—the distribu-
tion of which has been shown to be highly 
regulated and distinct between t-tubules and sur-
face sarcolemma. Previous immunohis-
tochemistry, electrophysiology, and membrane 
fractionation experiments have indicated that 
many currents important for excitation–contrac-
tion coupling are concentrated in t-tubules and, 
due to the unique microenvironment of the 
t-tubule lumen, are subject to potentially differen-
tial regulation by signalling molecules, mechani-
cal environment, and pathological remodelling 
[37]. For more in-depth information, see 
Chap. 15 by James and Orchard. 

Several studies have also shown t-tubule 
membranes to have a different lipid composition 
compared to surface sarcolemma, with t-tubules 
enriched in cholesterol and phospholipids such as



e

phosphatidylserine and sphingomyelin 
[38, 39]. This unique lipid fingerprint of t-tubules 
may aid in electrical and mechanical stability and 
plasticity of the membrane. 
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16.1.3.4 T-Tubule Content 
Another important structural property of t-tubules 
is their luminal content. While continuous with 
extracellular space, the t-tubule content exhibits 
unique characteristics in terms of composition 
(ions, nutrients, extracellular matrix proteins) 
and viscosity [40]. The mechanisms underlying 
such disparities between ‘bulk’ extracellular and 
t-tubule content are not well described. 

In addition to ‘free luminal content’, th  
t-tubule membrane is coated by glycocalyx (also 
referred to as basal lamina, and extending 
30–50 nm from the external membrane surface)— 
a ‘fuzzy’ matrix of surface glycoproteins and 
glycolipids. In addition to protecting the mem-
brane from damage, the glycocalyx is thought to 
trap and immobilise molecules and ions close to 
the surface, further shaping the t-tubule 
microenvironment [41]. 

16.1.4 Chamber Differences 

The extensive t-tubule network is an established 
feature of adult mammalian ventricular myocytes. 
In contrast, atrial cells were long believed to not 
contain t-tubules and rather rely on calcium diffu-
sion from the cell periphery to trigger SR calcium 
release following membrane depolarisation. This 
was assumed to be sufficiently fast, given the 
smaller diameter of atrial compared to ventricular 
myocytes [42]. More recently, owing to 
improvements in sample preparation and imag-
ing, atrial myocytes from many species have been 
reported to contain t-tubule networks, with the 
networks appearing to become increasingly com-
plex the larger the animal [43, 44]. 

The atrial t-tubule systems have been shown to 
contain a comparatively high proportion of axial 
tubules, and these axial elements have been 
shown to be major participants in excitation–con-
traction coupling, able to activate intracellular 
calcium release and sarcomeric contraction [27]. 

16.1.5 Species Differences 

The topology of the t-tubule system varies 
between species. In rodents, t-tubules form com-
plex, dense, branched meshes containing a high 
proportion of axial elements, whereas in larger 
animals (including humans), t-tubule networks 
appear less dense and more organised [2, 4, 45, 
46]. In addition, there are considerable 
differences in the diameter of individual elements 
between species—for example, rabbit t-tubules 
were shown to be approximately twice the size 
of mouse t-tubules [2]. Finally, the architecture of 
t-tubule mouth regions also displays species 
dependency, being heavily convoluted in mouse, 
yet fairly open and unobstructed in rat, rabbit, 
pig, and human [47]. The presence and structure 
of t-tubules in atrial cells also differ between 
species (discussed above). 

The underlying mechanisms and exact func-
tional consequences of the differences in the 
appearance of t-tubules between species are 
unknown. It has been proposed that the complex-
ity and density of the t-tubule system correlate 
with cell size (larger cells requiring more exten-
sive networks), or heart rate (the higher heart rate 
in smaller mammals requiring a different degree 
of ‘protection’ of t-tubule content from free extra-
cellular fluid). 

Significant species differences in t-tubule 
architecture highlight the importance of a careful 
choice of appropriate experimental models. Addi-
tionally, any experimental data concerning car-
diac function should be interpreted with an 
awareness of species differences in the structure 
of t-tubules. 

16.2 T-Tubules in Diseased Heart 

T-tubule network architecture is not static and can 
be modulated by multiple factors, including bio-
chemical (proteins, signalling molecules) and 
mechanical cues (cardiac workload, wall stress, 
changes in the extracellular matrix). 

Many studies to date, conducted across a wide 
range of species including human, have shown



various types of heart disease are associated with 
the pathological remodelling of t-tubules. Among 
others, multi-aetiology cardiomyopathies 
(dilated, ischaemic, hypertrophic, diabetic, 
arrhythmogenic, hypertensive [21, 48–50]), 
focal injuries (myocardial infarction [51]) and 
experimentally induced heart failure 
(e.g. transgenic animal models [52]) have all 
been shown to be closely associated with 
disruptions to the t-tubule network. 
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The most commonly seen pathological 
phenotypes are a decrease in t-tubule density, 
the disappearance of regularity with local loss of 
t-tubules, increases in tortuosity, changes in ori-
entation (from transverse to axial), dilation and 
sheet-like remodelling, decreased coupling to SR 
and sarcomeres, and increased collagen deposi-
tion within the t-tubule lumen [35, 40, 53– 
55]. Pathological remodelling of t-tubules is evi-
dent not only in ventricular pathologies but also 
in atrial cells, for example, in the course of atrial 
fibrillation and atrial overload [42, 56, 57]. 

Interestingly, t-tubule remodelling may pre-
cede disease progression towards detectable func-
tional impairment. Furthermore, deterioration in 
heart function, once apparent, is paralleled by 
further progressive t-tubule remodelling, which 
can spread from the initial area of injury to more 
remote tissue [58, 59] (see Fig. 16.2). All this 
suggests that t-tubule remodelling is not merely 
a secondary modification, but a potentially impor-
tant driver of heart disease, as well as the final 
common pathway in heart failure. 

A common feature of the development of heart 
failure is pathological hypertrophy that leads to 
maladaptive remodelling, including t-tubule loss. 
However, physiological hypertrophy (resulting, 
for example, from exercise or pregnancy) is not 
linked to t-tubule disruption [60]. Several 
hypotheses have been put forward regarding the 
significance of t-tubule remodelling during pro-
gression from adaptive to maladaptive hypertro-
phy, proposing that early changes in the t-tubule 
structure offer a compensatory mechanism that 
accelerates and/or synchronises excitation–con-
traction coupling in stressed cells (through an 
increased number of axial elements) and increases 
overall cell conductivity (through t-tubule 

pruning) [36]. The transition point between com-
pensatory and detrimental t-tubule remodelling is 
currently unknown. 

A causative influence of t-tubule loss on car-
diac dysfunction has been demonstrated in 
models of t-tubule removal [61]. Once apparent, 
pathological t-tubule remodelling has been 
associated with a host of adverse functional 
consequences, including loss of calcium transient 
synchronicity (delays and transient broadening) 
[62], aberrant membrane proteins function, SR 
dysfunction [53, 54], decreased contraction kinet-
ics, diminished cardiac output [63], and increased 
propensity for arrhythmogenesis [64]. 

T-tubule remodelling, consistently seen in 
heart failure, highlights t-tubules as an extremely 
attractive therapeutic target. T-tubule structure in 
failing hearts has been shown to be improved 
upon resynchronisation therapy [65], physical 
exercise [66], genetic [56, 67] and pharmacologi-
cal [68, 69] interventions, as well as mechanical 
unloading [70]. Successful recovery of t-tubule 
structure is closely associated with improved 
overall cardiac function and continues to be a 
focus of many pre-clinical and clinical studies. 

16.3 Imaging T-Tubules: Challenges 
and New Approaches 

16.3.1 Spatial Considerations 

Studying the ultrastructure and function of 
t-tubules has always been hindered by the fact 
that even advanced (e.g. confocal) light micros-
copy methods cannot provide sufficient resolu-
tion (optical diffraction limit >200 nm for 
visible light) for detection and detailed quantita-
tive characterisation of single elements. 

Nonetheless, light microscopy studies have 
provided valuable information regarding 
pan-cellular t-tubule organisation (including regu-
larity, density, and orientation) [4, 45, 46, 
71]. However, the available sub-micrometer 
scale data are not conducive to the exploration 
of details, such as cross-sectional shape, mem-
brane topology, or contraction-induced deforma-
tion. Super-resolution optical methods can, in



certain cases, resolve the lumen of individual 
t-tubules [72]; these methods, however, often tend 
to be unsuitable for live-cell imaging and suffer 
from ‘information loss’ due to voxel anisotropy 
(where the X–Y–Z dimensions of the 3D voxel 
are not equal). Live-cell assessment of t-tubule 
geometry can be improved using dual t-tubule 
membrane and lumen staining, followed by 
post-acquisition image processing, which allows 
for t-tubule diameter calculation. Such 
assessments, however, rely on assumptions 
regarding the relationship between surface area 
and volume (usually implying a cylindrical tubule 
model), which would not be suitable for t-tubules 
with irregular shape (e.g. in diseased or 
contracting cells) [2]. 
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Fig. 16.2 Disrupted t-tubule structure in diseased heart. 
T-tubules in control (healthy) and in post-myocardial 
infarction rabbit ventricular tissue; visualised using 
wheat germ agglutinin to outline cell membrane and 
fibrotic areas and imaged using confocal microscopy. 

Pathological t-tubule remodelling (loss, dilation, changes 
in orientation) is evident both in the immediate vicinity of 
the injury and in more remote areas. Images courtesy of 
Joachim Greiner, IEKM Freiburg 

Transmission electron microscopy-based 
approaches offer the optimal spatial resolution 
for imaging individual t-tubules (resolution 
~1–10 nm) [24]. The main drawback of these 
approaches however is their incompatibility with 
live-cell studies and the inherently 2D nature of 
conventional electron microscopy, potentially 
leading to erroneous conclusions regarding 
t-tubule shape. As most non-perpendicular cuts 
through a cylinder yield ellipse, for example, it is 
nearly impossible to determine the cross-section 
shape of t-tubules or quantify minimum t-tubule-
SR distance in 2D images. 

Progression of electron microscopy into the 
3D domain is offered through several approaches, 

and the choice of the most appropriate method 
will inadvertently involve a compromise between 
imaged volume, resolution, and risk of artefacts. 
Larger volumes can be imaged by serial section-
ing and imaging of the slice [73] or (more fre-
quently) of the remaining block-face using 
scanning electron microscopy [74], with (in both 
cases) subsequent image registration. Both 
approaches allow one to resolve single t-tubules 
but not finer details of dyadic structures and exact 
membrane topology. In addition, since both 
approaches are sample-destructive techniques, 
additional challenges arise from the 3D integra-
tion of inherently deformed 2D sections. Many of 
these obstacles can be circumvented by the use of 
electron tomography, which allows for 
non-destructive imaging of thicker samples with 
superior resolution (<1 nm) and isotropic voxel 
dimensions (equal voxel size in X–Y–Z). Elec-
tron tomography supports the assessment of the 
exact shape and topology of t-tubules and their 
coupling to other organelles; these advantages 
come at the cost of severely limited imaging 
volumes [75]. 

Hybrid methods, combining light and electron 
microscopic observations, could be employed to 
first study live cells (for temporal domain and 
functional information), followed by nano-
structural assessments (e.g. protein distribution 
in specific t-tubule microdomains) by electron 
microscopy. Furthermore, ‘holistic’ t-tubule



analysis would ideally combine structural and 
functional imaging and would involve correlating 
observations of t-tubule structure with measure-
ment of, for example, diffusive or electrical 
properties [22, 35]. 
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16.3.2 Temporal Considerations 

All imaging approaches are essentially based on 
still images. If taken serially at short enough 
intervals, these ‘stills’ turn into movies (‘motion 
pictures’). A problem arises when the dynamics 
of biological processes are fast compared to frame 
rates, for example, when objects move. For car-
diac imaging, this is often, though incorrectly, 
referred to as the ‘motion artefact’. The fact that 
physiological motion is rarely incorporated into 
cardiac cellular studies hinders both light- and 
electron-based observations. As an example of 
the latter, earlier studies involving the chemical 
fixation of cardiac tissue in different steady-state 
deformation states suggested that t-tubules are 
subject to significant deformation upon cell 
stretch and contraction [30]. There, the ‘frame 
rate’ (i.e. the time taken between the onset of 
mechanical deformation and tissue fixation), 
measured in the minute-range, was far too slow 
to assess t-tubule deformation dynamics. 

More recent work has utilised high-pressure 
freezing of contracting cardiomyocytes, where 
cell preservation was timed with millisecond-
accuracy relative to the onset of contraction. 
This confirmed the highly dynamic nature of 
changes in t-tubule shape, orientation and surface 
topology—all of which may affect t-tubule func-
tion (from adding advection to the previously 
established diffusive exchange of t-tubule lumen 
content to beat-by-beat membrane-incorporation 
of t-tubule caveolae into the cell membrane [22]). 
In the future, it will be important to further assess 
changes in t-tubules—individual elements and 
whole-cell networks—in freely contracting cells, 
which can be achieved using fast light micros-
copy of living, stimulated cells, or electron 
microscopy imaging of samples rapidly preserved 
at different stages of the contractile cycle [22]. 

16.3.3 Pitfalls In Sample Preparation 

As a final note of caution: structural analysis of 
t-tubules is prone to artefacts induced by sample 
preparation. T-tubule structure in living cells is 
extremely sensitive to changes in the extracellular 
environment, such as changes in ion concentra-
tion, oxygen availability during preparation, solu-
tion osmolality, and temperature. T-tubule 
architecture and surface topology 
(e.g. the presence of caveolae) have been shown 
to be affected by cell swelling, shrinking, ischae-
mia, and prolonged storage prior to preservation 
[31, 76]. Additionally, careful control of the cells’ 
mechanical state (e.g. preservation in a defined 
mechanical state, accompanied by an assessment 
of sarcomere length) should always be conducted 
to allow for data comparison across studies. 

The choice of sample preservation is crucial, 
particularly for electron microscopy. The conven-
tional method for cardiac sample preservation 
involves aldehyde-based fixation and subsequent 
dehydration. This well-established method is 
associated with pronounced sample shrinkage, 
altering the structure of biological samples by 
distortion and displacement of structures—all of 
which may give rise to erroneous conclusions 
regarding ultrastructural organisation [25]. This 
can be avoided by sample vitrification. 
Vitrification preserves cells by turning 
water-containing samples into a non-crystalline 
amorphous solid, and is achieved by ultra-rapid 
high-pressure freezing. This has been shown to 
prevent the collapse and distortion of membra-
nous organelles in cardiac samples, such as the 
SR, that is routinely seen when using aldehyde-
based fixation [22, 25, 75]. A drawback of this 
method is that vitrification can be achieved for 
relatively small samples only (tissue fragments 
and cells). For this reason, some studies have 
combined ‘light chemical fixation’ of whole 
hearts with subsequent high-pressure freezing. 
While avoidance of dehydration prevents much 
of the tissue shrinkage mentioned above, chemi-
cal fixation—even ‘light’ chemical fixation— 
distorts cell ultrastructure, and is best avoided 
when exploring t-tubules and associated cellular 
compartments.
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16.4 Conclusions 

T-tubules serve as a crucial link between the 
heart’s electrical and mechanical activity. 
T-tubule structure is complex and dynamic, 
changing with developmental stages, with (mal-) 
adaptation to changing demands in health and 
disease, and with every single cycle of cardiac 
filling and ejection. Prevention of pathological 
t-tubule remodelling may be an attractive thera-
peutic target, for example, in developing novel 
strategies to delay and treat heart failure. To 
achieve this, more research will be required to 
explore t-tubule structural and functional auto-
regulation. 
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Abstract 

Cardiac optogenetics offers unprecedented 
opportunities to study the role of different 
cell populations in complex biological tissues, 
such as the heart. To this end, light-emitting 
sensor proteins or light-inducible effector 
proteins are expressed in the target cells to 
either observe or steer their activity with high 
spatiotemporal resolution. Optogenetic tools 
to monitor cardiac activity include genetically 
encoded Ca2+ and voltage indicators. In addi-
tion, photo-activated ion pumps and channels 
are used to modulate transmembrane ionic 

flow and membrane voltage. In cardiac 
research, optogenetic approaches have been 
applied successfully for optical pacing, 
resynchronization, and defibrillation, and they 
have offered novel insight into cell-specific 
contributions to arrhythmia formation and ter-
mination, as well as simplified automatization 
of cardiac toxicity screening. Combining 
optogenetic experiments on intact myocar-
dium with computational modelling allows 
one to quantitatively assess hypotheses on 
arrhythmia mechanisms, with the vision of 
developing novel, targeted approaches to pre-
vent or terminate cardiac arrhythmias. In the 
following chapter, we summarize principles of 
optogenetic interrogations of cardiac tissue 
and present key experiments towards optical 
control of heart rhythm. 
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17.1 Introduction 

Successful optogenetic experiments require suit-
able probes, cell-population targeted gene deliv-
ery, and optical technologies for spatiotemporally 
defined, yet minimally invasive light application 
or collection. Despite the idea of selectively
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,

manipulating cellular activity in brain tissue being 
proposed as early as 1979 [1], and the discovery 
of light-driven ion pumps in the 1970s [2, 3], only 
a few optogenetic experiments were reported 
before the millennium. These include the 
pioneering work of H. Gobind Khorana 
expressing bovine rhodopsin in Xenopus oocytes 
[4] and early studies using fluorescent sensor 
proteins to image vesicular pH changes, intracel-
lular Ca2+ concentrations, and membrane voltage 
dynamics [5–7]. First optogenetic manipulation 
of excitable cells was realized by Boris 
Zemelman and colleagues, co-expressing 
arrestin-2, rhodopsin, and the α-subunit of the 
corresponding heterotrimeric G protein in 
hippocampal neurons to increase action potential 
firing rate during photostimulation [8]. The 
breakthrough of optogenetics was the characteri-
zation of light-gated ion channels, called 
channelrhodopsins (ChR), at a time when methods 
for efficient gene transfer were available. In 2005/ 
2006, several groups used channelrhodopsin-2 
(ChR2) to drive depolarizing ion currents in 
neurons, thereby eliciting action potentials (AP) 
in vitro and in vivo [7–12].  At  the same time  
Tallini et al. employed the genetically encoded 
Ca2+ sensor (GCamP2) for measuring Ca2+ 

transients in vivo and for imaging Ca2+ signaling 
in the developing heart [13]. However, the use 
of ChR2-based tools for cardiac applications 
was only implemented about five years later 
[14, 15]. 
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In the following, we introduce commonly 
applied optogenetic probes (see Figs. 17.1 and 
17.2) and summarize strategies for gene targeting 
and optical measurements, before presenting key 
studies using optogenetic approaches to monitor 
and steer cardiac rhythm in vertebrate cells, 
tissues, and hearts. Furthermore, we highlight 
how optogenetics will foster our understanding 
of cardiac arrhythmias, and how we can use it 
for facilitated cardiotoxicity screening and for 
dissecting non-myocyte contributions to arrhyth-
mia inducibility and termination. 

17.2 Optogenetic Actuators 
in Cardiac Optogenetics 

Optogenetic tools can be divided into light-
activated effector proteins, also referred to as 
optogenetic actuators, and light-emitting sensor 
proteins [16]. Most commonly used actuators 
are based on microbial rhodopsins, small 
heptahelical transmembrane proteins binding 
all-trans retinal as co-factor for light absorption. 
More specifically, light-driven proton, chloride, 
and sodium pumps use the energy provided by 
visible light for the active transport of ions against 
the transmembrane gradient (proton and sodium 
pumps drive outward transport of cations, chlo-
ride pumps drive inward transport of anions). 
When expressed in excitable cells, light-driven 
pumps will thus mediate hyperpolarizing mem-
brane currents during illumination, which may 
inhibit AP both in neurons and in cardiomyocytes 
(Fig. 17.1c). The orange-light activated, inward-
directed chloride pump NpHR from 
Natronomonas pharaonis was first used in 
zebrafish hearts to induce reversible block of 
contractions upon global cardiac illumination. 
Using spatially restricted illumination patterns, it 
was further utilized to identify the location of 
pacemaker cells in the developing zebrafish 
heart and to optically mimic different degrees of 
atrioventricular conduction block [14]. NpHR-
mediated hyperpolarization was also shown to 
silence or shorten AP in monolayers of neonatal 
rat ventricular myocytes [17]. Pumping protons 
out of the cell, the green-light-driven proton 
pump ArchT shows hyperpolarizing effects on 
the membrane potential that are comparable to 
NpHR effects. ArchT-mediated hyperpolarization 
has been exploited to silence spontaneous excita-
tion of fibroblast–cardiomyocyte co-cultures. 
Interestingly, in those experiments, ArchT was 
expressed in fibroblasts, with the resulting hyper-
polarization transmitted to cardiomyocytes by 
electronic coupling [18, 19]. In mouse hearts 
expressing ArchT in cardiomyocytes,
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Fig. 17.1 Optogenetic actuators for membrane potential 
modulation and their effects in cardiomyocytes. Compari-
son of common optogenetic actuators and their respective 
effects on cardiomyocyte resting membrane potential 

(RMP). Wavelengths of maximal activation are indicated. 
Abbreviations: ChR2 channelrhodopsin-2 from 
Chlamydomonas reinhardtii, ReachR red-activatable 
channelrhodopsin, iChloC improved chloride-conducting



Fig. 17.1 (continued) channelrhodopsin, iC++ improved
chloride-conducting chimeric channelrhodopsin, GtACR1
anion channelrhodopsin-1 from Guillardia theta, ArchT
proton pump from Halorubrum sp. TP009, NpHR

halorhodopsin from Natronomonas pharaonis, AP action
potential, bPAC photoactivated cyclase from Beggiatoa,
SthK cyclic-nucleotide-gated K+ channel from
Spirochaeta thermophile

hyperpolarizing currents upon green-light expo-
sure were sufficient to terminate ventricular 
arrhythmia, albeit at low efficiency [20]. This 
could be explained either by the limited inhibitory 
effect of hyperpolarization per se or by the high 
light intensities required, as maximally one ion 
can be transported per absorbed photon by light-
driven ion pumps.

362 T. Bruegmann et al.

In contrast to pumps, channelrhodopsins 
(ChR) are light-gated ion channels mediating pas-
sive ion flux along the electrochemical gradient 
upon light activation. ChR can be divided into 
cation-selective ChR, such as the frequently used 
channelrhodopsin-2 (ChR2) from 
Chlamydomonas reinhardtii, and the more 
recently discovered group of anion-conducting 
channelrhodopsins (ACR), including engineered 
channels (e.g. iChloC, iC++) and naturally occur-
ring representatives from Guillardia theta 
(GtACR1, GtACR2) [21–23]. Cation-selective 
ChR conducts protons, sodium, potassium, cal-
cium, and magnesium ions [24], resulting in 
depolarizing membrane currents at negative 
membrane potentials (reversal potential at around 
0 mV). Their activation by short light pulses thus 
leads to short, reversible membrane depolariza-
tion of the target cells, sufficient to reliably trigger 
AP in cardiomyocytes (Fig. 17.1a). Prolonged 
illumination results in sustained depolarization, 
preventing repolarization to the resting membrane 
potential. This precludes recovery from the inac-
tivation of fast sodium channels, thereby 
suppressing re-excitation of cardiomyocytes 
[15]. In cardiac optogenetic studies, the blue-
light-activated ChR2 and the green-light-
activated chimera ReachR [25] have been widely 
used for modulating cardiac electrophysiology, 
with applications ranging from cardiac pacing, 
resynchronization, arrhythmia termination, and 
drug screening, to studying the role of 

intracardiac neurons and interstitial 
non-excitable cells [26]. 

Anion-selective channelrhodopsins predomi-
nantly conduct chloride ions under physiological 
conditions, thus their reversal potential is deter-
mined by the transmembrane gradient for chlo-
ride. In cardiomyocytes, ACR activation leads to 
membrane depolarization, suitable either for 
optically pacing with short light flashes or for 
maintaining cells at constant depolarized 
potentials during prolonged illumination, thereby 
suppressing further AP (Fig. 17.1b) 
[27, 28]. Despite high expression levels and 
large photocurrents of ACR in cardiomyocytes, 
their use has been restricted to proof-of-principles 
studies so far. Holding cardiomyocytes at their 
diastolic membrane potential can be achieved 
using light-activated K+-conducting channel 
systems (Fig. 17.1d). However, currently avail-
able systems are either limited by insufficient 
expression levels in mammalian cells [29] or by  
slow off-kinetics [30], rendering them unsuitable 
for applications aiming at beat-by-beat control of 
cardiac excitation. These challenges might be 
overcome by the recently discovered class of 
natural occuring Kalium Rhodopsins, including 
the potent K+- selective channel WiChR from 
Wobblia lunata [31, 32]. 

In addition to microbial rhodopsin-based tools 
to control the membrane potential, there is a vast 
range of other optogenetic actuators, including, 
but not limited to, light-activated G protein-
coupled receptors (GPCR, Fig. 17.2a), photo-
activated enzymes, and light-controlled protein 
interaction systems [16]. Optical control of 
GPCR signaling is of special interest for under-
standing intracellular signaling in 
cardiomyocytes. Suitable GPCR comprise natu-
rally occurring light-sensitive GPCR (visual and 
non-visual vertebrate rhodopsins and invertebrate
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Fig. 17.2 Additional optogenetic tools: Light-activated G 
protein coupled-receptors (GPCR) and fluorescent 
reporters. (a) GPCR used to modulate cardiac activity 
include JellyOP from Carybdea rastonii and murine 
melanopsin. Of note, by binding a different Gα protein, 
melanopsin can also activate the Gi/o signaling pathway, 
similar to short- and long-wavelength cone opsins (SWO 

and LWO). (b) Fluorescent voltage reporters comprise the 
Förster-resonance energy transfer (FRET)-based 
indicators mermaid and VSFP2.3, and rhodopsin-based, 
single-wavelength indicators such as QuasAr2. In FRET-
based reporters, voltage changes are transmitted from the 
voltage-sensitive domain (VSD) of Ciona intestinalis 
voltage-sensing phosphatase to a FRET pair, thereby



Fig. 17.2 (continued) increasing FRET efficiency upon
membrane depolarization. Mermaid employs mUKG and
mKOκ, VSFP2.3 uses cyan and yellow fluorescent protein
(CFP and YFP) as FRET donors and acceptors, respec-
tively. (c) Genetically encoded Ca2+ sensors of the GCamP
family are single-wavelength indicators, wherein Ca2+-

induced changes in the interaction of the myosin light
chain kinase fragment (M13) and calmodulin (CaM)
change fluorescence intensity of a circular permutated
green fluorescent protein (cpGFP). (d) CaViar can be
used for simultaneous imaging of Ca2+ and voltage
dynamics

rhodopsins) [33, 34] and custom-engineered 
rhodopsins referred to as opto-XR.
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Light-induced activation of the invertebrate 
rhodopsin JellyOP allows mimicking 
β-adrenergic stimulation with unprecedented spa-
tiotemporal precision within the intact heart 
[35]. Illumination of the right atrium of isolated 
murine hearts expressing JellyOP leads to an 
instantaneous increase in spontaneous beating 
rate. In contrast, illumination of the left posterior 
atrium at the sites of pulmonary vein insertions 
results in the generation of supraventricular 
extrasystoles. Thus, JellyOP activation can be 
used to look for pathway-specific arrhythmia 
hotspots within the intact heart. Furthermore, the 
use of short activating light pulses revealed dif-
ferent on-kinetics of the positive inotropic and 
lusitropic effects, with the latter being signifi-
cantly faster. These experiments indicate that 
optogenetic approaches can facilitate the study 
of amplification mechanisms and temporal 
dynamics of G protein signaling cascades, as 
well as compartment-specific signaling behavior. 
Importantly, optogenetic control of GPCR activa-
tion can mimic physiological responses to pulsa-
tile neurotransmitter release by repeated 
application of short light flashes. 

In embryonic stem-cell-derived 
cardiomyocytes, heterologous expression of the 
vertebrate rhodopsin melanopsin enables light-
induced Gq protein activation leading to inositol-
1,4,5-trisphosphate production and elevation of 
intracellular Ca2+ concentration, thereby enhanc-
ing beating frequency of spontaneously beating 
embryoid bodies [36]. However, melanopsin is a 
promiscuous receptor also able to activate the Gi 

signaling cascade [37, 38]. While optogenetic 
GPCR for specific control of Gi pathways have 
been identified [39, 40], the optogenetic toolbox 
currently lacks probes to specifically control Gq 

signaling – despite the importance of this path-
way for acute and chronic adaption of the 
heart. One possible candidate GPCR could be 
human Neuropsin (hOPN5), as recently 
proposed [41]. 

17.3 Fluorescent Reporters 
in Cardiac Optogenetics 

Complementary to optogenetic actuators, fluores-
cent sensor proteins can be used for cell-type 
specific imaging of selected cellular parameters. 
With respect to cardiac arrhythmias, genetically 
encoded Ca2+ indicators (GECI) and genetically 
encoded voltage indicators (GEVI) represent the 
most important tools for imaging cardiac activity 
(Fig. 17.2b–d). GECI comprise single-
fluorophore (e.g. GCaMP family) or FRET-
based Ca2+ sensors (e.g. Cameleon) that change 
their fluorescence intensity and/or FRET effi-
ciency upon Ca2+ binding [42]. GCaMP2 was 
first used to image Ca2+ dynamics in mouse hearts 
in vivo and to assess the effects of isoproterenol 
on diastolic and systolic Ca2+ levels as well as 
kinetics of Ca2+ transients in cardiomyocytes. In 
Langendorff-perfused hearts, GCaMP2 further 
enabled measurements of the conduction velocity 
of Ca2+ waves, and for combined recordings of 
Ca2+ transients and membrane voltage, the latter 
using the red-fluorescent voltage dye RH237 
[13]. GCaMP2-based imaging also showed func-
tional coupling between engrafted embryonic 
cardiomyocytes and native myocardium, 
preventing the risk of post-infarct arrhythmia 
[43]. To date, a variety of GECI with optimized 
properties are available, including variants with 
red-shifted fluorescence spectra [44, 45], fast 
response times [46, 47], and low-affinity 
indicators suitable for measuring Ca2+ dynamics



in intracellular organelles with elevated Ca2+ levels 
such as the sarcoplasmic reticulum [48–50]. 
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GEVI include single-wavelength and 
ratiometric fluorescent indicators that enable 
imaging cell-type specific membrane voltage 
dynamics in real-time [51, 52]. Being expressed 
under the control of the cardiomyocyte-specific 
myosin light chain 2 promoter, the ratiometric 
GEVI mermaid, for example, was used for 
non-invasive imaging of cardiac activity in 
embryonic zebrafish hearts, revealing altered car-
diac excitation patterns in the presence of the 
hERG channel blocker astemizole [53]. Similarly, 
cardiomyocyte-targeted expression of the 
voltage-sensitive fluorescent protein VSFP2.3 
was applied for measuring optical cardiograms, 
both during sinus rhythm and ventricular tachyar-
rhythmia in intact mouse hearts [54]. When 
targeted to cardiac non-myocytes VSFP2.3 was 
further used to explore electrotonic coupling from 
cardiomyocytes to non-myocytes in the scar bor-
der zone of murine hearts [55]. Additionally, 
GEVI facilitated rapid phenotyping of stem-cell-
derived cardiomyocytes [52, 56]. Improved 
GEVI comprise variants exhibiting minimized 
photobleaching and optimized performance for 
2-photon imaging, as well as near-IR fluorescent 
sensors [51, 57], but their utility for cardiac appli-
cation still needs to be demonstrated. 

17.4 Targeted Transgene Delivery 

After selecting the appropriate molecular tools for 
an optogenetic experiment, they need to be 
targeted to the specific cell population of interest. 
The four main strategies for targeted transgene 
delivery to cardiac cells are (1) the generation of 
knock-in animals expressing the gene of interest 
under a cell-type specific promoter, (2) the use of 
recombinatorial animal models (mainly mice) 
where a cell-type specific driver line 
(e.g. expressing Cre recombinase) is cross-bred 
with a driver-dependent line coding for the probe 
(e.g. Cre-dependent line containing a floxed or 
flexed transgene) [58–63], (3) viral delivery of 
genes of interest [64–66], and (4) injection of 
cells expressing the respective optogenetic probe 

[67]. The technical details and challenges of the 
individual methods have been discussed earlier 
[68, 69]. We would like to strengthen the point 
that the model generation itself is one of the 
essential steps towards meaningful optogenetic 
experiments, which requires thorough controls 
to exclude off-target expression [70, 71] and 
side-effects such as cardiotoxicity [72, 73] and 
immunogenicity [74]. 

17.5 Ex Vivo Optical Stimulation 
and Readouts 

Another challenge is suitable light delivery and 
collection for spatiotemporally precise 
photostimulation and optical readouts of cardiac 
activity. In principle, for ex vivo experiments, 
light delivery via conventional light sources for 
fluorescence microscopy such as shutter-
controlled halogen or mercury lamps with suit-
able bandpass filters, or standard LEDs in combi-
nation with microscope/macroscope optics for 
spatial focusing provide sufficiently high light 
intensities for optical probe activation. Patterned 
illumination can be achieved with different opti-
cal approaches, e.g. using digital micromirror 
devices (DMD) from projectors [14, 75], or by 
rapid scanning of focused excitation light with 
acousto-optical deflectors [76]. Combining opti-
cal stimulation with simultaneous readouts of 
electrical activity, e.g. via optical mapping, 
allows one to establish closed-loop systems for 
real-time adaptation of optical stimulation 
patterns to observed electrical activation maps. 
Potential applications for all-optical systems 
include fast light-controlled restoration of normal 
electrical activity in hearts showing AV block, 
and optical termination of ventricular arrhythmias 
[77, 78]. 

17.6 Optogenetic Approaches 
for Controlling Heart Rate 
and Rhythm 

Commonly used devices for heart rhythm control 
are artificial electrical pacemakers (atrial,



ventricular, or dual-chamber pacemakers) and 
implantable cardioverter defibrillators (ICD), 
which rely on the application of electrical shocks 
by electrodes for triggering cardiac excitation and 
defibrillation, respectively. Pacemakers, on the 
one hand, have proven extremely useful for 
long-term maintenance of cardiac activity and 
come with the advantage that electrical pulses 
usually remain unnoticeable to patients. ICD 
shocks, on the other hand, use approximately 
one thousand times more energy, leading to 
non-specific tissue excitation of myocardium, 
nerves, and skeletal muscle. This is associated 
with adverse effects, including severe pain, 
chronic anxiety, and structural tissue remodeling 
[79, 80]. In contrast, optogenetic approaches 
enable depolarization or hyperpolarization of spa-
tially defined subsets of cardiomyocytes, with 
minimal effects on other cardiac cell populations. 
Optogenetic-based systems for external heart 
rhythm control may thus, in the long term, pro-
vide more specific, pain-free, and effective 
alternatives for heart rhythm management in 
patients. 
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17.6.1 Optical Pacing 

Depolarizing ChR2-expressing myocytes by 
short blue-light pulses reliably triggers AP, 
allowing atrial and ventricular optical pacing in 
intact hearts from transgenic or virally transduced 
animals [14, 15, 64, 66]. Furthermore, dual- and 
multi-site optical stimulation effectively 
synchronizes ventricular activation, indicating 
the feasibility of light-driven cardiac 
resynchronization therapy [66]. Cell-type-specific 
optogenetic depolarization was also used to 
assess the number of activated cardiomyocytes 
or Purkinje cells required for inducing focal 
ectopic beats, finding that simultaneous depolari-
zation of at least 1300–1800 working 
cardiomyocytes or 90–160 Purkinje fibers was 
necessary to trigger extrabeats in murine hearts 
[58]. Finally, ChR2 activation in human induced 
pluripotent stem cells in 3D-engineered heart tis-
sue allowed for intermittent tachypacing over the 
duration of several weeks, providing novel 

insights into electrical and mechanical 
remodeling in ventricular and atrial tachycardia, 
as well as into long-term effects of optogenetic 
interventions [81, 82]. 

17.6.2 Optical Defibrillation 

Using optogenetic approaches for terminating 
either atrial or ventricular tachyarrhythmias does 
not only improve our mechanistic understanding 
of cardioversion but may also facilitate the devel-
opment of strategies towards optimized defibril-
lation therapy, e.g. by testing different locations, 
geometries, and light levels in a reversible and 
minimally invasive manner. So far, this relied on 
ChR2- or ReachR-based depolarization of 
cardiomyocytes by longer light pulses (hundreds 
of milliseconds to seconds), thereby suppressing 
effective repolarization, extending the period of 
Na+ channel inactivation and thus inhibiting 
re-excitation. Bruegmann et al. showed effective 
termination of ventricular tachycardia by ChR2 
activation via blue light application to the anterior 
ventricular epicardium of Langendorff-perfused 
mouse hearts, both for healthy hearts and follow-
ing myocardial infarction [79]. Crocini et al. [76] 
used a similar experimental approach to terminate 
induced ventricular tachycardia in ChR2-
expressing mouse hearts and showed that a 
three-barrier pattern of ventricular illumination— 
based on prior knowledge of the location and 
geometry of the underlying re-entry pathway— 
was equally potent to block VT as unfocussed 
light application on the left ventricular surface, 
albeit at much lower total irradiation energy (~ 
4% of energy). In contrast, single-barrier or point 
stimulation was insufficient to effectively block 
arrhythmias in their study [76]. Successful optical 
defibrillation was also demonstrated on rat hearts 
expressing the green-light-activated ChR chimera 
ReaChR [65]. Follow-up studies have since 
demonstrated the feasibility of optical defibrilla-
tion also for terminating atrial fibrillation [83, 84]. 

Based on experimental studies varying the 
timing, location and/or intensity of optical stimu-
lation in combination with in silico models, sev-
eral mechanisms have been suggested for



effective optogenetic cardioversion. These 
include ChR-mediated depolarization and con-
duction block into illuminated tissue volumes 
[79]. In this case, transmural depolarization to 
keep Na+ channels refractory seems to be manda-
tory [79, 85]. Alternatively, filling the “excitable 
gap” can be achieved by pacing the excitable 
region between wavefronts, promoting the extinc-
tion of self-sustained re-entry. While the energy 
requirements are much lower for this mechanism, 
filling the excitable gap either relies on spatiotem-
poral information on rotating wavefronts or 
requires global illumination of the entire ventric-
ular surface (which obliterates the energetic 
advantage) [86]. Optogenetic tissue depolariza-
tion is also associated with prolonged action 
potential duration (APD), which has been pro-
posed as a distinct mechanism for terminating 
VT [65]. Finally, a recent study suggested that 
low-intensity illumination, leading to 
sub-threshold depolarization, may be effective 
for steering rotors towards more depolarized tis-
sue areas, which could be used to terminate car-
diac arrhythmias [87]. Interestingly, optogenetic 
termination of VT is also possible using the light-
driven proton pump ArchT, although at lower 
efficacy compared to depolarizing ChR, poten-
tially via an increased electrical sink mechanism 
[20]. Light-gated K+ channels [29, 30] could 
serve as potent tools for arrhythmia termination 
if current amplitudes were sufficiently large to 
counteract the large Na+ inward currents 
associated with the propagating wave of excita-
tion, thereby preventing electrical activation and 
conduction in illuminated tissue areas. 
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Combining monitoring of heart rhythm and 
cardiac conduction with optical arrhythmia termi-
nation offers the opportunity for automated, real-
time correction of rhythm disturbances. Follow-
ing this idea, Burton et al. implemented light-
controlled reversal of spiral wave chirality based 
on dye-free imaging of contractions in 
cardiomyocyte monolayers [78]. Scardigli et al. 
developed a closed-loop system comprising a 
high-speed sCMOS camera for optical mapping 
of membrane voltage and a DMD-based projector 
for optical stimulation, which allowed them to 
correct for atrioventricular node delay and to 

optically simulate re-entrant tachycardia [77]. A 
hybrid bioelectric system with automated 
ECG-based optogenetic stimulation of the right-
atrial epicardial surface was used by Nyns et al. 
and was shown to be effective in terminating 
atrial tachyarrhythmias in rats in vivo [84]. 

The studies described here demonstrate the 
feasibility of optical rhythm control in select ani-
mal models. Further advances in optogenetic 
proteins (e.g. red-light activated channels with 
high light sensitivity), methods for safe and 
targeted gene delivery (ensuring long-lasting, sta-
ble protein expression), and software/hardware 
for optical stimulation (including biocompatible 
miniature LEDs for photostimulation) will be 
needed before these concepts may be transferra-
ble to patients in the future [73]. 

17.7 Using Optogenetics 
for Cardiotoxicity Screening 

Cardiac toxicity and, in particular, drug-induced 
long QT syndrome are major reasons why newly 
developed drugs fail to enter or are withdrawn 
from the market. To avoid life-threatening side 
effects, as well as the related financial 
consequences for the pharmaceutical industry, 
new approaches providing more accuracy and 
predictive power are required during preclinical 
drug development [88]. Drug-induced 
cardiotoxicity is often related to inhibiting 
Kv11.1 channels, reducing hERG currents, and 
prolonging APD. Moreover, drugs may also mod-
ulate Nav1.5 channels. Inhibition of Nav1.5 
channels can induce Brugada-like syndromes, 
whereas activation of late sodium currents may 
cause AP prolongation similar to LQT3 syndrome 
[89–91]. 

Classically, cardiotoxicity screening of cardiac 
syncytia relies on spontaneous beating (limited to 
slow beating rates) or electrical field stimulation 
(associated with potential stimulation artefacts 
and/or side effects on stimulated cells) for rate 
control. In contrast, all-optical approaches pro-
vide the unique opportunity for precise external 
pacing, simultaneous recordings of membrane 
potential or Ca2+ levels, and measurements of



myocyte contractility [17, 92, 93]. This further 
comes with the advantage of potential automati-
zation [94], even if spectral separation can be 
difficult (i.e. one needs to separate light used for 
ChR2 and dye excitation from emission light by 
fluorescent proteins and dyes) [95]. OptoDyce is a 
platform combining ChR2-mediated stimulation 
and synthetic dyes for voltage and Ca2+ imaging 
with dye-free video tracking of contractions of 
cardiomyocyte monolayers. OptoDyce uses 
short light flashes for optical pacing and tempo-
rally separated (intermitted) optical recordings to 
avoid cross-contamination of the different light 
signals [92]. In subsequent work, the same group 
described a quantitative all-optical assay of inter-
cellular connectivity (i.e., OptoGap) [96]; this 
study also used computational modelling, as 
discussed in the next section, to show that it 
may be feasible to scale up this approach to intact 
human hearts, even after accounting for light 
attenuation effects. Dempsey et al. used a 
co-culture of two different, spatially separated 
transgenic cardiomyocyte lines differentiated 
from human-induced pluripotent stem cells 
(a ChR line for optical pacing and a reporter line 
expressing CaViar; Fig. 17.2d) [93]. Spectral sep-
aration was also achieved by employing infrared-
compatible dyes for voltage and Ca2+ imaging 
[97]. Alternatively, optical pacing was combined 
with the recording of electrical field potentials 
[98]. Global illumination results in near-
synchronous activation of all cardiomyocytes, 
allowing spatial averaging of measured field 
potentials, as shown with averaging from 
60 electrodes within an array [99] and later 
using one larger electrode [100], thereby 
simplifying high-throughput screening. Impor-
tantly, studies employing optogenetics for 
cardiotoxicity screening neither reported side 
effects from overexpression of ChR2, nor acute 
effects on myocyte electrophysiology. Further-
more, no drug effect on ChR photoactivation has 
been reported so far. However, chronic optogenetic 
tachypacing has  been shown to be arrhythmogenic  
by itself [81, 82]. Taken together, combined 
optogenetic rate control and imaging of 
cardiomyocyte behaviour provide a unique oppor-
tunity for high-throughput cardiotoxicity screening. 
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17.8 Computational Modelling 
and Simulation of Cardiac 
Optogenetics 

Multi-scale simulations of cardiac electrophysiol-
ogy have emerged as a means for investigating 
mechanistic underpinnings of arrhythmia perpet-
uation, and for exploring new therapeutic 
approaches in realistic image-based human atrial 
or ventricular models [101]. Thanks to the devel-
opment of robust mathematical representations of 
light-, voltage-, and time-dependent responses of 
microbial rhodopsins (e.g., ChR2-H134R) to 
light stimulation [102], it is possible to simulate 
optogenetic manipulation of the heart 
[103, 104]. This involves modifications of 
existing computational approaches at the cell, 
tissue, and organ scale to account for the expres-
sion of photo-sensitive channels and pumps, spa-
tial distribution of light-sensitized cells resulting 
from viral gene delivery, and attenuation of light 
applied to the myocardial surface due to photon 
scattering and absorption. 

Simulations have been used to explore the 
theoretical possibility of deploying optogenetics 
in the hearts of larger mammals (e.g., rabbits, 
dogs, and humans [103]), which thus far cannot 
be tested in an experimental setting. This work 
provided proof-of-concept evidence for the feasi-
bility of light-based arrhythmia termination in 
human atrial [105, 106] and ventricular 
[79, 107] models. A prominent take-home mes-
sage has been that the significant attenuation of 
blue light in the thicker-walled chambers of larger 
species is expected to be a major hindrance to the 
translation of approaches from smaller animals, 
leading to the prediction that optogenetic 
actuators with red-shifted action spectra would 
be necessary. Another important finding is that 
spatially targeted illumination of critical areas to 
disrupt re-entrant circuits could dramatically 
reduce the energy needs for optogenetic defibril-
lation [79, 107], confirming experimental 
findings in smaller hearts [83]. More recent 
work has assessed the use of ACR to disrupt 
re-entrant arrhythmia in human hearts, showing 
that utilizing these high-efficiency chloride



conducting channels may lower the energy 
required for defibrillation by 2–3 orders of 
magnitude [108]. 
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A second application of computational cardiac 
optogenetics research is the use of simulations to 
enhance the understanding of data from wet lab 
preparations like tandem cell units [67, 103] or  
monolayers of cardiomyocytes co-cultured with 
light-sensitized donor cells [109], or to validate 
and explore the expansion of methodologies like 
the OptoGap approach described in the prior sec-
tion [96]. Likewise, this type of modelling work 
has been employed to explore completely new 
applications of optogenetics like the use of sub-
threshold light-induced depolarization to steer 
re-entrant drivers towards non-conductive 
boundaries, ultimately resulting in arrhythmia ter-
mination [87]. Notably, while much of the recent 
interest in computational modelling of cardiac 
optogenetics has focused on actuator opsins 
(e.g., ChR2, GtACR1), similar tools have also 
been developed to realistically simulate light 
emission from dyes used extensively in optical 
mapping experiments [110–112]. 

17.9 Cardiac Optogenetics beyond 
Cardiomyocytes 

Taking advantage of the possibility to selectively 
target individual cell populations of interest, 
optogenetic approaches have been extended to 
cardiac non-myocytes, including cardiac intersti-
tial cells, and intracardiac sympathetic and para-
sympathetic neurons. While interstitial cells 
(e.g. fibroblasts and resident immune cells) have 
traditionally been viewed as electrical insulators, 
there has been long-standing evidence that car-
diac fibroblasts can be electrotonically coupled to 
cardiomyocytes in vitro, acting as an electrical 
load and/or interlinking otherwise unconnected 
cardiomyocytes [113]. Based on fibroblast-
specific activation of either ChR2, ArchT, or 
eNpHR, several optogenetic studies have con-
firmed electrotonic coupling between (myo) 
fibroblasts and cardiomyocytes in diverse 
in vitro systems, with direct effects on 
cardiomyocyte excitability, AP properties, and 

conduction velocity [18, 67, 114–116]. In 2016, 
Quinn et al. showed that fibroblasts expressing 
VSFP2.3 follow rhythmic depolarizations of 
cardiomyocytes in scar border zone tissue follow-
ing ventricular cryoinjury in Langendorff-
perfused whole hearts [55]. Similar coupling 
was subsequently observed by Rubart et al. study-
ing myofibroblasts after myocardial infarction 
[117]. In 2017, Hulsmans et al. described Cx43-
based gap junctions between cardiomyocytes and 
tissue-resident macrophages and demonstrated 
that ChR2-mediated macrophage depolarization 
could facilitate AV node conduction at high atrial 
stimulation rates [63]. These studies exemplify 
how cell-type-specific optogenetic manipulation 
and observation can be applied for unravelling 
cellular functions that are difficult to assess with 
classic electrophysiological techniques such as 
patch-clamp measurements or dye-based optical 
mapping of membrane voltage. 

Another exciting avenue of cardiac optogenetics 
is the selective photostimulation of intracardiac 
neurons. Wengrowski et al. established a mouse 
model expressing ChR2 in murine catecholaminer-
gic sympathetic neurons. In Langendorff-perfused 
hearts, photostimulation increased both heart rate 
and developed force of contraction and led to a 
significant shortening of the AP plateau phase. 
Moreover, the optogenetic release of norepineph-
rine increases both the incidence and severity of 
ventricular arrhythmias following burst pacing 
[59]. Based on experiments using optogenetic stim-
ulation of sympathetic neurons and FRET-based 
imaging of cAMP levels, Prando et al. concluded 
that neurotransmission from sympathetic neurons 
to cardiomyocytes occurs within spatially 
(diffusion)-restricted intermembrane domains 
[60]. In line with the observed chronotropic effects 
of sympathetic nerve activation, reversible neuro-
nal hyperpolarization by ArchT activation in the 
left stellate ganglion decreases the amplitude and 
frequency of nerve activity. This resulted in 
reduced systolic blood pressure increase upon neu-
ronal stimulation, longer APD and effective refrac-
tory periods, decreased heart rate variability, and 
suppression of ischemia-induced ventricular 
arrhythmias in an in vivo study using virally trans-
duced beagles [118].
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Moreno et al. targeted ChR2 to choline 
acetyltransferase-expressing neurons; hence, 
blue-light mediated ChR2 activation induced ace-
tylcholine release from cardiac parasympathetic 
neurons. Accordingly, illumination slowed the 
sinus rate and delayed atrioventricular node con-
duction [119]. When using ChR2-mediated acti-
vation of cholinergic neurons of the inferior 
pulmonary vein ganglionated plexus, Rajendran 
et al. also observed a light-dependent decrease in 
the heart rate; however, in their experimental 
setting, no change in AV node conduction was 
seen, suggesting that neuronal fibers originating 
from this plexus may pass the AV node without 
forming synapses. Photostimulation at higher 
frequencies further induced ectopic atrial activa-
tion and asystole. Finally, the study showed dif-
ferential effects of optogenetic vs. electrical 
stimulation of the vagus nerve, enabling authors 
to dissect the effects of efferent and afferent vagal 
nerve activation [120]. Taken together, 
optogenetic interrogation of intracardiac neurons 
thus represents an elegant method to elucidate the 
output of defined neuronal subsets on myocyte 
activity from single-cell to whole-heart level, as 
selective photostimulation enables superior spec-
ificity compared to electrical activation that can-
not discriminate well between different neuronal 
classes, and that may also directly stimulate 
neighboring myocytes. 

17.10 Conclusions 

We have summarized the experimental 
approaches in cardiac optogenetics and how 
they can be used for studying cardiac electrophys-
iology and intercellular communication. More-
over, we have highlighted key applications of 
optical heart rhythm control and cardiotoxicity 
screening. Computational modelling facilitates 
the interpretation of experimental data from 
laboratory-based optogenetic studies and data 
integration across scales and species. 

As cardiac optogenetics opens up a host of 
new opportunities to tackle basic research 
questions at present, it may pave the way for 
cell-type specific anti-arrhythmic therapies in the 

future. However, proof-of-concept studies are 
still limited to small animals and major hurdles 
have to be taken before transfer from bench to 
patient is realistic, with efficient and safe gene 
transfer, development of implantable light 
sources, and prevention of an immune response 
representing some of the most important 
challenges. The intrinsic technical advantages of 
optogenetics compared to pharmacological and 
unspecific electrical stimulation have already 
provided important insights into cardiac arrhyth-
mia mechanisms—and we envision further excit-
ing insights to come. 
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Abstract 

We provide a brief overview of recent numeri-
cal studies of spiral- and scroll-wave dynamics 
in mathematical models of cardiac tissue. 
These waves are believed to be important in 
developing an understanding of life-
threatening cardiac arrhythmias like ventricu-
lar tachycardia and ventricular fibrillation. In 
addition to giving a description of how spiral 
and scroll waves can be initiated in such 
models, how they evolve, how they interact 
with conduction and ionic inhomogeneities, 
and how they may be controlled; we also dis-
cuss the relevance of such studies to defibrilla-
tion. We give short descriptions of recent 
studies of (a) early afterdepolarizations 
(EADs) and their implications for premature 
ventricular contractions (PVCs) and (b) a 

deep-learning method for the detection and 
efficient elimination of spiral waves in mathe-
matical models for ventricular tissue. 
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18.1 Introduction 

Mammalian hearts are among the most efficient 
electromechanical pumps in the biological world. 
They sustain pulmonary and systemic circulation 
by rhythmically pumping roughly 5 L/min and 
4.5 L/min of blood in normal adult human males 
and females, respectively. Aberrancy of normal 
cardiac rhythm is caused, inter alia, by abnormal 
rhythmicity of the pacemaker, unusual pathways 
of impulse propagation through the heart, interim 
block or the spontaneous generation of abnormal 
impulses in almost any part of the heart. These 
lead to conditions that are clinically identified as 
cardiac arrhythmias and often result in heart fail-
ure and sudden death. Cardiac arrhythmias
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contribute about 50% to the morbidity and mor-
tality in patients with symptomatic heart failure. 
Approximately 450,000 people in the US, 90,000 
in the UK [1], and 60,000 in France [2] die each 
year as a result of this fatal clinical disorder. It is 
generally believed that spiral or scroll waves of 
electrical activation in cardiac tissue play an 
important role in such arrhythmias. Thus, the 
development of a detailed understanding of the 
propagation of waves of electrical activation 
through cardiac tissue is an interdisciplinary prob-
lem of central importance in the biological, phys-
ical, and computational sciences. 
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This chapter provides a concise overview of 
the initiation, propagation, and break-up of spiral 
and scroll waves in mathematical models of car-
diac tissue. In Sect. 18.2, we begin with an intro-
duction to the biological and experimental 
background required for our study of spiral- and 
scroll-wave dynamics in cardiac tissue; this is 
followed by brief descriptions of some mathemat-
ical models of cardiac tissue. Section 18.3 
outlines numerical studies of models and presents 
representative results obtained from single-cell, 
two-dimensional (2D) sheet, and three-
dimensional (3D) slab simulations of these 
models. In Sect. 18.4, we discuss premature ven-
tricular contractions (PVCs) that arise from early 
afterdepolarizations (EADs) in the human-
ventricular-cell model of O’Hara and Rudy (the 
ORd model [3]), and the implications of such 
PVCs for ventricular arrhythmias. In Sect. 18.5, 
we discuss two control schemes for spiral- and 
scroll-wave turbulence; these are the mathemati-
cal analogs of defibrillation; the second one of 
these uses a deep-learning method. We end with 
concluding remarks in Sect. 18.6. 

18.2 Experimental Background 
and Mathematical Models 

In the clinic, various forms of cardiac arrhythmias 
have been observed. Here, we concentrate only 
on ventricular tachycardia (VT) and ventricular 
fibrillation (VF), which arise from disorders of 
impulse formation, impulse conduction, or both. 
Disorders of impulse formation relate to the 

abnormal discharge rate of the sino-atrial node 
(SAN) or premature contraction of the heart 
resulting from the formation of ectopic foci. 
Disorders of impulse conduction include conduc-
tion delays and blocks that result in 
bradyarrhythmias and tachyarrhythmias. 
Tachyarrhythmias, such as VT and VF, occur 
when delays and blocks produce reentrant 
excitations. 

To develop a mathematical model for cardiac 
tissue, several experimental inputs are required. 
Such inputs are obtained principally from patch– 
clamp experiments that are now capable of 
providing detailed information about parameters 
that govern the operation of ion channels in a 
cardiac cell. Each ion channel is modeled via 
Hodgkin–Huxley-type equations (Sect. 18.2.1). 
This requires parameters that include channel 
conductances and rate constants, which govern 
the behaviors of gating variables. To go from a 
single-cell model to a model for cardiac tissue, we 
need, in addition, the cell’s membrane capaci-
tance per unit area and diffusion coefficients 
along the various directions. These again can be 
obtained from patch–clamp experiments and a 
realistic physiological model can then be devel-
oped by fitting these parameters in such a way 
that it can reproduce all the desired experimen-
tally observed physiological properties at cell and 
tissue levels. 

Excitability is an important property of cardiac 
tissue because it can support various spiral waves 
of electrical activation like a single spiral or mul-
tiple spirals that may annihilate or regenerate by 
random collision with each other; this has been 
known since the pioneering studies of Garrey 
[4, 5], Allessie et al. [6, 7], and Mines [8, 9]; 
these can arise because of anatomical or func-
tional reentry. A single spiral wave, whose core 
is stationary, leads to monomorphic VT, whereas 
a drifting spiral is the cause of polymorphic 
tachycardia [10]. A drifting spiral or scroll wave 
occasionally gets attached to a small local inho-
mogeneity in its path and this leads to a 
polymorphic-to-monomorphic tachycardia transi-
tion [10–14]. Furthermore, the tips of the spiral 
waves (spiral cores) or, in three dimensions, the 
lines connecting the spiral tips on all the layers of



the scroll waves (scroll filaments) can drift 
towards the edges of the tissue and get 
terminated. 
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In normal automaticity, electrical excitations 
in the heart originate from the sino-atrial node 
(SAN). In addition, in both normal and diseased 
cases, electrical signals may originate in the atrial 
myocardium, the atrio-ventricular (AV) node, and 
the His-Purkinje network [15] and lead to ectopic 
beats. If this signal frequency is lower than that of 
excitations from the SAN, then these signals are 
over-driven by those from the SAN. For example, 
in bradycardia (low-frequency signals from the 
SAN), these premature excitations can take over 
from the SAN excitations. Furthermore, 
mutations in the Na+ or K+ channels can lead to 
early afterdepolarisation (EADs), which may 
result in PVCs [16, 17] that are implicated in the 
Long-QT (LQT) and Brugada syndromes [18– 
22]. An increase in the fibroblast density, which 
may occur after ischemia, can also lead to PVCs, 
via the fibroblast–myocyte coupling [17, 23, 24]. 

Afterdepolarizations in cardiomyocytes are 
among the leading causes of the triggered activity 
in cardiac tissue. These abnormal depolarizations 
occur either (a) in the repolarizing phase (EADs) 
or (b) in the resting phase (i.e., delayed 
afterdepolarizations or DADs) of an action poten-
tial (AP). If the number of such 
afterdepolarization-generating cells exceeds a 
threshold, then such groups of cells can become 
focal sources of excitations. It has been shown, in 
a rabbit-heart model, that the threshold numbers 
are 80 cells in one-dimensional (1D), 7854 cells 
in two-dimensional (2D), and 817,280 cells in 
three-dimensional (3D) tissue [25]. Therefore, 
sufficiently large clusters of such 
EAD-generating cells, in otherwise homogeneous 
cardiac tissue, can lead to PVCs. Furthermore, in 
Ref. [26], it has been shown that (a) irregular 
EADs are chaotic, (b) the synchronization of 
EADs occurs at a critical tissue size, and 
(c) beyond this critical size, partial synchroniza-
tion occurs and leads to the formation of PVCs, 
which precipitate multifocal activity and ventric-
ular fibrillation (VF). Such triggered activity 
depends on (a) the type of EADs, (b) the size of 
a clump of EAD-generating cells, (c) the reduced 

coupling between the cells in the EAD clump, and 
(d) the density of fibroblasts coupled to myocytes 
in cardiac tissue [16, 25–27]. 

Drugs can also induce EADs, e.g., dofetilide 
reduces the K+ current and anthopleurin-A 
increases the late INa current. It has been shown 
that, in chronic atrio-ventricular block (CAVB) in 
a dog-heart model, drug-induced EADs are 
responsible for focal activity that can initiate dan-
gerous arrhythmias such as the Torsade de 
Pointes (TdP) [28–31]; whether the sustenance 
of TdP is because of focal activity or re-entrant 
activity is still a matter of debate [29, 30]. How-
ever, in the case of the CAVB dog model, focal 
activity is the dominant mechanism of TdP, and 
in simulation studies, it has also been shown that 
sustenance of TdP arises from focal activity in the 
presence of large heterogeneities, that result from 
disease-induced damage that leads to the 
remodeling of cardiac tissue [30]. 

18.2.1 Mathematical Models 
of Cardiac Tissue 

Cardiac tissue is excitable in the sense that 
sub-threshold perturbations decay, whereas 
super-threshold ones lead to an AP (Fig. 18.1a). 

Once excited, the medium cannot be re-excited 
for a subsequent interval of time known as the 
refractory period. In general, cardiac tissue is 
modeled by using a reaction-diffusion equation 
of the form 

∂V 
∂t 

=∇: D∇Vð Þ- I ion þ Istimulus 

Cm 
, ð18:1Þ 

where V is the transmembrane potential, D is 
related to the conductivity of cardiac tissue, Iion 
is the sum of the currents conducted by all the ion 
channels, Istimulus is the excitation current, and Cm 

is the total cell-membrane capacitance per unit 
surface area. In general, D should be a tensor, 
but at the simplest level of modeling it is assumed 
to be a scalar. Different models for cardiac tissue 
are distinguished by different forms for Iion. Three 
common models are (a) the Luo-Rudy phase I 
(LRI) model, (b) the reduced Priebe-



Beuckelmann (RPB) model, and (c) the model of 
ten Tusscher, Noble, Noble, and Panfilov 
(TNNP), (d) the human-ventricular-cell model of 
ten Tusscher and Panfilov (the TP06 model), and 
(e) the recent human-ventricular-cell model of 
O’Hara and Rudy model (the ORd model). 
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Fig. 18.1 (a) Action potentials for realistic ionic models: 
LRI (solid magenta), RPB (dashed red) and TNNP (dotted 
black), obtained by applying a current pulse of amplitude 
100 μA/cm2 for 1 ms. (b) A plot of conduction velocity CV 
versus the normalized diffusion coefficient Dnormalized, i.e., 

the ratio of D and its maximal value Dmax = 0.00154 cm2 / 
ms; the solid line indicates a fit of the form CV = A0 × Da ; 
we find A0 = 67.3 and a = 0.5, which is consistent with 
CV α D

p 

The LRI model, based on guinea-pig data, 
includes ion pumps and has six ionic current 
components: 

ILR = INa þ Isi þ IK þ IK1 þ IKp þ Ib, ð18:2Þ 

with current densities INa, Isi, IK, IK1, IKp, and Ib 
for the fast inward Na+ current, the slow inward 
(now known as L-type Ca2+ ) current, the slow 
outward time-dependent K+ current, the time-
independent K+ current, the plateau K+ current, 
and the total background current, respectively. 
Other model parameters and equations are given 
in [32]. 

The reduced PB model (RPB) [33] is the 
reduced version of the original Priebe-
Beuckelmann (PB) model [34]. It aims at improv-
ing computational efficiency without losing any 
basic tissue properties such as the AP shape. The 
reformulated PB model reduces the total number 
of variables that have to be used. The model has a 

single delayed rectifier K+ current, as opposed to 
individual rapid and slow components. It 
excludes the dynamics of intracellular ion 
concentrations by approximating the variables 
by suitable constants as described by Bernus 
et al. [33]. The total current is 

IRPB = INa þ ICa þ Ito þ IK þ IK1 
þ INaCa þ INaK þ IbNa þ IbCa, ð18:3Þ 

with INa the fast inward Na
+ current, ICa the slow 

inward Ca2+ current, Ito the transient outward 
current, IK the delayed rectifier K

+ current, IK1 
the inward rectifier K+ current, INaK the Na

+ /K+ 

pump current, INaCa the Na
+ /Ca2+ exchanger cur-

rent, and IbNa and IbCa the background Na
+ and 

Ca2+ currents, respectively. 
The TNNP model fits experimentally recorded 

AP duration (APD) properties of human myocar-
dium, and is based on experimental data on most 
of the major ionic currents in human cardiac 
tissue, and includes simple Ca2+ dynamics, 
which allows for realistic modeling of Ca2+ 

transients, Ca2+ current inactivation, and a posi-
tive contraction staircase. The total ionic current 
is
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Iion = INa þ ICaL þ Ito þ IKs þ IKr 
þ IK1 þ INaCa þ INaK þ IpCa þ IpK 
þ IbNa þ IbCa, ð18:4Þ 

where ICaL is the L-type Ca
2+ current and IpCa and 

IpK are the plateau Ca
2+ and K+ currents. 

Each current, in the models above, is described 
by Hodgkin-Huxley-type equations, i.e., for ion 
channel i the current is 

Ii Vm, tð Þ= gi Vm -Eið Þ, ð18:5Þ 
where Ei is the reversal potential for the channel 
i and gi its conductance. We must also include 
differential equations that govern the behaviors of 
voltage-gated ion channels; these are described in 
detail in [32]. 

The TP06 [35] human-ventricular-cell model 
(of 2006) is based on experimental data on many 
of the important ionic currents, specifically the Na 
and Ca currents; this model fits experimental 
measurements of human-ventricular-myocyte 
APD restitution, and it includes a more extensive 
description of intracellular calcium dynamics 
than does the TNNP model. The instabilities, 
which lead to spiral-wave breakup because of 
alternans and APD restitution, appear clearly in 
the TP06 model that uses the following 12 ionic 
currents (for the model equations and parameters, 
see [35]): 

Iion = INa þ ICaL þ Ito þ IKs þ IKr 
þ IK1 þ INaCa þ INaK þ IpCa þ IpK 
þ IbNa þ IbCa, ð18:6Þ 

The O’Hara-Rudy (ORd) model (of 2012), for 
the normal human ventricle, is based on experi-
mental data for (a) the AP, (b) the rate 
dependences of APD restitution, with and without 
ion-channel blockers, and (c) the CAMK depen-
dence of many of the ion currents (e.g. INa, ICaL, 
Ito). This model has realistic Ca2+ dynamics, 
which can reproduce experimentally observed 
EADs. It has the following 14 ionic currents: 

Iion = INa þ ICaL þ ICaNa þ ICaK þ Ito 
þ IKs þ IKr þ IK1 þ INaCa þ INaK 
þ IpCa þ IKb þ INab þ ICab, ð18:7Þ 

which are given in Ref. [3] along with the model 
equations and parameters. 

It is often advantageous to use simple, 
two-variable models with a normalized trans-
membrane potential e and a slow recovery vari-
able g into which all the essential physics of ion 
channels is subsumed. One example of such a 
model is the Panfilov [36, 37] model: 

∂e 
∂t 

=∇2 e- f eð Þ- g; 
∂g 
∂t 

= ε e, gð Þ
x ke- gð Þ, ð18:8Þ 

Here f(e) = C1e when e < e1, f(e) = -C2e + a  
when e1 ≤ e ≤ e2 and f(e) = C3(e-1) when e > e2. 
ε(e, g) = ε1 when e < e2, ε(e, g) = ε2 when 
e > e2, ε(e, g) = ε3 when e < e1 and g < g1, 
e1 = 0.0026, e2 = 0.837, C1 = 20, C2 = 3, 
C3 = 15, a = 0.06 and k = 3. The dynamics of 
the recovery variable is specified by the function 
ε(e, g). The recovery time constant for small 
e and g is specified by ε- 1 

3 . It approximately 
corresponds to the relative refractory period. The 
recovery time constant for relatively large g and 
intermediate e is specified byε- 1 

1 . Physiologically 
this corresponds to the wave-front, wave-back 
and the absolute-refractory periods. 

18.3 Numerical Studies 
and Representative Results 

We have performed extensive numerical studies 
of these four models [32]. Here we give illustra-
tive results from single-cell, 2D, and 3D 
simulations. For computing single-cell APs 
(Eq. 18.9 below), a time step δt = 0.01 ms for 
LRI, RPB, and TNNP models was used. For 
studies in 2D and 3D, the forward-Euler method 
for time marching with time steps of 0.11 ms, 
0.01 ms, 0.02 ms, and 0.02 ms for Panfilov, LRI, 
RPB, and TNNP models, respectively, were used; 
and the Hodgkin-Huxley-type equations were 
integrated for the different gating variables (for 
LRI, RPB, and TNNP models) by using the Rush-
Larsen scheme. Furthermore, a finite-difference 
method with spatial steps of δx = δy = 0.5 for 
the Panfilov model, δx = δy = 0.225 mm for the



LRI model, δx = δy = 0.225 mm for the 
2D-TNNP model and δx = δy = 0.225 mm, 
δz = 0.1 mm for the 3D-TNNP was used. A 
five-point stencil was used for computing the 
Laplacian on a square simulation domain in 2D, 
whereas in 3D we used a seven-point stencil on a 
rectangular slab. For studies in 2D the domain 
contains 400 × 400 grid points for the Panfilov 
and LRI models and 600 × 600 grid points for the 
TNNP model. For studies in 3D δz = δx for both 
Panfilov and LRI models, but δz = 0.01 cm for 
the TNNP model was employed; we use Nz = 15 
grid points along the z direction in 3D domains. 
Neumann (no-flux) boundary conditions (i.e., 
∇V :n= 0, where n is the normal to the surface 
of the tissue drawn at the boundary) were used 
and the accuracy of our numerical schemes was 
tested by varying both the time and space 
steps [38]. 
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For single-cell simulations of the ORd model, 
we pace the cell with a pacing cycle length 
PCL = 1000 ms; and we record the 50th action-
potential (AP). We change the repolarization 
reserve (RR) by changing the conductances of 
inward and outward currents, such as GCaL and 
GKr, multiplicatively by using our scale factors 
[16, 39]. In our 2D-tissue simulations, we use 
square domains, with 768 × 768 grid points, a 
forward-Euler scheme for time stepping 
(δt = 0.2 ms), and a finite-difference method, 
with a five-point stencil for the Laplacian and 
δx = δy = 0.2 mm. 

18.3.1 Single Cell 

At the single-cell level Eq. (18.1) becomes the 
ordinary differential equation (ODE) 

dV 
dt 

= 
Iion þ Istim 

Cm 
, ð18:9Þ 

with the ionic current given by Eqs. (18.2), (18.3), 
or (18.4) for LRI, RPB, or TNNP models, respec-
tively. Even though the Panfilov model is 
extremely simple, compared to the LRI, RPB, 
and TNNP models, it captures several essential 
properties of the spatiotemporal evolution of the 

transmembrane potential; e.g., the AP of the 
Panfilov model contains both the absolute and 
relative refractory periods, predominantly seen 
in advanced models. 

The cardiac APs that follow from Eq. (18.7) 
for the LRI, RPB, and TNNP models are shown 
in Fig. 18.1(a); to obtain these, a current pulse of 
100 μA/cm2 for 1 ms  was applied to a single cell 
of each type. From the plots in Fig. 18.1(a), the 
APD, threshold potential (Vthreshold), resting 
membrane potential (Vrest), maximum plateau 
potential (Vplateau), potential at AP notch (Vnotch), 
and maximum conduction velocity (CVmax) were 
obtained. These values for all the four models 
above are listed in Table 18.1. The threshold 
potential is defined as the minimum voltage that 
is required for excitation of the cell. Its value is 
(as listed in Table 18.1) always much higher than 
the resting-state potential, so that the cells do not 
get excited because of slight ionic imbalances 
occurring within them. In other words, the rela-
tively high value of Vthreshold indicates that proper 
excitation of a cardiac cell requires a large ionic-
concentration drop across the cell wall. For a 
good review on cardiac propagation, we refer 
the reader to Kleber and Rudy [40]. 

18.3.2 Homogeneous 
Two-Dimensional Sheet of Cells 

A 2D sheet of cardiac cells is modeled by 
Eq. 18.1 in which the cells are coupled via the 
diffusion term [32]. Given this diffusive coupling, 
an AP generated from one cell can excite its 
neighboring cells and thus spread out as an 
expanding wave. The initial excitation is followed 
by a refractory period, so a second wave cannot 
follow the first one immediately. When two 
waves collide in such a medium, they cannot 
pass through each other because their wakes 
(i.e., the part of the medium that has passed into 
the refractory phase just behind the tail of the 
excitatory wave) are non-excitable, so they anni-
hilate [32]. It is known that the propagation veloc-
ity of a reaction-diffusion-type equation is 
directly proportional to the square root of the 
diffusion coefficient D [41]. To observe such a



Table 18.1 Comparison between single cell behaviors of four mathematical models of cardiac tissue

– – –

relation in the TNNP model of cardiac tissue, CV 
was measured by using different values of D and 
by injecting a plane wave into the homogeneous 
domain via a stimulation current of 150 μA/cm2 

for 3 ms  at the left boundary. The data in Fig. 18.1 
(b) are consistent withCV / D

p 
. We also 

observed that CV and the wavelength λ, which is 
roughly the product of the refractory period and 
the CV, are 68.28 cm/s and 13.2 cm, respectively. 
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Model APD (ms) Vthreshold (mV) Vrest (mV) Vplateau (mV) Vnotch (mV) CVmax (cm/s) 

Panfilov 330 – -80 
LRI 366 -60 -84 17.7 12.4 – 

RPB 357.2 -60.2 -90.2 ~13 ~8.5 70.4 
TNNP 286.8 -62.8 -86.2 22.6 13.6 68.8 

Generally, two methods are used to initiate 
spiral waves in simulations [10, 32, 33, 42] and 
experiments [10, 11], namely, (a) the S1-S2 
cross-field protocol and (b) the S1-S2 parallel-
field protocol. In the cross-field method a super-
threshold stimulus S2 is applied at the boundary 
that is perpendicular to the S1 stimulus. In the 
parallel-field method, S2 is applied parallel to the 
refractory tail of the S1 stimulus but not over the 
entire length of the domain. We used the parallel-
field protocol. 

To initiate a spiral wave in the TNNP model in 
a homogeneous domain, a plane wave was 
injected into the domain via an S1 stimulus of 
strength 100 μA/cm2 for 3 ms  at the left boundary. 
D was chosen to be 0.000385 cm2 /ms (approxi-
mately one fourth of its original value, 0.00154) 
in the beginning of our simulation to initiate a 
spiral wave. An S2 stimulus of strength 450 μA/ 
cm2 for 3 ms  after 560 ms and just behind the 
refractory tail of S1 (x = 360, 1 ≤ y ≤ 550) was 
then applied. The conductivity was then reset to 
its original value after 880 ms. This procedure 
yielded the fully developed spiral wave as 
shown in Fig. 18.2(a) at t = 976 ms; and this 
state was used as the initial condition for 
subsequent studies. This procedure forms a stable 
spiral wave in a homogeneous domain [32]; its 
period of rotation is 263 ms as shown in Fig. 18.2 
(b). However, it can also evolve to a state with 
spatiotemporal chaos. Whether it does so or not, 

depends on the conductance of specific ion 
channels. 

18.3.3 Two-Dimensional Sheet of Cells 
with Inhomogeneities 

Cardiac tissue contains various types of 
heterogeneities that can arise because of 
(a) genetic disorders, (b) scar tissue formed after 
a myocardial infarction, (c) major blood vessels, 
(d) connective tissue, (e) cells other than 
myocytes (e.g., fibroblasts), or (f) inter-cellular 
coupling. Therefore, it is important to understand 
the role of such heterogeneities on spiral- and 
scroll-wave dynamics in both experimental and 
numerical settings. We give illustrative studies 
for the TNNP model. 

Conduction inhomogeneities, like scar tissues 
or major blood vessels, can affect spiral waves in 
several ways. In some cases such 
inhomogeneities can anchor a spiral wave or 
eliminate it completely [12, 14]; the larger the 
obstacle the more likely is the anchoring; how-
ever, even if the obstacle is large, the wave might 
not attach to it. Furthermore, an obstacle can 
convert multiple spirals to a single anchored spi-
ral [13]. Such behavior has also been seen in 
numerical simulations of spiral-wave turbulence 
in models for cardiac tissue [32, 43, 44]. 

We introduced inhomogeneities in our 2D 
simulation domain by setting D = 0 at the loca-
tion of the obstacles. The obstacles were square or 
circular in shape. Furthermore, Neumann (i.e., 
no-flux) boundary conditions on the boundaries 
of the obstacle were used. 

Our systematic study of spiral-wave dynamics 
in the presence of an obstacle [32, 44] shows that 
the initial condition of Fig. 18.2(a), which 
evolved to the stable rotating spiral of Fig. 18.2



(b) in the absence of an obstacle, can give rise to 
one of the following results: (a) the spiral wave 
can continue to rotate, without being anchored to 
the obstacle, and eventually break down to yield 
the spiral-wave turbulence state (ST); (b) the tip 
of the spiral wave can get anchored to the obstacle 
to give the rotating state (RS) in which the 
anchored spiral rotates around the obstacle; 
(c) all spiral waves can be absorbed by the 
boundaries so that the system evolves into the 
quiescent state (Q). A representative pseudocolor 
plot of V, for the ST case in the presence of a 
square obstacle, is shown in Fig. 18.2(c). We also 
obtained similar results if the initial condition is a 
broken-spiral-wave state rather than one in which 
we have a single rotating spiral wave. 
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Fig. 18.2 Pseudocolor plots of the transmembrane poten-
tial V from 2D simulations of the TNNP model: (a) a fully 
developed spiral wave at time t = 976 ms that is used as an 
initial condition to study spiral-wave dynamics in this 
model; (b) stable rotating spiral state in a homogeneous 
domain at time t = 2.4 s; (c) spiral turbulence (ST) state 
with broken spirals at time t = 2.4 s, in the presence of a 

square conduction inhomogeneity (obstacle) of side length 
l = 3.375 cm, whose bottom-left corner is placed at 
(56.25 mm, 56.25 mm); (d) single-spiral state with com-
plex periodic behavior in the same system at time t = 2.4 s, 
in the presence of a square ionic inhomogeneity of side 
length l = 3.375 cm, whose bottom-left corner is placed at 
(56.25 mm, 56.25 mm) 

By changing the position of the obstacle, it 
was found that spiral-wave dynamics depends 
sensitively on the position of an obstacle 
[32, 44]: small changes in the position of the 

obstacle can change the final state of the system 
from, say, ST to RS or Q. We have suggested 
[32, 44] that this arises because of an underlying 
fractal-type basin boundary between the domains 
of attraction of ST, RS, and Q states. We also 
observed similar sensitive dependence of spiral-
wave dynamics on the position of an obstacle, if 
we use a circular obstacle; for details, please see 
[32, 44]. 

Cardiac tissue can contain other types of 
inhomogeneities that originate from changes in 
single-cell properties, which are caused in turn 
by changes in the chemical environment or meta-
bolic modifications [45]. Collections of such cells 
are referred to as ionic inhomogeneities; some of 
their properties, like the conductance of ion 
channels, are slightly modified relative to those 
of normal cardiac cells. 

The ionic inhomogeneities can also have dra-
matic effects on spiral-wave dynamics. In



particular, they can eliminate spiral waves, or 
anchor a spiral wave, but with richer dynamics 
than that in the case of a conduction inhomogene-
ity. For example, our ionic-inhomogeneity stud-
ies in the Panfilov model [32, 44] show that such 
inhomogeneities can lead to the coexistence of 
the following types of behaviors: (a) ST outside 
the inhomogeneity and quasiperiodic behavior 
inside it; (b) an unbroken RS outside the inhomo-
geneity and broken spiral waves (ST) inside it; 
and (c) a spiral anchored to the inhomogeneity 
with different quasiperiodic temporal evolution of 
V outside and inside the inhomogeneity. We have 
observed such complex behaviors in our numeri-
cal studies of ionic inhomogeneities in LRI, RPB, 
and TNNP models [32]. Here we restrict our-
selves to representative results for the TNNP 
model. We introduce square ionic 
inhomogeneities by changing the L-type Ca2+ 

conductance GCaL or the plateau-Ca
2+ conduc-

tance GpCa. The initial condition shown in 
Fig. 18.2(a) was used, which evolves into a stable 
rotating spiral (Fig. 18.2b) in the absence of an 
ionic inhomogeneity. Our numerical studies for 
the TNNP model show that this inhomogeneity 
can cause the elimination of spiral waves or give 
rise to breaking up of spiral wave or complex 
periodic behaviors or have no significant effect 
on the spiral waves. Precisely which one of these 
behaviors is obtained depends on the position of 
the inhomogeneity. In Fig. 18.2(c), we show that 
the inhomogeneity can break the spiral wave and 
can possibly lead to ST. A representative case of 
the coexistence of spiral waves with different 
quasiperiodic behaviors inside and outside the 
inhomogeneity is shown in Fig. 18.2(d). Similar 
results were also obtained if the initial condition 
was a broken-spiral-wave state rather than a rotat-
ing spiral. Complex periodic oscillations and 
coexistence of the said nature have also been 
reported in experiments [46]; however, it has 
been suggested that the oscillations observed in 
these experiments are caused by the interplay of 
conduction inhomogeneities and partial conduc-
tion blocks [32, 44]. For more information on 
studies in 2D, we refer the reader to Refs. 
[47, 48]. 
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18.3.4 Homogeneous 
Three-Dimensional Slab 
of Tissue 

In this section, we compare 3D simulations of 
Panfilov, LRI, and TNNP models. In the 3D 
slab geometry, sheets of cells are stacked one on 
top of the other with an inter-layer coupling. 
Furthermore, D is taken to be a tensor with 
elements Dij ≠ 0 for any value of j. In the isotropic 
case, we have Dij = 0 for (i ≠ j), Dxx = Dyy = Dk 
and Dzz = D2. Dk is the coefficient of diffusion 
along and perpendicular to, but in the plane of, the 
axis of cardiac muscle fibers; its value is the same 
as the value of D in the homogeneous 2D case. D2 

is different from Dk because of the difference in 
conduction velocities in the longitudinal and 
transmural directions in cardiac tissue. Typically 
we use the values 0.001 cm2 s-1 and 0.0002cm2 s-
1 for Dk and D2 respectively [45]. Representative 
isosurface and volume plots of V from our 
simulations for homogeneous 3D Panfilov and 
TNNP models are shown in Figs. 18.3a and c). 

The effects of cardiac-muscle-fiber rotation in 
3D have been studied for LRI and RPB models. 
We discuss briefly the effects of such fiber rota-
tion on Panfilov, LRI, and TNNP models; the 
diffusion tensor now has the form [49], 
D11 = Dkcos

2 θ(z) +  D1sin
2 θ(z),D22 = Dksin

2 θ(-
z) + D1cos

2 θ(z), D33 = D2, 
D13 = D31 = D23 = D32 = 0, D12 = D21 = (Dk -
D1) sin θ(z) cos θ(z). Dk is the diffusivity for 
propagation parallel to the fiber axis, D1 the dif-
fusivity perpendicular to this axis but in-plane, 
and D2 the diffusivity perpendicular to the fiber 
axis in the transmural direction; θ(z) is the twist 
angle along the transmural direction. The total 
fiber rotation from the endocardium to the epicar-
dium is θ(z) = αLz, where α is the fiber-rotation 
rate. We assumed that δ(z) changes continuously 
[49] from -θendocardial wall to +θepicardial wall. For 
3D studies on the Panfilov and TNNP models, we 
use slabs of dimensions 20 cm × 20 cm × 4 mm. 
and 9 cm  × 9 cm  × 2 mm, respectively. 

To study the effect of an initial filament twist 
on a scroll wave [45], we begin with a stack of 2D 
spiral waves; spirals in successive planes in the



b

z direction are twisted with respect to each other; 
this is done by evolving a spiral wave in a 2D 
simulation and then using the spiral waves, 
separated by time intervals of, say, 50δt, for suc-
cessive planes. Thus the initial condition is a 
scroll wave that is twisted transmurally. For the 
homogeneous Panfilov and LRI models [45], with 
parameters belonging to the weak (stable) mean-
der regimes of the corresponding spirals in 2D, 
the initially twisted scroll is seen to unwind and 
finally ends up with a straight filament. For the 
LRI model, this phenomenon occurs for initial 
twist angles of over 300°, from the top of the 
filament to its bottom, in 9 mm thick slabs as 
well as for twist angles of 300°, i.e., two rotations 
[50]. We obtain analogous results for the Panfilov 
model. 
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Fig. 18.3 (a) Isosurface 
plot of the transmembrane 
potential V in the 
homogeneous 3D Panfilov 
model at time t = 1.6 s; (b) 
the analog of (a) but for the 
3D Panfilov model with 
fiber rotation and a rotation 
angle 40°; (c) a volume plot 
of the transmembrane 
potential V in the 
homogeneous 3D TNNP 
model at time t = 0.92 s; (d) 
the analog of (c) but for the 
3D TNNP model with fiber 
rotation and for a rotation 
angle 40° 
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The analogs of the calculations described in 
the previous paragraph can also be carried out 
with fiber rotation; we give illustrative results 
from our studies of the Panfilov and TNNP 
models in 3D. We begin with a straight scroll 
wave and observe that the mere introduction of 
fiber rotation stimulates bending and twisting of 

the scroll filament. For fixed tissue thickness, we 
varied the rate of fiber rotation. The wave devel-
oped a complex toroid-like structure as illustrated 
in Fig. 18.3(b) for the Panfilov model; this struc-
ture was unusually stable against both weak and 
strong perturbations [50]. A representative result 
from our simulations for the fiber-rotated 3D 
TNNP model is shown in Fig. 18.3(d). 

Scroll-wave break-up has been observed in the 
LRI model [45, 51–53]. With an initial twist in 
the scroll filament, a scroll wave in the strong-
meander regime breaks up if the angle of twist is 
greater than a critical value; it then forms a small, 
less twisted filament along with a scroll ring 
whose radius shrinks as time increases. The scroll 
ring ultimately disappears and its counterpart 
exhibits behavior similar to its parent, depending 
on its initial twist. For details, we refer the reader 
to Refs. [51–53]. For more information regarding 
the dynamics of scroll waves in 3D cardiac tissue, 
we refer the reader to Ref. [54].
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18.4 EADs 
and the Arrhythmogenesis 
in the TP06 and ORd Models 

We give a brief overview of our in-silico studies 
of a cluster of EAD-generating cells, which can 
form a substrate of re-entrant excitations that can 
lead to arrhythmias [39, 55]. We first show that a 
reduction in the repolarization reserve (RR), 
achieved by increasing the inward currents (e.g., 
ICaL) or decreasing the outward currents (e.g., IKr) 
or both, leads to EADs in the single-cell AP in the 
ORd model (see [39] for a similar result for the 
TP06 model). Figures 18.4(a–d) show the four 
different types of EADs that we observe by 
changing the RR in these models: In Fig. 18.4 
(a), there is only a marginal effect on the normal 
repolarization, and the cell returns to its resting-
membrane state; in Fig. 18.4(b), the normal repo-
larization is reversed, depolarization is observed 
in the form of a bump in the AP, and the cell later 
comes back to its resting state; in Fig. 18.4(c), the 
normal repolarization is replaced by oscillations 
in V; in Fig. 18.4(d), the normal repolarization 
gives way to oscillations in V and the cell ends up 
in a new resting state. In Fig. 18.5, we show, in 
the GCaL–GKr plane, the regions in which these 
four types of EADs occur for different values of 

PCL; black, red, cyan, and blue colors indicate 
the regions in which the model shows EADs of 
the types in Figs. 18.4(a), (b), (c), and (d), respec-
tively. Clearly, EADs appear predominantly for 
large values of PCL. 

Fig. 18.4 Illustrative 
action potentials, showing 
four different types of 
EADs; (a) black colored 
curve- an AP with marginal 
change in repolarisation, 
(b) red colored curve- an 
AP with one EAD, (c) cyan 
colored curve- an AP that 
has EAD oscillations, and 
(d) blue colored curve- an 
AP that has EAD 
oscillations and eventually 
settles to new resting 
membrane potential, for 
different representative 
values of GCaL and GKr in 
the ORd model (see Fig. 2 
of Ref. [39] for details) 

We now discuss the implications of these 
single-cell results for in-silico studies of 2D tis-
sue. We observe three different kinds of spiral or 
broken-spiral waves in the oRd model: Na-Ca-
mediated, Ca-mediated, and phase waves, which 
we illustrate in Fig. 18.6 by representative 
pseudocolor plots of V, INa, and ICaL (for the 
following parameter sets: Na-Ca-mediated wave: 
GCaL = 4 and GKr = 0.37; Ca-mediated wave: 
GCaL= 4 and GKr= 0.275; phase wave: GCaL = 4 
and GKr= 0.2; see Ref. [39] for details). We show 
in Fig. 18.7, via a representative stability diagram 
in the GCaL–- GKr plane (Fig. 18.5 top left panel), 
the types of waves that occur in different regions 
(yellow and magenta circles indicate phase waves, 
yellow-filled triangles Ca-mediated waves, open 
squares Na-Ca-mediated waves, and yellow-filled 
squares waves mediated by INa.). We recall that 
phase waves are pseudo-traveling waves that are 
not obstructed by impenetrable obstacles, and they 
are mediated by ICaL.  We show in Fig. 18.8 that the 
defibrillation scheme of Ref. [56] eliminates Na 
and Na-Ca mediated waves, but it fails to suppress 
phase waves.
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Fig. 18.5 Regions of 
stability in the GCaL—GKr 

plane for the four types of 
EADs shown in Fig. 18.4 
for the ORd model (black: 
no EADs; red a single 
EAD; cyan: oscillating 
EADs which comes back to 
the resting state; blue: 
oscillating EADs that shift 
to a new resting state); 
different panels show the 
dependence of these 
stability regions on the PCL 
(from Fig. 3 of Ref. [39]) 

Fig. 18.6 Na-Ca-mediated, Ca-mediated, and phase waves in the ORd model illustrated by representative pseudocolor 
plots of V, INa, and ICaL (from Fig. 18.5 in Ref. [39])
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Fig. 18.7 The stability 
diagram in the GCaL—GKr 

plane (top left panel of 
Fig. 18.6) showing the 
types of waves that occur in 
different regions: yellow 
and magenta circles 
indicate phase waves; 
yellow-filled triangles 
Ca-mediated waves; open 
squares Na-Ca-mediated 
waves, and yellow-filled 
squares waves mediated by 
INa. (from Fig. 5 of Ref. 
[39]) 

Fig. 18.8 This illustrative plot shows that the defibrillation scheme of Ref. [56] eliminates Na and Na-Ca mediated 
waves, but it fails to suppress phase waves (from Fig. 18.6 in Ref. [39])
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Fig. 18.9 Plots of ORd-model APs showing EADs of (a) 
Type I, with oscillations, increasing with time until the cell 
repolarizes to the resting membrane potential, and (b) 

Type II, with decaying oscillations, finally relax to a 
potential that is higher than the normal resting membrane 
potential (from Fig. 2 of Ref. [16]) 

18.4.1 Triggered Activity by the EAD 
Cells in a 2D Cardiac Tissue 
ORd Model 

The role of two different types of EADs in trig-
gered activity that leads to PVCs in the ORd 
model was investigated by us [16], and the prin-
cipal results of this study are summarised below: 
We show that not all EADs, obtained at the 
single-cell level, are capable of inducing PVCs. 
We present in Figs. 18.9 (a and b) EADs of types I 
and II, respectively; we generate these by reduc-
ing GKr. We now consider circular clusters, of 
radius R, with cells that lead to EADs either of 
type I or of type II; and we examine wave dynam-
ics with such a circular cluster, of type I or II, in 
an otherwise homogeneous simulation domain 
(for the pacing protocol, see Ref. [16]). We 
show in Fig. 18.10 that type-I EADs are capable 
of triggered activity, whereas type-II EADs fail in 
such triggering, because of the low amplitude of 
EAD oscillations (compare Figs. 18.9 (a) and 
(b)). In Fig. 18.11, we illustrate how the trigger-
ing of PVCs occurs only if the radius R of the 
EAD-generating cluster is large. Next, we dem-
onstrate in Fig. 18.12 that, as we decrease D by 
reducing the gap-junctional coupling strength 
between the EAD-generating cells within the 

cluster, the propensity of the cluster to yield 
PVCs is enhanced, because the reduction of 
D allows the excitations to overcome the source-
sink mismatch at the boundaries of the EAD 
cluster. Finally, we investigate the effects of 
introducing fibroblasts (caused, e.g., by collagen 
deposits), which we model as inexcitable 
obstacles, into the EAD cluster; if this cluster 
does not generate PVCs on its own, then it can 
do so as the percentage concentration Pf of 
fibroblasts increases (see Fig. 18.13), although, 
for sufficiently large Pf PVCs are suppressed 
(Fig. 18.14). 

For the dependence of of such PVCs on other 
parameters we refer the reader to [16]. 

18.5 The Control of Spiral-Wave 
Turbulence 

The efficient control of arrhythmogenic waves 
has been one of the outstanding goals in clinical 
cardiology. Specifically, the challenge is the ter-
mination of rotors or spiral and scroll waves, 
especially of those that are broken. This can be 
achieved by the following two different 
approaches: (a) the therapeutic approach in 
which suitable medication is administered (see,



e.g., [18, 19]) and (b) defibrillation, i.e., the appli-
cation of electric fields or low-amplitude currents 
(see, e.g., [56, 58, 59]). 
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Fig. 18.10 Representative ORd-model tissue simulations 
showing, via pseudocolor plots of the transmembrane 
potential, that not all types of EADs can trigger PVCs: 

Type-I EADs can, after assymetric pacing, but Type-II 
EADs fail to do so (from Fig. 3 of Ref. [16]); the boundary 
of the cluster of EAD cells is indicated by a white curve 

Fig. 18.11 Representative ORd-model tissue simulations 
showing, via pseudocolor plots of the transmembrane 
potential, that small (large) size Type-I EAD clusters 

cannot (can) trigger PVCs after assymetric pacing (from 
Fig. 4 of Ref. [16]); the boundary of the cluster of EAD 
cells is indicated by a white curve 

Defibrillation is the application of electrical 
shocks to control the fibrillating heart and to 
restore its normal rhythm. The success rate of 

defibrillation is variable and sometimes it can 
also leave the heart damaged [1]. In external 
defibrillation, one applies electrical shocks 
(5  kV) across the patient’s chest to depolarize all 
cardiac cells simultaneously. This silences the 
ventricles electrically and forces all the cardiac
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Fig. 18.12 Representative ORd-model tissue simulations 
showing, via pseudocolor plots of the transmembrane 
potential, that, as we decrease D by reducing the 
gap-junctional coupling strength between the 

EAD-generating cells within the cluster, the propensity 
of the cluster to yield PVCs is enhanced (from Fig. 5 of 
Ref. [16]); the boundary of the cluster of EAD cells is 
indicated by a white curve 

Fig. 18.13 Representative ORd-model tissue simulations 
showing, via pseudocolor plots of the transmembrane 
potential, PVC triggering with Pf = 15% (bottom panel) 
but not with Pf = 10% fibrosis (top panel) in an EAD 

cluster with R = 2 cm; here, Pf the percentage of 
inexcitable cells (fibrosis) within the cluster (from Fig. 7 
in Ref. [16]); the boundary of the cluster of EAD cells is 
indicated by a white curve



cells, including the sino-atrial node (SAN) and 
the atrio-ventricular node (AVN), to reset and 
resume normal electrophysiological activity [2].
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Fig. 18.14 The dependence on Pf (as in Fig. 18.13) of the number N of triggered PVCs (from Fig. 6 in Ref. [16]) 

The analog of defibrillation in mathematical 
models of cardiac tissue is the control of spiral-
wave activity, preferably with low-amplitude 
voltage pulses. Several schemes have been 
suggested; here, we discuss the control scheme 
proposed by Sinha et al. [56] for the Panfilov 
model. This uses very low-amplitude pulses 
(of order mV) for a brief duration (of order 
100 ms) and over a coarse mesh of lines on the 
model ventricle [56]. This scheme, if realized in 
an internal defibrillator, would constitute a signif-
icant advance in these devices, because it would 
lead to the development of low-amplitude defi-
brillation, which is a major challenge. 

In the Panfilov model, the analog of VF arises 
when the system evolves to a transient state in 
which large spirals break down [56]. The lifetime 
τL of this state increases rapidly with L, the linear 
size of the system. Qualitatively, this agrees with 
the experimental finding that hearts of small 
mammals are less prone to fibrillation than those 
of large mammals. For time scales longer than τL, 
a quiescent state is established with e = g = 0. In  
the 2D control scheme, the simulation domain 
(size L × L) is divided into K2 smaller blocks 
bounded by a mesh of lines. A super-threshold 
pulse is applied to the e-field on the selected mesh 
of lines. This pulse, applied for a short length of 
time τc, effectively simulates Neumann boundary 

conditions (for the block bounded by the mesh) 
because the region near the mesh lines becomes 
refractory. The mesh lines then absorb the spiral 
waves formed inside each block and spiral-wave 
turbulence is eliminated. For a generalization of 
the 3D case and for the details of the control 
protocol, we refer the reader to Ref. [56]. We 
have extended this control scheme to the LRI, 
RPB, and TNNP models [32] both for homoge-
neous simulation domains and domains with 
inhomogeneities. We give representative results 
for this control scheme for the 2D TNNP model 
both with and without inhomogeneities in 
Figs. 18.15(a–d). 

We have discussed our earlier proposal for a 
low-amplitude defibrillation scheme (Ref. [56]). 
We now summarize our recent suggestion for the 
defibrillation scheme, which we realize by using a 
deep-learning approach; this eliminates both 
unbroken and broken spiral waves. In particular, 
we develop a convolution neural network (CNN) 
that we train (see Ref [57]) to classify and distin-
guish between spiral [S] and non-spiral (N S) 
wave patterns (Fig. 18.16), which we obtain 
from pseudocolor plots of the transmembrane 
potential that result from our in-silico studies of 
different PDE models for cardiac tissue [3, 35, 57, 
60–62]. Our CNN (Fig. 18.17) has one input 
layer and three sets of convolution layers, ReLU 
and Max pool layers, and a final fully-connected 
layer [57, 63]. We train this CNN by employing 
(a) a stochastic-gradient decent technique and a



b

d

cross-entropy energy function and (b) 100,000 S 
and N S patterns [57, 63]. Our trained CNN 
distinguishes between S and N S patterns with 
an accuracy of 99.6%. 
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Fig. 18.15 Spiral-wave 
control in the 2D TNNP 
model by the application of 
a control pulse of amplitude 
27.75 A/cm2 for t = 20 ms 
over a square mesh with 
each block of size L/ 
K = 27 mm, i.e., the 
simulation domain is 
divided into 52 square 
blocks. Figures (a) and (b) 
are pseudocolor plots of 
V for the homogeneous case 
at time t = 0 ms  and 
t = 280 ms, respectively. 
Figures (c) and (d) are the 
analogs of (a) and (b) but in 
the presence of a square 
inhomogeneity of side 
length l = 33.75 mm, whose 
bottom-left corner is placed 
at (56.25 mm, 56.25 mm) 
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Fig. 18.16 Pseudocolor 
plots (from Fig. 1 of Ref. 
[57]) of the transmembrane 
potential showing spiral 
(S) and non-spiral (N S) 
wave patterns, which we 
obtain from our in-silico 
studies of different PDE 
models for cardiac tissue 
Ref. [3, 35, 57, 60–62] 

Broken-spiral patterns, in pseudocolor plots of 
the transmembrane potential, contain multiple 
spiral waves of different sizes. We use our trained 
CNN to scan over such images, with a range of 
scanning sizes, to obtain a heatmap H, which 
provides the positions of the spiral cores, as is 
schematically shown in Fig. 18.18. We  find that 
an unbroken spiral wave can be eliminated by 

targeting the spiral core and the spiral arms by 
applying a current pulse with a 2D Gaussian 
profile, with its center at the spiral core 
[57]. Therefore, in the case of the broken-spiral 
waves, we use a 2D lattice of such Gaussian 
current pulses, each one centered at the spiral 
cores that we identify via the heatmap 
H. Strictly speaking, this requires the Hadamard 
product of H and the 2D lattice of Gaussian 
current pulses; we give illustrative plots in 
Fig. 18.19 and refer the reader to Mulimani 
et al. [57] for details.
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Fig. 18.17 A schematic diagram (from Fig. 2 of Ref. [57]) of the convolutional neural network (CNN) that we use to 
identify spiral (S) and non-spiral (N S) wave patterns 

Fig. 18.18 Pseudocolor plots (from Fig. 3 of Ref. [57]) of 
the transmembrane potential (left panel) with multiple 
spiral waves of different sizes. We use our trained CNN 

to scan over such images to obtain the heatmap H (right 
panel); this provides the positions of the spiral cores 

Fig. 18.19 Pseudocolor plots (from the top two rows of 
Fig. 7 of Ref. [57]) illustrating the use of the heatmap H 
(Fig. 18.18) and its use in developing a defibrillation 

current profile, with Gaussian current pulses at spiral 
cores; this eliminates broken-spiral waves (see Ref. [57] 
for details)
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18.6 Conclusions 

We have provided a brief overview of recent 
studies of spiral- and scroll-wave dynamics in 
mathematical models of cardiac tissue. These are 
believed to be important in developing an under-
standing of life-threatening cardiac arrhythmias 
like VT and VF. In addition to giving a summary 
of Panfilov, LRI, RPB, TNNP, TP06, and ORd 
models, we have described how spiral and scroll 
waves can be initiated in such models, how they 
evolve subsequently, how they interact with con-
duction and ionic inhomogeneities, how they are 
affected by the rotation of muscle fibers, and how 
they may be controlled. We have also given an 
overview of our recent numerical studies of PVC 
triggering in models with cells that give rise 
to EADs. 

This sets the stage for systematic numerical 
studies of the analogs of low-amplitude defibril-
lation schemes in realistic mathematical models 
of cardiac tissue like the TNNP, TP06, and ORd 
models in the presence of inhomogeneities. We 
have also demonstrated how to use our large 
computational data sets to train a CNN to distin-
guish between spiral (S) and non-spiral (N S) 
wave patterns, obtain heat maps H for broken-
spiral-wave patterns, and use these heatmaps to 
develop an efficient, low-amplitude scheme for 
the elimination of these pathological waves [57]. 

In future studies, we plan to explore such 
schemes with even more features than we have 
discussed here. In particular, we expect to extend 
our studies to anatomically realistic simulation 
domains, to bidomain models, and to models 
that include the effects of fibroblasts and their 
coupling to myocytes. Our eventual goal is to 
bring our in silico studies as close as possible to 
their in vitro and in vivo counterparts. We hope 
that our introduction to this challenging interdis-
ciplinary field will stimulate further studies, espe-
cially ones that bring together techniques from 
physics, nonlinear dynamics, and biology. 
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Abstract 

Abnormalities in intracellular Ca2+ handling 
occur in Purkinje and ventricular cells that 
have survived in the infarcted heart. Such 
abnormalities are presented and contrasted in 
this chapter. Interestingly, these changes differ 
depending on the cell type (IZPC vs. IZ) and 
contribute differently to the arrhythmogenicity 
of the postmyocardial infarction (MI) substrate. 
Thus, it is reasonable to assume that rational 
drug design could derive compounds against 
these intracellular Ca2+ changes that would be 
specific not only for the cell type but also for 
the type of arrhythmias occurring post-MI. 
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19.1 Introduction 

19.1.1 Excitation–Contraction 
Coupling (ECC) 

During the action potential (AP), calcium ions 
enter the cell through L-type Ca2+ channels. In 

ventricular cells, the number of Ca2+ channels is 
estimated to be 15 per μm2 , and yet only 3% are 
open at peak currents (for review, see [1]). How-
ever, the amount of Ca2+ entering a cell per sec-
ond depends on AP duration and the number of 
APs/min. L-type Ca2+ influx occurs at both 
T-tubular and cell surfaces, but in ventricular 
cells from normal hearts, more Ca2+ entry occurs 
per μm2 at the cell surface than at T-tubules 
[2]. This Ca2+ influx begins ECC by triggering 
the release of Ca2+ from the sarcoplasmic reticu-
lum (SR) via the ryanodine (RyR) sensitive Ca2+ 

release channels located in the SR membranes. In 
the rat [3], the ratio of RyR to L-type Ca2+ 

channels is 7:1 and would fit spatially with a 
random coupling of the L-type Ca2+ channel to 
Ca2+ release via RyR [4]. Based on labeling stud-
ies, the ratio of cell surface L-type Ca2+ 

channels vs. T-tubular channels is 1:3 [5]. 
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Intracellular Ca2+-induced Ca2+ release 
(CICR) is proportional to the free intra-SR Ca2+ 

content and dictates the force of the cardiac con-
traction. Free Ca2+ in the SR has been spatially 
resolved [6], and these data show that intra-SR 
Ca2+ diffusion is rapid and local Ca2+ in SR in 
normal ventricular cells is only partially depleted 
with a contraction. Ca2+-activated contraction of 
the sarcomere is short-lived due to the rapid elim-
ination of Ca2+ ions from the cytosol. About 
two-thirds of the Ca2+ is resequestered by the 
SR [7], while the remainder leaves the cell, 
mostly via the low affinity, high capacity, Na/Ca 
exchanger transport (NCX) protein. In the steady

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_19&domain=pdf
mailto:pab4@columbia.edu
https://doi.org/10.1007/978-3-031-33588-4_19#DOI


state, the sum of the Ca2+ efflux through the 
membrane balances the influx during the AP. 
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It takes time for the RyR-Ca2+ release process 
to recover completely from the last release so that 
sequestered Ca2+ can again be released from the 
SR. It is known that electrical refractoriness is 
clearly related to the time course of action poten-
tial (AP) repolarization as well as the status of the 
sodium channel. In forward mode ECC, after the 
cellular AP evoked Ca2+ transient due to SR Ca2+ 

release, time is needed before a second Ca2+ 

release occurs of similar amplitude. Thus, there 
is a recovery process of Ca2+ release in cardiac 
cells that is independent of membrane voltage. In 
the electrically stimulated cell, the recovery of the 
SR Ca2+ release process or refractoriness is deter-
mined by the recovery of the influx via L-type 
Ca2+ channel as well as the time course of the SR 
refilling. The latter can be examined by assessing 
the interval between spontaneous Ca2+ sparks 
occurring at the same release site. Ca2+ spark 
termination is due to the local depletion of Ca2+ 

within junctional SR. The time of one spark to 
another is related to the sensitivity of the RyR or 
threshold for Ca2+ release. How fast junctional 
SR refills after depletion is important for the 
recovery of both spark amplitude and CICR or 
Ca2+ wave formation [8]. Shortened refracto-
riness of this process has been seen in both 
acquired (post MI [9]) and genetic diseases 
[10]. For example, there is a loss of calsequestrin 
(CASQ) in SR of cells in some patients with cate-
cholaminergic polymorphic ventricular tachycar-
dia (CVPT), that produce fast SR refilling and a 
greater likelihood of a trigger for re-release [11] 
and Ca2+ waves. 

It is possible to load the SR excessively with 
Ca2+ . This may occur following damage to car-
diac cells or after exposure to interventions that 
increase intracellular Ca2+ levels (digitalis, high 
[Ca2+ ]o, high pacing rate). The SR membrane-
associated channel proteins release Ca2+ sponta-
neously into the cytosol by spontaneous activa-
tion of RyR due to luminal Ca2+ overload or local 
depolarization. Spontaneous uncoordinated Ca2+ 

release between paced beats can be observed as 
spontaneous contractions of small groups of 
sarcomeres in myocardium cells and gives rise 

to fluctuations of the light scattering properties 
of the muscle [12, 13]. Spontaneous Ca2+ release 
increases the diastolic force generated by the con-
tractile filaments and, in so doing, reduces Ca2+ 

release during the next heartbeat [14, 15]. In turn, 
the spontaneous release of Ca2+ ions can lead to 
cell depolarization due to activation of Ca2+-
modulated channels and by electrogenic NCX 
(the current generated has been called Iti [16]). 

19.1.2 ECC in Purkinje Cells from 
Normal Hearts 

As a result of the different structures of the 
Purkinje cell (e.g., lacking T-tubuli) [17], the 
coupling of excitation of the cell membrane with 
Ca2+ release in the core of these cells differs 
substantially from that of myocytes. 
Immunostaining experiments in rabbit Purkinje 
cells show that RyRs are subsarcolemmal (SSL) 
in location and are also present within the cell 
(core) consistent with earlier reports [18, 19]. In 
fact, canine Purkinje cells contain both RyR3 and 
RyR2 isoforms, with the RyR3 protein being 
located predominantly in the SSL area. The impli-
cation here is that the normal Purkinje cell 
contains both junctional and nonjunctional 
release channels. The AP of the Purkinje cell 
precedes rapid Ca2+ entry into the SSL space, 
which in turn induces Ca2+ release that, in some 
species, propagates into the core of the cell 
[20]. In rabbit Purkinje cells, experiments with 
ryanodine suggest that Ca2+ changes in the core 
of cells are best explained by simple buffered 
Ca2+ diffusion and not Ca2+ wave propagation. 
However, in rabbit Purkinje cells, evoked Ca2+ 

transients are only seen to originate at peripheral 
cellular components, suggesting that RyRs in the 
cell center of this type of cell are “silent”. How-
ever, in canine Purkinje cells, electrically evoked 
Ca2+ transients are multiphasic [20, 21]. In some 
Purkinje cells from normal hearts, if electrically 
evoked peripheral release is spatially and tempo-
rally inhomogeneous, a local Ca2+ wave is pro-
duced and can propagate as a traveling cell-wide 
Ca2+ wave along the length of the aggregate as 
well as towards the cell’s core [19, 20]. While a



propagating electrical wave utilizes the energy 
stored in the myocyte, electrical waves rely on 
the activation of certain ion channels for forward 
propagation. Propagation of Ca2+ waves also 
depends on stored cellular energy. In this case, 
the energy comes from Ca2+ stored in the SR. The 
stored Ca2+ ions are released when the SR-ligand 
operated Ca2+ channel, the RYR channel, is 
opened. 
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19.1.3 Reversal of Excitation– 
Contraction Coupling 

In 2001 [22], Ter Keurs and Boyden defined the 
term reverse excitation–contraction coupling 
(RECC) to mean that in any cardiac cell, intracel-
lular Ca2+ could feedback onto the cell surface 
membrane Ca2+-dependent proteins to produce 
electrical signals. In this way, the released Ca2+ 

drives the membrane excitation. The RECC could 
occur in both ventricular and Purkinje cells and 
has gained recent attention as it underlies the 
mechanism of triggered beats in RyR and CASQ 
gene mutations arrhythmias [23, 24]. 

19.2 Ca2+ Homeostasis 
in Subendocardial Purkinje 
Cells during the Subacute 
Healing Phase-Postmyocardial 
Infarction 

Rapid ventricular arrhythmias after total coronary 
artery occlusion in the canine heart arise from 
ectopic foci (triggered or automatic) within the 
Purkinje fiber network located in the 
subendocardium of the infarct zone in the left 
ventricle [25]. These spontaneously occurring 
arrhythmias predictably occur between 24 and 
48 h after occlusion. We have shown that the 
density and function of several sarcolemmal ion 
channels are altered in the Purkinje cells dis-
persed from the subendocardium of the infarct 
zone (IZPCs) [26]. Further, we have shown that 
Ca2+ transients in cell aggregates from Purkinje 
tissues of normal LV subendocardium (NZPCs) 

consist of a membrane-linked Ca2+ transient that 
occurs in response to an AP. This initial Ca2+ 

transient usually leads to a Ca2+ transient that 
propagates to the cell core. Paced global Ca2+ 

transients of NZPCs are reasonably normal in 
amplitude, with often a secondary plateau 
(asterisks in Fig. 19.1a) that occurs during the 
maintained AP plateau of the Purkinje cell 
[20]. In time as the cell completes repolarization, 
a slower decay of the global transient occurs. 
Cell-wide Ca2+ waves (CWW) that propagate 
along an aggregate occur spontaneously during 
the inter-stimulus interval and can give rise to 
nondriven electrical activity [20]. Because abnor-
mal impulse initiation in the subendocardial 
Purkinje network is the cause of the infarction-
related arrhythmias [25], we have gone on to 
determine whether electrically evoked Ca2+ 

transients and the incidence of spontaneous Ca2+ 

waves are altered in IZPCs. 

19.2.1 Purkinje Cell Ca2+ Currents 

Peak L-type Ca2+ channel current (ICaL) density is 
significantly reduced in subendocardial Purkinje 
myocytes dispersed from the 48-h infarcted heart 
as compared to control and to those from the 24-h 
infarcted heart [27]. This current density reduc-
tion is not accompanied by a shift in the current– 
voltage relationship or a change in the time course 
of ICaL decay, but by a hyperpolarizing shift in the 
steady-state availability of the channel. Peak 
T-type Ca2+ channel current (ICaT) density is 
also decreased in subendocardial Purkinje 
myocytes that survive in the 24-h infarcted 
heart, and further reduction occurs by 48 h. The 
loss in Ca2+ channel function could contribute to 
the depressed and triangular plateau phase of the 
APs of these arrhythmogenic IZPCs [28]. 

19.2.2 Intracellular Ca2+ Cycling 

One of the cellular mechanisms of triggered activ-
ity is delayed after depolarization (DAD). We 
have shown that nonuniform Ca2+ transients in



Purkinje cells that have survived the infarct 
underlie spontaneous membrane depolarizations, 
and both the amplitude of the Ca2+ waves that are 
present and their number and spatial extent pre-
dict the membrane depolarization [21]. Further, 
electrically evoked Ca2+ transients in IZPCs arise 
faster than those in normal Purkinje cell 
aggregates but show substantial spatiotemporal 
nonuniformity within an IZPC aggregate as well 
as between IZPC aggregates (Fig. 19.1b). 
Reduced Ca2+ influx via ICaL may be partially 
responsible for the abnormal AP-evoked global 
Ca2+ transients observed in IZPCs [26]. Impor-
tantly, IZPCs showed low amplitude, spontane-
ously occurring micro-Ca2+ transients at a 

fivefold higher incidence than in normal Purkinje 
aggregates. The μCa2+ transients meander over 
short distances and reduce the local Ca2+ transient 
of the next paced beat (Fig. 19.2). Finally, spon-
taneous micro-Ca2+ transients preceded CWWs 
(Fig. 19.3). The CWWs, in turn, clearly cause 
membrane depolarization and elicit spontaneous 
APs. Thus, the high incidence of micro-Ca2+ 

transients in IZPCs is fundamental to the abnor-
mal Ca2+ handling of the diseased Purkinje cells, 
underlying the arrhythmias originating in the 
subendocardial Purkinje network after a 
myocardial infarct. 
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Fig. 19.1 Upper row: Change in intensity (F/F0) of  fluo-
rescence at various regions of interest (ROIs) during pac-
ing in an NZPC aggregate. Note action potential-evoked 
Ca2+ transients are robust and synchronous in the NZPC. 
Asterisk indicates a secondary plateau of Ca2+ which 

coincides with the terminal phase of repolarization. 
Lower row: Change in intensity (F/F0) of  fluorescence at 
various ROIs during five paced beats (S1. . .S5) in two 
IZPCs (top and bottom). Note the action potential-evoked 
Ca2+ transients are nonuniform in IZPCs 

Recently, we evaluated the reasons for the 
increased incidence of μCa2+ transients in
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Fig. 19.2 Nonuniformly occurring micro-Ca2+ transients 
(arrowheads) cause nonuniformity of the action potential-
evoked Ca2+ response in a canine IZPC aggregate. Panel 
(a) 3D surface plots of IZPC just preceding and during one 
electrically evoked Ca2+ transient [denoted by S in Panel 
(b)]. [Ca2+ ] are denoted by both the color and height of the 
surface. White numbers (b, upper panel) indicate time of 

frame relative to t = 0  (a,a). The aggregate was stimulated 
just before t = 900 ms (a,d). Note the presence of micro-
Ca2+ waves (arrowheads), which propagate over short 
distances (t = 0 to 467 ms) meandering from the right 
section of the aggregate toward the core. Subsequent stim-
ulation causes a nonuniform electrically evoked local Ca2+ 

transients (t = 900 ms) particularly in regions where



Fig. 19.2 (continued) micro-Ca2+ transients had been.
Horizontal bar indicates 50 μm. Color bar indicates ratio
range. Panel (b) Changes in intensity of fluorescence (F/
F0) at two selected ROIs in IZPC aggregate of panel (a).
Stimuli are indicated (S). Each ROI is represented by a
different color and location is noted in upper image. Note
that when the micro-Ca2+ transients observed in ROI4 (see

arrowheads of panel (a)) precede S, the subsequent Ca2+

transient of S is diminished compared to that of the previ-
ous S. Note that in ROIs where micro-Ca2+ transients were
absent (e.g., ROI 9), response to stimulation was constant.
Vertical and horizontal lines are 1 F/F0 units and 1.58 s,
respectively. From [21]

IZPCs. The μCa2+ transients are not affected by 
verapamil [29] and abnormal electrical rhythms in 
Purkinje cells that have survived in the infarcted 
heart are insensitive to the T-type Ca2+ channel 
blocker, mibefradil [30]. Finally, because Ca2+ 

waves and the resultant membrane 
depolarizations in Purkinje cells are ryanodine 
sensitive [29], we sought to determine whether 
the increased incidence of Ca2+ waves in IZPCs is 
due to enhanced spontaneous Ca2+ release sec-
ondary to altered activity of SR Ca2+ release 
channels.
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Using 2D confocal microscopy, we found that 
the amplitude of Ca2+ release events, i.e., the Ca2+ 

sparks, was significantly increased in IZPCs com-
pared to NZPCs. In addition, the event rate of 
Ca2+ release in cell regions just below the sarco-
lemma (SSL, subsarcolemmal) of IZPCs is also 
increased. Importantly, SR Ca2+ content did not 
differ between NZPCs and IZPCs in all cell 
regions, which suggested that there was an 
enhanced sensitivity of SR Ca2+ release channels 
in IZPCs. In fact, permeabilized IZPCs showed 
an increased Ca2+ release event rate in both SSL 
and core regions, confirming this idea [31]. Other 
Ca2+ release events, such as wide, long-lasting 
Ca2+ release events [32], micro-Ca2+ transients, 
and cell-wide Ca2+ waves, show an accelerated 
decay after Ca2+ release in IZPCs. These results 
suggest that there is an enhanced Ca2+ sequestra-
tion by SERCA2 by phosphorylation of 
phospholamban with SERCA pumps [33]. These 
properties would lower the threshold of Ca2+ 

release channels, setting the stage for the highly 
frequent arrhythmogenic cell-wide Ca2+ waves 
and DADs in Purkinje cells that survive in the 
infarcted heart. 

19.2.3 Structural Remodeling 
in Purkinje Cells that Survive 
in the Infarcted Heart 

Our functional data are consistent with the multi-
ple Ca2+ release compartments in NZPCs, which 
we hypothesized to exist based on our immuno-
cytochemistry data using specific RyR antibodies. 
Frequency analysis was then used to determine 
whether RyR2 staining was regularly organized 
in the two cell types (Fig. 19.4). We identified 
three different types of Purkinje cells. Type I cells 
showed regular periodicity of RyR2 staining 
[NZPCs 89% of total cells (31); IZPCs 38% of 
total ((24), Fig. 19.4, left)]; type II cells lacked 
some periodicity [NZPCs (11%), IZPCs (42%)], 
while some IZPCs (21%) showed regions of dis-
order (Fig. 19.4, right) almost throughout the cell. 
In NZPCs, IP3R1 staining was as before [19], 
showing sarcolemmal and not core gap junctional 
and nuclear envelope but not intranuclear 
staining. In IZPCs (42% of total n = 19), we 
found that IP3R1 signals appear to be shifted 
from discrete sarcolemma regions to the core, 
but they retain strong gap signals. IP3R1s in the 
nuclear area were markedly changed in that most 
of the signals now appeared as ribbons within the 
nucleus. 

19.3 Ca2+ Homeostasis in Epicardial 
Border Zone Cells of Healing 
Phase Post-MI (4–5 Days) 

After several days post coronary artery occlu-
sion (4-5 days), spontaneous arrhythmias subside 
in this canine model. At this time, long-lasting



reentrant tachycardias are easily inducible. These 
arrhythmias arise from epicardial border zone 
(EBZ) cells [34] and provide the substrate for reen-
trant arrhythmias. The APs of these EBZ cells are 
triangular, having lost their plateau [35, 36]. Just a 
triangularization of the AP could cause abnormal 
global Ca2+ transients. 
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Fig. 19.3 Two-dimensional confocal Ca2+ images of the 
subsarcolemmal events in an NZPC. Panels (a) and (b) 
show two series of consecutive 2D frames constructed 
from x/y scanning (100 scan lines, 10 μm/line, 1.2 ms/ 
line) of cell region covering sarcolemma (SL), Sub-SL, 
and a small region of the cell center (see bottom inset). 
[Ca2+ ]i is expressed in relative variation of F/F0 (ΔF/ 
F0 = (F - F0)/F0). Panel (a) A wavelet propagates from 
the left to the right within a ≈ 6 μm wide region under the 
sarcolemma (Sub-SL). Panel (b) A similar wavelet in the 

same aggregate initiates (frame b4) a wave that propagates 
to the cell center (see arrow in b5). The green line, 
superimposed to the frames, underlines the position of 
the sarcolemma as the boundary between intracellular 
fluorescence and extracellular milieu. Panel (c) Sub-SL 
nonpropagating Ca2+ transient in the same aggregate and 
spatiotemporal Ca2+ profiles (indicated by corresponding 
frame number: b2, b3, b5, b7) of wave generation shown 
in panel (b). From [19] 

19.3.1 EBZ Ca2+ Currents 

The peak ICaL density of IZ cells dispersed from 
the 5-day EBZ of the infarcted heart is 

significantly reduced by 36% compared to control 
[37]. This reduction is not due to a decrease in 
steady-state availability or a prolonged time 
course of recovery of ICaL. However, the time 
course of decay of these currents is significantly 
faster than control cells. These findings may be 
related to a decrease in the number of functioning 
channels, as well as an acceleration of the inacti-
vation of the remaining channels. Unlike the 
findings in the subendocardial Purkinje myocytes 
studies (see above), no significant differences 
were found between peak density and frequency 
of T-type Ca2+ currents in IZ myocytes vs. control



epicardial myocytes from normal hearts (NZs). 
Our knowledge of altered sensitivity to 
transmitters of the autonomic system in diseased 
myocytes is derived from comparisons of the 
effects of adrenergic agonists on specific ionic 
currents. Commonly, adrenergic sensitivity is 
assessed by the effects of the adrenergic agonist, 
isoproterenol, on ICaL. In NZs, isoproterenol 
depolarizes the resting membrane potential by 
inhibiting IK1 [38] and prolongs the AP by 
increasing ICaL [39, 40]. Mimicry of isoproterenol 
effects using forskolin and cAMP has provided 
information regarding additional defects in the 
adrenergic complex. 
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Fig. 19.4 A comparison of RyR2 staining in one NZPC 
and one IZPC. Top panel shows RyR2 staining in 2D 
representation in NZPC (left) and IZPC (right). Middle 
panel shows 3D rendering images of RyR2 in NZPC and 
IZPC. The image areas are marked as the white squares in 

the top panel. Bottom panel shows the frequency analysis 
of RyR2 staining in the NZPC and IZPC. Note that RyR2 
staining was regularly organized in the NZPC while RyR2 
staining was regionally disordered in the IZPC 

Sympathetic stimulation produces minimal AP 
shortening in areas overlying the infarct and the 
border zone, whereas in areas remote from the 
arrhythmia substrate pronounced AP shortening 
occurs [41]. Furthermore, catecholamine-induced 
increase of the AP plateau phase is absent in the 
fibers of the EBZ of the 5- and 14-day infarcted 
heart [36]. Similar abbreviated responses to 
catecholamines have been documented in the 
ischemic human ventricle [42]. From voltage 
clamp data and in comparison with NZs, isopro-
terenol produces a smaller increase in ICaL in cells 
from the 5-day- and 2-month-old infarct, indepen-
dent of Ca2+-dependent inactivation



[43, 44]. This is consistent with multiple defects 
in components of the adrenergic receptor com-
plex in IZ cells of the 5-day-old infarct, including 
(1) decreases in adrenergic receptor density; 
(2) diminished basal, guanine nucleotide, isopro-
terenol, forskolin, and manganese-dependent 
adenylyl cyclase activities; (3) increases in the 
EC50 for isoproterenol-dependent activation of 
adenylate cyclase; (4) diminished levels of the 
subunit of the Gs protein; and (5) elevated levels 
of the subunit of the Gi protein [45]. Therefore, an 
interesting question put forward is whether other 
signaling pathways are involved in the remodeled 
basal Ca2+ currents and isoproterenol-stimulated 
Ca2+ current function in IZs. Protein tyrosine 
kinases (PTKs) have been shown to modulate 
basal as well as β-adrenergic-stimulated Ca2+ cur-
rent function in cardiac cells from normal hearts 
[46]. Our study showed that PKA activity 

contributes to ICaL in both NZ and IZ cells, but 
dysregulation of PTK activity cannot account for 
the reduced basal Ca2+ currents or 
hyporesponsiveness of ICaL to isoproterenol in 
the IZs [47]. 
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Fig. 19.5 Mathematical 
model of infarct border 
zone myocyte. Panel (a) 
Remodeling changes 
incorporated into the model 
include decreased ICa(L), 
INa, and Ito densities and 
acute effects of CaMKII 
hyperactivity on 
downstream substrates. 
Panel (b) Simulated basal 
CaMKII activity compared 
to experimentally measured 
autophosphorylation levels 
in NZ (black bars) and BZ 
(gray bars). Panel (c) 
Simulated action potentials 
and Panel (d) calcium 
transients (right panel) in  
NZ (control HRd model, 
black line) and BZ (gray 
line) models for steady-
state pacing at 
CL = 2000 ms [48] 
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Additional data point to a critical role 
for calcium–calmodulin (CaM)-dependent pro-
tein kinase II (CaMKII) in adverse Ca2+ 

remodeling after myocardial infarction 
[48]. First, the level of CaMKII 
autophosphorylation is increased in the EBZ. 
Second, the results of computer simulations 
reveal that Ca2+ leak from the SR is due to 
CaMKII hyperphosphorylation. This then 
depletes SR Ca2+ content and contributes to 
depressed Ca2+ transients. Simulations 
(Fig. 19.5) also display the abnormal rate depen-
dence of IZ Ca2+ transients seen 
experimentally [49].
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19.3.2 Remodeling 
of Ankyrin-B-Associated 
Proteins Following Myocardial 
Infarction 

Ankyrin-B is an adapter protein required for 
targeting and stabilizing ion channels, 
exchangers, and pumps in excitable cells. While 
it is known that ankyrin-B gene mutations can 
give rise to LQTS type 4 in patients [50], little is 
known about ankyrin-B in common forms of 
acquired human disease. Mice lacking ankyrin-B 
phenocopy type 4 LQTS and ankyrin-B-deficient 
cardiomyocytes display abnormal calcium 
homeostasis due to abnormal targeting of key 
membrane proteins, resulting in cellular 
afterdepolarization. We were the first to present 
a report of ankyrin-B regulation in the EBZ post-

MI [51] and showed that ankyrin-B protein levels 
are reduced in the EBZ (Fig. 19.6). We found no 
significant difference in expression levels of the 
IP3R and NCX in EBZ at 5 or 14+ days 
postocclusion compared to normal. However, 
Na–K pump (NKA) protein expression was dra-
matically reduced in the EBZ 5 days 
postocclusion compared to normal, consistent 
with the reduction in ankyrin-B expression. Inter-
estingly, NKA expression remained significantly 
reduced even at 14+ days, revealing a time course 
of recovery that follows the recovery of 
ankyrin-B. Immunoblots indicated that, more spe-
cifically, NKA expression remains depressed at 
14 days postocclusion but recovers to normal by 
2 months. 
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Fig. 19.6 Ankyrin-B (AnkB) protein levels decrease in 
the border zone 5 days postocclusion. Panel (a) Represen-
tative immunoblots and Panel (b) densitometry 
measurements (normalized to actin and expressed relative 
to normal levels) of AnkB from remote and BZ regions of 
normal and infarcted hearts. Error bars designate standard 
deviation (*P < 0.01 compared with normal BZ or remote, 

n = 4 for normal, n = 5 for 5-day, and n = 3 for 14+ day 
infarct). Densitometry measurements were made from all 
samples analyzed on same gel and normalized to the 
corresponding actin levels from the same blot. Equal pro-
tein loading was ensured by BCA assay and verified by 
analysis of Coomassie and Ponceau stains of gel and blots 
[51] 

While we measured decreased expression of 
NKA by immunoblot in the EBZ, we detected no



difference in protein levels of NCX or IP3R 
[51]. As it is known that ankyrin helps to target 
ion channels to specific subcellular domains, we 
went on to determine whether subcellular redistri-
bution of NCX and IP3R occurred in 5-day 
postocclusion IZ myocytes. Immunofluorescence 
studies revealed cellular redistribution of both 
IP3R and NCX in IZ myocytes 5 days 
postocclusion (Fig. 19.7). Specifically, while 
NCX and IP3R show prominent localization at 
T-tubules in remote noninfarcted myocytes, their 
intracellular distribution is not uniform in IZs. 
Thus, cellular distribution but not total protein 
levels of NCX and IP3R change in the cells 
from 5-day EBZ. 
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Fig. 19.7 Cellular redistribution of NCX and IP3R in  
border zone myocytes. Isolated myocytes from remote 
and IZ regions of 5-day infarcted hearts were 
immunoassayed using antibodies against AnkB (left), 

NCX1 (middle), and IP3R (right). Localization of NCX1 
and IP3R in BZ myocytes (Panel b) is less pronounced at 
T-tubules in BZ myocytes (Panel a), where AnkB expres-
sion is reduced. Scale bars, 10  μm [51] 

Recent studies have also demonstrated that 
ankyrin-B directly associates with the targeting 
subunit of the protein phosphatase PP2A. There-
fore, we determined whether expression and/or 
distribution of PP2A was altered in the EBZ. 

Interestingly, by 5-days postocclusion, expres-
sion of the PP2A catalytic subunit (constituent 
of the core enzyme) increased to more than three 
times its normal level (Fig. 19.8). These changes 
in protein expression were paralleled by increased 
membrane expression of PP2A in IZ myocytes 
5-days postocclusion. By 14+ days 
postocclusion, PP2A protein levels in the EBZ 
returned to normal levels following a time course 
similar to that of changes in ankyrin-B expres-
sion. Thus, ion channel transporter remodeling 
post-MI seems to be downstream from ankyrin-
B remodeling. 

19.3.3 Intracellular Ca2+ Cycling 

In the pacing studies using fura2 AM loaded, 
nondialyzed cells, we found that the response of 
the amplitude of the global Ca2+ transient to a



change with pacing rate in IZs is opposite to that 
which occurs in the normal epicardial cells 
[49]. In the NZs, an increase in rate is associated 
with an increase in Cai transient amplitude, 
whereas in IZs, the rate causes a decrease in 
Ca2+ transient amplitude. In addition, the recov-
ery of the amplitude of the AP-evoked Cai tran-
sient (restitution) is markedly slowed in the IZ 
cells (Fig. 19.9a; [49]), yet there is marked rest 
potentiation of Cai transients in IZ cells vs. rest 
depression of the Cai transients in the normal 
cells. Presumably, the alteration in Ca2+ influx 
(see above) in IZ cells may alter ECC coupling 
in such a way that it results in less SR Ca2+ 

accumulation with the increase in the pacing 
rate. While these fura2 experiments indicated an 
elevation of diastolic Ca2+ in IZ cells, precise 
determination of Ca2+ using fura2 in the patch 

pipette showed that at a holding voltage of -
50 mV, IZ cells have a 47% increase in resting 
ratio over NZ values [52]. 
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Fig. 19.8 Altered PP2A 
expression in the border 
zone 5 days postocclusion. 
Panel (a) Representative 
immunoblots and Panel (b) 
densitometry measurements 
(normalized to actin and 
expressed relative to normal 
levels) of PP2A catalytic 
subunit from remote and 
BZ regions of normal and 
5-day infarcted hearts. 
Error bars designate 
standard deviation (n = 4 
for each group). Panel (c) 
Isolated myocytes from 
remote and BZ regions of 
5-day infarcted hearts were 
immunoassayed using 
antibody against the PP2A 
catalytic subunit. Scale 
bars, 10  μm [51] 

Importantly, despite the reasonable, albeit 
smaller, amplitude Cai transients in the IZs, little 
or no cell shortening existed, which suggests that 
the lack of cell shortening in the IZs may be 
related to dramatic alterations in excitation–con-
traction coupling at the level of contractile ele-
ment activation and/or to an altered production of 
microtubules. In any case, the alteration in the 
Ca2+ transient in IZs would directly impact on 
the amplitude of several Ca2+-dependent currents 
such as Ito2 [53]. Despite the relatively low Ca

2+ 

sensitivity of this channel, they can conduct sig-
nificant current transiently or in a sustained man-
ner depending on Ca2+ and time course of the 
subplasmalemmal Ca2 transient. Thus, IZ cells,



which have highly remodeled ICaL and Ca
2+ 

transients, show Ito2 currents which vary in 
size [53]. 
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Fig. 19.9 Upper row: Fura-2 tracings from NZ (left) and 
IZ (right) during restitution stimulation protocols. For 
each myocyte, both a short and long S1–S2 coupling 
interval are illustrated. Note that with a S1–S2 interval of 
900 ms in the NZ, a large Cai transient is easily evoked 
while in the IZ a much smaller Cai transient is elicited. 
Lower row: Panel (a) Average Fura-2 ratio changes during 
six paced beats (Vh =-70 to +10 mV) and after exposure 
to caffeine (10 mM) in a subset of NZs and IZs. Height of 

bar indicates both peak ratio (solid bars) or delta ratio 
(grey bars) for each cell type during paced beats and 
caffeine. *P < 0.05 vs. NZ paced values, 
**P < 0.05 vs. NZ caffeine. (b) Typical ratio changes in 
a cell during the last three paced clamp steps and caffeine 
exposure. Horizontal calibration bar equals 5 s while ver-
tical bar equals 0.25 units. Holding voltage throughout 
protocol = -70 mV. From [49] 

When IZ cells were clamped with a transmem-
brane voltage similar to an AP profile, we found 
that abnormal Cai transients in the voltage-
clamped IZ cells persisted [52]. In the NZs, Cai 
transients showed the expected voltage relation-
ship to ICaL while IZ cells did not. Thus, the 
abnormalities in [Ca]i handling in the IZ cells do 
not appear to arise secondary to changes in AP 
configuration nor do they appear to be due to 

disease-induced alterations in NCX function (see 
below). Interestingly, the abnormal Cai transients 
in IZ cells recover when cells are superfused with 
the L-type calcium channel agonist, Bay5959 
[54]. This effect on the remodeled cells may 
underlie Bay5959 antiarrhythmic effect in this 
arrhythmia model [55]. When caffeine was used 
to compare amounts of SR Ca2+ in IZ vs. normal 
cells, we found that in IZ cells caffeine induced 
less Ca2+ release (Fig. 19.9b). Thus, while Ca2+ 

entry in normal epicardial NZs may not release all 
SR Ca2+ available for release, the smaller Ca2+



amplitudes of paced IZ cells appear to result from 
Ca2+ influx releasing most SR Ca2+ that is avail-
able for release. 
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19.3.4 Na–Ca Exchanger Currents 

In NZs with normal Cai cycling, it is well 
established that currents generated by NCX play 
an important role in the electrical activity of a 
myocyte [56]. The NCX current is either outward 
(normal mode) as the transporter protein 
exchanges one internal Ca2+ for three external 
Na+ or inward (reverse mode) as the transporter 
causes Ca2+ influx by exchanging external Ca2+ 

for internal Na+ . Therefore, the time course of the 
exchanger current is related to the time course of 
Cai cycling. There have been several reports of 
abnormal internal Ca2+ cycling in cells that have 
survived in the infarcted heart [57–60]. In 
myocytes dispersed from the EBZ of the 5-day 
infarcted heart, both non-clamp [52] and voltage 
clamp studies [52] show that the diminished glob-
ally assessed Ca2+ transient of the IZ cell has a 
slow relaxation (decay) phase. Furthermore, these 
cells have an altered phase 3 of their APs. These 
changes are consistent with changes in the NCX 
current. However, when studied under strict 
conditions that isolate only Cai and ionic current 
changes secondary to NCX, both Ca2+ entry (via 
the reverse exchanger) and Ni2+-sensitive IZ 
currents as well as Ca2+ extrusion (via normal 
mode exchanger) in IZs are similar to those of 
NZs, no matter what the Nai load [49]. Thus, in 
these cells where L-type Ca2+ channels are 
downregulated (see above), the NCX has a 
reserve efficiency and continues to contribute 
current to the transmembrane AP. 

19.4 Conclusions 

Abnormalities in intracellular Ca2+ handling 
occur in Purkinje and ventricular cells that have 
survived in the border zones of the infarcted heart. 
Interestingly, these changes differ depending on 
the cell type (IZPC vs. IZ) and contribute differ-
ently to the arrhythmogenicity of the post-MI 

substrate. Thus, it is reasonable to assume that 
rational drug design could derive compounds 
against these intracellular Ca2+ changes that 
would be specific not only for the cell type but 
also for the type of arrhythmias occurring 
post-MI. For example, for Purkinje cells that sur-
vive in the infarcted heart, molecular targets may 
include Ca2+-release channels, while targets in 
epicardial cells that survive in the EBZ may 
include Ca2+ channel agonists. 
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Abstract 

A small amount of Ca2+ enters the cell through 
the sarcolemmal membrane, releases an addi-
tional amount of Ca2+ from the sarcoplasmic 
reticulum, and initiates myocardial contrac-
tion. The contraction process is terminated 
upon lowering the cytosolic Ca2+ by accumu-
lation in the sarcoplasmic reticulum as well as 
removal into the extracellular space through 
the sarcolemmal membrane. This article 
describes sarcolemmal L-type Ca2+ channel, 
Na+ –Ca2+ exchanger, store-operated Ca2+ 

channels, Ca2+-pump ATPase, Ca2+ /Mg2+-

ecto-ATPase, Na+-H+ exchanger, and Na+-K+ 

ATPase, which directly or indirectly regulate 
the movements of Ca2+ in cardiomyocytes. 
The pharmacological modulation of these 

Ca2+-handling proteins has been indicated to 
gain information regarding the regulation of 
intracellular Ca2+ in cardiomyocytes. Further-
more, alterations in the sarcolemmal Ca2+-
handling proteins in different cardiovascular 
pathologies have been identified to emphasize 
the Ca2+-handling abnormalities in 
cardiomyocytes during the development of 
cardiac dysfunction in heart disease. 
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20.1 Introduction 

Contraction of the heart is regulated by changes in 
intracellular Ca2+ concentration ([Ca2+ ]i); normal 
function requires that [Ca2+ ]i be sufficiently high 
(1× 10-5 M) in systole and low (1× 10-7 M) in 
diastole [1]. The essential role of Ca2+ in cardiac 
contraction was first discovered by Sydney 
Ringer in 1885, when he began his research 
with an isolated frog heart suspended in a 0.75% 
solution of NaCl. He then introduced additional 
substances such as blood and albumin to the 
solution and observed the effects on the beating

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_20&domain=pdf
mailto:nsdhalla@sbrc.ca
https://doi.org/10.1007/978-3-031-33588-4_20#DOI


heart. He demonstrated that the abnormally 
prolonged ventricular dilation induced by pure 
NaCl solution was reversed by both blood and 
albumin. He then showed that a small amount of 
Ca2+ in the perfusing solution was necessary for 
the maintenance of a normal heartbeat, a discov-
ery he made after realizing that instead of distilled 
water, his technician was actually using tap water 
containing Ca2+ at nearly the same concentration 
as the blood [2]. Since then, the role of Ca2+ in the 
process of excitation–contraction coupling, 
myocardial metabolism, and maintenance of car-
diac cell integrity has been examined extensively 
[3–11]. 
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Within a single beat of a cardiomyocyte, there 
is a 100-fold increase in the cytosolic free Ca2+ 

level, which must be returned to its original low 
concentration in order to maintain the normal 
physiological function of the cell [12]. Depolari-
zation activates the L-type Ca2+ channels in sar-
colemma (SL), leading to an influx of a small 
amount of Ca2+ . This Ca2+ then activates Ca2+-
release channels in the sarcoplasmic reticulum 
(SR) and results in a massive Ca2+ release to 
raise the cytosolic Ca2+ from the resting level of 
100 nM to 1–10 μM. As a consequence, Ca2+ 

binds to troponin, relieves the inhibitory effect 
of the troponin complex on the actin and myosin 
filaments, and initiates the contraction of 
myofibrils. Most of the cytosolic Ca2+ is rapidly 
pumped into the SR by the ATP-dependent Ca2+-
pump ATPase, while the SL Ca2+-pump ATPase 
and Na+ –Ca2+ exchanger remove the rest out of 
the cell leading to relaxation. Various cation 
channels, pumps, and exchangers directly or indi-
rectly involved in the excitation–contraction cou-
pling process are shown in Fig. 20.1. 

Although most of the Ca2+ that activates con-
traction is released from the SR, up to 30% enters 
from outside the cell and is pumped out at the end 
of systole [13]. In addition, while some of the 
Ca2+ influx is required to trigger Ca2+ release 
from the SR, the bulk of it serves to reload the 
SR with Ca2+ that was pumped out of the cell 
[13]. Accordingly, it has been suggested that the 
large SL Ca2+ fluxes facilitate rapid changes in 
contractility in the processes of cardiac contrac-
tion and relaxation. It should also be mentioned 

that in the heart, intracellular Na+ concentration is 
a key modulator of Ca2+ cycling, contractile 
activity, and cardiomyocyte metabolism [14]. 

This chapter describes the characteristics of SL 
Ca2+ channels, Na+ –Ca2+ exchanger (NCX), and 
Ca2+-pump ATPase, which participate in raising 
and lowering the intracellular concentration of 
Ca2+ in cardiomyocytes. Some information regard-
ing SL store-operated Ca2+ channels (SOCC) that 
participate in the Ca2+ entry is also provided. In 
addition, biochemical features of SL Na+ –K+ 

ATPase and SL Na+ –H+ exchanger (NHE), 
which regulate the intracellular concentration of 
Ca2+ , are discussed. Pharmacological modulation 
of SL Ca2+-handling proteins for the regulation of 
intracellular Ca2+ in cardiomyocytes as well as SL 
Ca2+-handling abnormalities during the develop-
ment of cardiac dysfunction in heart disease is also 
described. The involvement of changes in the 
activities of SL Ca2+-handling proteins has been 
indicated in the cardiac rate and rhythm 
disturbances under various pathological conditions. 

20.2 Sarcolemmal L-Type Ca2+ 

Channel 

L-type Ca2+ channels, also referred to as voltage-
gated Ca2+ channels, are embedded in the cardiac 
SL membrane, including the T-tubules facing the 
SR junction [15], and play a critical role in 
excitation–contraction coupling. Following depo-
larization, L-type Ca2+ channels are opened to 
allow the entry of a small amount of Ca2+ , 
which activates SR Ca2+-release channels. Soon 
after the increase in cytoplasmic Ca2+ , L-type 
Ca2+ channels undergo inactivation in order to 
terminate the Ca2+ entry. There are several 
isoforms of L-type Ca2+ channels, but 
cardiomyocytes mainly express the Cav1.2 iso-
form. The L-type Ca2+- channel pore-forming 
unit (α-subunit) is composed of four homologous 
domains, each having six transmembrane 
segments [16]. The accessory subunits, β2 and 
α2–δ, of the L-type Ca2+ channel are also 
expressed in the heart ([17]; see also Chaps. 2 
and 10). There are several modulators of SL Ca2+ 

channels; the most important are calmodulin



(CaM) and β-adrenoceptors. CaM was found to 
be associated with the COOH terminus of the 
voltage-gated Ca2+ channels and can both acti-
vate and inactivate the channel in a Ca2+-depen-
dent manner. This mechanism prevents excessive 
channel activation when Ca2+ is high and 
facilitates channel inactivation when Ca2+ is low 
[18]. On the other hand, stimulation of 
β-adrenoceptors increases channel current, thus 
increasing the contractile force development, 
which is mediated through phosphorylation of 
this channel via protein kinase A (PKA). L-type 
Ca2+ channels are actually associated with 
β-adrenoceptors in a multimeric protein complex 
that may also include heterotrimeric G-proteins, 
adenylate cyclase, PKA, phosphatases, and PKA 
binding proteins. This conglomerate of proteins 
in neurones has been called a signalosome [19]. 
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Fig. 20.1 Schematic representation of the cellular 
components in the excitation-contraction coupling pro-
cess. In the cardiomyocyte, Na+ entry through the voltage 
gated Na+ channels (Na+ C) in the sarcolemma (SL) mem-
brane leads to cellular depolarization, which then activates 
the L-type Ca2+-channels (LTCC) causing a small amount 
of Ca2+ influx. This entry of Ca2+ activates the sarcoplas-
mic reticulum (SR) Ca2+-release channels or ryanodine 
receptors (RyR) and results in the release of additional 
Ca2+ that results in cardiac contraction. The high level of 
Ca2+ in the cytoplasm is taken up by the Ca2+-pump 

ATPase (SERCA) in the SR. The cytosolic Ca2+ is also 
extruded through the Na+-Ca2+ exchanger (NCX) and the 
SL Ca2+-pump ATPase (PMCA). Since both cardiac con-
traction and relaxation processes are intimately associated 
with hydrolysis of ATP and stimulation of metabolism, the 
resulting H+ is removed by Na+-H+ exchanger. Thus, Na+ 

entering into the cell through Na+-H+ exchanger, Na+ 

channels and NCX is extruded by the Na+-K+ ATPase. 
The store-operated Ca2+-channels (SOCC) are only active 
when the SR is depleted of Ca2+ , whereas K+ is removed 
from the cell by K+-channels (K+ C) 

Mutations in the gene encoding the cardiac 
L-type Ca2+ channels leading to a loss of their 
function have been associated with short QT syn-
drome, which may result in atrial fibrillation, 
syncope, and sudden death [20]. SL L-type volt-
age-gated Ca2+-channel blockers are used for the 
treatment of angina pectoris, high blood pressure, 
and arrhythmias. Voltage-gated Ca2+-channel 
blockers belong to three chemical entities. The 
dihydropyridines such as amlodipine are used 
mainly for their effect on the vascular smooth 
muscle as a vasodilator for the treatment of stable 
and vasospastic angina. The second class, 
phenyalkylamines (verapamil), reduce cardiac 
oxygen demand and alleviate coronary vaso-
spasm; these drugs are used for the treatment of 
angina pectoris. The third class, benzothiazepines 
(diltiazem), are intermediate in their selectivity



between the myocardium and the vascular smooth 
muscles and reduce arterial pressure without 
depressing the heart muscle. Both verapamil and 
diltiazem are also used for the treatment of 
arrhythmias, mainly by blocking L-type Ca2+-
channels in the heart pacemaker system [21]. 
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20.3 Sarcolemmal Store-Operated 
Ca2+ Channel (SOCC) 

The threshold attribute of SR Ca2+ loading tightly 
controls Ca2+ release through RyR, which affects 
muscle contraction. Both excitable and 
non-excitable cells need Ca2+ in the endoplasmic 
reticulum for proper protein folding and thus 
emptying the intracellular Ca2+ stores. Measuring 
Ca2+ current that enters the cell upon depletion of 
intracellular Ca2+ stores has helped to identify a 
group of cation channels that respond to Ca2+ 

depletion from intracellular stores (SOCC) 
[22]. These cation channels belong to the large 
family of transient receptor potential (TRP) 
channels originally discovered in Drosophila 
and consist of six transmembrane 
(TM) spanning helices and a pore region that 
exists between TM5 and TM6. The channels are 
gated by a variety of stimuli that include the 
binding of intracellular and extracellular 
messengers, changes in temperature as well as 
chemical and mechanical pressures [23]. The 
SOCCs are activated either by agonists such as 
inositol trisphosphate (IP3) and PKC or by deple-
tion of the internal Ca2+ store [22]. Similar to 
other cation channels, the SOCCs are modulated 
by phosphorylation. The phosphorylation of 
SOCCs due to PKC inhibits Ca2+ entry in Jurkat 
cells (immortalized human T lymphocyte cells) 
and lymphocytes [24], whereas phosphorylation 
by PKA activates these channels. Inhibitors of 
serine/threonine phosphatase A (calyculin A and 
okadaic acid) have also been reported to reduce 
the activation of SOCCs [25]. In addition, thiol 
oxidation and cADP-ribose inhibition were found 
to reduce the channel activity in isolated pulmo-
nary artery rings and human smooth muscle, 
respectively [26, 27]. 

Ca2+ influx through SOCC was implicated 
during protein kinase D and MAPK activation 
that may be a target of physiological agents such 
as decosahexanoic acid in Jurkat T-cells [28]. In 
addition to PKA and PKC, SOCCs are modulated 
by CaMKII [29]. Acidic pH and hydrogen perox-
ide were also found to inhibit the SOCCs in 
cultured human microglia [30, 31]. It should be 
pointed out that the activity of SOCCs was 
increased in arterial myocytes as they progressed 
from a contractile to a proliferative phenotype in 
tissue culture [32]. These channels were also 
shown to contribute to the increase of intracellular 
Ca2+ in cardiomyocytes upon inhibition of the 
Na+ –K+ ATPase [33]. In cardiomyocytes, Ca2+ 

entry through SOCC has been linked to the acti-
vation of calcineurin and the development of 
hypertrophy [34]. Thus, it is evident that the role 
of SOCCs in cardiovascular biology is being 
explored, and the potential for the development 
of therapies associated with SOCCs in apoptosis, 
hypertrophy, and arrhythmias has been suggested 
[35, 36]. 

Substantial evidence exists that the molecular 
components of SOCCs (e.g., Stim, Orai, and 
TRPC channels) are expressed in cardiomyocytes 
from embryo to adult. Moreover, these proteins 
have been shown to contribute to disease includ-
ing pathological hypertrophy and thus reducing 
their expression can attenuate hypertrophic 
growth [37]. In addition, the targeting of Orai 
proteins may treat atherosclerosis and restenosis 
[38]. The role of SOCC in the pathogenesis of 
hypertension is now beginning to emerge [39]. In 
conjunction, a novel role of store-operated Ca2+ 

entry (SOCE) as a by modulator in Ang 
II-induced cardiac fibrosis by mediating Ca2+-
influx has been reported [40]. Interestingly, the 
expression of STIM1 and Orai 1 increased fol-
lowing Ang II. Elevated intracellular calcium is a 
factor in the development of pathological cardiac 
hypertrophy, which leads to the activation of 
intracellular signaling pathways [41]. SOCE and 
the activation of the calcineurin—NFAT pathway 
in the development of pathological hypertrophy 
has also been reported [41] to be regulated by the 
TRPM4 channel. In addition, phenylephrine-
induced myocardial hypertrophy has been



suggested to occur through the activation of 
SOCE and upregulation of CaMkIIδ [42]. 
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On the other hand, a pro-arrhythmic SOCE-
like activity in adult rat ventricular 
cardiomyocytes has been reported, which may 
play an important role in the development of 
cardiac disease [43]. Similarly, an increase in 
SOCE following endothelin-1 treatment of neo-
natal rat cardiomyocytes has also been reported 
[44]. Interestingly, the beneficial role of mineral-
ocorticoid receptor signaling blockade in heart 
failure and arrhythmias has been suggested 
because aldosterone is considered to be a key 
regulator of cardiomyocyte Ca2+ influx 
[45]. Indeed, aldosterone promotes TRPC1 and 
Orai1-mediated SOCE in cardiomyocytes, which 
can be blunted by store-operated channel 
inhibitors, blockade of Orai1, TRPC1, and Orai1 
dominant negative mutants or TRPC5 
siRNA [45]. 

20.4 Sarcolemmal Na+ –Ca2+ 

Exchanger (NCX) 

NCX is the major mechanism for Ca2+ efflux and 
thus plays a critical role in regulating ventricular 
cardiomyocyte Ca2+ content and contractility 
[46]. In fact, the NCX connects cardiac Ca2+ 

and Na+ transport leading to Na+-dependent reg-
ulation of EC-coupling [47, 48]. The SL NCX is 
mainly responsible for lowering the increased 
level of cytosolic Ca2+ due to activation of the 
voltage-gated Ca2+ channel [3, 4]. The cardiac SL 
NCX operates in either forward mode, where it 
removes cytosolic Ca2+ in exchange for extracel-
lular Na+ , or in reverse mode, in which excess 
Ca2+ is transported into the cytosol while Na+ is 
extruded. The reverse exchange mechanism is 
relevant to conditions of ischemia-reperfusion 
where the rise in Na+ ions is high enough to 
trigger the reverse activity of NCX [5]. The 
reverse mode of NCX can also be active in heart 
failure, where an increase in intracellular [Na+ ] 
leads to Ca2+ influx via the NCX [5]. Another 
important function of the NCX is related to the 
action of cardiac glycosides whereby inhibition of 
the plasma membrane Na+ –K+ ATPase leads to 

Na+ accumulation which then triggers NCX 
reverse mode [3], leading to an increase in cyto-
solic Ca2+ and positive inotropic effect. At resting 
diastolic levels of 100 nM Ca2+ , the cardiac iso-
form NCX1 is completely activated. In addition, 
NCX1 is activated by phosphatidyl inositol 
biphosphate and ATP [49]. SL NCX is also 
modulated by a cytosolic protein 
phospholemman, whereas PKA and PKC phos-
phorylation inhibited this NCX1 activity [50]. 

The cardiac NCX plays a crucial role in 
ischemia-reperfusion injury. During ischemia, 
accumulation of H+ in the cell leads to the activa-
tion of NHE that creates intracellular Na+ over-
load. This change triggers the activation of NCX1 
to extrude intracellular Na+ in exchange for extra-
cellular Ca2+ and results in the development of 
intracellular Ca2+ overload. As a consequence, 
there occurs a depression in cardiac contractility 
as well as apoptotic cell death [51]. It has been 
documented that NCX is involved in β-adrenergic 
stimulated Ca2+ entry in addition to SL L-type 
Ca2+ channels. This is evident from the inhibition 
of the catecholamine-induced increase in Ca2+ in 
cardiomyocytes by both NCX and Ca2+-channel 
antagonists [52]. An increase in the reverse mode 
activity of SL NCX due to β-adrenergic stimula-
tion may contribute to arrhythmias in the failing 
heart [53]. On the other hand, NCX activity is 
also reduced in heart failure, and this effect is 
mitigated by angiotensin-converting enzyme 
inhibitors [54]. Several drugs have been devel-
oped to inhibit the reverse mode of NCX due to 
its involvement in ischemia-reperfusion injury 
[55]. The role of NCX in cardiomyocyte Ca2+ 

homeostasis is well established; however, it has 
also been reported to contribute to electrical insta-
bility and atrial fibrillation (AF) [56]. While ele-
vated NCX activity occurs in AF, SEA0400, an 
inhibitor of NCX activity, has been reported to be 
ineffective in attenuating Ni2+-sensitive current in 
human atrial cells unless it is under 
unphysiological conditions and thus it has been 
suggested that blockade of NCX with SEA0400 
depends on intracellular Na+ concentration [57]. 

SEA0400 is the most specific inhibitor for the 
cardiac NCX1, because it is less sensitive towards 
the brain and skeletal isoforms [58]. It has been



shown to be protective against the ischemia-
reperfusion-induced injury in the heart [59]. In 
this regard, it should be mentioned that 
SEA0400 exerts no effect on the action potential 
under normal conditions and during ischemia. 
However, recovery of action potential duration 
after reperfusion has been observed [59]. The 
recovery of contractile function during reperfu-
sion by SEA0400 was also demonstrated when 
SEA0400 treatment was done before and during 
the ischemic period and when it was used during 
reperfusion. Taken together, it was suggested that 
inhibition of NCX activity either during ischemia 
or during reperfusion exerts cardioprotective 
effects and improves recovery of the contractile 
function of the heart [59]. 
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20.5 Sarcolemmal Na+ –H+ 

Exchanger (NHE) 

The Na+ –H+ exchanger isoform 1 (NHE1) is an 
integral membrane protein ubiquitously 
expressed in mammalian cells. It is made up of 
two domains: a 500-amino acid membrane 
domain that is responsible for transport and 
removes protons, and a regulatory intracellular 
cytosolic domain made up of 315 amino acids. 
NHE1 is the major isoform found in the myocar-
dium where it plays an important role in 
regulating intracellular pH by exchanging one 
intracellular proton for one extracellular sodium 
[60, 61]. In fact, NHE clears more than 50% of 
the cytosolic H+ load produced by stimulation of 
metabolism [51, 62]. Although NHE1 normally 
fulfills this important physiological role, aberrant 
regulation and overactivation of NHE1 contribute 
to heart disease, including acute ischemia-
reperfusion (I-R) damage and cardiac 
hypertrophy [60]. 

The NHE and intracellular pH are regulated by 
several intracellular modulators such as phospha-
tidyl inositol 4,5-bisphosphate (PIP2) [63]. The 
phosphatase, calcineurin B homologous protein 
3, was found to boost the production of mature 
NHE1 protein, as well as cell surface transport 
and longevity [64]. CaM has also been observed 
to modulate NHE1 activity; CaM and Ca2+ 

complex bind to NHE1 and activate the 
exchanger by interfering with its autoinhibitory 
mechanism [65, 66]. Another important 
modulator of NHE1 is carbonic anhydrase, 
which increases its activity; this increase in activ-
ity is dependent on the phosphorylation of NHE 
upstream of the carbonic anhydrase binding site 
[67]. The phosphorylation of NHE1 may be use-
ful for the removal of H+ produced by carbonic 
anhydrase [68]. On the other hand, dephosphory-
lation inhibits the NHE1 activity [68, 69]. There 
are several extracellular activators of NHE such 
as thrombin, phorbol esters, and serum, which 
activate NHE through CaMKII, the mitogen-
activated protein kinases (MAPK) and 
extracellular-regulated kinases 1 and 2 (ERK 
1/2). Activation of NHE1 by insulin may be 
mediated via the ERK1/2/MAPK pathway and 
the PKC pathway [68]. In vascular smooth 
muscles, angiotensin II may lead to the phosphor-
ylation of NHE through a downstream target of 
ERK 1/2 and the ribosomal protein S6 kinase 
(P90RSK) [70, 71]. 

As indicated earlier, NHE is known to play a 
central role together with the NCX in I-R injury. 
Activation of the NHE by the accumulation of H+ 

under ischemic conditions leads to a massive 
influx of Na+ that in turn activates the NCX 
[51]. Cariporide, a specific and effective NHE 
inhibitor was suggested as a potential drug for 
the prevention of I-R injury [72]. Cariporide was 
mainly beneficial in patients undergoing coronary 
artery bypass when administered before the oper-
ation to avoid the consequences of I-R injury 
[73]. Despite the fact that cariporide protected 
against I-R injury in experimental animals, a par-
adoxical increase in death due to brain hemor-
rhage in phase III clinical trials discouraged the 
development of other NHE blockers [74]. 

It should be noted that out-of-hospital sudden 
cardiac arrest is a major public health problem 
with an overall survival of less than 5%. Cardiac 
arrest leads to a cessation of coronary blood flow 
rapidly, resulting in a powerful ischemia and acti-
vation of the SL NHE-1. NHE-1 activation drives 
Na+ into cardiomyocytes in exchange for H+ with 
its exchange rate intensified upon reperfusion 
during the resuscitation effort. Na+ accumulates



in the cytosol driving Ca2+ entry through the 
NCX, eventually causing cytosolic and mitochon-
drial Ca2+ overload and worsening myocardial 
injury by compromising mitochondrial 
bioenergetic function [75]. Therefore, inhibition 
of NHE-1 may represent a promising target for 
resuscitation from cardiac arrest [75]. 
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Myocardial NHE1 is activated by a variety of 
stimuli, including neurohormonal factors and 
mechanical stress, leading to intracellular Na+-
overload and activation of pro-hypertrophic 
cascades. In this regard, endothelin -1 and nor-
epinephrine stimulate a signaling cascade that 
leads to ERK1/2 and P90RSK activation and 
phosphorylation of NHE1 [76]. In fact, NHE1 
overexpression/hyperactivity constitutes a 
“switch on/off” for the pathological phenotype 
during the development of cardiac hypertrophy 
and heart failure [77, 78]. Thus, strategies that 
circumvent NHE-1 hyperactivity may constitute 
a novel approach to improve cardiovascular 
health or prevent maladaptive cardiac hypertro-
phy and heart failure. 

20.6 Sarcolemmal Na+ –K+ ATPase 

The plasma membrane Na+ –K+ ATPase was first 
described in 1957 by Skou [79], and was shown 
to establish the electrochemical gradient of cells 
by driving an active exchange of Na+ and K+ ions 
while consuming ATP in order to maintain the 
resting membrane potential ([80, 81], see 
Chap. 2). This functional pump is composed of 
two major subunits; the α-subunit, which has 
approximately 10 TM domains, and 3 large intra-
cellular loops. The loop between TM 4 and 
5 contains the phosphorylation and the 
nucleotide-binding domains [82]. The α-subunit 
also contains the binding site for Na+ , K+, and 
cardiac glycosides [83]. The second subunit, the 
β-subunit, is essential for the maturation and 
targeting of the pump, whereas a third subunit, 
the γ-subunit, has no known function. Among the 
four α-isoforms, the α1 isoform is ubiquitously 
expressed, whereas the α2-isoform is specifically 

expressed in skeletal and cardiac muscles, brain, 
and adipose tissue [83]. Primate and canine myo-
cardium express the α1 and α3 isoforms, whereas 
only the α1 isoform is found in sheep and guinea 
pig myocardium [84]. Prostaglandins (GE2, GF2, 
and GI2) have been shown to reduce the Na+ –K+ 

ATPase activity [85]. On the other hand, insulin 
was found to stimulate Na+ –K+ ATPase 
[86]. Interestingly, a cholesterol-enriched mem-
brane showed high Na+ –K+ pump activity 
[87]. Caffeine also appears to increase the effi-
ciency of the pump [88]. Likewise, 
catecholamine-induced stimulation of PKA and 
PKC activities was shown to increase the Na+ – 
K+ ATPase activity in cardiomyocytes [89]. On 
the other hand, we have earlier reported a mecha-
nism for the regulation of cardiac Na+ –K+ 

ATPase through phosphorylation by a Ca2+ /cal-
modulin-dependent protein kinase (CaM kinase) 
present in the SL membrane. It was demonstrated 
that phosphorylation of the α-subunit of Na+ –K+ 

ATPase by an endogenous CaM kinase might 
lead to an inhibition of its catalytic activity [90]. 

The expression and activity of the Na+ –K+ 

ATPase are significantly enhanced or reduced 
by a variety of disease states and physiological 
modulators. In heart failure, a characteristic 
change in the expression pattern of the α-subunit 
has been observed where both the mRNA and 
protein levels of both α1, α2, and β1 isoforms 
were reduced while α-3 isoform was increased in 
a rat model of congestive heart failure. These 
changes were prevented by treatment with 
imidapril, an angiotensin-converting enzyme 
inhibitor [54, 91]. The reduction of the expression 
and activity of Na+ –K+ ATPase in congestive 
heart failure was also shown to be due to the 
activation of the renin–angiotensin system 
[92]. The activity of Na+ –K+ ATPase was 
reduced due to ischemia-reperfusion; this change 
was found to be caused by a reduction in the 
expression of the specific isoforms of the pump 
component, namely α2, α3, and β1 subunits [93– 
95]. Antioxidants such as superoxide dismutase 
plus catalase or ischemic preconditioning have 
been reported to prevent these changes



L

[96, 97]. Indeed, in recent years, the Na+ –K+ 

ATPase/ROS amplification loop is a key event 
in several oxidative stress-related diseases, 
including obesity, atherosclerosis, heart failure, 
uremic cardiomyopathy, and hypertension [98]. 
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Cardiac glycosides (CGs) are compounds 
found in plants and amphibians and are widely 
distributed in nature with potential cardiovascular 
action. Their mechanism of action is based on the 
blockade of Na+ –K+ ATPase, resulting in an 
increase in cytosolic Ca2+ and thereby exerting a 
positive inotropic effect [99, 100]. The field of 
Na+ –K+ ATPase modulators, including CGs has 
attracted much interest because of their clinical 
implication to treat congestive heart failure 
[100]. In human heart, all Na+ –K+ ATPase 
α-subunit isoforms, namely α1, α2, and α3, have 
shown a high affinity for CGs [101]. The α2–β 
subunit combination exhibits faster association 
and dissociation for the cardiac glycoside ouabain 
than the α1–β subunit, due to a difference in 
specific amino acids in their extracellular 
domains. The beneficial effects of CGs on cardiac 
function in chronic heart failure are believed to be 
twofold: firstly, the accumulation of Na+ inside 
the cell triggers the reverse mode of NCX, leading 
to Ca2+ influx, which causes a positive inotropic 
effect [102], and secondly, due to signaling to the 
nucleus, which affects membrane protein traffick-
ing and protein kinase activity [103]. The human 
body has also been reported to produce cardiac 
glycoside-like compounds [104] by the adrenal 
cortex and medulla [105]. These endogenous car-
diac glycosides have been shown to be involved 
in the proliferation of smooth muscles, kidney 
cells, and endothelial cells [89]. There is also 
evidence of the existence of endogenous digoxin 
and the structurally related bufadienolides in 
human urine [106]. It should be pointed out that 
marked inhibition of SL Na+ –K+ ATPase by high 
doses of CGs is well known to be associated with 
cardiac arrhythmias; however, the mechanisms of 
this cardiotoxicity are not fully understood. The 
activity of the Na+ –K+ ATPase has also been 
reported to be depressed in diabetic and genetic 
cardiomyopathies [107–110]. 

20.7 Sarcolemmal/Plasma 
Membrane Ca2+-ATPase 
(PMCA) 

The PMCA activity of the plasma membrane is 
critical for fine-tuning the cytosolic Ca2+ . S  
PMCA, a P-type ATPase ([111]; see Chap. 2), 
has more than 20 splice variants belonging to four 
isoforms. PMCA1 and 4 are expressed in most 
tissues, while the expression of PMCA2 and 3 is 
limited to brain and excitable tissues. PMCA is 
believed to have 10 transmembrane segments 
with a large central loop that contains the ATP 
binding site and a large C-terminal loop that 
contains the CaM binding domain [112]. CaM is 
the main protein regulator of the pump [113] 
because, in the absence of CaM, the pump is 
auto-inhibited by a mechanism that involves 
binding of the C-terminal tail to the two major 
intracellular loops. The activation of PMCA 
requires the binding of Ca2+ with CaM to the 
C-terminal tail and conformational changes that 
displace the auto-inhibitory tail from the major 
catalytic domain. The release of the auto-
inhibitory tail may be facilitated by acidic 
phospholipids as well as PKA- or 
PKC-mediated phosphorylations of specific 
(Ser/Thr) residues in the C-terminal. On the 
other hand, the activity of PMCA is depressed 
by partial proteolytic cleavage of the tail, which is 
catalyzed by proteases such as calpain and 
caspases [114]. 

The cardiac PMCA is considered to play a 
minor role as a mechanism for lowering the intra-
cellular concentration of Ca2+ in comparison to 
NCX and SERCA; however, there is growing 
evidence for the role of PMCA as a signaling 
center and housekeeping molecule 
[15, 112]. The critical role of PMCA1 as a 
housekeeping gene has been demonstrated in a 
gene knockout study [115]. This study showed 
that complete knockout of PMCA1 led to embry-
onic lethality, while heterozygous animals did not 
show any defect. Interestingly, although PMCA4 
is widely expressed, PMCA4 null mutants 
exhibited no embryonic lethality and appeared 
outwardly normal. PMCA4 null male mice were



infertile but had normal spermatogenesis and mat-
ing behavior. In contrast to the minor effect 
obtained by ablating the PMCA4 gene, 
overexpression of PMCA4 in arterial smooth 
muscles had dramatic effects on cardiovascular 
function and provided evidence of its involve-
ment in cellular signaling [116]. 
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Cardiac overexpression of PMCA attenuates 
endothelin-1 stimulated early induction of cardiac 
gene expression, suggesting that PMCA may 
modulate myocardial growth responses. In fact, 
cardiomyocytes from rats overexpressing 
PMCA4b displayed a higher growth rate 
[117]. Likewise, blood pressure in these animals 
was increased, indicating a direct involvement of 
PMCA in Ca2+ cycling; however, no significant 
changes in Ca2+ content were found. The effect 
on blood pressure can be explained by the reduc-
tion of nNOS (neuronal nitric oxide synthetase), 
suggesting a role for PMCAb in nNOS function. 
Another study showed that overexpression of 
PMC4b leads to a reduced inotropic effect in 
response to β-adrenergic stimulation, probably 
through an nNOS-mediated effect [115]. These 
mice also showed an increased hypertrophic 
response under continuous β-adrenergic stimula-
tion. PMCA down regulates the nNOS activity, 
whereas its inhibition increased the nNOS activ-
ity. It seems that this regulation is beneficial for 
increasing cardiac contractility. Mouse hearts 
lacking nNOS have a reduced adrenergic and 
force-frequency response [118]. 

20.8 Conclusion 

From the foregoing discussion, it is evident that 
Ca2+ movements across the SL membrane in 
cardiomyocytes involve L-type Ca2+ channels, 
NCX, NHE, PMCA, SOCC and Na+ –K+ ATPase. 
These cation channels and transporters participate 
in Ca2+ movements, either directly or indirectly, 
and are highly regulated by the phosphorylation/ 
dephosphorylation system [119]. Any defect in 
one or more of these Ca2+-handling proteins, 
which may occur in congestive heart failure 
[120], appears to result in loss of their coordinated 

function for the development of abnormalities in 
the rate and rhythm of the heart. There seem to be 
three areas of investigation that are becoming the 
center of attention in cardiovascular research. 
First, as the classical view of the channels, 
transporters and pumps with respect to the cation 
conducting pathway has evolved, more emphasis 
is being placed on the role of the cation channels 
as signaling molecules, particularly the signaling 
mediated by SL Na+-K+ ATPase and Ca2+-pump 
ATPase. The second is the challenging task of 
finding correlations between the activities of dif-
ferent Ca2+-handling proteins. An example of the 
influence of one channel on another is the SOCC, 
where emptying of the SR Ca2+ store activates the 
SOCC in the cell to permit the entry of more Ca2+ . 
Another example is the study of the interaction 
between the L-type Ca2+ channel and RyR. The 
mechanism of such an interaction in cardiac 
muscles has revealed that Ca2+ influx through 
the L-type Ca2+ channel activates RyR without 
any physical interaction of the SL and SR 
channels. Last but not least, developing novel 
therapeutic approaches to treat heart disease 
where a drug such as ranolzine specifically targets 
the late or persistent Na+ current [121], or a spe-
cific current in a specific type of cell, such as 
targeting the ultra-rapid K+ current in atrial 
myocytes for correction of arrhythmias [122]. In 
addition, the control of defective or mutated 
channels can be achieved before they are trans-
lated. In a recent study, silencing micro-RNA was 
used to downregulate the expression of a mutant 
K+-channel, thus averting its arrhythmogenic 
action [123]. Although great progress on work 
related to the role of Ca2+ in heart function in 
health and disease has been carried out over 
150 years, there is still scope for further investi-
gation in order to completely understand the role 
of different sarcolemmal Ca2+ —handling 
proteins in heart function in health and disease. 

Acknowledgements The infrastructural support for this 
article was provided by the St. Boniface Hospital Research 
Foundation.



424 P. S. Tappia et al.

References 

1. Eisner DA, Caldwell JL, Kistamás K, Trafford 
AW. Calcium and excitation-contraction coupling in 
the heart. Circ Res. 2017;121:181–95. 

2. Sternbach G. Sydney ringer: water supplied by the 
New River water company. J Emerg Med. 1988;6: 
71–4. 

3. Dhalla NS, Ziegelhoffer A, Harrow JA. Regulatory 
role of membrane systems in heart function. Can J 
Physiol Pharmacol. 1977;55:1211–34. 

4. Dhalla NS, Pierce GN, Panagia V, Singal PK, Beam-
ish RE. Calcium movements in relation to heart func-
tion. Basic Res Cardiol. 1982;77:117–39. 

5. Dhalla NS, Saini HK, Tappia PS, Sethi R, Mengi SA, 
Gupta SK. Potential role and mechanisms of subcel-
lular remodeling in cardiac dysfunction due to ische-
mic heart disease. J Cardiovasc Med. 2007;8:238–50. 

6. Gordon AM, Homsher E, Regnier M. Regulation of 
contraction in striated muscle. Physiol Rev. 2000;80: 
853–924. 

7. Cheng H, Lederer WJ. Calcium sparks. Physiol Rev. 
2008;88:1491–545. 

8. Dulhunty AF. Excitation-contraction coupling from 
the 1950s into the new millennium. Clin Exp 
Pharmacol Physiol. 2006;33:763–72. 

9. Eisner D. Calcium in the heart: from physiology to 
disease. Exp Physiol. 2014;99:1273–82. 

10. Santulli G, Lewis DR, Marks AR. Physiology and 
pathophysiology of excitation contraction coupling: 
the functional role of ryanodine receptor. J Muscle 
Res Cell Motil. 2017;38:37–45. 

11. Santulli G, Marks AR. Essential roles of intracellular 
calcium release channels in muscle, brain, metabo-
lism, and aging. Curr Mol Pharmacol. 2015;8:206– 
22. 

12. Cartwright EJ, Schuh K, Neyses L. Calcium transport 
in cardiovascular health and disease –the sarcolem-
mal calcium pump enters the stage. J Mol Cell 
Cardiol. 2005;39:403–6. 

13. Eisner DA, Trafford AW. What is the purpose of the 
large sarcolemmal calcium flux on each heartbeat? 
Am J Physiol Heart Circ Physiol. 2009;297:H493–4. 

14. Despa S, Bers DM. Na+ transport in the normal and 
failing heart - remember the balance. J Mol Cell 
Cardiol. 2013;61:2–10. 

15. Benitah JP, Alvarez JL, Gómez AM. L-type Ca2+ 

current in ventricular cardiomyocytes. J Mol Cell 
Cardiol. 2010;48:26–36. 

16. Catterall WA, Perez-Reyes E, Snutch TP, Striessnig 
J. Nomenclature and structure-function relationships 
of voltage-gated calcium channels. Pharmacol Rev. 
2005;57:411–25. 

17. Colecraft HM, Alseikhan B, Takahashi SX, 
Chaudhuri D, Mittman S, Yegnasubramanian V, 
et al. Novel functional properties of Ca2+ channel 
beta subunits revealed by their expression in adult 
rat heart cells. J Physiol. 2002;541:435–52. 

18. Halling DB, Aracena-Parks P, Hamilton 
SL. Regulation of voltage-gated Ca2+ channels by 
calmodulin. Sci STKE. 2006 Jan 17;2006(318):er1. 

19. Davare MA, Avdonin V, Hall DD, Peden EM, 
Burette A, Weinberg RJ, et al. A beta2 adrenergic 
receptor signaling complex assembled with the Ca2+ 

channel Cav1.2. Science. 2001;293:98–101. 
20. Splawski I, Timothy KW, Sharpe LM, Decher N, 

Kumar P, Bloise R, et al. Ca(V)1.2 calcium channel 
dysfunction causes a multisystem disorder including 
arrhythmia and autism. Cell. 2004;119:19–31. 

21. Hockerman GH, Peterson BZ, Johnson BD, Catterall 
WA. Molecular determinants of drug binding and 
action on L-type calcium channels. Annu Rev 
Pharmacol Toxicol. 1997;37:361–96. 

22. Parekh AB, Putney JW Jr. Store-operated calcium 
channels. Physiol Rev. 2005;85:757–810. 

23. Montell C, Birnbaumer L, Flockerzi V. The TRP 
channels, a remarkably functional family. Cell. 
2002;108:595–8. 

24. Parekh AB, Penner R. Depletion-activated calcium 
current is inhibited by protein kinase in RBL-2H3 
cells. Proc Natl Acad Sci. 1995;USA.92:7907–11. 

25. Evans NE, Forth MK, Simpson AK, Mason 
MJ. Inhibition by calyculin a and okadaic acid of 
the Ca2+ release-activated Ca2+ entry pathway in rat 
basophilic leukemia cells: evidence for regulation by 
type 1/2A serine/threonine phosphatase activity. 
Biochim Biophys Acta. 2005;1718:32–43. 

26. Schach C, Xu M, Platoshyn O, Keller SH, Yuan 
JX. Thiol oxidation causes pulmonary vasodilation 
by activating K+ channels and inhibiting store-
operated Ca2+ channels. Am J Physiol Lung Cell 
Mol Physiol. 2007;292:L685–98. 

27. Thompson M, White T, Chini EN. Modulation of 
store-operated Ca2+ entry by cyclic- ADP-ribose. 
Braz J Med Biol Res. 2006;39:739–48. 

28. Denys A, Aires V, Hichami A, Khan 
NA. Thapsigargin-stimulated MAP kinase phosphor-
ylation via CRAC channels and PLD activation: 
inhibitory action of docosahexaenoic acid. FEBS 
Lett. 2004;564:177–82. 

29. Machaca K. Ca2+-calmodulin-dependent protein 
kinase II potentiates store-operated Ca2+ current. J 
Biol Chem. 2003;278:33730–7. 

30. Khoo C, Helm J, Choi HB, Kim SU, McLarnon 
JG. Inhibition of store-operated Ca2+ influx by acidic 
extracellular pH in cultured human microglia. Glia. 
2001;36:22–30. 

31. Tornquist K, Vainio PJ, Bjorklund S, Titievsky A, 
Dugue B, Tuominen RK. Hydrogen peroxide 
attenuates store-operated calcium entry and enhances 
calcium extrusion in thyroid FRTL-5 cells. Biochem 
J. 2000;351:47–56. 

32. Berra-Romani R, Mazzocco-Spezzia A, Pulina MV, 
Golovina VA. Ca2+ handling is altered when arterial 
myocytes progress from a contractile to a 
proliferative phenotype in culture. Am J Physiol 
Cell Physiol. 2008;295:C779–90.



20 Implications of Sarcolemmal Ca2+-Handling Proteins in Heart Function in Health and Disease 425

33. Saini HK, Dhalla NS. Sarcolemmal cation channels 
and exchangers modify the increase in intracellular 
calcium in cardiomyocytes on inhibiting Na+-K+ 

ATPase. Am J Physiol Heart Circ Physiol. 
2007;293:H169–81. 

34. Onohara N, Nishida M, Inoue R, Kobayashi H, 
Sumimoto H, Sato Y, et al. TRPC3 and TRPC6 are 
essential for angiotensin II-induced cardiac hypertro-
phy. EMBO J. 2006;25:5305–16. 

35. Inoue R, Jensen LJ, Shi J, Morita H, Nishida M, 
Honda A, et al. Transient receptor potential channels 
in cardiovascular function and disease. Circ Res. 
2006;99:119–31. 

36. Watanabe H, Murakami M, Ohba T, Takahashi Y, Ito 
H. TRP channel and cardiovascular disease. 
Pharmacol Ther. 2008;118:337–51. 

37. Bootman MD, Rietdorf K. Tissue specificity: store-
operated Ca2+ entry in cardiac myocytes. Exp Med 
Biol. 2017;993:363–87. 

38. Ruhle B, Trebak M. Emerging roles for native ORAI 
Ca2+ channels in cardiovascular disease. Curr Top 
Membr. 2013;71:209–35. 

39. Bhullar SK, Shah AK, Dhalla NS. Store-operated 
calcium channels: potential target for the therapy of 
hypertension. Rev Cardiovasc Med. 2019;20:139– 
51. 

40. Zhang B, Jiang J, Yue Z, Liu S, Ma Y, Yu N, et al. 
Store-operated Ca2+ entry (SOCE) contributes to 
angiotensin II-induced cardiac fibrosis in cardiac 
fibroblasts. J Pharmacol Sci. 2016;132:171–80. 

41. Kecskés M, Jacobs G, Kerselaers S, Syam N, 
Menigoz A, Vangheluwe P, et al. The Ca2+-activated 
cation channel TRPM4 is a negative regulator of 
angiotensin II-induced cardiac hypertrophy. Basic 
Res Cardiol. 2015;110:43. 

42. Ji Y, Guo X, Zhang Z, Huang Z, Zhu J, Chen QH, 
et al. CaMKIIδ meditates phenylephrine induced 
cardiomyocyte hypertrophy through store-operated 
Ca2+ entry. Cardiovasc Pathol. 2017;27:9–17. 

43. Domínguez-Rodríguez A, Ruiz-Hurtado G, 
Sabourin J, Gómez AM, Alvarez JL, Benitah 
JP. Proarrhythmic effect of sustained EPAC activa-
tion on TRPC3/4 in rat ventricular cardiomyocytes. J 
Mol Cell Cardiol. 2015;87:74–8. 

44. Ohba T, Watanabe H, Murakami M, Takahashi Y, 
Iino K, Kuromitsu S, et al. Upregulation of TRPC1 in 
the development of cardiac hypertrophy. J Mol Cell 
Cardiol. 2007;42:498–507. 

45. Sabourin J, Bartoli F, Antigny F, Gomez AM, 
Benitah JP. Transient receptor potential canonical 
(TRPC)/Orai1-dependent store-operated Ca2+ 

channels: new targets of aldosterone in 
cardiomyocytes. J Biol Chem. 2016;291:13394–409. 

46. Ottolia M, Torres N, Bridge JH, Philipson KD, 
Goldhaber JI. Na/ca exchange and contraction of 
the heart. J Mol Cell Cardiol. 2013;61:28–33. 

47. Aronsen JM, Swift F, Sejersted OM. Cardiac sodium 
transport and excitation contraction coupling. J Mol 
Cell Cardiol. 2013;61:11–9. 

48. Shattock MJ, Ottolia M, Bers DM, Blaustein MP, 
Boguslavskyi A, Bossuyt J, et al. Na+ /Ca2+ exchange 
and Na+ /K+-ATPase in the heart. J Physiol. 
2015;593:1361–82. 

49. Hilgemann DW, Yaradanakul A, Wang Y, Fuster 
D. Molecular control of cardiac sodium homeostasis 
in health and disease. J Cardiovasc Electrophysiol. 
2006;17:S47–56. 

50. Cheung JY, Rothblum LI, Moorman JR, Tucker AL, 
Song J, Ahlers BA, et al. Regulation of cardiac Na+ / 
Ca2+ exchanger by phospholemman. Ann N Y Acad 
Sci. 2007;1099:119–34. 

51. Karmazyn M, Gan XT, Humphreys RA, Yoshida H, 
Kusumoto K. The myocardial Na+-H+ exchange: 
structure, regulation, and its role in heart disease. 
Circ Res. 1999;85:777–86. 

52. Saini HK, Tripathi ON, Zhang S, Elimban V, Dhalla 
NS. Involvement of Na+ /Ca2+ exchanger in 
catecholamine-induced increase in intracellular cal-
cium in cardiomyocytes. Am J Physiol Heart Circ 
Physiol. 2006;290:H373–80. 

53. Wei SK, Ruknudin AM, Shou M, McCurley JM, 
Hanlon SU, Elgin E, et al. Muscarinic modulation 
of the sodium-calcium exchanger in heart failure. 
Circulation. 2007;115:1225–33. 

54. Shao Q, Ren B, Elimban V, Tappia PS, Takeda N, 
Dhalla NS. Modification of sarcolemmal Na+-K+-
ATPase and Na+ /Ca2+ exchanger expression in heart 
failure by blockade of renin-angiotensin system. Am 
J Physiol Heart Circ Physiol. 2005;288:H2637–46. 

55. Iwamoto T. Forefront of Na+ /Ca2+ exchanger studies: 
molecular pharmacology of Na+ /Ca2+ exchange 
inhibitors. J Pharmacol Sci. 2004;96:27–32. 

56. Fong SPT, Agrawal S, Gong M, Zhao J. Modulated 
calcium homeostasis and release events under atrial 
fibrillation and its risk factors: a meta-analysis. Front 
Cardiovasc Med. 2021;8:662914. 

57. Christ T, Kovács PP, Acsai K, Knaut M, 
Eschenhagen T, et al. Block of Na+ /Ca2+ exchanger 
by SEA0400 in human right atrial preparations from 
patients in sinus rhythm and in atrial fibrillation. Eur J 
Pharmacol. 2016;788:286–93. 

58. Iwamoto T, Kita S, Uehara A, Imanaga I, Matsuda T, 
Baba A, et al. Molecular determinants of Na+ /Ca2+ 

exchange (NCX1) inhibition by SEA0400. J Biol 
Chem. 2004;279:7544–53. 

59. Namekata I, Nakamura H, Shimada H, Tanaka H, 
Shigenobu K. Cardioprotection without 
cardiosuppression by SEA0400, a novel inhibitor of 
Na+-Ca2+ exchanger, during ischemia and reperfu-
sion in Guinea-pig myocardium. Life Sci. 2005;77: 
312–24. 

60. Fliegel L. Regulation of myocardial Na+ /H+ 

exchanger activity. Basic Res Cardiol. 2001;96: 
301–5. 

61. Odunewu-Aderibigbe A, Fliegel L. The Na+ /H+ 

exchanger and pH regulation in the heart. IUBMB 
Life. 2014;66:679–85.



426 P. S. Tappia et al.

62. Slepkov ER, Rainey JK, Sykes BD, Fliegel 
L. Structural and functional analysis of the Na+ /H+ 

exchanger. Biochem J. 2007;401:623–33. 
63. Aharonovitz O, Zaun HC, Balla T, York JD, 

Orlowski J, Grinstein S. Intracellular pH regulation 
by Na+ /H+ exchange requires phosphatidylinositol 
4,5-bisphosphate. J Cell Biol. 2000;150:213–24. 

64. Zaun HC, Shrier A, Orlowski J. Calcineurin B 
homologous protein 3 promotes the biosynthetic mat-
uration, cell surface stability, and optimal transport of 
the Na+ /H+ exchanger NHE1 isoform. J Biol Chem. 
2008;283:12456–67. 

65. Bertrand B, Wakabayashi S, Ikeda T, Pouyssegur J, 
Shigekawa M. The Na+ /H+ exchanger isoform 
1 (NHE1) is a novel member of the calmodulin-
binding proteins. Identification and characterization 
of calmodulin-binding sites. J Biol Chem. 1994;269: 
13703–9. 

66. Wakabayashi S, Bertrand B, Ikeda T, Pouyssegur J, 
Shigekawa M. Mutation of calmodulin-binding site 
renders the Na+ /H+ exchanger (NHE1) highly H+-
sensitive and Ca2+ regulation-defective. J Biol 
Chem. 1994;269:13710–5. 

67. Li X, Alvarez B, Casey JR, Reithmeier RA, Fliegel 
L. Carbonic anhydrase II binds to and enhances 
activity of the Na+ /H+ exchanger. J Biol Chem. 
2002;277:36085–91. 

68. Malo ME, Fliegel L. Physiological role and regula-
tion of the Na+ /H+ exchanger. Can J Physiol 
Pharmacol. 2006;84:1081–95. 

69. Sardet C, Counillon L, Franchi A, Pouyssegur 
J. Growth factors induce phosphorylation of the 
Na+ /H+ antiporter, glycoprotein of 110 kD. Science. 
1990;247:723–6. 

70. Phan VN, Kusuhara M, Lucchesi PA, Berk BC. A 
90-kD Na+-H+ exchanger kinase has increased activ-
ity in spontaneously hypertensive rat vascular smooth 
muscle cells. Hypertension. 1997;29:1265–7122. 

71. Takahashi E, Abe J, Berk BC. Angiotensin II 
stimulates p90rsk in vascular smooth muscle cells. 
A potential Na+-H+ exchanger kinase. Circ Res. 
1997;81:268–73. 

72. Scholz W, Albus U, Counillon L, Gogelein H, Lang 
HJ, Linz W, et al. Protective effects of HOE642, a 
selective sodium-hydrogen exchange subtype 1 inhib-
itor, on cardiac ischaemia and reperfusion. 
Cardiovasc Res. 1995;29:260–8. 

73. Chaitman BR. A review of the GUARDIAN trial 
results: clinical implications and the significance of 
elevated perioperative CK-MB on 6-month survival. 
J Card Surg. 2003;18(Suppl 1):13–20. 

74. Mentzer J, Lasley RD, Jessel A, Karmazyn 
M. Intracellular sodium hydrogen exchange inhibi-
tion and clinical myocardial protection. Ann Thorac 
Surg. 2003;75:S700–8. 

75. Gazmuri RJ, Radhakrishnan J, Ayoub IM. Sodium-
hydrogen exchanger isoform-1 inhibition: A 
promising pharmacological intervention for 

resuscitation from cardiac arrest. Molecules. 24 pii: 
E1765, 2019. 

76. Fliegel L. Molecular biology of the myocardial Na+ / 
H+ exchanger. J Mol Cell Cardiol. 2008;44:228–37. 

77. Nakamura TY, Iwata Y, Arai Y, Komamura K, 
Wakabayashi S. Activation of Na+ /H+ exchanger 
1 is sufficient to generate Ca2+ signals that induce 
cardiac hypertrophy and heart failure. Circ Res. 
2008;103:891–9. 

78. Yeves AM, Ennis IL. Na+ /H+ exchanger and cardiac 
hypertrophy. Hipertens. Riesgo. Vasc. pii: 
S1889–183730055-8, 2019. 

79. Skou JC. The influence of some cations on an adeno-
sine triphosphatase from peripheral nerves. Biochim 
Biophys Acta. 1957;23:394–401. 

80. Liu CC, Fry NA, Hamilton EJ, Chia KK, Garcia A, 
et al. Redox-dependent regulation of the Na+-
K+ pump: new twists to an old target for treatment 
of heart failure. J Mol Cell Cardiol. 2013;61:94–101. 

81. Kryvenko V, Vagin O, Dada LA, Sznajder JI, Vadász 
I. Maturation of the Na,K-ATPase in the endoplasmic 
reticulum in health and disease. J Membr Biol. 
2021;10:1–11. 

82. Takeyasu K, Okamura H, Yasuhara JC, Ogita Y, 
Yoshimura SH. P-type ATPase diversity and evolu-
tion: the origins of ouabain sensitivity and subunit 
assembly. Cell Mol Biol. 2001;47:325–33. 

83. Blanco G, Mercer RW. Isozymes of the Na+-K+-
ATPase: heterogeneity in structure, diversity in func-
tion. Am J Phys. 1998;275:F633–50. 

84. Sweadner KJ, Herrera VL, Amato S, Moellmann A, 
Gibbons DK, Repke KR. Immunologic identification 
of Na+-K+-ATPase isoforms in myocardium. Isoform 
change in deoxycorticosterone acetate-salt hyperten-
sion. Circ Res. 1994;74:669–78. 

85. Karmazyn M, Tuana BS, Dhalla NS. Effect of 
prostaglandins on rat heart sarcolemmal ATPases. 
Can J Physiol Pharmacol. 1981;59:1122–7. 

86. Pierce GN, Ganguly PK, Dzurba A, Dhalla 
NS. Modification of the function of cardiac subcellu-
lar organelles by insulin. Adv Myocardiol. 1985;6: 
113–25. 

87. Moffat MP, Dhalla NS. Heart sarcolemmal ATPase 
and calcium binding activities in rats fed a high 
cholesterol diet. Can J Cardiol. 1985;1:194–200. 

88. Gupta MP, Makino N, Takeo S, Kaneko M, Dhalla 
NS. Cardiac sarcolemma as a possible site of action 
of caffeine in rat heart. J Pharmacol Exp Ther. 
1990;255:1188–94. 

89. Tian J, Xie ZJ. The Na-K-ATPase and calcium-
signaling microdomains. Physiology. 2008;23:205– 
11. 

90. Netticadan T, Kato K, Tappia P, Elimban V, Dhalla 
NS. Phosphorylation of cardiac Na+-K+ ATPase by 
Ca2+ /calmodulin dependent protein kinase. Biochem 
Biophys Res Commun. 1997;238:544–8. 

91. Dixon IM, Hata T, Dhalla NS. Sarcolemmal calcium 
transport in congestive heart failure due to



20 Implications of Sarcolemmal Ca2+-Handling Proteins in Heart Function in Health and Disease 427

myocardial infarction in rats. Am J Physiol Heart Circ 
Physiol. 1992;262:H1387–94. 

92. Guo X, Wang J, Elimban V, Dhalla NS. Both enala-
pril and losartan attenuate sarcolemmal Na+-K+-
ATPase remodeling in failing rat heart due to 
myocardial infarction. Can J Physiol Pharmacol. 
2008;86:139–47. 

93. Dhalla NS, Panagia V, Singal PK, Makino N, Dixon 
IM, Eyolfson DA. Alterations in heart membrane 
calcium transport during the development of 
ischemia-reperfusion injury. J Mol Cell Cardiol. 
1988;20(Suppl 2):3–13. 

94. Ostadal P, Elmoselhi AB, Zdobnicka I, Lukas A, 
Chapman D, Dhalla NS. Ischemia- reperfusion alters 
gene expression of Na+-K+-ATPase isoforms in rat 
heart. Biochem Biophys Res Commun. 2003;306: 
457–62. 

95. Ostadal P, Elmoselhi AB, Zdobnicka I, Lukas A, 
Elimban V, Dhalla NS. Role of oxidative stress in 
ischemia-reperfusion-induced changes in Na+-K+-
ATPase isoform expression in rat heart. Antioxid 
Redox Signal. 2004;6:914–23. 

96. Elmoselhi AB, Lukas A, Ostadal P, Dhalla 
NS. Preconditioning attenuates ischemia-reperfusion-
induced remodeling of Na+-K+-ATPase in hearts. Am 
J Physiol Heart Circ Physiol. 2003;285:H1055–63. 

97. Shao Q, Matsubara T, Bhatt SK, Dhalla 
NS. Inhibition of cardiac sarcolemma Na+-K+-
ATPase by oxyradical generating systems. Mol Cell 
Biochem. 1995;147:139–44. 

98. Srikanthan K, Shapiro JI, Sodhi K. The role of Na/K-
ATPase signaling in oxidative stress related to obe-
sity and cardiovascular disease. Molecules. 21. pii: 
E1172, 2016. 

99. Botelho AFM, Pierezan F, Soto-Blanco B, Melo 
MM. A review of cardiac glycosides: structure, 
toxicokinetics, clinical signs, diagnosis and antineo-
plastic potential. Toxicon. 2019;158:63–8. 

100. Wang HY, O’Doherty GA. Modulators of Na/K-
ATPase: a patent review. Expert Opin Ther Pat. 
2012;22:587–605. 

101. Crambert G, Hasler U, Beggah AT, Yu C, Modyanov 
NN, Horisberger JD, et al. Transport and pharmaco-
logical properties of nine different human Na, 
K-ATPase isozymes. J Biol Chem. 2000;275:1976– 
86. 

102. Hilgemann DW, Ball R. Regulation of cardiac Na+ , 
Ca2+ exchange and KATP potassium channels by 
PIP2. Science. 1996;273:956–9. 

103. Schoner W, Scheiner-Bobis G. Endogenous and 
exogenous cardiac glycosides and their mechanisms 
of action. Am J Cardiovasc Drugs. 2007;7:173–89. 

104. Hamlyn JM, Ringel R, Schaeffer J, Levinson PD, 
Hamilton BP, Kowarski AA, et al. A circulating 
inhibitor of (Na+-K+ ) ATPase associated with essen-
tial hypertension. Nature. 1982;300:650–2. 

105. Hamlyn JM, Lu ZR, Manunta P, Ludens JH, 
Kimura K, Shah JR, et al. Observations on the nature, 

biosynthesis, secretion and significance of endoge-
nous ouabain. Clin Exp Hypertens. 1998;20:523–33. 

106. Qazzaz HM, Cao Z, Bolanowski DD, Clark BJ, 
Valdes R Jr. De novo biosynthesis and radiolabeling 
of mammalian digitalis-like factors. Clin Chem. 
2004;50:612–20. 

107. Golfman L, Dixon IM, Takeda N, Lukas A, 
Dakshinamurti K, Dhalla NS. Cardiac sarcolemmal 
Na+-Ca2+ exchange and Na+-K+ ATPase activities 
and gene expression in alloxan-induced diabetes in 
rats. Mol Cell Biochem. 1998;188:91–101. 

108. Kato K, Chapman DC, Rupp H, Lukas A, Dhalla 
NS. Alterations of heart function and Na+-K+-
ATPase activity by etomoxir in diabetic rats. J Appl 
Physiol. 1999;86:812–8. 

109. Kato K, Lukas A, Chapman DC, Dhalla NS. Changes 
in the expression of cardiac Na+-K+ ATPase subunits 
in the UM-X7.1 cardiomyopathic hamster. Life Sci. 
2000;67:1175–83. 

110. Kato K, Lukas A, Chapman DC, Rupp H, Dhalla 
NS. Differential effects of etomoxir treatment on 
cardiac Na+-K+ ATPase subunits in diabetic rats. 
Mol Cell Biochem. 2002;232:57–62. 

111. Axelsen KB, Palmgren MG. Evolution of substrate 
specificities in the P-type ATPase superfamily. J Mol 
Evol. 1998;46:84–101. 

112. Strehler EE, Filoteo AG, Penniston JT, Caride 
AJ. Plasma-membrane Ca2+ pumps: structural diver-
sity as the basis for functional versatility. Biochem 
Soc Trans. 2007;35:919–22. 

113. Strehler EE, Caride AJ, Filoteo AG, Xiong Y, 
Penniston JT, Enyedi A. Plasma membrane Ca2+ 

ATPases as dynamic regulators of cellular calcium 
handling. Ann N Y Acad Sci. 2007;1099:226–36. 

114. Carafoli E, Stauffer T. The plasma membrane 
calcium pump: functional domains, regulation of the 
activity, and tissue specificity of isoform expression. 
J Neurobiol. 1994;25:312–24. 

115. Okunade GW, Miller ML, Pyne GJ, Sutliff RL, 
O'Connor KT, Neumann JC, et al. Targeted ablation 
of plasma membrane Ca2+-ATPase (PMCA) 1 and 
4 indicates a major housekeeping function for 
PMCA1 and a critical role in hyperactivated sperm 
motility and male fertility for PMCA4. J Biol Chem. 
2004;279:33742–50. 

116. Gros R, Afroze T, You XM, Kabir G, Van WR, 
Kalair W, et al. Plasma membrane calcium ATPase 
overexpression in arterial smooth muscle increases 
vasomotor responsiveness and blood pressure. Circ 
Res. 2003;93:614–21. 

117. Piuhola J, Hammes A, Schuh K, Neyses L, 
Vuolteenaho O, Ruskoaho H. Overexpression of sar-
colemmal calcium pump attenuates induction of car-
diac gene expression in response to ET-1. Am J 
Physiol Regul Integr Comp Physiol. 2001;281: 
R699–705. 

118. Oceandy D, Buch MH, Cartwright EJ, Neyses L. The 
emergence of plasma membrane calcium pump as a



428 P. S. Tappia et al.

novel therapeutic target for heart disease. Mini Rev 
Med Chem. 2006;6:583–38. 

119. Lakatta EG, Vinogradova TM, Maltsev VA. The 
missing link in the mystery of normal automaticity 
of cardiac pacemaker cells. Ann N Y Acad Sci. 
2008;1123:41–57. 

120. Dhalla NS, Saini-Chohan HK, Rodriguez-Leyva D, 
Elimban V, Dent MR, Tappia PS. Subcellular 
remodelling may induce cardiac dysfunction in 
congestive heart failure. Cardiovasc Res. 2008;81: 
429–38. 

121. Undrovinas A, Maltsev VA. Late sodium current is a 
new therapeutic target to improve contractility and 
rhythm in failing heart. Cardiovasc Hematol Agents 
Med Chem. 2008;6:348–59. 

122. Sanguinetti MC, Bennett PB. Antiarrhythmic drug 
target choices and screening. Circ Res. 2003;93: 
491–9. 

123. Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, et al. The 
muscle-specific microRNA miR-1 regulates cardiac 
arrhythmogenic potential by targeting GJA1 and 
KCNJ2. Nat Med. 2007;13:486–91.



in Health and Disease

Characteristics of Intracellular Ca2+ 

Handling Proteins in Heart Function 21 

Naranjan S. Dhalla, Mohamad Nusier, Anureet K. Shah, 
and Paramjit S. Tappia 

Abstract 

In view of its ability to release and accumulate 
Ca2+ , the sarcoplasmic reticulum (SR) plays a 
major role in cardiomyocyte excitation–con-
traction coupling. Since Ca2+ is important in 
the functions of both mitochondria and 
nucleus, it appears that these organelles are 
involved in excitation–metabolism coupling 
and excitation–transcription coupling. This 
brief article discusses some of the 
characteristics of the SR, mitochondria, and 
nucleus with respect to their Ca2+ transport 
systems in cardiomyocytes and the role of 
Ca2+ in different coupling processes. In addi-
tion, the influence of fluctuations in the cyto-
plasmic Ca2+ concentration on cardiomyocyte 
contractile activity, metabolism, and gene 
expression in heart disease is presented. The 
potential of the SR and the mitochondria and 

nucleus as therapeutic targets for the treatment 
of heart disease is also highlighted. 
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21.1 Introduction 

The precise control of intracellular Ca2+ cycling 
depends on the relationships among various 
channels and pumps that are involved in different 
membranous systems of cardiomyocytes. 
Accordingly, two significant aspects have been 
proposed: (a) structural coupling in which the 
transporters are organized within the dyad, 
linking the transverse tubule and sarcoplasmic 
reticulum and ensuring proximity of Ca2+ entry 
to sites of release and (b) functional coupling, 
where the fluxes across all membranes must be 
balanced such that, in the steady state, Ca2+ influx 
equals Ca2+ efflux on every beat [1]. Depolariza-
tion of the cardiomyocyte causes Ca2+ influx 
through the sarcolemmal membrane (SL) L-type 
Ca2+ channels (LTCCs), which subsequently 
elicits a greater release of Ca2+ upon activation 
of the sarcoplasmic reticulum (SR), ryanodine

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_21&domain=pdf
mailto:nsdhalla@sbrc.ca
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receptors (RyR), or Ca2+-release channels. This 
increase in Ca2+ in the cytosol is rapidly 
dissipated by four mechanisms: (a) Ca2+ binding 
by proteins such as calmodulin and troponin [2], 
(b) Ca2+ efflux through SL or plasma membrane 
Ca2+-pump ATPase (PMCA) and SL Na+– Ca2+ 

exchanger (NCX), (c) storage in the SR by SR 
Ca2+-pump ATPase (SERCA), and (d) Ca2+ buff-
ering by intracellular organelles such as 
mitochondria and nucleus [3]. In this regard, the 
uptake of Ca2+ by the mitochondria occurs mainly 
through the mitochondrial Ca2+ uniporter 
(mCUP), while the nucleoplasmic reticulum 
serves as a Ca2+ storing site in the nucleus [4]. 
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It is now well known that the process of car-
diac contraction is initiated by the release of Ca2+ 

from the SR, whereas the process of relaxation is 
associated with Ca2+ uptake by the SR in 
cardiomyocytes. Furthermore, SR is also known 
to possess inositol trisphosphate receptors (IP3R), 
the activation of which is considered to release 
Ca2+ in the cardiomyocyte [5, 6]. Fluctuations in 
the cytosolic levels of Ca2+ affect mitochondrial 
metabolism that may contribute to the pathogene-
sis of congestive heart failure (CHF) and ischemic 
heart disease (IHD) [5]. Cytosolic Ca2+ is also 
considered to regulate myocardial gene expres-
sion during subcellular remodeling in ischemia-
reperfusion (I-R) injury, cardiac hypertrophy, and 
CHF [6, 7]. Accordingly, this chapter is intended 
to discuss the major characteristics of the Ca2+-
handling and regulatory proteins such as SR RyR, 
SR Ca2+-pump ATPase, and IP3R. Furthermore, 
the coupling of Ca2+ to the cardiac contraction– 
relaxation cycle, Ca2+ to mitochondrial metabo-
lism, and Ca2+ to nuclear transcription is 

described following the excitation of 
cardiomyocytes. In addition, their role in the path-
ophysiology of different myocardial diseases will 
be briefly discussed, and the potential of the SR, 
mitochondria, and nucleus as therapeutic targets 
for heart disease will be highlighted. 

Fig. 21.1 Schematic 
representation of SR Ca2+-
handling proteins involved 
in the regulation of the 
intracellular concentration 
of Ca2+ in cardiomyocytes. 
RyR ryanodine receptor, 
PLB phospholamban, 
SERCA sarcoplasmic 
reticulum Ca2+- pump 
ATPase, IP3R inositol 
trisphoshate receptor 

21.2 Excitation–Contraction 
Coupling 

The excitation–contraction (E–C) unit comprises 
synergistic lines of communication between the 
SL and SR [8]. Since the major functions of the 
SR are the release of Ca2+ for cardiac contraction 
upon excitation and uptake of Ca2+ for cardiac 
relaxation, it is planned to describe the 
characteristics as well as the role of SR Ca2+-
release channel, SR Ca2+-pump ATPase and SR 
IP3R (Fig. 21.1) in  Ca2+ handling and regulation 
of the intracellular concentration of Ca2+ ([Ca2+ ]i) 
in cardiomyocytes. 

21.2.1 SR Ca2 + -release Channel 

The SR RyR or Ca2+-release channel is a 564 kDa 
tetrameric protein consisting of at least four trans-
membrane segments and a large cytoplasmic 
domain. Three isoforms have been identified, 
namely, RyR1 and RyR3 in skeletal muscle and 
RyR2 in cardiac muscle; these isoforms share up 
to 60% sequence homology. RyR in cardiac mus-
cle is organized in groups of approximately 
20 receptors each. It has been suggested that the 
close approximation of these receptors is required



for orchestrated opening and closing of the Ca2+-
release channels [9]. Ca2+ has a biphasic effect on 
RyR; submicromolar Ca2+ concentrations acti-
vate RyR, whereas higher Ca2+ concentrations 
(>1 μM) inhibit the channel. RyR is inhibited 
by cytosolic Mg2+ but an increase in cytosolic 
Ca2+ relieves the Mg2+ inhibition [10]. RyR is 
also modulated by several cytosolic proteins; 
however, the most thoroughly studied modulators 
are calmodulin (CaM), calmodulin kinase 
(CaMKII), protein kinase A (PKA), and protein 
phosphatases. CaM binding to RyR is Ca2+ 

dependent, where Ca2+ binding increases the sen-
sitivity of RyR to CaM. CaM binding inhibits the 
cardiac RyR in the presence of high concentration 
of Ca2+ (10 μM). Several kinases have been 
shown to affect the activity of cardiac RyR. 
These include protein kinase A, C, and G in 
addition to the CaM-activated CaMKII 
[6, 10]. The RyR phosphorylation is of great 
importance in the pathogenesis of heart failure 
and arrhythmias [11]. Hyperphosphorylation of 
RyR in heart failure leads to the dissociation of 
“calstabin”, an accessory protein that stabilizes 
the closed conformation of the channel 
[12]. Phosphorylation of RyR cannot be 
interpreted in isolation from other SR proteins 
such as the Ca2+-pump ATPase (SERCA) and 
phospholamban (PLB). PLB phosphorylation 
activates SERCA and increases the SR Ca2+ 

load, which then stimulates RyR [13]. While the 
overall effect of phosphorylation is stimulatory, 
protein phosphatases are inhibitory [10]. In addi-
tion to kinases and phosphatases, several other 
cytoplasmic proteins are considered to modulate 
the activity of cardiac RyR. These include the 
transmembrane proteins, junctin and triadin, and 
the cytosolic proteins, S100, sorcin, glutathione 
transferase as well as intracellular chloride ion 
channels, glycolytic enzymes, and the accessory 
protein, calstabin [14]. 
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Mutations in cardiac RyR have been linked to 
the development of premature heartbeats. A 
“leaky” RyR promotes the buildup of Ca2+ in 
the cytosol and subsequently triggers the SL 
NCX to remove the excess Ca2+ in exchange for 
Na+ ; this then depolarizes the cell membrane 
leading to extrasystolic depolarizations and 

premature beats. On the other hand, adrenergic 
stimulation leading to the phosphorylation of 
RyR can cause fatal arrhythmias such as catechol-
aminergic polymorphic ventricular tachycardia 
(CPVT) in susceptible individuals. Susceptibility 
to CPVT was linked mainly to autosomal domi-
nant mutations of RyR2; these mutations destabi-
lize the channel or impair the binding to calstabin 
that stabilizes RyR [15, 16]. Recently, a mutation 
linked to the development of CPVT (R2474S) 
was found to produce “leaky” RyR in the heart 
and to the development of CPVT in transgenic 
mice. It has been shown that these RyRs could be 
stabilized by a novel compound, S107, for 
averting fatal arrhythmias [17]. Interestingly, the 
expression of RyR is reduced in heart failure due 
to the development of myocardial infarction (MI); 
this change is believed to be mediated through 
angiotensin receptors because it is inhibited by 
angiotensin-converting enzymes (ACE) 
inhibitors such as imidapril and in fact, close 
involvement of the SR RyR in the cellular 
remodeling process has been suggested [18]. In 
addition to suppressing cardiac hypertrophy, 
ACE inhibitor therapy has been shown to 
decrease the hyperadrenergic state associated 
with heart failure, resulting in a reduction of 
PKA activity, which abolishes the phosphoryla-
tion of RyR. Furthermore, ACE inhibitors have 
been reported to promote the interaction of RyR 
with the accessory protein calstabin, which 
stabilizes the channel and reduces the RyR 
leak [19]. 

21.2.2 SR Ca2+-Pump ATPase 

Most of the Ca2+ released from SR stores is 
rapidly taken up again via the SR Ca2+-pump 
ATPase (SERCA), while the rest is extruded 
from the cell by the PMCA and SL NCX. The 
SERCA transports two Ca2+ ions for the hydroly-
sis of a single ATP molecule [19]. SERCA is 
organized into three interacting domains: the 
cytosolic nucleotide-binding domain, the phos-
phorylation domain containing Asp351, and the 
transmembrane translocation domain. The cyto-
solic and transmembrane domains consist of



10 transmembrane segments, which are 
connected by the stalk domain [20]. At least six 
isoforms of SERCA have been identified belong-
ing to three different gene families, namely, 
SERCA1, 2, and 3; cardiomyocytes express the 
SERCA2a isoform [21]. The SERCA activity is 
regulated by SR-associated phospholamban 
(PLB). In this regard, the dephosphorylated 
form of PLB inhibits the pump by interacting 
with the enzyme phosphorylation site, which is 
needed for ATP binding, whereas phosphoryla-
tion of PLB by PKA or CaMK relieves this inhi-
bition [22]. During adrenergic stimulation, PKA 
reduces the affinity of Ca2+-pump ATPase for 
Ca2+ and thus enhances cardiac muscle relaxa-
tion. The adrenergic stimulation of the heart 
enhances the SERCA activity and such a regu-
latory action has been suggested to be a compen-
satory mechanism to improve cardiac 
performance. 
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Sarcolipin is another modulator of SERCA 
activity [23]. Sarcolipin is a shorter homologue 
(31 amino acids) of PLB, which inhibits SERCA. 
However, unlike PLB, the level of expression of 
sarcolipin determines its interaction with SERCA 
rather than its phosphorylation level. It has been 
found that sarcolipin modulates SERCA in a 
Ca2+-dependent manner; at low Ca2+ levels, 
sarcolipin reduces its affinity for Ca2+ and thus 
inhibits its activity, whereas at high Ca2+ levels, it 
increases its affinity for Ca2+ by increasing the 
maximum turnover rate [24]. Sarcolipin and PLB 
both synergistically inhibit SERCA; coexpression 
of sarcolipin in HEK cells leads to a very strong 
inhibition of the SERCA activity, whereas a 
sarcolipin knockout leads to enhanced SERCA 
activity [25]. On the other hand, the S100 protein, 
which is abundantly expressed in the heart and 
skeletal muscle, is believed to stimulate Ca2+ 

uptake by SERCA2a through a direct protein– 
protein interaction [26]. 

In cardiac hypertrophy and heart failure, the 
levels of SERCA expression as well as the 
SERCA activity have been found to be reduced, 
leading to compromised SR function [27]. In fact, 
overexpression of SERCA can improve cardiac 
functional defects [28]. In heart failure, a reduc-
tion in the SERCA activity by about 50% was 

evident without any changes in the creatine 
kinase activity and mitochondrial functions 
[29]. While several studies have indicated a role 
for SERCA in heart function, heterozygous loss 
of function of the SERCA2a and 2b in Darier 
disease was not associated with any defects in 
cardiac performance [30, 31]. 

21.2.3 SR Inositol Trisphosphate 
Receptors 

Although IP3R plays a minor role in EC coupling 
compared to the RyR in ventricular 
cardiomyocytes [32, 33], the higher (3.5–10 
fold) IP3R expression in atrial 
myocytes vs. ventricular myocytes, is suggestive 
of a greater role of IP3R in atrial contraction 
[34]. There are several isoforms of the IP3R  in  
both excitable and non-excitable tissues; the heart 
expresses the 300 KDa IP3R2 isoform that 
co-assembles to form a tetrameric channel. The 
channel is predicted to have six transmembrane 
segments and a large regulatory cytoplasmic 
domain [35]. IP3R1 is regulated by Ca

2+ in a 
biphasic pattern similar to the RyR. In fact, it is 
activated by submicromolar concentration of 
Ca2+ (<300 nM) and inhibited by micromolar 
concentrations of Ca2+ (>1 μM). The cardiac 
IP3R2 is resistant to inhibition by high Ca

2+ ,  as  
it remains active in the presence of high Ca2+ 

concentration (>100 μM) [36, 37]. The IP3R  is  
modulated by cytosolic proteins such as calstabin, 
PKA, and CaM [38]. The most significant inter-
action of IP3R is with CaM, because Ca2+-free 
CaM inhibits the cardiac IP3R2 in a Ca

2+-inde-
pendent manner, indicating a permanent inhibi-
tion of these receptors by CaM in the absence of 
Ca2+ [39]. The development and progression of 
cardiac hypertrophy have been linked to increases 
in the phospholipase C-IP3R expression levels 
leading to a stimulation of hypertrophic gene 
transcription. IP3R2 has been shown to be 
upregulated, while, in contrast, a reduction in 
RyR2 expression and activity has been reported 
in heart failure [34]. In addition, the relative abun-
dance of IP3R in Purkinje fibers suggests its 
potential participation in ventricular arrhythmias



[40], however; the precise role of IP3R in the 
generation of ventricular arrhythmias remains to 
be fully elucidated. 
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In addition to the role of SR in Ca2+-handling 
in cardiomyocytes, other cellular structures can 
also be seen to participate in the process of 
excitation–contraction–relaxation cycle. It should 
be mentioned that induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) hold enor-
mous potential in many fields of cardiovascular 
research. Overcoming many of the limitations of 
their embryonic counterparts, the application of 
iPSC-CMs ranges from facilitating the investiga-
tion of familial cardiac disease and pharmacolog-
ical toxicity screening to personalized medicine 
and autologous cardiac cell therapies. The main 
factor preventing the full realization of this poten-
tial is the limited maturity of iPSC-CMs, which 
display a number of substantial differences in 
comparison to adult cardiomyocytes. E–C cou-
pling, a fundamental property of cardiomyocytes, 
is often described in iPSC-CMs as being more 
analogous to neonatal than adult cardiomyocytes. 
With Ca2+-handling linked, directly or indirectly 
to almost all other properties of cardiomyocytes, a 
solid understanding of this process will be crucial 
to fully realizing the potential of human iPSC-
CMs [41]. 

21.3 Excitation–Metabolism 
Coupling 

E–C coupling consumes a large amount of energy 
through myosin ATPase, the SL Na+-K+ ATPase, 
and SERCA activities [6]. On the other hand, the 
mitochondria are the main source of energy pro-
duction. Mitochondria take up to 30% of the 
myocyte volume and are present in close proxim-
ity to the contractile machinery where energy is 
most required [42]. Indeed, [Ca2+ ]i concentration 
in different cellular compartments is intimately 
linked to cell metabolism, because (a) ATP pro-
duction requires low Ca2+ , (b) Ca2+ homeostatic 
systems consume ATP, and (c) Ca2+ signals in 
mitochondria stimulate ATP synthesis, being an 
essential part of excitation-metabolism (E-M) 
coupling [43]. The regulation of mitochondrial 

metabolism by Ca2+ is attributed to three key 
enzymes in the citric acid cycle, namely pyruvate 
dehydrogenase, isocitrate dehydrogenase, and 
α-ketoglutarate dehydrogenase, which are 
activated by low concentrations of Ca2+ [44]; in 
addition, Ca2+ also activates the mitochondrial 
F1/F0 ATPase [45]. 

Mitochondria in cardiac muscles also possess 
the molecular components for efficient uptake 
and release of Ca2+ . In this regard, Ca2+ enters 
the mitochondrial membrane through the mito-
chondrial Ca2+ uniporter (mCUP), a low affinity 
(10–20 μM Ca2+ ) and highly selective ion chan-
nel, which accumulates Ca2+ in the mitochondria 
using the potential difference across the mito-
chondrial membrane; the mCUP is Ca2+-gated 
and requires calmodulin for its activation 
[46]. Although mitochondria are generally con-
sidered to serve as a Ca2+ sink, mitochondrial 
Ca2+ uptake is inhibited by high concentrations 
of cytosolic Ca2+ [47]. Ca2+ is extruded from 
mitochondria through the activity of mitochon-
drial Na+-Ca2+ exchanger (mNCX), which is 
believed to possess a stoichiometry similar to 
that of the SL NCX of three Na+ to one Ca2+ 

[48]. Since the Ca2+ extrusion mechanism is 
slower relative to the rate of Ca2+ entry, this 
leads to the accumulation of Ca2+ in the 
mitochondria [49]. Ca2+ and mitochondria may 
also be intimately linked to cardiac function as 
Ca2+ is central to cardiac excitation–contraction 
coupling and stimulates mitochondrial energy 
production to fuel contraction. It should be men-
tioned that under conditions of dysregulated Ca2+ 

cycling, mitochondrial Ca2+ overload activates 
cell death pathways [50]. Indeed, excessive accu-
mulation of Ca2+ in the mitochondria may induce 
the translocation of cytochrome C as well as other 
pro-apoptotic factors [51]. Thus, taken together, 
the mitochondrial Ca2+ microdomain is where 
contraction, energy, and cardiomyocyte death 
converge [50, 52]. 

Studies have shown that increases in mito-
chondrial [Ca2+ ] occur simultaneously with the 
increase in cytosolic [Ca2+ ] in response to an 
increase in cardiomyocyte pacing or 
β-adrenergic stimulation [53, 54]. The rise of 
mitochondrial [Ca2+ ] was shown to be dependent



on the rise of cytosolic Ca2+ in the proximity 
of the SR, suggesting that mitochondria may 
also accumulate some of the Ca2+ released by the 
SR [55]. The ability of mitochondria to sense 
Ca2+ in a microdomain rather than the whole 
cytosol is predicted in modeling studies [56] and 
can explain the high threshold for Ca2+ uptake by 
the mCUP (1–3 μM). Indeed, localized Ca2+ 

sparks (synchronous coordinated activity of 
30–100 RyR) elicit miniature mitochondrial 
matrix Ca2+ signals that last less than 500 ms 
[55]. The rapid buffering of cytosolic Ca2+ by 
mitochondria may be due to mCUP activity [57] 
or may be due to some other mechanism, which 
remains to be investigated. 
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E-M coupling is modulated by two 
messengers, ADP and NADH. The ADP produc-
tion activates the mitochondrial F1/F0 ATPase to 
generate more ATP, which consequently leads to 
the reduction of inner membrane potential. This 
drop in potential activates NADH production (the 
second messenger) to supply electrons to com-
pensate for the electron loss and maintain the 
inner mitochondrial membrane potential 
[58]. The other modulatory control of mitochon-
drial metabolism occurs through the mNCX, 
which is needed to maintain the 
intramitochondrial Ca2+ concentration. A study 
examining the influence of cytoplasmic Na+ and 
mitochondrial potential on mNCX activity has 
confirmed the role of mNCX as a Ca2+ extrusion 
mechanism for the mitochondria [59]. In addition, 
it was demonstrated that mNCX is electrogenic 
and that depolarization of the mitochondrial 
membrane activates the mNCX to shuffle Ca2+ 

into the mitochondria rather than eliminating 
Ca2+ ; this seems to be a potential protective 
mechanism against loss of mitochondrial poten-
tial that follows ATP depletion [58]. A third 
potential mechanism modulating E–M coupling 
is mediated by ATP-sensitive potassium (KATP) 
channels. These channels are activated by ADP 
and inhibited by ATP. It has been shown that 
KATP channels can be imported into the 
mitochondria and localize to the inner mitochon-
drial membrane following phosphorylation by 
protein kinase C. KATP are believed to have a 
protective effect against I-R-induced increase in 
cellular Ca2+ [60]. 

A rise in mitochondrial Ca2+ is associated with 
an increase in metabolism [61]. Cardiac 
pathologies, including CHF, IHD, or potential 
arrhythmias, lead to an increase in cytosolic 
Ca2+ and have a deleterious effect on mitochon-
drial metabolism [5]. In fact, a higher Na+ con-
centration in the cytosol stimulates the 
mitochondrial NCX (mNCX), leading to reduced 
Ca2+ accumulation and reduced activity of mito-
chondrial function [49]. In cardiomyopathies, the 
reduced cytoplasmic Ca2+ negatively affects the 
mitochondrial Ca2+ transient, which is expected 
to inhibit mitochondrial function. Furthermore, a 
reduced rate of glycolysis, resulting in reduced 
availability of pyruvate, contributes to energy 
starvation in cardiomyopathy [62]. Thus, the 
mitochondria appear to be a therapeutic target in 
I-R injury and cardiomyopathies. It has been 
suggested that inhibition of the mNCX could be 
beneficial in cases of heart failure as well as 
during I-R injury. 

In heart failure, the increase in cytosolic Na+ 

activates the forward mode of mNCX to release 
mitochondrial Ca2+ . On the other hand, an 
increase in the cytosolic Ca2+ will trigger the 
reverse mode of mNCX and promote the accumu-
lation of excess cytosolic Ca2+ in the 
mitochondria. As a consequence of its effect, the 
inhibition of mNCX has been shown to improve 
Ca2+ accumulation and mitochondrial energetics 
in isolated cardiomyocytes [62, 63]. Maintaining 
a delicate balance in mitochondrial Ca2+ content 
depends on the activities of mCUP and mNCX, 
where the balance between Ca2+ uptake and Ca2+ 

extrusion directly affects mitochondrial metabo-
lism. Thus, inhibition of mNCX may be benefi-
cial in preventing I-R injury and heart failure 
[5]. In addition, various interventions such as 
trimetazidine, ranolazine, dichloroacetate, carni-
tine palmitoyl transferase, and coenzyme Q10 
have been proposed to prevent ischemic injury 
via mitochondrial modulation [63]. 

It is pointed out that current therapies for 
patients with stable systolic heart failure are 
largely limited to treatments that interfere with 
neurohormonal activation. Critical pathophysio-
logical hallmarks of heart failure are an energetic 
deficit and oxidative stress, and both may be the 
result of mitochondrial dysfunction. This



dysfunction is not only the result of a defect 
within mitochondria per se, but is in particular 
related to defects in intermediary metabolism. 
The regulatory interplay between excitation–con-
traction coupling and mitochondrial energetics, 
where defects of cytosolic Ca2+ and Na+ handling 
in failing hearts may play important roles 
[64]. The contribution and mechanisms of 
cardiomyocyte mitochondrial Ca2+ handling in 
E-C/E-M coupling as well as how mitochondrial 
Ca2+ regulates physiological mitochondrial and 
cellular functions in cardiac muscles in health 
and disease remain to be fully understood 
[65]. Figure 21.2 summarizes the major 
components of the E-M coupling process. 
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Fig. 21.2 Scheme 
depicting the role of 
mitochondria in the 
excitation-metabolism 
coupling in 
cardiomyocytes. mCUP 
mitochondrial Ca2+ 

uniporter, CaM calmodulin, 
mNCX mitochondrial Na+-
Ca2+ exchanger, RyR 
ryanodine receptor, SL 
Sarcolemma, SR 
sarcoplasmic reticulum 

21.4 Excitation–Transcription 
Coupling 

Ca2+ is a universal regulator of various cellular 
functions. In cardiomyocytes, Ca2+ is the central 
element of E–C coupling, but it also exerts a great 
impact on diverse signaling cascades and 
influences the regulation of gene expression, 
referred to as excitation–transcription (E–T) cou-
pling. Disturbances in cellular Ca2+ handling and 
alterations in Ca2+-dependent gene expression 
patterns are pivotal characteristics of failing 
cardiomyocytes, with several -E–T coupling 
pathways shown to be critically involved in 

structural and functional remodeling [66]. Electri-
cal activity initiates a program of selective gene 
expression in excitable cells. Although such tran-
scriptional activation is commonly attributed to 
depolarization-induced changes in intracellular 
Ca2+ [67], it should be noted that the specific 
and localized elevations of Ca2+ that are 
converted into changes in gene expression can 
be taken as long-term effects on the adaptation 
of the heart to a sustained stimulus [68]. 

The role of Ca2+ in controlling nuclear signal-
ing has been established in some studies 
[69, 70]. In cardiomyocytes, nuclei are closely 
associated with SR; the nucleus of adult 
cardiomyocytes is reported to possess a nucleo-
plasmic reticulum, a nuclear Ca2+ store that is 
continuous with SR and the nuclear envelope 
[33]. The nucleoplasmic reticulum is loaded 
from cytosolic Ca2+ microdomains [71– 
74]. This organelle expresses functional IP3R 
and RyR. There is evidence that the nucleus 
contains key components of the 
phosphoinositide-PLC signaling cascade, where 
the production of IP3 has been speculated. It is 
suggested that the nucleus is able to control the 
effect of Ca2+ on gene expression, allowing 
nuclear Ca2+ to regulate cellular functions inde-
pendently of the cytosolic Ca2+ increase 
[75]. Likewise, IP3 can trigger the release of 
Ca2+ directly into the nucleoplasm, which may 
have an important impact on the excitation–



transcription process [75]. An increase in nuclear 
Ca2+ concentration is reported to control the 
Ca2+-activated gene expression mediated by the 
cAMP response element [76]. Moreover, cyto-
plasmic and nuclear Ca2+ signals activate tran-
scription through different pathways. 
Cytoplasmic Ca2+ signal activates transcription 
through the serum response element (SRE) tran-
scription factor and does not require an increase 
in nuclear Ca2+ [77]. Similar to SR, the nucleo-
plasmic reticulum seems to possess counter-ion 
channels such as K+ channels [78]; it is plausible 
that channels control the change in the potential 
across the nucleoplasm. This would be particu-
larly important as the nucleoplasmic reticulum 
contains the voltage-gated R-type Ca2+ channels 
[78]. In addition, there is evidence that the nuclear 
membrane contains both NCX and NHE that may 
contribute to nuclear potential and cellular 
homeostasis. 
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CaMKII signaling regulates diverse cellular 
processes in a spatiotemporal manner including 
excitation–contraction and excitation–transcrip-
tion coupling, mechanics and energetics in car-
diac myocytes. Chronic activation of CaMKII 
results in cellular remodeling and ultimately 
arrhythmogenic alterations in Ca2+ handling, ion 
channels, cell-to-cell coupling, and metabolism 
[79]. Specific alterations in nuclear Ca2+ handling 
via altered excitation–transcription coupling con-
tribute to the development and progression of 
heart failure. During cardiac remodeling, early 
changes of cardiomyocyte nuclei cause altered 
nuclear Ca2+ signaling implicated in hypertrophic 
gene program activation. Normalization of 
nuclear Ca2+ regulation may therefore be a 
novel therapeutic approach to prevent adverse 
cardiac remodeling [80]. 

The increase in nuclear Ca2+ signal has been 
closely associated with cardiac hypertrophy. The 
most well-characterized mechanism is via Ca2+ – 
CaM. This pathway is under the influence of 
Ca2+ –CaM–CaMK on histone deactylase 
(HDAC) or the effect of Ca2+ –CAM on the pro-
tein phosphatase calcineurin (CaN); the two ways 
may act in parallel, contributing to cardiac hyper-
trophy [51, 81, 82]. It has been shown that 
depolarization-mediated Ca2+ influx occurs 

through CaMKII to inhibit the HDAC5, thereby 
sustaining high activity of the cerebellar granule 
neuron maintained under myocyte enhancer fac-
tor 2 (MEF2) depolarizing conditions. In adult 
rabbit and mouse cardiomyocytes, phenylephrine 
and endothelin-1-induced nuclear export of 
HDAC5 depends not only on CaMK II but also 
on protein kinase D (PKD) [82]. The nuclear 
export required type II IP3R, Ca

2+ release from 
stores, CaM, HDAC5 phosphorylation but was 
completely insensitive to Ca2+ transients 
associated with both nuclear and cytosolic Ca2+ 

and PKC inhibition [51, 82]. HDAC class II is 
expressed in the heart and possesses a unique 
extension to bind MEF2, repressing its transcrip-
tion activation; the relief of MEF2 repression by 
HDAC comes mainly through phosphorylation of 
HDAC by CaMK [83]. The latter argues for local 
control of Ca2+ release in the nuclear region, 
where local activation of nuclear IP3R releases 
Ca2+ locally that activates CaMKII to phosphory-
late HDAC and relieves transcription inhibition. 
This novel local Ca2+ signaling in excitation– 
transcription coupling is analogous to, but sepa-
rate from, that involved in excitation–contraction 
coupling [51]. It is pointed out that MEF2 activa-
tion is strongly implicated in cardiac hypertrophy; 
this has been shown in transgenic animals 
overexpressing CaMKII and IV [83]. The link 
between MEF2 and CaMK is through 
HDAC [84]. 

Interestingly, acute activation of exchange 
protein activated by cyclic-AMP (Epac) has 
been shown to increase Ca2+ sparks and diastolic 
[Ca2+ ]i but decrease systolic [Ca

2+ ]i. Epac prefer-
entially increases intranuclear Ca2+ concentration 
([Ca2+ ]n) during both diastole and systole, 
correlating with the perinuclear expression pat-
tern of Epac. Moreover, Epac activation induces 
HDAC5 nuclear export, with consequent activa-
tion of the prohypertrophic transcription factor 
MEF2. The cAMP-binding protein Epac 
modulates cardiac nuclear Ca2+ signaling by 
increasing [Ca2+ ]n through PLC, IP3R, and 
CaMKII activation and initiates a 
prohypertrophic program via HDAC5 nuclear 
export and subsequent activation of the transcrip-
tion factor MEF2 [85].
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Other transcription factors that are regulated 
by CaMK include activating protein (AP1), 
activating transcription factor (ATF-1), serum 
response factor (SRF), cyclic AMP response ele-
ment (CREB), and the myocyte enhancing factor 
(MEF-2) [86]. While CREB can be 
phosphorylated by CaMKII, transgenic mice 
overexpressing CaMKII or CaMKIV that develop 
hypertrophy did not show an enhanced level of 
CREB phosphorylation [84, 87]. MEF2 activa-
tion is strongly implicated in hypertrophy; this 
has been shown in transgenic animals 
overexpressing CaMKII and IV [88]. The other 
mechanism by which Ca2+ –CaM controls tran-
scription is through CaN, a Ca2+-CaM binding 
phosphatase (500 times more sensitive to Ca2+ 

than CaM), allowing CaN to be more sensitive 
to small sustained Ca2+ transients [89]. CaN 
dephosphorylates NFAT, which leads to its trans-
location into the nucleus, where it binds to the 
transcription factor GATA4 to activate hypertro-
phic gene transcription [90]. In some studies, a 
sustained global rise in Ca2+ is needed to activate 
NFAT [91], whereas in others, Ca2+ oscillations 
were more efficient NFAT activators [92]. In 
neurons, the C-terminal fragment of LTCCs was 
found to be proteolytically cleaved as it 
translocated into the nucleus; this is then bound 
to a transcriptional regulator, Ca2+ channel 
associated transcription (CCAT) factor, leading 
to an increase in the length of neurites 
[93, 94]. The latter leads to an increase in some 
genes such as connexins, regulators of G-protein 
and catenin, while other proteins such as K+ 

channel (Kcn3), NCX, myosin, NMDA receptor, 
serine-threonine kinase, and glucokinase are 
down-regulated. 

While the role of this catalytic fragment in 
cardiomyocytes remains to be examined, the 
potential for developing specific inhibitors of 

nuclear Ca2+ signaling is unlimited. The control 
of such a mechanism could provide treatments for 
heart failure and cardiac hypertrophy as well as 
other conditions where Ca2+ oscillations affect 
gene expression and consequently the expression 
of signaling molecules that modulate Ca2+ 

cycling. It is now well recognized that CaMKII 
and a Ca-calmodulin-dependent phosphatase 
calcineurin are major Ca2+-dependent mediators 
of transcriptional regulation. Moreover, these 
pathways contribute to changes in the gene 
expression of proteins involved in the HF pheno-
type, including some of the ion channels and Ca2+ 

transporters that are acutely involved in systolic 
dysfunction and arrhythmias [95]. In fact, the 
development of intracellular Ca2+ overload in 
the heart has been demonstrated to depress car-
diac gene expression for SL Na+ –K+ ATPase 
isoforms, SR RyR and SERCA2 proteins as well 
as α- and β-myosin [96] Fig. 21.3 summarizes the 
role of Ca2+ in E–T coupling in the 
cardiomyocyte. 

21.5 Conclusions 

From the aforementioned, it is evident that novel 
therapeutic interventions will continue to target 
ion channels; however, the focus may now also be 
on mitochondrial channels and exchangers in 
order to influence cellular metabolism and nuclear 
ion channels to control cell proliferation and 
growth. Targeting intracellular ion channels for 
the control of E-C, E-M and E-T coupling has 
emerged as an attractive new area of cardiovascu-
lar research that constitutes novel and exciting 
approaches for the treatment of IHD, cardiac 
hypertrophy, and heart failure.
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Fig. 21.3 Scheme showing the role of Ca2+ in excitation-
transcription coupling in the cardiomyocyte. NR nucleo-
plasmic reticulum, RyR ryanodine receptor, IP3R inositol 
trisphosphate receptor, SL sarcolemma, LTCC L-type 
Ca2+-channel, SR sarcoplasmic reticulum, PIP2 

phosphatidylinositol-bisphosphate, PLC 

phospholipase C, DAG diacylglycerol, IP3 inositol 
trisphosphate, PKC protein kinase C, Raf Rapidly 
accelerated fibrosarcoma, MEK Mitogen-activated protein 
kinase kinase, ERK1/2 extracellular signal-regulated 
kinase 1/2 
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Abstract 

Calmodulin kinase II (CaMKII) is expressed in 
tissues throughout the body with essential 
roles in a wide variety of cellular functions 
from synaptic transmission in neurons to sol-
ute absorption in the epithelium to excitation– 
contraction coupling in cardiac myocytes. 
Importantly, CaMKII activity is sensitive to a 
variety of physiologically relevant stimuli, 
including intracellular Ca2+ and reactive oxy-
gen species. In cardiomyocytes, CaMKII 
targets a host of intracellular substrates, 
including ion channels, Ca2+ cycling proteins, 
and transcription factors to regulate cardiac 
contractility, pacemaking, and electrical con-
duction. This chapter discusses the multiple 
roles of CaMKII in the heart and its emergence 
as an important determinant of the heart’s 
response to both acute and chronic stress rele-
vant to normal physiology as well as disease. 
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22.1 Introduction 

Calmodulin kinase II (CaMKII) is a broadly 
expressed serine/threonine kinase that regulates 
critical cell functions, including synaptic trans-
mission in neurons, solute adsorption and secre-
tion in the epithelium, excitation–contraction 
coupling, and excitation–transcription coupling 
in cardiac myocytes [1–3]. Central to the multi-
functional nature of CaMKII is its ability to detect 
changes in the concentration of intracellular Ca2+ . 
In the heart, CaMKII coordinates the activities of 
a host of intracellular substrates to regulate Ca2+ 

homeostasis, cell excitability, and gene transcrip-
tion. This chapter provides an overview of our 
current understanding of how CaMKII modulates 
the heart’s response to both acute and chronic 
stress relevant to normal physiology as well as 
disease, with a particular focus on cardiac con-
duction and pacemaking. In this section, we pro-
vide a brief review of the fundamental aspects of 
CaMKII biology that are important for under-
standing the associated pathophysiology. 

22.1.1 CaMKII Structure/Function 
Relationship 

Up to 30 CaMKII isoforms are encoded by four 
genes (α, β, δ, and  γ), with CaMKIIα and 
CaMKIIβ being expressed predominantly in 
neurons and CaMKIIδ and CaMKIIγ showing a 
broader tissue distribution [4]. The major isoform

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_22&domain=pdf
mailto:Thomas.hund@osumc.edu
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in the heart is CaMKIIδ with the secondary 
expression of CaMKIIγ [5, 6]. In vitro studies 
have shown that each isoform has a unique 
dynamic response to Ca2+ /calmodulin [7]. This 
functional variability, combined with the 
heteromultimeric nature of CaMKII, allows for 
tissue-specific tuning of CaMKII dynamic 
response to changes in Ca2+ . In neurons, CaMKII 
is highly enriched in postsynaptic densities, 
comprising ~3% of total protein [8]. In vitro 
studies have shown that CaMKII can detect 
the frequency, amplitude, and duration of Ca2+ 

spikes in neurons [9], which allows the kinase to 
mediate the dependence of synaptic transmission 
on stimulus frequency (long-term potentiation) 
essential for some forms of learning and 
memory [10]. 
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CaMKII is a multimeric kinase composed of 
12 monomers [7, 11]. Each kinase monomer has 
an N-terminal catalytic domain, autoregulatory 
domain, and C-terminal association domain 
(Fig. 22.1). In its inactive state, the autoregulatory 
subunit binds to and inhibits the kinase catalytic 
domain. The binding of Ca2+ /calmodulin to the 
autoregulatory domain relieves auto-inhibition 
and exposes the catalytic subunit enabling the 
kinase to phosphorylate its substrates 
(Fig. 22.1). Among the many known CaMKII 
substrates is the kinase itself. A specific threonine 
residue in the autoregulatory domain (T286/287) 
that is exposed to the binding of Ca2+ /calmodulin 
may be phosphorylated by a neighboring 
active subunit (“autophosphorylation”)  
produce a maximally active kinase 
[12, 13]. Autophosphorylation also increases the 
affinity of the kinase for calmodulin (“trapping”) 
and enables the kinase to remain active even upon 
the dissociation of Ca2+ /calmodulin (“auton-
omy”) [14]. There is also a negative regulatory 
site (T306) in the regulatory domain that reduces 
CaMKII activity (“capping”), thereby providing 
negative feedback for the control of enzyme 
activity [15]. An alternative pathway for 
kinase activation involves oxidation at specific 
methionine residues (Met281 and Met282) in 
proximity to the autophosphorylation site in 
the autoregulatory domain [16]. Similar to 
autophosphorylation, binding of Ca2+ /CaM 

exposes critical residues in the autoregulatory 
domain and therefore must precede the oxidation 
step. Although an oxidized subunit retains 
activity once Ca2+ /calmodulin dissociates, unlike 
autophosphorylation, oxidation does not alter 
the affinity for calmodulin. Analogous to the 
regulation of autophosphorylation by local 
kinase/phosphatase activity and local 
concentrations of Ca2+ /calmodulin, oxidative 
activation is likely controlled by a delicate bal-
ance of oxidase/reductase activity, mitochondrial 
function, and local calcium signaling. Additional 
post-translational modifications for CaMKII have 
been identified including the addition of an 
O-linked N-acetylglucosamine (O-GlcNAc) 
referred to as O-glcNAcylation at Ser280 in 
the CaMKII regulatory domain, which 
disrupts its interaction with the association 
domain. Like autophosphorylation or oxidation, 
O-glcNAcylation leads to the persistent activation 
of CaMKII even after the dissociation of Ca2+ / 
calmodulin [17]. Lastly, autonomous activation 
of CaMKII may be induced by the attachment of 
a nitric oxide (NO) moiety to Cys290, referred to 
as S-nitrosylation [18]. NO donors and NO pro-
duction as a consequence of β-adrenergic signal-
ing have been shown to activate CaMKII [18– 
20]. 

22.1.2 CaMKII Subcellular Localization 

CaMKII is preferentially localized to the 
cardiomyocyte Z-line, where it colocalizes with 
L-type Ca2+ channels and type 2 ryanodine 
receptors (RyR2) [21, 22]. However, CaMKII 
regulates proteins at multiple subcellular 
domains, including the intercalated disc, 
t-tubules, mitochondria, and nucleus [23–29] 
(Fig. 22.2). Thus, localization of the kinase and 
local regulation by Ca2+ and phosphatase 
activities are critical determinants of downstream 
CaMKII effects. For example, while it is known 
that cAMP signaling in cardiomyocytes depends 
on subcellular compartmentalization maintained 
by A-kinase anchoring proteins (AKAPs) [30], an 
analogous family of anchoring proteins for 
CaMKII has not been identified. Rather, CaMKII



targeting sequences appear to be embedded in 
target proteins themselves or in accessory/scaf-
folding proteins. For example, CaMKII directly 
binds the NR2B subunit of the NMDA receptor 
forming a complex at postsynaptic densities to 
mediate long-term potentiation in neurons 
[31, 32]. Similarly, direct tethering of CaMKII 
to α1c and β2a subunits of the L-type Ca2+ channel 
has been shown to support CaMKII-dependent 
phosphorylation of the channel to facilitate chan-
nel current [33, 34]. More recently, the actin-
binding structural protein βIV-spectrin was found 
to target a subpopulation of CaMKII to the 
cardiomyocyte intercalated disc and axon initial 
segment [28]. In the heart, the βIV-spectrin/ 
CaMKII complex is essential for CaMKII-
dependent phosphorylation of the cardiac Na+ 

channel, Nav1.5, at residue Ser571, and modula-
tion of pathogenic late Na+ current [28, 35, 
36]. Interestingly, the common CaMKII binding 
domain in βIV-spectrin β2a and NR2B subunits 
shows high homology to a portion of the CaMKII 
association domain. 
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Fig. 22.1 Regulation of CaMKII activity by Ca2+ /cal-
modulin, autophosphorylation, and oxidation, 
O-GlcNAcylation, and nitrosylation. In its inactive form, 
the autoregulatory domain of CaMKII inhibits the catalytic 
domain. Binding of Ca2+ /calmodulin displaces the 
autoregulatory domain resulting in an active kinase and 
exposing critical residues for autophosphorylation (T287) 
or alternative modifications like oxidation (M281/282), 
O-GlcNAcylation (S280), or S-nitrosylation (C290). 

Autophosphorylation at the exposed T287 site by a neigh-
boring active subunit produces a maximally active subunit 
that retains activity even upon dissociation of Ca2+ /cal-
modulin (autonomy). Similar autonomy is observed with 
oxidation at exposed M281 or M282 and other post-
translational modifications in the regulatory domain. The 
kinase is tightly regulated by phosphatase and reductase 
activities 

22.2 CaMKII Regulation of Cardiac 
Physiology 

CaMKII is a multifunctional kinase residing at the 
hub of an extensive signaling network in cells 
throughout the body, including cardiac myocytes. 
Furthermore, the kinase is responsive to a number 
of input signals relevant to normal cardiac physi-
ology (e.g., Ca2+ , β-adrenergic stimulation). 
Thus, CaMKII is well suited to rapid modulation 
of cardiac function in response to physiological 
stress. This section describes the various roles of 
CaMKII in normal cardiac physiology. 

22.2.1 CaMKII Regulation 
of Excitation–Contraction 
Coupling 

The mechanical action of the heart depends on the 
coordinated release of Ca2+ from intracellular 
stores. Calcium entry through sarcolemmal 
voltage-gated Ca2+ channels triggers Ca2+ release



from RyR2 Ca2+ release channels located nearby 
(~10 nm) in the cisternal sarcoplasmic reticulum 
(SR) membrane. Close apposition of voltage-
gated Ca2+ channels and RyR2 channels creates 
a dyadic space that is important for local control 
of Ca2+-induced Ca2+ release in ventricular 
myocytes. After Ca2+ release, some Ca2+ ions 
are extruded from the cell by the Na+ /Ca2+ 

exchanger, but most of them are sequestered 
back into the SR by the SR Ca2+ ATPase 
(SERCA2a). SR Ca2+ ATPase activity is tightly 
regulated by the SERCA2a-associated protein, 
phospholamban (PLB). CaMKII regulates several 
key members involved in excitation–contraction 
coupling, a topic that has been thoroughly 
reviewed elsewhere [3, 37, 38]. Briefly, CaMKII 
phosphorylates the L-type Ca2+ channel to poten-
tiate Ca2+ influx in response to repeated excitation 
(termed facilitation) [33, 34]. CaMKII colocalizes 
with and phosphorylates RyR2 to regulate chan-
nel activity, leading to increased diastolic SR 

Ca2+ leak and systolic Ca2+ release through an 
increase in the open probability of the channel 
[39–45]. In fact, CaMKII regulates Ca2+ entry 
and Ca2+ release via phosphorylation of L-type 
Ca2+ channels, Ca2+ release via phosphorylation 
of RyR2 Ca2+ release channels, and Ca2+ reup-
take via phosphorylation of SERCA2a and/or 
PLB. Thus, CaMKII is uniquely positioned to 
simultaneously regulate several aspects of 
excitation–contraction coupling. 
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Fig. 22.2 CaMKII subcellular domains and key 
substrates. CaMKII targets many intracellular substrates 
localized to distinct subcellular domains. The 
cardiomyocyte intercalated disc is a specialized membrane 
domain important for maintaining mechanical integrity 
and electrical coupling between cells. CaMKII targets 
voltage-gated Na+ channel, Nav1.5 at the cardiomyocyte 
intercalated disc, through interaction with the cytoskeletal 
protein βIV-spectrin, to regulate electrical propagation, as 
well as Kv4.3 (transient outward K

+ current, Ito) and Kir2.1 

(inwardly rectifying K+ current, IK1) (also found at 
t-tubules). CaMKII regulates L-type Ca2+ channels (com-
posed of Cav1.2, α2d, and β-subunits) and RyR2 SR Ca2+ 

release channels located in proximity in the cardiac dyadic 
space created by apposition of t-tubular and SR 
membranes. CaMKII regulates activity of the SR Ca2+ 

ATPase SERCA2a through direct phosphorylation of the 
associated inhibitory protein phospholamban (PLB). In the 
nucleus, CaMKII targets HDAC5, a repressor of MEF2, to 
regulate transcription of hypertrophic gene program 

22.2.2 CaMKII Regulation of Cardiac 
Pacemaking and Conduction 

The heartbeat begins as a spontaneous action 
potential generated from a central location in the 
sinoatrial node (SAN), a compact collection of 
specialized excitable cardiomyocytes in the right 
atrium [46]. The electrical signal then passes 
through the atria to the atrioventricular node and



into the His-Purkinje system and then rapidly 
through the ventricles. CaMKII can regulate 
heart rate and rhythm by affecting cell excitability 
at multiple loci in this electrical activation 
sequence. 
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SAN cells possess unique structural and 
electrophysiological properties that facilitate 
spontaneous cell membrane depolarization. In 
fact, SAN pacemaking results from the complex 
coordination at the level of the single cell of both 
depolarizing and repolarizing currents 
[46, 47]. Furthermore, SAN cells have evolved 
an elaborate system for storing and cycling intra-
cellular Ca2+ . SR  Ca2+ load is comparable to that 
of ventricular myocytes [48]. Intracellular Ca2+ 

cycling is an important pathway through which 
SAN cells regulate spontaneous electrical activity 
[49]. Specifically, Ca2+ release hastens phase 
4 depolarization of the SAN cell membrane by 
increasing depolarizing current via forward-mode 
Na+ /Ca2+ exchange [50, 51]. 

CaMKII coordinates the activities of multiple 
sarcolemmal and SR proteins (Cav1.2, Cav1.3, 
RyR2, and SERCA2a/PLB) to regulate Ca2+ 

cycling in SAN cells. Studies indicate that 
CaMKII mediates the fight-or-flight response of 
SAN activity and heart rate to β-adrenergic stim-
ulation [48]. Specifically, transgenic mice 
expressing a peptide inhibitor of CaMKII 
(AC3-I) show a blunted heart rate response to 
isoproterenol both in vivo and ex vivo. Basal 
heart rate is unaffected in AC3-I mice or CaMKII-
δ-KO mice [52], suggesting that the role of 
CaMKII is restricted to the fight-or-flight 
response. However, atrio-ventricular node con-
duction is altered in AC3-I mice, even under 
basal conditions [53]. While these observations 
describe the role of CaMKII in acute regulation of 
heart rate and rhythm, chronic activation of 
CaMKII has been shown to contribute to SAN 
dysfunction characterized by abnormal impulse 
formation and propagation by inducing SAN 
cell apoptosis [54]. These observations, in partic-
ular, highlight a critical distinction between short-
and long-term consequences of CaMKII activity. 

In the ventricle, CaMKII regulates cell 
excitability and electrical conduction via phos-
phorylation of voltage-gated Na+ channels 

[25, 55–57]. Voltage-gated Na+ channels (Nav) 
generate the rapid upstroke of the cardiac action 
potential and are critical for normal electrical 
conduction through the heart. Nav dysfunction 
caused by mutations in SCN5A, the gene 
encoding the primary cardiac Nav α-subunit, 
Nav1.5, has been associated with several life-
threatening cardiac arrhythmia syndromes, 
including type 3 long QT syndrome (LQT3), 
Brugada syndrome, and cardiac conduction dis-
ease, as well as dilated cardiomyopathy 
[58, 59]. Abnormalities in Nav1.5 expression 
and function have also been identified in common 
forms of acquired heart disease (e.g., heart failure 
and myocardial infarction) [60], where slow con-
duction plays an important role in arrhythmia and 
sudden death [61–63]. CaMKII alters Nav chan-
nel gating consistent with Nav channel mutations 
that produce combined loss-of-function/gain-of-
function phenotypes (e.g., 1795insD producing 
combined LQT/Brugada syndrome) [25, 64]. Spe-
cifically, CaMKII overexpression has been shown 
to decrease channel availability while increasing 
the persistent, or late, current in ventricular 
myocytes [25, 56, 65]. CaMKII-dependent regu-
lation of Nav1.5 occurs through direct phosphor-
ylation [28, 66, 67]. Notably, the actin-associated 
cytoskeletal protein βIV-spectrin targets a subpop-
ulation of CaMKII to Nav1.5 to coordinate phos-
phorylation of the channel at Ser571 in the DI– 
DII linker [28]. CaMKII-dependent phosphoryla-
tion of Nav1.5 at Ser571 has been shown to pri-
marily increase late current in ventricular and 
atrial myocytes, thereby promoting action poten-
tial prolongation, dysregulation of Na+ /Ca2+ 

homeostasis, and even subsequent activation of 
CaMKII itself to complete an arrhythmogenic 
feedback loop [28, 35, 36, 68]. 

Several studies have identified a role for 
CaMKII in regulating the activities of K+ currents 
essential for maintaining the resting membrane 
potential and action potential repolarization 
[69, 70]. Transgenic mice expressing the CaMKII 
inhibitory peptide AC3-I show decreased action 
potential durations and increased transient out-
ward K+ current, Ito,fast (encoded by Kv4.2/3), 
and inward rectifier K+ current, IK1. At the same 
time, AC3-I myocytes show an increase in the



ATP-sensitive K+ current IK,ATP that may contrib-
ute to increased protection from ischemia/reper-
fusion injury [71]. In contrast, transgenic mice 
overexpressing CaMKII show prolonged action 
potentials consistent with decreased Ito,fast and IK1 
[26, 27]. The mechanism for CaMKII regulation 
of these K+ currents is unclear but likely involves 
the regulation of expression, trafficking, and/or 
inactivation of these channels [26, 27, 72]. For 
example, Kv4.2/3 have been found to form a 
complex with CaMKII and SAP97, a 
membrane-associated guanylate kinase 
(MAGUK protein), to regulate channel mem-
brane expression and activity [72]. Moreover, 
acute CaMKII inhibition following chronic 
overexpression was unable to rescue Ito amplitude 
consistent with the notion of expression and traf-
ficking changes, in addition to readily observed 
changes in channel kinetics [69, 70]. 
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22.3 CaMKII Role in Disease 
and Arrhythmias 

Mounting experimental evidence demonstrates an 
important role for CaMKII in cardiovascular dis-
ease and arrhythmias (Fig. 22.3). Defects in 
CaMKII activity and expression have been 
reported across a broad spectrum of etiologies 
and linked to pathological changes in cardiac 
mechanical and electrical function. In this section, 
we review data supporting the involvement of 
CaMKII in common and acquired forms of car-
diac disease, the potential upstream signals lead-
ing to aberrant CaMKII signaling, and 
opportunities and challenges for therapeutic 
targeting of CaMKII. 

22.3.1 CaMKII Role in Cardiac 
Hypertrophy and Heart Failure 

CaMKII overexpression occurs in human heart 
failure [73, 74], and transgenic mice 
overexpressing CaMKIIδ develop dilated cardio-
myopathy [75, 76]. Increased CaMKII activity 
has been linked to Ca2+ leak from the SR, altered 
gene expression, and ventricular arrhythmias in a 

rabbit model of heart failure [77, 78]. Several 
studies have provided compelling evidence that 
CaMKII hyperphosphorylation of RyR2 in the 
setting of heart failure leads to inappropriately 
active channels that promote diastolic Ca2+ leak 
from the SR, reduced SR Ca2+ content, 
arrhythmogenic Ca2+ handling events, and con-
tractile dysfunction [76, 79–82]. 

Cardiac hypertrophy is the heart’s adaptive 
response to an increase in demand imposed by 
multiple stress stimuli [83]. At the level of the 
individual cell, the hypertrophic response 
involves the assembly of additional sarcomeres 
and loss of normal sarcomeric arrangement. 
Importantly, hypertrophy is associated with the 
activation of alternative gene expression profiles. 
While Ca2+ activates multiple signal transduction 
pathways that regulate the expression of genes 
essential for cardiac growth [84], it is clear that 
CaMKII is a critical regulator of this hypertrophic 
response (excitation–transcription coupling) [85– 
88]. CaMKII has been shown to regulate MEF2-
dependent gene transcription via phosphorylation 
of HDAC4/5 [24, 78], NFAT-dependent tran-
scription via calcineurin [89], and postnatal 
remodeling through regulation of splicing 
[90]. Moreover, deletion of CaMKIIδ 
(Camk2d-/-) in mice has been shown to prevent 
the development of cardiac hypertrophy after 
3 weeks of aortic constriction [85], while another 
study using a different CaMKIIδ-deficient mouse 
showed that CaMKIIδ deletion prevented the 
transition from hypertrophy to overt heart failure 
[52]. Several groups have identified a role for 
CaMKII in the development of heart failure 
[52, 73–75]. Moreover, induced CaMKII deletion 
following the onset of pressure overload led to the 
attenuated remodeling of the hypertrophic state, 
indicating the direct involvement of CaMKII in 
driving pathologic remodeling [91]. Thus, it is 
clear that CaMKII activation is an important 
step in the heart’s hypertrophic response and pro-
gression of the disease. Mechanistically, CaMKII 
activation has been linked to maladaptive changes 
in excitation–contraction coupling, including 
intracellular Ca2+ overload and SR Ca2+ leak 
that may drive remodeling changes. More 
recently, a role for CaMKII has emerged in



promoting the expression of proinflammatory 
cytokines and chemokines in cardiomyocytes to 
exacerbate inflammation and cardiac dysfunction 
in nonischemic disease [92, 93]. 
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Fig. 22.3 CaMKII dysfunction in heart disease and 
arrhythmias. CaMKII is a potential mediator of multiple 
upstream pathological stimuli, including oxidative stress, 
stimulation of β-adrenergic (β-AR) and angiotensin 
receptors (AT1AR), and decreased phosphatase activity. 

Excess CaMKII activity has been linked to hypertrophy 
and heart failure through alterations in gene transcription 
and apoptosis as well as arrhythmias through its effects on 
ion channels. Thus, CaMKII is ideally suited as a critical 
mediator of cardiac pathogenesis 

22.3.2 CaMKII Role in Common Forms 
of Acquired Arrhythmia 

CaMKII has also been implicated in remodeling 
(structural and electrical) and arrhythmias during 
myocardial ischemia and infarction [55, 94– 
99]. Calcium overload, β-adrenergic stimulation, 
acidosis, and oxidative stress are all possible 
upstream activators of CaMKII in ischemia and 
infarction [97, 99–101]. The heart undergoes



dramatic structural and electrical remodeling fol-
lowing myocardial infarction. These changes not 
only help create a substrate favorable to initiating 
life-threatening arrhythmias but also may pro-
mote the progression of more advanced heart 
disease. At the cellular level, a dramatic 
remodeling of ion channels has been documented 
along with alterations in Ca2+ cycling and the 
action potential [102, 103]. Alterations in 
CaMKII activity and expression have been 
identified following myocardial infarction in sev-
eral animal models of this disease [55, 94–96, 98, 
99]. Studies in a large animal model of 
arrhythmias following myocardial infarction 
have shown that the levels of both 
autophosphorylated and oxidized CaMKII are 
dramatically increased in a highly localized 
region (infarct border zone) corresponding to the 
location of reentrant arrhythmias [55, 95]. Studies 
indicate that CaMKII also plays a role in the 
altered expression of inflammatory genes follow-
ing myocardial infarction [98]. Consistent with a 
maladaptive role for CaMKII following 
myocardial infarction, transgenic mice expressing 
the CaMKII inhibitory peptide AC3-I show less 
structural remodeling and improved heart func-
tion following myocardial infarction compared 
with mice expressing the control peptide 
[99]. Despite these detrimental observations, 
however, it has also been observed that acute 
CaMKII activation during reperfusion following 
an ischemic event contributes to a significant 
increase in functional cardiac recovery and con-
tractility [104–106]. 
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A specific role for CaMKII in promoting 
potentially lethal arrhythmias has been identified 
in several animal models of heart disease 
[79, 107–110]. CaMKII inhibition prevents 
arrhythmias in transgenic mice models of hyper-
trophy and heart failure [107–109]. CaMKII has 
also been implicated in abnormal Ca2+ cycling 
and atrial arrhythmias in a transgenic model of 
atrial fibrillation (AF) [79] as well as in a dog 
model of congestive heart failure [110]. The 
mechanism for CaMKII-dependent arrhythmias 
is unclear, although CaMKII activity regulates 
intracellular Ca2+ cycling and ion channels 
involved in the generation of the cardiac action 

potential (e.g., Cav1.2, Kv4.3, Nav1.5), providing 
for a number of links between CaMKII activity 
and arrhythmia. One likely mechanism involves 
secondary depolarization of the action potential 
during the action potential repolarization phase or 
diastole (afterdepolarization) [111, 112]. CaMKII 
activity has been implicated in the formation of 
afterdepolarizations in response to H2O2 treat-
ment [113], aging [114], ischemia/reperfusion 
[115], as well as in acquired and congenital 
arrhythmia syndromes [35, 116–119]. It is likely 
that CaMKII promotes afterdepolarizations, in 
part, by increasing mode 2 gating of the L-type 
Ca2+ channel [120] characterized by long channel 
open times conducive to reactivation of the chan-
nel during action potential repolarization. 
CaMKII hyper-phosphorylation of RyR2 
channels in the cardiac SR may also play a role 
by increasing the likelihood of spontaneous Ca2+ 

release [77, 79]. Finally, several studies have 
implicated a CaMKII-dependent increase in late 
Na+ current in promoting AP prolongation and 
dispersion of repolarization together with intra-
cellular Ca2+ overload via reverse mode Na+ /Ca2+ 

exchanger to increase arrhythmia susceptibility 
[36, 68, 115]. 

22.3.3 Pathways for Increased CaMKII 
Activation in Disease 

CaMKII is activated by both Ca2+ /calmodulin 
and reactive oxygen species (ROS), which are 
tightly regulated second messengers important 
for the normal physiology of the heart 
(Fig. 22.3). However, elevations in both intracel-
lular Ca2+ and ROS levels have been linked to 
maladaptive remodeling and arrhythmias in heart 
disease (e.g., heart failure). Thus, CaMKII, with 
both Ca2+- and ROS-dependent activation 
pathways, is ideally suited to regulate the heart’s 
response to insult. Increased β-adrenergic stimu-
lation, commonly observed following myocardial 
infarction and in heart failure, has been shown to 
activate the kinase both in vitro and in vivo 
through elevations in Ca2+ [99, 121, 122]. Impor-
tantly, CaMKII has been shown to mediate apo-
ptosis in response to isoproterenol treatment



in vitro and in vivo [23, 122–125]. Neurohumoral 
agents such as angiotensin II play important roles 
in the progression of heart failure and have been 
shown to activate the kinase via oxidative stress 
[16, 125, 126]. Similarly, altered cellular metabo-
lism and enhanced oxidative stress were found to 
associate with increased levels of oxidized 
CaMKII in the brain and heart of diabetic 
patients [127]. 
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It is also important to note that CaMKII regu-
lation results from a delicate balance between 
kinase and phosphatase activities. Thus, dysfunc-
tion in kinase signaling may occur through 
increased kinase activity or decreased phospha-
tase activity [128, 129]. For example, reduced 
expression of the regulatory subunit of the ser-
ine/threonine protein phosphatase 2A, PP2A, has 
been shown to cause CaMKII-dependent 
hyperphosphorylation of RyR2 and 
afterdepolarizations in rat cardiomyocytes 
[130]. Similarly, myocytes from mice lacking 
the PP2A regulatory subunit B56α show 
increased PP2A activity, decreased RyR2 phos-
phorylation, and a reduction in Ca2+ sparks and 
waves compared to wildtype [131]. Since phos-
phatase levels are known to change in heart dis-
ease, this may be a critical pathway for 
dysfunction in kinase signaling in disease. Fur-
thermore, considering that changes in upstream 
CaMKII activators and phosphatases are 
associated with disease, it is likely that multiple 
pathways are involved in CaMKII dysregulation 
in disease. 

22.3.4 CaMKII as a Therapeutic Target 

Despite the profound role that CaMKII has in 
cardiac pathology, the development of clinical 
therapies around direct targeting of this signaling 
pathway has lagged bench-side discoveries 
[132]. While CaMKII inhibition has been largely 
effective in preclinical studies, clinical 
applications for these treatments are either not 
available or not translatable. Indeed, CaMKII is 
a highly ubiquitous protein with necessary physi-
ologic functions in other tissues outside the heart, 
particularly the brain, where it modulates learning 

and memory. Therefore, significant barriers 
involving effects on these systems must be over-
come to provide cardiac-specific inhibition for 
clinical application. 

One of the first and most widely used 
inhibitors of CaMKII is KN-93 [133]. This phar-
macologic inhibitor is unique because it disrupts 
calmodulin binding, thereby stabilizing the inter-
action between the enzymatic and regulatory 
domains and inhibiting CaMKII activation. How-
ever, this interaction is insufficient to inhibit 
already activated CaMKII enabled through 
autophosphorylation or other post-translational 
modifications previously discussed 
[134, 135]. Moreover, KN-93 has been shown to 
have several off-target effects, including voltage-
gated K+ channels [136–138], L-type Ca2+ 

channels [111], and inositol triphosphate 
receptors [139]. Despite these limitations, 
KN-93 has been used effectively to probe 
CaMKII-dependent modulation of excitation– 
contraction coupling, arrhythmogenic 
remodeling, and pathological transcriptional 
cascades, in vitro and in vivo. However, given 
its off-target effects, inhibitory actions on other 
kinases [140], ability to target other CaMKII 
isoforms [141, 142], and an IC50 in the μM 
range [111, 133], this drug is appropriate only 
for academic applications. 

Another set of widely used CaMKII inhibitors 
are the molecules autocamtide-2-related inhibi-
tory peptide (AIP) [143] and autocamtide-3-
derived inhibitory peptide (AC3-I) [144]. These 
small peptide inhibitors are derived from the reg-
ulatory domain of CaMKII and bind to the cata-
lytic domain to maintain the inactive 
conformation. AIP and AC3-I were altered to 
remove both the CaM-binding region and the 
autophosphorylation residue Thr287 to prevent 
displacement of the inactivated state. A natively 
expressed peptide inhibitor CaMKIIN has a simi-
lar mode of action by competing with the CaMKII 
regulatory domain [145]. Experimental refine-
ment of this molecule has led to the development 
of highly potent and specific inhibitors, improv-
ing the IC50 to 0.4 nM [146]. Like KN-93, these 
molecules have successfully attenuated patho-
logic CaMKII signaling, leading to sustained



cardiac function in HF models and the prevention 
of lethal cardiac arrhythmias [54, 147, 148]. How-
ever, the limited bioavailability of these peptides 
in vivo represents a major obstacle to translation. 
Namely, these molecules are essentially impene-
trable to cell membranes without modifications 
like myristoylation and are susceptible to quick 
half-lives in circulation with an already limited 
enteral resorption [149]. Current academic 
applications use transgenic models that allow 
cells to encode these peptide sequences. As 
such, gene therapy approaches using viral deliv-
ery vectors represent potential strategies; how-
ever, clinical trials for such methods have not 
had a viable history [150]. 
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Given these current challenges for clinical 
applications, paired with the academic successes 
provided through CaMKII inhibition, recent 
efforts have been made to provide a therapeutic 
agent for human application. These efforts have 
focused on designing a novel class of pharmaco-
logic agents that is both cell permeable and 
targets CaMKII through ATP competition, 
thereby blocking its kinase activity. Among the 
first generation of such molecules was Scios 15b 
[151], and while it was never tested for its impact 
on pathologic cardiac remodeling, the basis of its 
design provided the framework for further refine-
ment and testing. Indeed, several companies have 
more recently introduced similar pyrimidine-
based compounds, including AS105 (Allosteros 
Therapeutics) [152], GS-680 (Gilead Sciences) 
[153], and RA306 (Sanofi R&D) [154], which 
have shown effective and specific CaMKII inhi-
bition down to the low nM level with preferential 
targeting for the CaMKIIδ isoform. Of these, only 
RA306 has yet to report oral bioavailability and 
in vivo attenuation of pathologic remodeling in a 
genetic mouse model of dilated cardiomyopathy 
[154]. Therefore, it appears that the goal of 
providing a true clinical attempt for CaMKII inhi-
bition is at last underway, and its progress will be 
followed with much anticipation. 

Inhibiting the activity of CaMKII does not 
necessarily require targeting of CaMKII directly. 
As discussed throughout this chapter, there are a 
large number of intracellular CaMKII targets 
from ion channels, transcription factors, and 

Ca2+ handling proteins, each representing its 
own therapeutic opportunity. In this context, it is 
worth considering CaMKII targeting of Nav1.5 to 
regulate pathogenic late Na+ current [36]. Late 
Na+ current is also a target for the antianginal 
agent ranolazine [155], which has been shown 
to reduce arrhythmogenic burden and prevent 
the development of heart failure in rodent and 
large animal studies [36, 156–160]. Unfortu-
nately, clinical trials aimed at showing the impact 
of ranolazine in the incidence of atrial fibrillation, 
ventricular arrhythmias, and remodeling in hyper-
trophic cardiomyopathy have been mixed, 
although the hope remains that this approach 
will prove beneficial to specific patient 
subpopulations [155, 161–164]. Another example 
of targeting CaMKII substrates for therapeutic 
benefit comes from a class of compounds referred 
to as rycals, which stabilize RyR2 and limit Ca2+ 

leak following modification by CaMKII. Specifi-
cally, the molecule JTV519 has been shown to 
improve Ca2+ leak and cardiac function in a 
canine model of heart failure [165], while another 
compound S107 has demonstrated protection 
against ventricular arrhythmia and heart failure 
in mouse models of destabilized RyR 
[166]. Clearly, CaMKII has an expansive signal-
ing network with each branch individually robust 
enough to impact the development of pathophys-
iology, providing ample opportunity for the even-
tual development of clinically relevant 
therapeutics. 

22.4 Conclusions 

Over the past decade, numerous studies have 
established a critical role for CaMKII in 
regulating the heart’s response to injury. Central 
to this role is the activation of the kinase by 
intracellular second messengers Ca2+ /calmodulin 
and reactive oxygen species and its regulation of 
key proteins involved in Ca2+ cycling, gene tran-
scription, and apoptosis. Thus, CaMKII is ideally 
suited to respond to multiple pathological stimuli 
and coordinate the activities of downstream 
effectors to alter cardiac cell function. The 
CaMKII signaling pathway represents a logical



and highly promising therapeutic target for heart 
disease treatment and sudden death prevention. 
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Abstract 

The cardiac proteome has a vast number of 
gene products that are post-translationally 
modified (PTM). PTMs are essential for the 
regulation of normal excitation–contraction 
coupling. However, dysfunction in PTM may 
also result in aberrant cardiac excitability and 
potentially arrhythmia. In this chapter, we 
review post-translational modifications in the 
context of normal heart excitation–contraction 
coupling and in disease. 
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23.1 Introduction 

Chemical modifications at specific residues 
on proteins known as post-translational 
modifications (PTMs) are ubiquitous aspects of 
cellular processing. PTMs regulate protein activ-
ity, structure, and localization depending on the 
presence or absence of a specific modification. 
These modifications include phosphorylation, 
methylation, acetylation, and ubiquitination to 
name a few. PTMs may even crosstalk with 
other modification sites to promote or inhibit 
other PTMs up- or downstream along the amino 
acid sequence. It is important to understand the 
chemical and biophysical implications PTMs 
assert over proteins in the normal heart. As 
shown in Table 23.1, most amino acid residues 
may be modified. In this chapter, we focus on 
several PTMs that regulate normal cardiac func-
tion and review protein modifications associated 
with aberrant cardiac excitability and arrhythmia. 

23.2 Post-translational 
Modifications Required 
for Normal Cardiac 
Electrophysiology 

Excitation–contraction coupling (ECC) is a care-
fully orchestrated series of events that rely on the 
PTM of key ion channels and cytoskeletal 
proteins. As shown in Fig. 23.1 and within 
Table 23.2, several proteins are necessary for

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_23&domain=pdf
mailto:peter-mohler@uiowa.edu
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Table 23.1 Amino acid residues that are subject to specific post-translational modifications. Except for leucine and 
isoleucine, many amino acids are modified in some way including phosphorylation, methylation, acetylation, 
ubiquitination, glycosylation, SUMOylation, and palmitoylation. More unique modifications include citrullination, 
hydroxylation, and myristoylation (not covered in this chapter) 

Post-translation modification Amino acid residue 

Phosphorylation Arg, Asp, Cys, Glu, His, Lys, Ser, Thr, Tyr 
Methylation Ala, Arg, Asp, Gln, Glu, Lys 
Acetylation Lys, Met, Val 
Ubiquitination Lys 
Glycosylation Arg, Asn, Cys, Pro, Ser, Thr, Tyr, Trp 
SUMOylation Lys 
Palmitoylation Cys, Gly, Ser, Thr 
Citrullination Arg 
Hydroxylation Lys, Pro, Phe 
Myristoylation Cys, Gly 

Fig. 23.1 Cardiac machinery responsible for normal car-
diac ECC. Ion channels and transporters in the plasma 
membrane and sarcoplasmic reticulum facilitate ion con-
centration fluctuations during ECC. Cytoskeletal proteins 
function to traffic and position proteins within the cell and 
adhesion proteins act to anchor cells with one another. 
Every single protein and cellular process depicted is 
impacted by PTMs. PTMs act to alter a protein’s activity, 
function, expression, localization, and interactions all of 

which during homeostasis allow for efficient cardiac con-
traction. In the context of arrhythmia, mutations may occur 
that remove a PTM site or a PTM enzyme may be aber-
rantly expressed causing a change in the presence of PTMs 
on a protein. (Adapted with permission from [1]). (yellow 
P—phosphorylation; light blue Me—methylation; red 
A—acetylation; green Ub—ubiquitination; orange G— 
glycosylation; white SUMO—sumoylation; pink Pa— 
palmitoylation)
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Table 23.2 Summary of proteins involved in normal cardiac EC coupling and their respective PTMs 

PTM Enzyme Protein Site Reference 

Phosphoryl-
ation 

PKA RyR S2808, S2030 [2, 3] 
LTCC and IK channels – [4] 
Cardiac TnI S23/24 [5] 
PLB S16 [6] 
Connexins C-terminus [7] 

PKC LTCC-CaV1.2 and Connexins S1928 [8] 
PKA/PKC I-1 T35-PKA, S67- PKC [9–11] 

PLM S63, S68, T69 [12, 13] 
Connexins C-terminus [7] 

CaMKII RyR S2809, S2814 [14] 
Nav1.5 S571 [15] 
PLB T17 [16] 
TnI, LTCC, and ion channels 
for INa, Ito, and IK1 

– [4] 

Connexins C-terminus [7, 17]Akt 
PKG 
CK1 
Cdk5 
MAPK 
P43cdc2 

β-catenin S33, S37, T41Src [18] 
GSK3 

Methylation PRMT1 CaMKII R9, R275 [19] 
Desmoplakin R2826, R2834, R2838, R2846 [20] 

PRMT3/5 NaV1.5 R513, R526, R680 [21–23] 
Acetylation KATs GAPDH K160, K254 [24] 

Arginase-1 – 

Malate dehydrogenase K185, K301, K307, K314 
NDUFA9 K175, K189, K234, K254, 

K328, K370 
[25, 26] 

KATs/ SIRT3 Complex SDHA/SDHB – [27] 
Ubiquitination Nedd4–2 (E3 ligase) KCNQ1 PY motif [28] 

NaV1.5 – [29] 
UBE1 (E1 enzyme) [30] 
UBA6 (E1 enzyme) 
UBC9 (E2 enzyme) 
Rfp2 (E3 ligase) LTCC K48 [31] 
MDM2 (E3 ligase) p53 – [32] 
Von Hippel–Lindau HIF1-α – [33] 

SUMOylation SUMO-1,2,3 SERCA2a K480, K585 [34] 
KCNK1 K274 [35] 
Kv1.5 – [36] 

UBC9 – 

SENP2 – 

Kv7.2 – [37] 
Glycosylation Oligosaccharyl-

transferases 
CaV1.2 N124, N299, N1359, N1410 [38] 
CaVα2δ1 subunit N348, N468, N663, N812 [39] 
DSC2 N166, N392, N546, N629 [40]



efficient cardiac excitability, including critical 
proteins that make up the cytoskeleton, ion 
channels, and mitochondria. At every step of 
ECC, a protein is post-translationally modified. 
ECC begins either intrinsically at the pacemaker 
sinoatrial node or extrinsically from peripheral 
innervation and neurotransmitter release onto 
cardiomyocytes. Briefly, upon stimulation, an 
action potential propagates along the plasma 
membrane and spreads into transverse T-tubules. 
Voltage-gated Ca2+ channels open in response to 
this depolarizing stimulus, priming the intracellu-
lar space with rising Ca2+ levels. Calcium-
induced calcium release then occurs whereby 
Ca2+ stores in the sarcoplasmic reticulum (SR) 
are released via the ryanodine receptor (RyR). 
Rising Ca2+ levels stimulate troponin C to 
uncover myosin-binding sites on actin to allow 
for myosin cross-bridge cycling to occur ulti-
mately generating contraction of the 
cardiomyocyte. The electrical impulse caused by 
the increase in intracellular Ca2+ propagates 
between cardiomyocytes via gap junctions 
allowing for instantaneous and synchronous 
contractions throughout the heart. Ca2+ is then 
recycled back into the SR to prepare for the next 
ECC event. In this section, we review specific 
PTM events during ECC and how PTMs play a 
vital role in maintaining normal cardiac rhythm.
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23.2.1 Phosphorylation 

Protein phosphorylation is one of most common 
PTMs, regulating protein function and impacting 
nearly every cellular process. Kinases canonically 
phosphorylate amino acid residues including 
serine, threonine, tyrosine, on their hydroxyl 
group (-OH) via the transfer of a phosphate 
group (-PO3 

2-) from ATP [41]. Non-canonical 
phosphorylation residues include: histidine, 
lysine, arginine (N-linked phosphoamidate), 
aspartic acid and glutamic acid (carboxy 
O-linked acyl phosphate), and cysteine (S-linked 
phosphorothiolate) [42]. Phosphatases, contrast-
ingly, hydrolyze phosphate groups from these 
residues, restoring their hydroxyl group and cre-
ating a free phosphate ion. Phosphorylation or 

dephosphorylation can activate or inhibit protein 
function and alter protein structure. In this sec-
tion, we discuss how phosphorylation events 
impact protein function and crosstalk with other 
PTMs. 

Excitation–Contraction Coupling Upon action 
potential stimulation via internal (SA node) or 
external stimuli (neurotransmitter), several key 
kinases, protein kinase A (PKA), calcium/cal-
modulin-dependent protein kinase II (CaMKII), 
and glycogen synthase kinase 3 (GSK3) phos-
phorylate downstream Ca2+ regulatory proteins. 
PKA is involved in the β-adrenergic signaling 
cascade where upon receptor agonist binding, 
the β-adrenergic receptor becomes activated and 
subsequently activates adenylyl cyclase. 
Adenylyl cyclase synthesizes cyclic AMP 
(cAMP) that in turn activates PKA. Activated 
PKA then phosphorylates several proteins includ-
ing L-type calcium channel (LTCC), ryanodine 
receptor (RyR), phospholamban (PLB), troponin 
I (TnI), phospholemman (PLM), and voltage-
gated delayed rectifier potassium channels 
responsible for IKur,  IKs, and IKr [4]. PKA 
phosphorylation of LTCC results in an increase 
in ICa-L, whether the phosphorylation event 
itself is sufficient for LTCC activation or a 
protein–protein interaction is first required prior 
to phosphorylation is still being investigated 
[43, 44]. Regulation of LTCCs via phosphoryla-
tion have been described in the context of the 
mouse atrial cell line, HL-1, where PKC prefer-
entially increased the expression of full length 
Cav1.2 in the plasma membrane as opposed to 
its truncated isoforms [8]. This increase in expres-
sion also leads to an increase in current. Through 
the phosphorylation of Cav1.2 at S1928, PKC 
was shown to control localization of LTCC to 
the sarcolemma. The influx of Ca2+ from ICa-L 
results in calcium-induced calcium release from 
the SR through RyR. Phosphorylation of RyR by 
PKA at several residues including S2808 and 
S2030 activates the channel to release stored 
calcium from the sarcoplasmic reticulum 
[2, 3]. Inhibitor-1 (I-1) is an endogenous inhibitor 
of protein phosphatase-1 (PP1) and is differen-
tially phosphorylated by PKA at T35 and by PKC



at S67. I-1 phosphorylation at T35 activates I-1 to 
inhibit PP1, while S67 phosphorylation limits the 
activity of I-1 by releasing PP1 [9–11]. Increasing 
intracellular Ca2+ levels stimulate troponin to 
uncover myosin-binding sites on actin. This 
allows for myosin cross-bridge cycling to occur 
generating contraction and relaxation of the 
cardiomyocyte. Cardiac troponin I (cTnI) may 
be phosphorylated at S23/24 by several kinases 
and this modification regulates force contraction 
and relaxation [5]. Ca2+ is then recycled back into 
the SR via SR Ca2+-ATPase (SERCA) to prepare 
for the next ECC event or pumped out of the 
cell via the Na/Ca exchanger. PLB in 
dephosphorylated state inhibits SERCA thus 
preventing the reuptake of cytosolic Ca2+ back 
into the SR. Once phosphorylated by PKA at S16, 
PLB inhibition on SERCA is removed and causes 
a decrease in cytosolic Ca2+ concentration 
[6]. PLM is a regulator of the Na/K ATPase. In 
its dephosphorylated state, PLM inhibits the 
Na/K pump, while phosphorylated PLM removes 
its inhibitory effects and allows Na/K pump activ-
ity. PLM is phosphorylated at S63 (PKC), S68 
(PKA/PKC), and T69 (PKA/PKC) [12, 13]. 
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CaMKII is activated upon an increase in intra-
cellular Ca2+ levels where CaM binds cytosolic 
Ca2+ , docks to the regulatory domain of CaMKII 
and displaces the autoinhibitory domain. CaMKII 
phosphorylates RyR, PLB, TnI, LTCC, and ion 
channels responsible for INa, Ito, and IK1 [4]. RyR 
phosphorylation by CaMKII at S2809 and S2814 
contributes to RyR increased Ca2+ sensitivity, 
open probability, and enhances myocyte contrac-
tility [14]. Additional RyR phosphorylation sites 
have been identified. Similar to the effects of 
PKA phosphorylation of PLB, CaMKII phos-
phorylation at T17 also relieves PLB inhibition 
on SERCA causing an increase in SR Ca2+ load 
and myocardial contraction [16]. 

GSK3 is expressed in two isoforms, GSK3α 
and GSK3β and are activated upon dephosphory-
lation at S21 and S9, respectively [45]. When 
phosphorylated, these residues have been shown 
to inhibit its kinase activity and are also physio-
logically phosphorylated at Tyr279 (GSK3α) and 
Tyr216 (GSK3β) [46]. GSK3 is regulated by 

phosphorylation via protein kinase B, i.e., Akt, 
and PKA [47]. PKA has been shown to physically 
associate with GSK3β and phosphorylates at both 
the S21 and S9 residues [18, 48]. GSK3 plays a 
primary role in regulating gene expression 
through its phosphorylation of β-catenin at S33, 
S37, and T41 [49]. β-catenin acts as a transcrip-
tion factor involved in Wnt signaling to transcribe 
genes involved in development, proliferation, and 
differentiation. When β-catenin is phosphorylated 
at specific residues by GSK3, this leads to its 
degradation. 

Cell Junction Gap junctions contribute to the 
propagation of the cardiac action potential by 
transmitting the wave of Ca2+ released from the 
SR to neighboring cells. Primarily linked via 
connexin-40 (Cx40), connexin-43 (Cx43), and 
connexin-45 (Cx45), these pore forming channels 
are uniquely regulated by phosphorylation. 
Connexin phosphorylation, mostly via residues 
on the C-terminus, controls channel stability, traf-
ficking, and docking between two hemichannels. 
Phosphorylation of connexin proteins is 
facilitated by the following kinases: PKA, 
CaMKII, Akt, PKC, PKG, CK1, Cdk5, Src, 
MAPK, and P34cdc2 [7]. Phosphorylation of 
connexin hemichannels, however, is carried out 
uniquely by PKA, Akt, PKC, and MAPK. The 
presence of phosphorylation regulates gap junc-
tion turnover with a half-life ranging from 1 to 
5 hrs, the homo- or heteromeric coupling between 
two hemichannels, and gating properties allowing 
for the transfer of ions and other small molecules 
between coupled cells [17]. Extensively reviewed 
by Pogoda et al., connexins and gap junction 
intracellular communication (GJIC) are heavily 
regulated by phosphorylation [49]. In the cyto-
plasm β-catenin, phosphorylated by GSK3 and 
Src, interacts with cadherins, associated with the 
desmosome, where its phosphorylation status 
regulates its affinity for cadherin binding [50]. 

Cytoskeleton Normal cardiac excitability is 
made possible not only by ion channels and gap 
junction proteins but also by the cytoskeleton that 
positions ion channels, docking proteins, and



ECC machinery appropriately. Of note, cardiac 
spectrins and ankyrins have been implicated in 
assisting with phosphorylation by acting as a 
platform for kinase binding. While cytoskeletal 
proteins are phosphorylated, ankyrins and 
spectrins can function to dock kinases like 
CaMKII near sodium channel Nav1.5 and RyR2, 
assisting in the phosphorylation events necessary 
to propagate the Ca2+ wave [51]. Ankyrins have 
been shown to bind the regulatory subunit of 
protein phosphatase 2A (PP2A), B56α, via their 
spectrin-binding domain (SBD) to precisely posi-
tion PP2A allowing for de-phosphorylation of 
RyR2 to occur in a spatial and temporal manner 
[52]. Associated with the cytoskeleton and des-
mosome, desmoplakin has been shown to be 
modified on its C-terminal tail by phosphoryla-
tion and methylation. There have been 68 poten-
tial phosphorylation sites identified on 
desmoplakin C-terminal tail, of which S2849 
has been linked to regulating desmoplakin-
intermediate filament (IF) interactions 
[53, 54]. GSK3 phosphorylates desmoplakin 
that promotes desmosome assembly, and its asso-
ciation with desmoplakin is necessary for 
desmoplakin-IF complex formation [20]. This 
processive phosphorylation is also regulated by 
methylation via PRMT1, explained in the next 
section. 
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23.2.2 Methylation 

Protein methylation is a versatile PTM with the 
ability to both directly and indirectly impact cel-
lular function. Indirect impacts of methylation 
may be considered in the event of epigenetics 
where methyl marks are attached to histone sites 
and an effector protein (reader) recognizes this 
modification to perform a specific function. 
Direct methylation impacts are observed in the 
context of ability of RNA-binding proteins to 
interact with RNA as well as alter the protein 
conformation upon methylation. Methylation is 
mediated by methyltransferases that use the uni-
versal methyl donor, s-adenosylmethionine 
(SAM), in each reaction resulting in the creation 

of s-adenosyl-homocysteine (SAH), and a methyl 
mark on the target protein. Methyl marks are 
linked to specific amino acid residues including 
arginine and lysine. Arginine methylation is car-
ried out by protein arginine methyltransferases 
(PRMTs) and lysine methylation is performed 
by protein lysine methyltransferases (PKMTs). 
Arginine methylation can exist in three states, 
the two terminal nitrogens can have a single 
methyl mark (monomethylarginine), two methyl 
marks on a single nitrogen (asymmetric 
dimethylarginine), or a methyl mark on both ter-
minal nitrogens (symmetric dimethylarginine). 
Similarly, lysine methylation exists in three states 
but contains only a single terminal nitrogen, can 
form mono-, di-, and trimethylated lysine 
residues. In contrast to methyltransferases, 
demethylases function to remove these methyl 
marks from arginines and lysines. Two families 
of demethylases exist: lysine-specific 
demethylase (LSD) and the Jumonji C (JmjC) 
protein families. LSD1 catalytic domain utilizes 
flavin adenine dinucleotide (FAD) and a lone pair 
of electrons from the lysine’s ε-nitrogen to 
demethylate lysine residues during this oxidation 
reaction. Unique to JmjC demethylases, they 
require Fe2+ and oxygen to perform the hydroxyl-
ation reaction to remove methyl groups and can 
remove trimethyl marks unlike LSD1 which can 
only do mono- or dimethyl marks. 

As methylation is involved in epigenetic and 
nonepigenetic mechanisms, this section will 
focus primarily on non-histone methylation 
targets associated with normal cardiac rhythm. 
Starting with action potential propagation, 
Nav1.5 is post-translationally modified by argi-
nine methylation at R513, R526, and R680 
[21]. Utilizing tandem mass spectrometry 
methods, Beltran-Alvarez et al. [22], were the 
first to report that these three sites were either 
mono- (R513/R526) or dimethylated (R526/ 
R680). A few years later, the same group found 
that PRMT3 and PRMT5 were the enzymes 
responsible for the arginine methylation on 
Nav1.5 [22]. They observed that these methyla-
tion events in human embryonic kidney cells also 
increased Nav1.5 current density by enhancing



the cell surface expression of ion channels. Fur-
thermore, they described a PTM crosstalk event 
between arginine methylation at R513 and serine 
phosphorylation at S516 on the Nav1.5 channel 
[23]. R513 methylation decreased downstream 
S516 phosphorylation, while S516 phosphoryla-
tion completely blocked R513 methylation. 

23 Pathways in Human Arrhythmias: Impact of Post-translational Modifications 465

In 2018, Pyun et al. showed that PRMT1, 
a type 1 PRMT capable of asymmetric 
dimethylation, can regulate CaMKII activation 
[19]. CaMKII is primarily regulated by 
phosphatases which remove its activation phos-
phate group at T286. However, PRMTs have 
gained a spotlight in their aberrant expression 
and activity in cancer, so their role in other 
diseases is less known. Utilizing a cardiac-
specific PRMT1 null mouse model, Pyun et al. 
showed unique methylation sites on CaMKII 
at R9 and R275 that inhibit CaMKII 
autophosphorylation at T286/287 [19]. They pro-
pose that PRMT1 normally regulates CaMKII 
activity through a methylation-phosphorylation 
crosstalk or steric hindrance, which then can 
only become activated once these methylation 
groups are removed. Removal of these methyla-
tion marks allows for effective CaMKII activity 
and promotes the phosphorylation of ECC 
machinery. 

Methylation has also been shown to impact 
desmosome formation, specifically involving 
the protein desmoplakin. The desmosome 
functions as a cell–cell adhesion complex respon-
sible for maintaining tight junctions and linking 
the plasma membrane adhesion molecules 
(cadherins) to cytoskeletal intermediate filaments 
(IF) [55]. The desmosome is vital for cardiac 
action potential propagation through the mechan-
ical coupling of adjacent cells in concert with the 
electrical coupling caused by ion channel activity. 
PRMT1 has been shown to methylate four 
residues contained within the 68 phosphosite 
region of the desmoplakin C-terminus, R2826, 
R2834, R2838, and R2846 [20]. These methyla-
tion events are important for recruitment of GSK3 
phosphorylation to initiate desmosome formation 
and help modulate desmoplakin-IF interactions 
vital for cytoskeletal organization—a unique 

example of methylation-phosphorylation 
crosstalk. 

23.2.3 Acetylation 

Protein acetylation, like methylation, has 
epigenetic and nonepigenetic underpinnings. 
Acetylation occurs when the acetyl group from 
acetyl coenzyme A (acetyl-CoA) is transferred 
to a site on a polypeptide chain. One type 
of acetylation is referred to as N-terminal acetyla-
tion which are catalyzed by N-terminal-
acetyltransferases (NATs). The other type is 
known as lysine acetylation catalyzed by either 
histone acetyltransferases (HATs) or by lysine 
(K) acetyltransferases (KATs). One difference 
between these forms of acetylation is the fact 
that N-terminal-acetylation is considered irrevers-
ible while lysine acetylation is reversible. Con-
versely, deacetylation is performed by histone 
deacetylases (HDACs) and lysine deacetylases 
(KDACs)—a subclass called sirtuins that do not 
rely on acetyl-CoA but NAD+ are also considered 
deacetylases [56]. In this section, we will review 
how acetylation impacts the energetics of normal 
cardiac rhythm. 

Focusing on the non-histone acetylation 
effects on normal cardiac rhythm, acetylation 
plays a primary role in metabolism, cellular 
growth, and cardiac energetics. Cardiomyocytes 
are one of the highest energy-demanding cells in 
the body comparable to neurons that rely on the 
precise regulation of metabolites to be processed 
within the electron transport chain and Krebs 
cycle. Briefly, glucose is converted into pyruvate 
in the cytoplasm where it is then transported into 
the mitochondria and transformed into acetyl-
coenzyme A (acetyl-CoA) via pyruvate dehydro-
genase (PDH). Acyl-CoA is also formed by the 
conversion of fatty acids within the cytosol and 
then transported into the mitochondria via the 
carnitine-acyltranslocase. Thereafter, acyl-CoA 
enters β-oxidation and becomes acetyl-CoA, 
NADH, and FADH2. Acetyl-CoA coalesces 
from glycolysis and β-oxidation into the Krebs 
cycle forming more NADH and FADH2. NADH



enters the electron transport chain (ETC) where 
the ultimate by-product is the generation of 
ATP [57]. 
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Fig. 23.2 Mitochondrial machinery involved in cardiac 
metabolism that can be post-translationally modified in the 
normal and arrhythmic heart. Acetylation is the main PTM 
occurring in the mitochondria where a balance between 
deacetylation via sirtuins and acetylation via lysine 

acetyltransferases regulate the oxidative metabolism 
within each myocyte’s mitochondria. Dysfunction in this 
PTM regulation can lead to arrhythmias. A—acetylation. 
Adapted with permission [59] 

Normal cardiac energetics and related ECC are 
dependent on the precise coordination of acetyla-
tion (KATs) and deacetylation (sirtuins) [58]. At 
each intermediate metabolite step in the ETC and 
Krebs cycle, enzymes are acetylated, including 
GAPDH (K160, K254), arginase-1, and malate 
dehydrogenase (K185, K301, K307, and K314) 
[24]. In addition to intermediate enzymes, 
depicted in Fig. 23.2, protein complexes I–V 
involved in the ETC are also acetylated. Complex 
I (NADH dehydrogenase) transfers electrons 
from NADH to coenzyme Q10 and releases 
4 protons into the intermembrane space. The 
complex I subunit NDUFA9 is known to be 
acetylated at several residues including: K175, 
K189, K234, K254, K328, and K370 
[25, 26]. Complex II (succinate dehydrogenase) 
receives FADH2 and transfers electrons to ubiqui-
none (Q) which delivers the electrons to complex 
III. Also acetylated, both subunits of complex II, 

SDHA and SDHB, have been shown to physi-
cally interact with SIRT3 [27]. SIRT3, highly 
expressed in the heart, is a mitochondrial 
deacetylase implicated in the regulation of 
NADH levels and has a direct impact on fulfilling 
the necessary energy requirements for synchro-
nous cardiac contractions [60, 61]. Complex III 
pumps protons across the membrane and transfers 
electrons to cytochrome C for transport to com-
plex IV. Complex III (cytochrome c reductase) 
and complex IV (cytochrome c oxidase) are also 
acetylated but have been less studied in the con-
text of how acetylation impacts their regulation 
and SIRT3’s involvement still needs to be 
established. Lastly, the ATP synthase (complex 
V) is coupled with the ETC via the proton gradi-
ent generated from complexes I, III, and IV 
generating ATP and H2O. Downregulation of 
SIRT3 has been shown to increase acetylation of 
oligomycin sensitivity-conferring protein 
(OSCP), the δ-subunit of ATP synthase, and 
interact with other ATP synthase subunits 
[62, 63].
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23.2.4 Ubiquitination 

Ubiquitin is a small 8.6 kDa protein that is cova-
lently linked to lysine residues and used as a 
signal for protein degradation. Two pathways 
utilize ubiquitin to achieve protein turnover and 
recycling: ubiquitin-proteasome system (UPS) 
and the autophagy-lysosome pathway (ALP). 
The UPS degrades short-lived proteins and solu-
ble misfolded proteins, while the ALP degrades 
long-lived proteins, insoluble aggregates, 
organelles, and intracellular bacteria. Through 
the UPS, ubiquitin is added in a step-wise fashion 
via E1 (ubiquitin-activating), E2 (ubiquitin-
conjugating), and E3 (ubiquitin ligase) enzymes 
[64]. Once a protein is polyubiquitinated, it 
associates with receptors Rpn10 and Rpn13 on 
the lid of the 26S proteasome—a complex 
containing the 20S regulatory complex and the 
19S proteasome cap [65]. After a protein is 
docked to the 26S proteasome, deubiquitinating 
enzymes (DUBs) cleave the ubiquitin molecules 
from the protein, initiating the degradation of the 
protein into its component amino acids. The ALP 
also utilizes ubiquitin for degradation but 
involves the engulfment of large complexes via 
autophagosomes. The autophagosome later fuses 
with late endosomes and lysosomes becoming an 
autolysosome where lysosomal hydrolases break 
down the protein cargo ultimately releasing the 
amino acids back into the cytosol. The timely 
turnover of ion channels, enzymes, and contrac-
tion machinery is paramount to normal cardiac 
rhythm. 

A primary example of ubiquitination 
maintaining cardiac rhythm involves the sodium 
channel NaV1.5. Nav1.5 associates with 
Nedd4–2, an E3 ubiquitin-protein ligase involved 
in the UPS, and becomes ubiquitinated leading to 
the internalization and eventual degradation of 
the channel [29]. NaV1.5 is also ubiquitinated by 
UBE1 and UBA6, two E1 enzymes, that regulate 
ubiquitination through UBC9, ultimately 
controlling the channel’s expression and current 
density [30]. CaV1.2, an LTCC vital to cardiac 
E-C coupling, comprises of α1, α2δ, and β 
subunits, of which the Cavβ has been shown to 

promote trafficking to the plasma membrane via 
inhibition of Rfp2-dependent ubiquitination at 
K48 [31, 66]. CaV1.2 channels lacking CaVβ are 
targeted by Rfp2, an E3 ligase, for ubiquitination 
before they ever leave the endoplasmic reticulum. 
Potassium channels including KCNQ1 are also 
regulated via ubiquitination through Nedd4–2. 
KCNQ1 (KV7.1) is a voltage-gated potassium 
channel that forms a complex with KCNE1 to 
generate the delayed rectifier current IKs. At the 
PY motif on the C-terminal domain, Nedd4–2 
associates with KCNQ1 to ubiquitinate the chan-
nel, reducing protein concentration causing a 
reduced membrane expression and current [28]. 

Transcription factor regulation is vital for gene 
transcription and subsequent protein translation 
of ECC machinery. Two transcription factors, 
HIF1α and p53, play versatile roles in cardiac 
contraction, growth, and apoptosis [67]. HIF1α 
(hypoxia-inducible factor 1) is a transcription fac-
tor activated during hypoxic conditions and is 
required to prevent the development of cardiac 
hypertrophy. Under normal conditions, HIF1 is 
hydroxylated by prolyl-4-hydroxylase domain 
proteins (PHDs) which then can be recognized 
by the ubiquitin ligase, von Hippel-Lindau. 
Ubiquitination of HIF1 ends when hypoxia 
occurs; however, HIF1’s activity is repressed by 
p53 after sustained pressure overload resulting in 
hypertrophy and heart failure [33]. p53 is a major 
transcriptional regulator with roles in every cellu-
lar aspect (growth and apoptosis) and disease 
(heart failure and cancer). Ubiquitination of p53 
is performed by the ubiquitin ligase murine dou-
ble minute 2 (MDM2). p53 has been shown to be 
upregulated in patients with heart failure and its 
inhibition improves cardiac function by promot-
ing angiogenesis (VEGF—a HIF1 target gene) 
[32, 68, 69]. 

23.2.5 Additional Post-translational 
Modifications 

SUMOylation Unique and reversible, 
sumoylation is a PTM involving the covalent 
conjugation of a small ubiquitin-like modifier



(SUMO) to a lysine residue in a protein. These 
SUMOs can modulate a protein’s subcellular 
localization, activity, and even provide a platform 
for other protein–protein interactions. UBC9 is 
a small ubiquitin-like modifier-conjugating 
enzyme E2 that ligates SUMO to a substrate. 
Tang et al. found that UBC9 promotes NaV1.5 
ubiquitination and degradation, but not 
SUMOylation via its interaction with Nedd4–2 
[70]. Potassium channels including Kv1.5, 
KCNQ, and KCNK1 are SUMOylated substrates 
and are de-SUMOylated via sentrin/SUMO-
specific proteases (SENPs). Specifically, 
de-SUMOylation of Kv1.5 by SENP2 causes a 
hyperpolarizing shift in the voltage dependence 
of steady-state inactivation. Kv1.5 also interacts 
with UBC9 and is modified by SUMO-1,-2, and
-3  [36]. KCNQ, specifically KV7.2, is 
de-SUMOylated by SENP2 [37]. SUMOylation 
of KCNK1 at K274 decreases its current 
[35]. Important for efficient EC coupling, 
SERCA2a is SUMOylated at K480 and 
K585 by SUMO-1 which stabilizes SERCA2a 
expression and activity by inhibiting its 
ubiquitination [34]. 
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Glycosylation N-linked glycosylation occurs 
in the endoplasmic reticulum (ER) during 
protein trafficking and is catalyzed by 
oligosaccharyltransferases where glycans are 
added to asparagine or arginine residues on the 
protein backbone [71]. The addition of glycans to 
proteins alters their biophysical properties includ-
ing folding and downstream trafficking to its 
appropriate cellular compartment. Other forms 
of glycosylation include O-linked glycosylation 
on serine/threonine and a lesser extent on 
hydroxyproline residues, C-linked glycosylation 
on tryptophan residues, and S-linked glycosyla-
tion on cysteine residues. Cav1.2 is essential for 
cardiac E-C coupling and is a target for glycosyl-
ation. Studies in Xenopus oocytes have shown 
that several CaV1.2 residues are glycosylated at 
asparagine residues (N124, N299, N1359, and 
N1410). When mutated to glutamine (Q), it was 
found that a double mutant in domain I (N124 and 
N299) caused a depolarizing shift in voltage-

dependent gating while the quadruple mutant 
caused a strong reduction in current amplitude 
as a result of reduced surface expression [38]. It 
was later identified that four asparagine residues 
on CaVα2δ1 subunit (N348, N468, N663, 
and N812) were important glycosylation sites. 
Specifically, when N663 was mutated to gluta-
mine, it reduced protein stability and channel 
function [39]. Another important example, 
but within the desmosome involves a protein 
responsible for cell–cell adhesion known as 
desmocollin-2 (DSC2). DSC2 mutations have 
been associated with right ventricular cardiomy-
opathy, and its native regulation is dependent 
upon appropriate trafficking in the cell. Four 
asparagine residues have been identified in 
DSC2 that are N-glycosylated (N166, N392, 
N546, and N629) [40]. Later it was identified 
in HL-1 cells that DSC2 lacking multiple 
N-glycosylation sites were retained within the 
Golgi apparatus and a loss of a single site 
did impact the adhesive properties of DSC2. 
These findings highlight the importance of 
N-glycosylation in normal protein trafficking in 
the heart [72]. 

23.3 Post-translational 
Modifications and Arrhythmia 

Cardiac arrhythmias can simply be defined 
as an “irregular heartbeat,” but the clinical 
manifestations and underlying genetics are quite 
complex. Bradycardia, or “slow heart rate,” can 
be characterized by either: slowed SA node pace-
maker activity or by impaired impulse conduction 
(block). Tachycardia, or “fast heart rate,” 
can be characterized by accelerated pacemaker 
activity, reentry, and triggered depolarizations 
(afterdepolarizations). Arrhythmias may occur 
after any type of heart injury, through metabolic 
dysfunction, and by genetic underpinnings. In the 
arrhythmic heart, variants in ion channels and 
cytoskeletal proteins or aberrant expression of 
PTM enzymes may disrupt ECC. In this section, 
we review how various PTMs can promote 
arrhythmogenic events.
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23.3.1 Phosphorylation 

In human arrhythmias, primarily ion channels and 
some structural proteins are aberrantly 
phosphorylated/dephosphorylated or mutated in 
such a way to regulate the addition/removal of a 
phosphate group. For example, in the context of 
ischemia-reperfusion, phosphorylation by 
CaMKII of NaV1.5 at S571 results in 
prolongation of AP duration, increased AP dura-
tion dispersion, and increased arrhythmia 
susceptibility [15]. 

RyR regulation through phosphorylation is 
responsible for SR Ca2+ release to promote con-
traction. It has been greatly debated as to which 
kinase, CaMKII or PKA, is the dominant player 
in arrhythmogenic SR Ca2+ leak [73]. The 
discrepancies between studies may be due to the 
animal species, type of experimental model 
(in vivo or in vitro) and possibly the types of 
reagents used during the experiments. Whichever 
the case, it is apparent that phosphorylation plays 
an important role in SR Ca2+ release through the 
RyR. For instance, upon isoproterenol adminis-
tration in transgenic CaMKIIδc mice, there was 
an increased incidence of early 
afterdepolarizations (EADs), while after CaMKII 
inhibition these EADs were significantly reduced. 
It was also shown that Ca2+ spark frequency was 
higher in the transgenic mice as compared to WT, 
and when CaMKII was inhibited, the SR Ca2+ 

spark frequency significantly declined. This 
suggests that CaMKII phosphorylation 
contributes to cardiac arrhythmogenesis through 
an increase in SR Ca2+ leak [74]. Utilizing myo-
cardium from heart failure (HF) patients, it was 
later discovered that CaMKII and not PKA phos-
phorylation of RyR2 was more significantly 
associated with disturbed Ca2+ cycling 
[75]. This conflicts with other studies but 
illustrates how different cardiac models and spe-
cies may contribute to varying results. 

Ankyrins have been shown to interact with 
kinases and phosphatases and serve as a scaffold 
so that their activity can spatially take place near 
their intended targets. An ankyrin variant 
Q1283H associated with stress-induced 

arrhythmias impacts the association of ankyrin 
with PP2A via its B56α subunit. This dissociation 
was shown to increase phosphorylation of the SR 
ryanodine receptor at S2814 causing abnormal 
Ca2+ dynamics and result in delayed 
afterdepolarization-mediated triggered activity 
[76]. GSK3β, β-catenin, and AnkB have recently 
been identified as molecular interactors. The loss 
of or mutations in ankyrin-B and β-catenin 
dysregulation are associated with arrhythmogenic 
cardiomyopathy [77]. Cardiac-specific deletion of 
AnkB resulted in aberrant β-catenin localization. 
Inhibition of GSK3β, which prevents β-catenin 
degradation, was sufficient to prevent cardiac 
remodeling and rescue cardiac function in these 
AnkB cKO mice [78]. 

23.3.2 Methylation 

NaV1.5, the cardiac sodium channel responsible 
for the influx of Na+ ions to propagate the action 
potential, has two known variants: R526H and 
R260H. Not an example of a PTM inducing a 
pro-arrhythmic event, but rather an example of 
two methylation marks being removed via mis-
sense mutations. R526H is considered a loss-of-
function variant associated with Brugada syn-
drome and R682H is a gain-of-function variant 
associated with Long QT type 3 syndrome. The 
loss of these two methylation marks suggests 
their functional relevance for Nav1.5 channel reg-
ulation. Interestingly, an arrhythmogenic cardio-
myopathy variant (R2834H) within desmoplakin 
decreases the number of phosphorylation sites 
available for GSK3 causing a disruption in appro-
priate desmoplakin localization [20]. 

23.3.3 Acetylation 

As stated previously, acetylation impacts primar-
ily proteins related to metabolism and energetics 
at both the epigenetic and nonepigenetic levels 
[79]. In the context of arrhythmia, a susceptible 
substrate in an injured or diseased state may be 
exaggerated by mitochondrial protein acetylation.



In mice with heart failure, increased acetylation 
of succinate dehydrogenase A (SDHA), subunit 
of complex I, at several lysine reduced its 
function within the Krebs cycle and within com-
plex II of the ETC [80]. However, a study using a 
dual knockout mouse without carnitine 
acetyltransferase and sirtuin 3—enzymes that 
oppose lysine acetylation—modeling extreme 
mitochondrial lysine acetylation threatens the 
notion that hyperacetylation leads to mitochon-
drial dysfunction and subsequent heart failure 
[81]. After phenotyping and quantitative acetyl-
proteomics, the double knockout mice exhibited 
normal bioenergetics and were not more suscep-
tible to dysfunction. 
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23.3.4 Ubiquitination 

In the context of atrial fibrillation (AF), 
autophagy activity was shown to be increased in 
the atria of AF patients, along with an increase in 
the autophagy-related gene 7 (ATG7), an E1-like 
activating enzyme, and microtubule-associated 
protein light chain 3 variant B (LC3B) 
[82]. This in turn caused the internalization and 
degradation of Cav1.2 via LC3B-positive 
autophagosomes leading to atrial electrical 
remodeling and a reduction in ICaL [83]. It was 
also shown in this study that Rfp2, an E3 
ubiquitin ligase, is upregulated and may assist in 
coordinating Cav1.2 channels with LC3-positive 
autophagosomes. In failing hearts, there is a 
reduction in Cav1.2 channel density in the plasma 
membrane [84]. A splice variant known as 
Cav1.2e21 + 22, containing exclusive exons 
21 and 22, was shown to be highly expressed in 
hypertrophied human hearts and expressed a 
higher binding affinity for the Cavβ subunit 
[85]. Instead of trafficking to the plasma mem-
brane upon Cavβ binding, they are retained in the 
endoplasmic reticulum (ER) and later degraded. 
The expression of this splice variant also reduced 
the expression of normal Cav1.2 channels by lim-
iting Cavβ subunits resulting in enhanced 
ubiquitination and degradation of the Cav1.2 
channel. 

23.3.5 Additional Post-translational 
Modifications 

Glycosylation O-linked glycosylation occurs 
when the enzyme O-β-(N-acetyl) glucosamine 
transferase (OGT) adds a β-N-acetlyglucosamine 
to a serine/threonine residue. Arrhythmogenesis 
can be initiated when CaMKII is overactive 
despite decreased Ca2+ levels. While in the con-
text of acute hyperglycemia, Erickson et al. 
identified CaMKII as a target for O-GlcNAc mod-
ification at S279, whereby grants CaMKII auton-
omy leading to arrhythmia [86]. Due to the 
overlap with phosphorylation in PTM potential 
at serine/threonine residues, it is hypothesized 
that some crosstalk mechanism may occur 
between these two modifications. Utilizing a 
kinetic-based high-resolution mass spectrometry 
assay, Leney et al. showed that phosphorylation 
of three amino acids upstream of the 
O-GlcNAcylated site constrained 
O-GlcNAcylation rates due to steric hindrance 
between the peptide and the OGT active site. 
The reverse crosstalk was also shown to not 
occur when phosphorylation is done by a 
proline-directed kinase [87]. 

Palmitoylation S-palmitoylation is the covalent 
attachment of fatty acids like palmitic acid to 
cysteine residues of transmembrane proteins. 
Palmitoyltransferases are responsible for the addi-
tion of fatty acid residues onto proteins, while 
depalmitoylation is carried out by acyl-protein 
thioesterases [88]. The sodium channel Nav1.5 
has been shown to be a target for palmitoylation 
that induced a significant increase in persistent 
voltage-gated sodium currents, an increase simi-
lar to that of long-QT3 mutations [89]. This 
increase in sodium late currents may contribute 
to prolonged action potential duration and early 
afterdepolarizations which are potentially 
arrhythmic. It was found that Nav1.5 can be 
palmitoylated at C981, C1176, C1178, and 
C1179, and mutations acquired in long QT3 or 
Brugada syndrome may allow for additional cys-
teine residues to become accessible to 
palmitoyltransferases.
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23.4 Conclusion 

The cardiac proteome has a vast number of 
proteins that are post-translationally modified. 
As our detection methods become more sophisti-
cated and precise, the number of PTMs and the 
modifications of proteins in their native state will 
only expand. Several considerations within the 
cardiac PTM-ome including age of sample 
(mouse or patient), cardiac tissue region, cell 
line studied, and the protein isolation and PTM 
detection methods all complicate our understand-
ing of PTMS in normal cardiac and arrhythmic 
states. Normal cardiac events are tightly regulated 
through several PTMs including phosphorylation, 
methylation, and acetylation. It is either through a 
dysfunction in post-translational processing, 
aberrant expression of PTM enzymes, or muta-
genesis which promotes arrhythmic events to 
occur. Cardiac arrhythmias are complex phenom-
ena that also rely on the ability to modify protein 
functions to achieve asynchronous cardiac beat-
ing. Though many studies have thoroughly 
explored phosphorylation and methylation, other 
PTMs, and their cross-regulation will quickly 
become more vital to our understanding of car-
diac automaticity and arrhythmias. 

Acknowledgments This work was supported by 
National Institutes of Health grants HL135754, 
HL134824, HL139348 and American Heart Association 
grant 20YVNR35490079. 

References 

1. Stevens TL, Wallace MJ, El Refaey M, Roberts JD, 
Koenig SN, Mohler PJ. Arrhythmogenic cardiomyop-
athy: molecular insights for improved therapeutic 
design. J Cardiovasc Dev Dis. 2020;7(2):21. 

2. Xiao B, Zhong G, Obayashi M, Yang D, Chen K, 
Walsh MP, et al. Ser-2030, but not Ser-2808, is the 
major phosphorylation site in cardiac ryanodine 
receptors responding to protein kinase A activation 
upon β-adrenergic stimulation in normal and failing 
hearts. Biochem J. 2006;396(1):7–16. 

3. Wehrens XHT, Lehnart SE, Reiken S, Vest JA, 
Wronska A, Marks AR. Ryanodine receptor/calcium 
release channel PKA phosphorylation: a critical medi-
ator of heart failure progression. Proc Natl Acad Sci U 
S A. 2006;103(3):511–8. 

4. Grandi E, Bers DM. Models of the ventricular action 
potential in health and disease. In: Zipes DP, Jalife J, 
Stevenson WG, editors. Cardiac electrophysiology: 
from cell to bedside. 6th ed. Philadelphia, PA: 
Elsevier; 2014. p. 319–30. 

5. Solaro RJ, Moir AJG, Perry SV. Phosphorylation of 
troponin I and the inotropic effect of adrenaline in the 
perfused rabbit heart. Nature. 1976;262(5569):615–7. 

6. Koss KL, Kranias EG. Phospholamban: a prominent 
regulator of myocardial contractility. Circ Res. 
1996;79:1059–63. 

7. Pogoda K, Kameritsch P, Retamal MA, Vega 
JL. Regulation of gap junction channels and 
hemichannels by phosphorylation and redox changes: 
A revision. BMC Cell Biol. 2016;17(Suppl 1):11. 

8. Raifman TK, Kumar P, Haase H, Klussmann E, 
Dascal N, Weiss S. Protein kinase C enhances plasma 
membrane expression of cardiac L-type calcium chan-
nel, CaV1.2. Channels. 2017;11(6):604–15. 

9. Singh A, Redden JM, Kapiloff MS, Dodge-Kafka 
KL. The large isoforms of A-kinase anchoring protein 
18 mediate the phosphorylation of inhibitor-1 by pro-
tein kinase A and the inhibition of protein phosphatase 
1 activity. Mol Pharmacol. 2011;79(3):533–40. 

10. Sahin B, Shu H, Fernandez J, El-Armouche A, 
Molkentin JD, Nairn AC, et al. Phosphorylation of 
protein phosphatase inhibitor-1 by protein kinase C. J 
Biol Chem. 2006;281(34):24322–35. 

11. Weber S, Meyer-Roxlau S, Wagner M, Dobrev D, 
El-Armouche A. Counteracting protein kinase activity 
in the heart: the multiple roles of protein phosphatases. 
Front Pharmacol. 2015;6:270. 

12. Wypijewski KJ, Howie J, Reilly L, Tulloch LB, 
Aughton KL, McLatchie LM, et al. A separate pool 
of cardiac phospholemman that does not regulate or 
associate with the sodium pump: Multimers of 
phospholemman in ventricular muscle. J Biol Chem. 
2013;288(19):13808–20. 

13. Silverman BDZ, Fuller W, Eaton P, Deng J, Moorman 
JR, Cheung JY, et al. Serine 68 phosphorylation of 
phospholemman: acute isoform-specific activation of 
cardiac Na/K ATPase. Cardiovasc Res. 2005;65(1): 
93–103. 

14. Wehrens XH, Lehnart SE, Reiken SR, Marks 
AR. Ca2+/calmodulin-dependent protein kinase II 
phosphorylation regulates the cardiac ryanodine recep-
tor. Circ Res. 2004;94(6):e61–70. 

15. Howard T, Greer-Short A, Satroplus T, Patel N, 
Nassal D, Mohler PJ, et al. CaMKII-dependent late 
Na+ current increases electrical dispersion and 
arrhythmia in ischemia-reperfusion. Am J Physiol 
Heart Circ Physiol. 2018;315(4):H794–801. 

16. Lindemann JP, Watanabe AM. Phosphorylation of 
phospholamban in intact myocardium. Role of 
Ca2+-calmodulin-dependent mechanisms. J Biol 
Chem. 1985;260(7):4516–25. 

17. Saffitz JE, Laing JG, Yamada KA. Connexin expres-
sion and turnover: implications for cardiac excitability. 
Circ Res. 2000;86:723–8.



472 A. D. Argall et al.

18. Verheyen EM, Gottardi CJ. Regulation of 
Wnt/β-catenin signaling by protein kinases. Dev 
Dynam. 2010;239:34–44. 

19. Pyun JH, Kim HJ, Jeong MH, Ahn BY, Vuong TA, 
Lee DI, et al. Cardiac specific PRMT1 ablation causes 
heart failure through CaMKII dysregulation. Nat 
Commun. 2018;9(1):5107. 

20. Albrecht LV, Zhang L, Shabanowitz J, Purevjav E, 
Towbin JA, Hunt DF, et al. GSK3- and PRMT-1-
dependent modifications of desmoplakin control 
desmoplakin-cytoskeleton dynamics. J Cell Biol. 
2015;208(5):597–612. 

21. Beltran-Alvarez P, Pagans S, Brugada R. The cardiac 
sodium channel is post-translationally modified by 
arginine methylation. J Proteome Res. 2011;10(8): 
3712–9. 

22. Beltran-Alvarez P, Espejo A, Schmauder R, Beltran C, 
Mrowka R, Linke T, et al. Protein arginine methyl 
transferases-3 and -5 increase cell surface expression 
of cardiac sodium channel. FEBS Lett. 2013;587(19): 
3159–65. 

23. Beltran-Alvarez P, Feixas F, Osuna S, Díaz-
Hernández R, Brugada R, Pagans S. Interplay between 
R513 methylation and S516 phosphorylation of the 
cardiac voltage-gated sodium channel. Amino Acids. 
2015;47(2):429–34. 

24. Zhao S, Xu W, Jiang W, Yu W, Lin Y, Zhang T, et al. 
Regulation of cellular metabolism by protein lysine 
acetylation. Science. 2010;327(5968):1000–4. 

25. Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, et al. 
Substrate and functional diversity of lysine acetylation 
revealed by a proteomics survey. Mol Cell. 2006;23 
(4):607–18. 

26. Ahn BH, Kim HS, Song S, In HL, Liu J, 
Vassilopoulos A, et al. A role for the mitochondrial 
deacetylase Sirt3 in regulating energy homeostasis. 
Proc Natl Acad Sci U S A. 2008;105(38):14447–52. 

27. Finley LWS, Haas W, Desquiret-Dumas V, Wallace 
DC, Procaccio V, Gygi SP, et al. Succinate dehydro-
genase is a direct target of sirtuin 3 deacetylase activ-
ity. PLoS One. 2011;6(8):e23295. 

28. Jespersen T, Membrez M, Nicolas CS, Pitard B, 
Staub O, Olesen SP, et al. The KCNQ1 potassium 
channel is down-regulated by ubiquitylating enzymes 
of the Nedd4/Nedd4-like family. Cardiovasc Res. 
2007;74(1):64–74. 

29. Van Bemmelen MX, Rougier JS, Gavillet B, 
Apothéloz F, Daidié D, Tateyama M, et al. Cardiac 
voltage-gated sodium channel Nav1.5 is regulated by 
Nedd4-2 mediated ubiquitination. Circ Res. 2004;95 
(3):284–91. 

30. Hu Y, Bai X, Zhang C, Chakrabarti S, Tang B, 
Xiong H, et al. Ubiquitination-activating enzymes 
UBE1 and UBA6 regulate ubiquitination and expres-
sion of cardiac sodium channel Nav1.5. Biochem 
J. 2020;477(9):1683–700. 

31. Altier C, Garcia-Caballero A, Simms B, You H, 
Chen L, Walcher J, et al. The Cavβ subunit prevents 
RFP2-mediated ubiquitination and proteasomal 

degradation of L-type channels. Nature Neurosci. 
2011;14(2):173–82. 

32. Kubbutat MHG, Jones SN, Vousden KH. Regulation 
of p53 stability by Mdm2. Nature. 1997;387(6630): 
299–303. 

33. Sano M, Minamino T, Toko H, Miyauchi H, Orimo M, 
Qin Y, et al. p53-induced inhibition of Hif-1 causes 
cardiac dysfunction during pressure overload. Nature. 
2007;446(7134):444–8. 

34. Kho C, Lee A, Jeong D, Oh JG, Chaanine AH, 
Kizana E, et al. SUMO1-dependent modulation of 
SERCA2a in heart failure. Nature. 2011;477(7366): 
601–6. 

35. Rajan S, Plant LD, Rabin ML, Butler MH, Goldstein 
SAN. Sumoylation silences the plasma membrane leak 
K+ channel K2P1. Cell. 2005;121(1):37–47. 

36. Benson MD, Li QJ, Kieckhafer K, Dudek D, Whorton 
MR, Sunahara RK, et al. SUMO modification 
regulates inactivation of the voltage-gated potassium 
channel Kv1.5. Proc Natl Acad Sci U S A. 2007;104 
(6):1805–10. 

37. Qi Y, Wang J, Bomben VC, Li DP, Chen SR, Sun H, 
et al. Hyper-SUMOylation of the Kv7 Potassium chan-
nel diminishes the M-current leading to seizures and 
sudden death. Neuron. 2014;83(5):1159–71. 

38. Park HJ, Min SH, Won YJ, Lee JH. Asn-linked glyco-
sylation contributes to surface expression and voltage-
dependent gating of Cav1.2 Ca2+ channel. J Microbiol 
Biotechnol. 2015;25(8):1371–9. 

39. Tétreault MP, Bourdin B, Briot J, Segura E, Lesage S, 
Fiset C, et al. Identification of glycosylation sites 
essential for surface expression of the CaVα2δ1 sub-
unit and modulation of the cardiac CaV1.2 channel 
activity. J Biol Chem. 2016;291(9):4826–43. 

40. Harrison OJ, Brasch J, Lasso G, Katsamba PS, 
Ahlsen G, Honig B, et al. Structural basis of adhesive 
binding by desmocollins and desmogleins. Proc Natl 
Acad Sci U S A. 2016;113(26):7160–5. 

41. Ubersax JA, Ferrell JE. Mechanisms of specificity in 
protein phosphorylation. Nature Rev Mol Cell Biol. 
2007;8:530–41. 

42. Makwana MV, Muimo R, Jackson RFW. Advances in 
development of new tools for the study of 
phosphohistidine. Lab Investig [Internet]. 2018;98(3): 
291–303. https://doi.org/10.1038/labinvest.2017.126. 

43. Ahern BM, Satin J. The L-type calcium channel cur-
rent modulation mechanism: the plot thickens and 
fogs. J Clin Invest. 2019;129(2):496–8. 

44. Yang L, Katchman A, Kushner J, Kushnir A, 
Zakharov SI, Chen BX, et al. Cardiac CaV1.2 channels 
require β subunits for β-adrenergic–mediated modula-
tion but not trafficking. J Clin Invest. 2019;129(2): 
647–58. 

45. Ali A, Hoeflich KP, Woodgett JR. Glycogen synthase 
kinase-3: properties, functions, and regulation. Chem 
Rev. 2001;101(8):2527–40. 

46. Cole A, Frame S, Cohen P. Further evidence that the 
tyrosine phosphorylation of glycogen synthase kinase-
3 (GSK3) in mammalian cells is an

https://doi.org/10.1038/labinvest.2017.126


23 Pathways in Human Arrhythmias: Impact of Post-translational Modifications 473

autophosphorylation event. Biochem J. 2004;377(1): 
249–55. 

47. Sugden PH, Fuller SJ, Weiss SC, Clerk A. Glycogen 
synthase kinase 3 (GSK3) in the heart: a point of 
integration in hypertrophic signalling and a therapeutic 
target? A critical analysis. Br J Pharmacol. 2008;153 
(Suppl 1):S137–53. 

48. Fang X, Yu SX, Lu Y, Bast RC, Woodgett JR, Mills 
GB. Phosphorylation and inactivation of glycogen 
synthase kinase 3 by protein kinase A. Proc Natl 
Acad Sci U S A. 2000;97(22):11960–5. 

49. Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, 
et al. Control of β-catenin phosphorylation/degrada-
tion by a dual-kinase mechanism. Cell. 2002;108(6): 
837–47. 

50. Piven OO, Winata CL. The canonical way to make a 
heart: β-catenin and plakoglobin in heart development 
and remodeling. Exp Biol Med. 2017;242:1735–45. 

51. Hulsurkar M, Quick AP, Wehrens XHT. STAT3: a 
link between CaMKII–βIV-spectrin and maladaptive 
remodeling? J Clin Invest. 2018;128(12):5251–66. 

52. Bhasin N, Cunha SR, Mudannayake M, Gigena MS, 
Rogers TB, Mohler PJ. Molecular basis for PP2A 
regulatory subunit B56α targeting in cardiomyocytes. 
Am J Physiol - Heart Circ Physiol. 2007;293(1): 
H109–19. 

53. Beausoleil SA, Jedrychowski M, Schwartz D, Elias JE, 
Villén J, Li J, et al. Large-scale characterization of 
HeLa cell nuclear phosphoproteins. Proc Natl Acad 
Sci U S A. 2004;101(33):12130–5. 

54. Godsel LM, Hsieh SN, Amargo EV, Bass AE, Pascoe-
McGillicuddy LT, Huen AC, et al. Desmoplakin 
assembly dynamics in four dimensions: multiple 
phases differentially regulated by intermediate 
filaments and actin. J Cell Biol. 2005;171(6):1045–59. 

55. Kottke MD, Delva E, Kowalczyk AP. The desmo-
some: cell science lessons from human diseases. J 
Cell Sci. 2006;119(5):797–806. 

56. Drazic A, Myklebust LM, Ree R, Arnesen T. The 
world of protein acetylation. Biochim Biophys Acta -
Prot Proteom. 2016;1864:1372–401. 

57. Maack C, O’Rourke B. Excitation-contraction cou-
pling and mitochondrial energetics. Bas Res Cardiol. 
2007;102:369–92. 

58. Parodi-Rullán RM, Chapa-Dubocq XR, Javadov 
S. Acetylation of mitochondrial proteins in the heart: 
the role of SIRT3. Front Physiol. 2018;9:1094. 

59. Ezeani M. Aberrant cardiac metabolism leads to car-
diac arrhythmia. Front Biosci (Schol Ed). 2020;12: 
200–21. 

60. Koentges C, Pfeil K, Schnick T, Wiese S, Dahlbock R, 
Cimolai MC, et al. SIRT3 deficiency impairs mito-
chondrial and contractile function in the heart. Basic 
Res Cardiol. 2015;110(4):1–20. 

61. Dittenhafer-Reed KE, Richards AL, Fan J, Smallegan 
MJ, Fotuhi Siahpirani A, Kemmerer ZA, et al. SIRT3 
mediates multi-tissue coupling for metabolic fuel 
switching. Cell Metab. 2015;21(4):637–46. 

62. Wu YT, Lee HC, Liao CC, Wei YH. Regulation of 
mitochondrial F(o)F(1)ATPase activity by Sirt3-
catalyzed deacetylation and its deficiency in human 
cells harboring 4977bp deletion of mitochondrial 
DNA. Biochim Biophys Acta Mol basis Dis. 
2013;1832(1):216–27. 

63. Vassilopoulos A, Pennington JD, Andresson T, Rees 
DM, Bosley AD, Fearnley IM, et al. SIRT3 
deacetylates ATP synthase F1 complex proteins in 
response to nutrient-and exercise-induced stress. 
Antioxidants Redox Signal. 2014;21(4):551–64. 

64. Kocaturk NM, Gozuacik D. Crosstalk between mam-
malian autophagy and the ubiquitin-proteasome sys-
tem. Front Cell Dev Biol. 2018;6:128. 

65. Lander GC, Estrin E, Matyskiela ME, Bashore C, 
Nogales E, Martin A. Complete subunit architecture 
of the proteasome regulatory particle. Nature. 
2012;482(7384):186–91. 

66. Loh KWZ, Liang MC, Soong TW, Hu Z. Regulation 
of cardiovascular calcium channel activity by post-
translational modifications or interacting proteins. 
Pflugers Arch Eur J Physiol. 2020;472:653–67. 

67. Pagan J, Seto T, Pagano M, Cittadini A. Role of the 
ubiquitin proteasome system in the heart. Circ Res. 
2013;112:1046–58. 

68. Chatterjee A, Mir SA, Dutta D, Mitra A, Pathak K, 
Sarkar S. Analysis of p53 and NF-κB signaling in 
modulating the cardiomyocyte fate during hypertro-
phy. J Cell Physiol. 2011;226(10):2543–54. 

69. Tsipis A, Athanassiadou AM, Athanassiadou P, 
Kavantzas N, Agrogiannis G, Patsouris E. Apoptosis-
related factors p53, bcl-2 and the defects of force 
transmission in dilated cardiomyopathy. Pathol Res 
Pract. 2010;206(9):625–30. 

70. Tang B, Hu Y, Wang Z, Cheng C, Wang P, Liang L, 
et al. UBC9 regulates cardiac sodium channel Nav1.5 
ubiquitination, degradation and sodium current den-
sity. J Mol Cell Cardiol. 2019;129:79–91. 

71. Aebi M. N-linked protein glycosylation in the 
ER. Biochim Biophys Acta, Mol Cell Res. 
2013;1833:2430–7. 

72. Brodehl A, Stanasiuk C, Anselmetti D, Gummert J, 
Milting H. Incorporation of desmocollin-2 into the 
plasma membrane requires N-glycosylation at multiple 
sites. FEBS Open Bio. 2019;9(5):996–1007. 

73. Dobrev D, Wehrens XHT. Role of RyR2 phosphory-
lation in heart failure and arrhythmias: controversies 
around ryanodine receptor phosphorylation in cardiac 
disease. Circ Res. 2014;114(8):1311–9. 

74. Sag CM, Wadsack DP, Khabbazzadeh S, Abesser M, 
Grefe C, Neumann K, et al. Calcium/calmodulin-
dependent protein kinase II contributes to cardiac 
arrhythmogenesis in heart failure. Circ Heart Fail. 
2009;2(6):664–75. 

75. Fischer TH, Herting J, Tirilomis T, Renner A, Neef S, 
Toischer K, et al. Ca2+/calmodulin-dependent protein 
kinase II and protein kinase A differentially regulate 
sarcoplasmic reticulum Ca2+ leak in human cardiac 
pathology. Circulation. 2013;128(9):970–81.



474 A. D. Argall et al.

76. Zhu W, Wang C, Hu J, Wan R, Yu J, Xie J, et al. 
Ankyrin-B Q1283H variant linked to arrhythmias via 
loss of local protein phosphatase 2A activity causes 
ryanodine receptor hyperphosphorylation. Circulation. 
2018;138(23):2682–97. 

77. Garcia-Gras E, Lombardi R, Giocondo MJ, Willerson 
JT, Schneider MD, Khoury DS, et al. Suppression of 
canonical Wnt/β-catenin signaling by nuclear 
plakoglobin recapitulates phenotype of 
arrhythmogenic right ventricular cardiomyopathy. J 
Clin Invest. 2006;116(7):2012–21. 

78. Roberts JD, Murphy NP, Hamilton RM, Lubbers ER, 
James CA, Kline CF, et al. Ankyrin-B dysfunction 
predisposes to arrhythmogenic cardiomyopathy and 
is amenable to therapy. J Clin Invest. 2019;129(8): 
3171–84. 

79. Aggarwal S, Banerjee SK, Talukdar NC, Yadav 
AK. Post-translational modification crosstalk and 
hotspots in Sirtuin interactors implicated in cardiovas-
cular diseases. Front Genet. 2020;11:356. 

80. Horton JL, Martin OJ, Lai L, Riley NM, Richards AL, 
Vega RB, et al. Mitochondrial protein 
hyperacetylation in the failing heart. JCI Insight. 
2016;2(1):e84897. 

81. Davidson MT, Grimsrud PA, Lai L, Draper JA, Fisher-
Wellman KH, Narowski TM, et al. Extreme acetyla-
tion of the cardiac mitochondrial proteome does not 
promote heart failure. Circ Res. 2020;127(8): 
1094–108. 

82. Yuan Y, Zhao J, Yan S, Wang D, Zhang S, Yun F, 
et al. Autophagy: a potential novel mechanistic con-
tributor to atrial fibrillation. Int J Cardiol. 2014;172(2): 
492–4. 

83. Yuan Y, Zhao J, Gong Y, Wang D, Wang X, Yun F, 
et al. Autophagy exacerbates electrical remodeling in 
atrial fibrillation by ubiquitin-dependent degradation 
of L-type calcium channel. Cell Death Dis. 2018;9 
(9):873. 

84. Goonasekera SA, Hammer K, Auger-Messier M, 
Bodi I, Chen X, Zhang H, et al. Decreased cardiac 
L-type Ca 2+channel activity induces hypertrophy and 
heart failure in mice. J Clin Invest. 2012;122(1): 
280–90. 

85. Hu Z, Wang JW, Yu D, Soon JL, De Kleijn DPV, 
Foo R, et al. Aberrant splicing promotes proteasomal 
degradation of L-type Ca v 1.2 calcium channels by 
competitive binding for CaV β subunits in cardiac 
hypertrophy. Sci Rep. 2016;6:35247. 

86. Erickson JR, Pereira L, Wang L, Han G, Ferguson A, 
Dao K, et al. Diabetic hyperglycaemia activates 
CaMKII and arrhythmias by O-linked glycosylation. 
Nature. 2013;502(7471):372–6. 

87. Leney AC, El Atmioui D, Wu W, Ovaa H, Heck AJR. 
Elucidating crosstalk mechanisms between phosphor-
ylation and O-GlcNAcylation. Proc Natl Acad Sci U S 
A. 2017;114(35):E7255–61. 

88. Zeidman R, Jackson CS, Magee AI. Protein acyl 
thioesterases (review). Mol Membr Biol. 2009;26: 
32–41. 

89. Pei Z, Xiao Y, Meng J, Hudmon A, Cummins 
TR. Cardiac sodium channel palmitoylation regulates 
channel availability and myocyte excitability with 
implications for arrhythmia generation. Nat Commun. 
2016;7:12035.



Viral Myocarditis 24 
Stefan Peischard, Huyen Tran Ho, and Guiscard Seebohm 

Abstract 

Virus infections are an important factor in the 
generation of potentially lethal cardiac disease. 
This chapter describes the viruses most fre-
quently associated with human myocarditis 
and discusses the mechanisms involved in 
myocardial infection and pathogenesis. The 
effects of viral proteases are detrimental to 
cells by disrupting the integrity of 
mitochondria, destabilizing the cytoskeleton, 
impairing Ca2+ homeostasis, and provoking 
apoptotic processes. Viruses like 
coxsackievirus B3 may modify cardiac cellu-
lar electrophysiology by interacting with 
vesicular transport of ion channels, leading 
either to enhanced or to impaired channel pro-
tein integration into the plasma membrane. 
Both, the gain- or loss-of-function can be 
arrhythmogenic. In addition, viroporins, i.e., 
viral structures resembling ion channels, also 
contribute to increased propensity to 
arrhythmias following viral infection of 
cardiomyocytes. They conduct Ca2+ and 
thereby profoundly disrupt cellular Ca2+ 

homeostasis, induce autophagy, and promote 
inflammation. Last not least, healing processes 
lead to fibrosis, the known substrate for 

re-entry arrhythmias. Amongst the complex 
immune reactions to viral infection, activation 
of tumor necrosis factor alpha represents a 
signaling pathway which for therapeutic 
interventions with the aim of suppressing 
arrhythmias associated with viral myocarditis. 
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24.1 Introduction 

Cardiac diseases and subsequent dysfunctions are 
the most prominent cause of death in the Western 
world. Consequently, huge research resources are 
invested, in hope of developing treatments or 
cures mostly for genetic heart diseases and 
diseases appearing due to an unhealthy lifestyle, 
which are most relevant for cardiac malfunctions. 
Since several years, viruses have been identified 
as agents for cardiac diseases. Virus infections 
turn out to be a strong factor in the generation of 
severe cardiac phenotypes either in combination 
with the mentioned aspects or as single cause. 
Due to the wide range of potential viral agents 
and complex disease patterns, detailed clinical 
studies on human patients are insufficient to clar-
ify the complex network of viral infection. The 
use of animal models and cell systems, allow for 
expression of virus strains or single viral proteins

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_24&domain=pdf
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and observation in a well-controlled environment. 
Application of such methods leads to new 
findings and several general disease patterns of 
viral myocarditis were identified, which will be 
discussed in this chapter. The influence of viruses 
on the host cardiomyocytes is versatile and com-
plex, changing the structure and function of many 
cellular organelles like the mitochondria, the con-
tractile apparatus, membrane integrity and others, 
leading in total to the observed phenotypes in 
human patients with potentially lethal cardiac 
dysfunctions. 

476 S. Peischard et al.

24.2 Prevalence and Incidence 
of Viral Myocarditis 

According to the most recent Global Burden of 
Diseases, Injuries, and Risk Factors Study 2017 
(GBD 2017) for 195 countries including around 
7.4 billion humans, there are around 21 to 26 of 
total cases per 100,000 humans (prevalence rate) 
that have myocarditis and 36 to 45 new cases per 
100,000 humans (incidence rate) that occurred in 
2017 [1]. Myocarditis can be caused by 
non-infectious agents such as certain drugs, the 
environment, animal venoms, and diseases like 
autoimmune diseases as well as by infectious 
agents such as viruses, bacteria, fungus, 
spirochetes, rickettsia, protozoa, and helminthia-
sis. The most common cause appears to be 
through viruses at least in Northern America and 
West Europe [2]. 

During the early years between 1990 and the 
early 2000s, enteroviruses such as coxsackievirus 
B3 and adenoviruses were described to be the 
most frequent viruses to be found in myocarditis 
with a prevalence percentage of 14% and 23%, 
respectively, within myocarditis patients 
[3]. However, in the more recent years, studies 
indicated that there is a shift toward parvovirus 
B19 (PVB19) and human herpes virus 6 (HHV6) 
as the most common viruses present in myocardi-
tis with prevalence percentages like 55.7% or 
28% for parvovirus B19 and 24.1% for human 
herpes virus 6 [4, 5] (see also Table 24.1). But 
there are concerns about the relevance of parvo-
virus B19 in causing myocarditis as the virus can 

also be found in healthy participants and also with 
no significant difference in prevalence between 
the two groups [12]. It has been suggested that 
parvovirus B19 could only be relevant when there 
is a coinfection with other cardiotropic viruses 
such as human herpes virus 6 and enteroviruses 
or is dependent on the viral load. Hence, it is not 
clear yet, whether this virus is of pathogenic 
importance and whether the presence of the 
virus can give a clear prognosis. 

24.3 Viral Infection of the Heart 

Pathological infections of the cardiac system usu-
ally do not occur exclusively in humans, but are 
often side effects of a coinfection with other 
pathogens. This scenario applies to infections 
with, e.g., influenza, coronavirus, rhinovirus and 
others, in which the immune system of the patient 
is weakened while fighting the primary 
infection [13]. 

By fighting the main pathogen, other viruses 
take advantage of the situation by infecting inner 
organs like the cardiac system. The secondary 
virus, e.g., coxsackieviruses or adenoviruses, 
recognizes its target cell via specific surface 
proteins of the distinct cell. These proteins act as 
a hub for the virus to bind to the cell membrane 
and enter the cell via endocytosis. 
Coxsackieviruses and adenoviruses use the 
Coxsackievirus-Adenovirus-receptor (CAR) for 
host cell binding or rely on the binding to decay 
accelerating factor (DAF) [14]. Influenza A 
viruses have hemagglutinin (HA) proteins 
distributed around their capsid and use sialic 
acid-containing proteins (SA) as binding partner. 
In these examples, SA is an ubiquitously 
expressed cell-surface protein allowing the Influ-
enza A virus to infect a huge variety of cell types 
including cells of the respiratory tract, leading to 
the common flu, or cardiac cells resulting in viral 
myocarditis [15, 16] In the case of adenoviruses 
and coxsackieviruses, the receptors CAR and 
DAF are expressed mostly in polarized cells like 
neurons and cardiomyocytes, in which CAR is 
located at the tight gap junctions at the cell 
poles. First, the virus binds to DAF, leading to a
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clustering of several DAF proteins in the cell 
membrane. This clustering then leads to the acti-
vation of AbI kinase, following a restructuring of 
the actin cytoskeleton and a transport of the 
DAF-bound virus to the tight junctions of a cell 
[17, 18]. 
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Table 24.1 Prevalence of most common cardiotropic viruses in % in patients with diagnosed myocarditis 

Number of 
patients in 
study 

Year of Entero- Adeno-
Parvo-virus 
B19 
(PVB19) 

Human Herpes 
Virus 
6 (HHV6) 

Ebbstein-
Bar-
Virus 

Cyto-
megalo 
virus 

Refer-

624 1988–2000 14% 23% n.a. n.a. 0.5% 3% [3] 
149 n.a. 

(sub-mitted 
2003) 

8% 12% n.a. n.a. 0% n.a. [6] 

172 2001–2004 33% 8% 37% 11% n.a. n.a. [7] 
87 n.a. 

(sub-mitted 
2005) 

1% 0% 56% 18% 1% 0% [8] 

120 1992–2005 12.5% 5% 2.5% n.a. 4% 2.5% [9] 
181 1994–2007 6.1% 2.2% 28.7% 11.0% 3.3% n.a. [10] 

Additional 3.9% dual infection 
of PVB19 and HHV6 

203 2002–2008 0% 0% 55.7% 24.1% 1% 0% [4] 
Additional 17.2% dual 
infection of PVB19 and HHV6 

1098 1990–2010 0.024% 0.011% 28% 0.03% 0.012% 0.02% [5] 
112 1992–2010 0% 0% 29% n.a. n.a. n.a. [11] 

Here coxsackie- and adenoviruses bind with 
their so-called canyon region to the CAR and get 
internalized via caveolar endocytosis [19]. Once 
inside the cell, the viral particle is transported 
along the microtubules toward the perinuclear 
region via dynein molecules, where the viral 
genome gets uncoated [20]. Subsequently, the 
viral genome is transported into the nucleus 
through nuclear pores where it is reproduced. 
Additionally, viral RNA is translated by the host 
cell’s ribosomes into functional proteins. These 
proteins can either be viral capsid proteins, which 
serve for the formation of viral progeny, or non-
structural proteins, which disrupt the host cell’s 
function or drive correct viral assembly. These 
nonstructural proteins and capsid proteins share 
various interactions with the host cell, leading to 
pathologic effects, which may result in myocardi-
tis and heart failure. 

24.4 Viral Proteases 

A key player in the generation of pathological 
phenotypes of various cell types, including 
cardiomyocytes, is viral proteases encoded by 
the viral genome. Proteases are enzymatic 
proteins with the ability to interact with distinct 
recognition sites on cellular proteins. Via hydro-
lysis, either in a one step or two-step reaction, the 
peptide bond between two amino acids in the 
recognition site is cleaved, leading to the degra-
dation of the original protein [21]. Such a proteo-
lytic cleavage may cause various outcomes for the 
host cell. In the case of viral myocarditis, viral 
proteases of enterovirus 71 (EV71) or 
coxsackievirus B3 (CVB3) target the cytoskele-
ton, the mitochondria and on translation-initiation 
factors as main targets for proteolytic cleavage 
[22]. As previous studies demonstrated there is a 
high priority for the cardiac virus to shut-off the 
host cell’s cap-dependent translation and force the 
host cell to focus on IRES-dependent translation 
and thus enhance viral replication. This is 
achieved via proteolytic degradation of eIf4G, a 
main translation-initiation factor for 
cap-dependent translation [23, 24]. Subsequently, 
DAP5, a main IRES-dependent



translation-initiation factor, is cleaved into 
DAP5-N and DAP5-C, upregulating virus expres-
sion and dysregulating mitochondrial fusion and 
fission proteins Bcl-2 and Bax [25]. While Bax is 
upregulated, the expression of Bcl-2 is inhibited. 
The resulting mitochondrial biogenesis imbal-
ance leads to the release of cytochrome c and 
other apoptotic factors [26, 27]. Further regulated 
mitochondrial factors are dynamin-related protein 
1 (drp1), mitochondrial fission 1 protein (fis1), 
and mitofusin-1 (mfn1). 
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The dynamin-related protein (drp1) is a mito-
chondrial effector protein with GTPase activity. 
In healthy individuals, it mediates and regulates 
mitochondrial fission events important, for exam-
ple, for the distribution of mitochondria into 
daughter cells during mitosis. During viral 
infections, e.g., enteroviral, drp1 gets deregulated 
by the virus with strong effects on the host’s 
mitochondria. Similar to Bcl-2 and Bax, the 
proteins drp1 and its counterpart fis1 regulate 
fusion and fission events in mitochondria, if 
their expression and activity are in correct equi-
librium. In healthy patients, drp1 is located in the 
cytoplasm where it gets activated and transported 
to the mitochondria, if mitochondrial fission is 
necessary. In in vitro CVB3-infected cells, ele-
vated levels of drp1 were measured in the 
mitochondria, leading to increased fission and 
fragmentation of mitochondria. Additional 
observations of protein expression levels revealed 
an upregulation of drp1 by 3.2-fold together with 
an upregulation of fis1 by 1.5-fold similar to drp1. 
The protein fis1 enhances mitochondrial fission 
leading to severe mitochondrial phenotypes 
resulting in mitochondrial dysfunction 
[28, 29]. Simultaneous downregulation of mfn1 
by 0.7-fold hinders correct mitochondrial fusion 
processes exceeding severe mitochondrial frag-
mentation [28]. While the negative regulation of 
drp1, fis1 and mfn1 might be critical for sufficient 
ATP generation and cell death of the infected cell, 
this virus–host interaction might also be a valid 
target for drug-dependent therapy. In mice studies 
mvidi-1 was used as therapeutic agent to attenuate 
the viral effects on the mitochondrial structure. 
Mvidi-1 or 3-(2,4-Dichloro-5-methoxyphenyl)-
2,3-dihydro-2-thioxo-4(1H )-quinazolinone is a 

potent and well-studied dynamin inhibitor selec-
tively inhibiting mitophagy, mitochondrial divi-
sion, and apoptosis caused by Dnm1 and Drp1. 
The application of mvidi-1 to CVB3-infected 
mice showed reduced weight loss induced by 
viral infection. Additionally, the survival rate of 
isolated mouse cardiomyocytes was around two 
times higher than in nontreated samples validated 
by TUNEL staining. Markers for cardiac damage, 
as cTNI and CK-MB decreased significantly in 
the serum of mvidi-1 treated mice indicating 
direct, positive effects of mvidi-1 on the infected 
cardiac system. The activity of the mitochondrial 
complexes SDH and COX was also significantly 
elevated in mvidi-1-treated mice, compared to the 
nontreated control group. While the SDH and 
COX activities did not reach the activities of 
noninfected mice, the activity restoration shows 
a huge improvement. Of note, mvidi-1 might not 
be sufficient to ubiquitously block all viral 
interactions on cardiomyocytes, but it improves 
the mitochondrial phenotype and increases cell 
survival [28]. An increased survival of 
cardiomyocytes during myocarditis may lead to 
improved recovery with less fibrosis, and hence 
less impairment of cardiac function. 

Progressive and direct proteolysis of cellular 
organelles adds on to the cell’s apoptosis and 
dysfunction. As mitochondria can be targeted by 
viral proteases directly, the reduction of mito-
chondrial activity and ATP production is a direct 
consequence under these conditions. Studies in 
mouse hearts infected with CVB3 showed signif-
icant changes in OXPHOS-complex activities and 
protein expression patterns, in total decreasing 
cellular ATP levels. The decrease in cellular 
ATP levels results in malfunction of 
ATP-dependent processes, e.g., cardiac contrac-
tion, proton gradient generation via 
ion-transporters, and vesicular transport 
[30, 31]. Additionally, proteolytic degradation of 
the cardiac cytoskeleton directly disrupts the con-
tractile activity of the host’s cardiomyocytes trig-
gering the chance of arrhythmic behavior or loss 
of contractile function. It is reported that viral 
proteases degrade the sarcomeric protein dystro-
phin. Dystrophin is known to link sarcomeric 
actin with the extracellular matrix providing



mechanical stability to the cardiomyocyte via 
dystroglycan complex (DGC). Cleavage of this 
complex by viral proteases disrupts cardiac cell 
stability and lowers the potential cardiac contrac-
tion force, which can be generated by the cell 
[32]. This observed pathologic effect on cells is 
similar to the cellular events in late-stage 
Duchenne muscular dystrophy (DMD) patients, 
with disrupted dystrophin function and dilated 
cardiomyopathy (DCM) [33]. This hypothesis is 
supported by studies in which viral proteases 
were expressed in cardiomyocytes carrying a 
mutated dystrophin variant that is inert to proteo-
lytic cleavage. These cells maintained regular 
contractile function over protease expression 
proving the importance of dystrophin in the con-
tractile apparatus [34]. 
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24.5 Viral Effects on Cardiac 
Ion-Channels 

The correct function of the human heart is driven 
by proper functionality of the contractile appara-
tus, which generates the needed force for suffi-
cient pumping function and by the distribution 
and correct synchronization of several 
ion-channels, which control the concerted cardiac 
contraction. The cardiac action potential is 
thereby characterized by the function and correct 
time-dependent formation of the main currents 
INa, Ito, ICa, IKr, IKs, and IK1. These currents are 
generated by cardiac ion-channels located in the 
plasma membrane of cardiac cells. The 
depolarizing sodium current INa is conducted by 
the sodium channel NaV1.5. Briefly after the start 
of the action potential Kv4.2/3 (Ito) limits the 
depolarization transiently. Additionally, there is 
the Ih current generated by HCN-channels HCN2 
and HCN4 in the cardiac conduction system. The 
potassium currents IKs, IKr and IK1 are mainly 
carried by the channels Kv7.1/KCNE1, HERG 
and Kir2.1/2.2/2.3, respectively, bring about cel-
lular repolarization. While IKr is a fast-activating 
current, IKs, is rather slow in comparison. Addi-
tionally, the channels Kir2.1/2.2/2.3 (IK1) add to 
the baseline potassium transport through the car-
diac cell membrane. Calcium transport over the 

cell membrane (ICaL) is achieved via L-type cal-
cium channels [35, 36]. 

The sensitive equilibrium of excitation and 
repolarization in cardiac cells can be partially 
disrupted especially during β-adrenergic stimula-
tion by cardiac viruses like coxsackievirus B3 
with potentially severe consequences for the 
infected patient. As viruses use membrane 
vesicles for intracellular replication and transport, 
vesicle-binding proteins, GTPases, are modulated 
in their activity. Studies on coxsackie viruses 
indicate that the vesicle-recruiting protein 
Rab11, which belongs to the GTPase family, 
shows increased activity in coxsackievirus-
expressing cells. This situation leads to altered 
vesicle recruitment of ion-channel-containing 
vesicles. These vesicles, for example, Kv7.1/ 
KCNE1-containing vesicles, are increasingly 
transported to the cell membrane and inserted. 
With increased membrane integration of Kv7.1/ 
KCNE1, there are significantly more K+-
transporting channels in the cardiac cell mem-
brane with potentially severely modified cardiac 
function. Increased K+ efflux during cardiac 
action potential n leads to potentially shortened 
QT-intervals and to a virus-induced chronic 
Short-QT-syndrome similarly as documented for 
gain of function mutations of Kv7.1/KCNE1 
channels [37]. This phenotype has arrhythmic 
potential and may lead to heart failure and sudden 
cardiac death. In vitro experiments identified the 
viral proteins 2A, 2 BC, 3A, and 3B as main 
agents for the disrupted ion-channel insertion. 
On the contrary, inversed observations were 
made for the hERG and CaV1.2 channels whose 
virus-induced loss of function may contribute to 
action potential disruption as well [38]. Patients 
usually suffer from arrhythmia and/or sudden 
cardiac death due to viral infections under stress 
conditions, while patients under basal conditions 
show no signs of differing cardiac activity. Con-
sistently, pro-arrhythmic effect of aberrantly 
inserted ion channels by viruses were not detected 
in a murine ex vivo model carried out under basal 
conditions lacking β-adrenergic stimulation 
[39]. Future experiments including β-adrenergic 
stimulation should clarify the viral influence on 
the cardiac action potential in time. In myocarditis



patients, electrocardiograms often show T-wave 
and ST-segment changes and prolonged QRS 
durations most prominent during physiological 
stress conditions. As a consequence of reduced 
reserve of physiological compensatory systems, 
these patients decompensate typically under 
stress. 
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24.6 Viroporins 

Studies on multiple types of viruses have 
demonstrated their ability to form structures that 
are functionally strikingly similar to ion channels 
[40, 41]. They can either selectively conduct ions 
such as H+ , K+ , and Ca2+ or nonspecific monova-
lent cations, i.e., Na+ or K+ [42]. The so-called 
viroporins are assumed to have five main 
functions beneficial for the virus: 1. virus entry, 
2. virus maturation and release, 3. modulation of 
apoptosis, 4. disturbance of Ca2+ homeostasis, 
and 5. modulation of the resting membrane poten-
tial [42–44]. Viroporins are characteristically 
small, i.e., only 50 to 120 amino acids long. 
They possess hydrophobic regions that form 
amphipathic α-helical structures allowing them 
to insert into membranes to create transmembrane 
pores. They can be classified according to their 
number of transmembrane domains (class I or II) 
and according to the orientation of the N- and 
C-terminus to the lumen or cytosol (subclasses 
A and B) [43]. 

One of the most frequent viruses responsible 
for viral myocarditis and also one of the most 
studied, the picornavirus coxsackievirus B3, 
creates viroporins that conduct Ca2+ 

[45, 46]. The picornaviral viroporin, the 2B pro-
tein, is one of the best-studied Ca2+-conducting 
viroporins so far, dating back to studies from van 
Kuppeveld et al. starting in 1995 [47–49]. They 
demonstrated that the expression of the functional 
2B viroporin is not needed for the synthesis and 
processing of the viral polyprotein, but it was 
essential for viral RNA replication and facilitates 
release of the virus. As the 2B viroporin is a Ca2+ 

conducting viroporin, it can also destabilize the 
Ca2+ homeostasis by inserting itself into the 
membranes of mitochondria, plasma membrane, 

the endoplasmic reticulum (ER) or in sarcoplas-
mic reticulum (SR), and Golgi-apparatus. Studies 
showed that this leads to the host cell having low 
Ca2+ concentration in the ER/SR and Golgi appa-
ratus, which function as the cell’s Ca2+ stores and 
are important for Ca2+ signaling between 
organelles, and thus decreased Ca2+ uptake by 
the mitochondria. This lack of Ca2+ in the 
organelles leads to the opening of Ca2+ channels 
on the plasma membrane and therefore increasing 
the cytoplasmic Ca2+ level [45, 50–52]. This cell 
mechanism of Ca2+ channel opening to compen-
sate the decreased ER/SR Ca2+ level was called 
capacitative calcium entry or later renamed to 
store-operated Ca2+ entry (SOCE) [53, 54]. 

By manipulating the Ca2+ homeostasis and 
resting membrane potentials, viruses like 
coxsackievirus B3 can regulate autophagy and 
apoptosis of the host cell to its advantage. 
Campanella et al. showed that apoptotic cell 
death is suppressed in functional 2B viroporin-
expressing cells by suppressing the cell death 
stimuli actinomycin D and cycloheximide which 
in turn would activate the cell death stimulus 
caspase-3 [52]. The transfection of mutant 2B 
viroporins that should not be able to alter the 
Ca2+ homeostasis did not show any antiapoptotic 
effect, indicating that the perturbation of the Ca2+ 

flux between ER/ Golgi and mitochondria is most 
likely necessary for that effect. So far, however, it 
has not been clearly demonstrated how exactly 
the alteration of the ER-mitochondria Ca2+ flux 
affects the apoptotic signaling pathway in which 
actinomycin D and cyclohexamide participate. 
The antiapoptotic effect of 2B is apparent at the 
beginning of an infection, which is beneficial in 
the early stages of infection in order to replicate 
within the host cell. In later stages of infection 
proapoptotic pathways become more prominent 
that would facilitate the release of virions. It is 
assumed that it is due to the gradual increase of 
cytosolic Ca2+ from the ER/SR that, as previously 
mentioned, releases Ca2+ through the viroporins 
and extracellular Ca2+ [45, 55]. The endogenous 
pathway gets activated due to the activation of the 
mitochondrial apoptotic pathway and due to 
ER/SR stress. The mitochondrial pathway is 
initiated by the increase in uptake of Ca2+ into



mitochondria, which leads to the release of cyto-
chrome c that creates apoptosomes and ultimately 
leads to the activation of caspase-3 and caspase-7 
[55–57]. Cathy et al. have shown that the initia-
tion of that pathway seems to occur in a later 
phase after 8 h post-infection of CVB3 in vitro 
in HeLa cells [58, 59]. In a different study by 
Paloheimo et al., early apoptotic markers did not 
appear until 28 h post-infection in vitro in Green 
Monkey Kidney (GMK) cells [60]. ER/SR stress 
has been observed in CVB3-infected mice, and 
there has been a connection shown that different 
viroporins are causing ER/SR stress. This is pos-
sibly due to the disturbance of ER/SR calcium 
homeostasis and remodeling of the ER/SR mem-
brane, by inhibiting the intracellular glycoprotein 
trafficking in the Golgi causing Golgi stress 
[27, 61]. 
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Besides the programmed cell death apoptosis, 
CVB3 also regulates autophagy, the mechanism 
of removing components not necessary for the 
cell. This has been shown to enhance viral repli-
cation in CVB3 [62]. CVB3’s functional 
viroporin 2B also plays a role in creating 
autophagosomes in cardiac myocytes 
[63, 64]. Although it is still unknown how exactly 
viroporin 2B induces autophagy, it has been 
shown for other viruses such as poliovirus and 
rotavirus NSP4 that their Ca2+ conducting 
viroporins and their Ca2+ regulation plays a piv-
otal role in creating autophagosomes and there-
fore viral replication. Removing Ca2+ or 
expression of mutant viroporins in cells inhibited 
autophagosome formation and decreased viral 
replication by 84% for NSP4. For NSP4, the 
viroporin was shown to induce autophagy via 
the Ca2+ /calmodulin-dependent kinase kinase-β 
(CaMKK-β) signaling pathway [42, 65, 
66]. Thus, it is feasible that CVB3’s viroporin 
2B utilizes a similar mechanism to regulate and 
misuse the cell’s autophagy to their advantage. 

Viroporin 2B also affects the immune host 
response likely by inflammasome activation and 
by direct antagonism of the host immune 
response. Inflammasomes are part of the innate 
immune system and upon activation of caspase-1 
which in turn activate and release of the cytokines 
interleukin 1β and interleukin 18 initiate 

pyroptosis, a special form of lytic programmed 
cell death [67]. An important inflammasome 
called NOD-like receptor family pyrin domain-
containing NLRP3 was shown by Wang et al. to 
be activated during viral infection [68]. They also 
showed that inhibition of inflammasome activa-
tion in CVB3-induced myocarditis in mice allevi-
ate some symptoms, thus this can be another drug 
target. NLRP3 is activated through changes in ion 
concentration, and it has been observed to be 
activated in parallel with K+ efflux in CVB3-
induced viral myocarditis [69]. Although it has 
not been shown for CVB3’s viroporin 2B so far 
that 2B is the perpetrator for the activation of 
NLRP3, there is a possibility that it is as it has 
been shown in other viruses, i.e., encephalomyo-
carditis virus and human rhinovirus, that their 
viroporins stimulate the NLRP3 pathway by 
elevating the cytoplasmic Ca2+ concentration 
from the ER/SR and Golgi [56, 70, 71]. CVB3’s 
viroporin 2B can also directly antagonize the host 
immune response by inhibiting the host cell’s 
protein trafficking through the Golgi apparatus 
though CVB3’s other proteins, i.e., protein 2 BC 
and especially 3A have been shown to inhibit 
protein trafficking significantly more efficiently 
[72]. Other mechanism of evading the host 
immune reaction could possibly exist but more 
experimental insight is required. 

As the viroporin disturbs the Ca2+ homeostasis 
(see Fig. 24.1) and signaling between the 
organelles, it is rather likely that it also disturbs 
the Ca2+-coupled contraction in cardiomyocytes 
that uses the calcium-induced calcium release 
mechanism (CICR) during excitation–contraction 
(E-C) coupling to induce contraction [73, 74]. 

Several cellular systems are impaired by 
viruses, including ion channel function and sur-
face expression [38]. Ion channels and other elec-
trically relevant genes are dysregulated by viruses 
[22]. Further, Ca2+-handling and Ca2+-contrac-
tion coupling and mitochondrial functions are 
impacted during viral infections (see Chaps. 7, 
10 and 15). In addition, electrical cell–cell 
communications via connexins are modified by 
viruses ([75], see Chap. 14).
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Fig. 24.1 Cardiogenic 
viruses interfere with 
cellular electrical function 

24.7 Immune Reactions 

In the case of a viral infection of the heart, many 
changes in the structure and function of 
cardiomyocytes and associated cells take place. 
These changes include manipulations of the host 
cell by the virus on the molecular level, as previ-
ously explained, ongoing degeneration of func-
tional cardiac tissue, fibrosis, and inflammatory 
responses to the viral infection induced by host 
molecular signaling. The viral infection of the 
heart, and other tissues can be divided into several 
phases, in which the viral effects and host–cell 
interactions vary tremendously. 

In phase 0, the preinfection phase, the virus 
enters the target organism and in the case of 
myocardial viruses the blood stream. Target 
cells of viruses are determined by cell membrane 
receptor proteins like the mentioned DAF, CAR, 
CD45, HLA-DQ, cytokine type I interferon, and 
others [17, 18, 76, 77]. Binding of the virus to 
those structures leads to viral entry and infection 
of the host cell. 

In the following phase 1, the replication phase, 
the viral infection has taken place and the virus 
starts active replication in, e.g., myocardial cells. 
This ongoing and exponentially rising viral repli-
cation triggers first defense and immune reactions 
by the host to inhibit viral spread. Thereby, the 
infected host inherits two types of immune 
responses, the innate and the adaptive immune 
responses. The innate immune response is 

classified by immune reactions generally 
targeting all non-belonging substances entering 
a host. Synchronized, the adaptive immune 
response recognizes the distinct type of pathogen, 
which entered the organism and delivers very 
selective and efficient counter strategies. The 
innate immune responses are mostly the first to 
occur and provide the hosts ability of a general, 
but fast reaction to a pathogen [78]. The adaptive 
immune response in contrary takes a distinct lead 
time and so occurs as follow-up to the innate 
immune response. Part of the first innate immune 
response are the interferons, a group of cytokines 
with antiviral effectivity. Interferons are produced 
by virus-infected cells after recognition of viral 
genomes in the cytoplasm. Interferons therefore 
lead to enhanced production of major histocom-
patibility complex-1 MHC-1 and proteasomes, 
which are helping to degrade viral proteins and 
mark infected cells for natural killer cells 
(NK cells). The activated NK cells open cellular 
membranes via enzymatic, perforin-mediated 
degradation and generate a membrane permeabil-
ity for proteases, which degrade cellular 
organelles and induce apoptosis [79]. Released 
interferons activate gene transcription of antiviral 
proteins in neighboring cells, which gear up for 
an eventually upcoming viral infection. 
Interferons are divided into subtypes I and II 
with subclasses α and β, belonging to subtype I 
and γ forming subtype II. In experiments, 
interferons of type I could improve the survival



rate of mice infected with enteroviruses signifi-
cantly, showing the importance and effectivity of 
interferons in early viral defense. Of note, inter-
feron type II did not have significant impact of 
viral titers and survival rate of enterovirus-
infected mice [80–82]. 
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A second defense strategy of the innate 
immune system is the Toll-like receptors (TLR). 
These receptors bind and recognize foreign and 
potentially pathogenic substances, like viral 
genomes (dsRNA, ssRNA) and proteins, and 
induce the expression of cytokines like 
interleukin-1b (IL-1b), interleukin-6 (IL-6), and 
interferons [83]. Those interleukins activate 
leukocytes, macrophages for acute pathogen 
defense, and T-helper cells to initiate IgG produc-
tion to restore tissue homeostasis, resulting in 
inflammation [84, 85]. In humans, 10 different 
TLR’s are postulated for acute recognition of 
pathogens of which TLR2, TLR3, TLR4, TLR7, 
TLR8, and TLR9 are capable to recognize a viral 
infection [86]. For most cardiogenic viruses, 
especially enteroviruses, which use dsRNA and 
ssRNA as genomes, TLR3, TLR7, and TLR8 
possess sufficient RNA recognition sites [87]. If 
the TLR’s fail to detect viral replication in an 
infected cell, a second recognition mechanism is 
available, that is based on the recognition of viral 
dsRNA’s and dsRNA-intermediates. The 
helicases RIG-1 and MDA-5 contain a caspase 
activation and recruitment domain (CARD), 
which is opened via conformational changes in 
the helicase protein triggered by dsRNA binding 
[88, 89]. Activated CARD is able to bind to 
MAVS (mitochondrial antiviral signaling protein) 
recruiting NF-κB and interferon regulating 
proteins leading to the induction of various 
immune responses and interferon type I 
expression [90]. 

Another innate cardiac immune regulator 
responsive to viral infection is the JAK-STAT 
system, which is sensitive to IL-6-receptor activa-
tion by its ligand IL-6. The binding of IL-6 in the 
first place activates JAK (janus kinase)-dependent 
phosphorylation of the IL-6-receptor with 
subsequent phosphorylation and activation of 
STAT (signal transducers and activators of tran-
scription). Activated STAT translocates to the 

nucleus and activates SOCS 1/3-expression (sup-
pressor of cytokine signaling). Translocation of 
expressed SOCS 1/3 to the IL-6-receptors inhibits 
JAK-dependent phosphorylation of IL-6-
receptors and therewith controls the duration and 
level of cardiac immune reactions to viral infec-
tion [91, 92]. Expression studies with SOCS 1/3 
in mice support the efficiency of the antiviral 
feedback loop of JAK-STAT under CVB3 
infections, in which SOCS 1/3-expressing mice 
showed improved cardiac phenotypes compared 
to non-SOCS-expressing controls. TNF expres-
sion additionally contributes to the inflammatory 
host response. Viral-induced TNF overexpression 
activates metalloproteinases, which degrade the 
extracellular matrix, including collagen, and so 
worsen cardiac performance as a result of a 
dilated phenotype [93, 94]. TNF signaling can 
be used as therapeutic target. Anticytokine 
therapies, e.g., with Enbrel® (etanercept) are 
based on drug binding to overexpressed TNF 
initiating its disposal from infected, myocardial 
environment. Currently, a therapeutic approach 
targeting TNF with Remicade® (infliximab) is 
undergoing clinical trial [95]. 

Phase 2 of viral infection follows the acute 
viral infection with high viral replication and 
inflammation and is characterized by viral 
genome persistence without detectable produc-
tion of viral progeny. It is known that viral 
RNA, especially dsRNA’s and dsRNA 
intermediates and also DNA, can last in the pre-
viously infected myocardium for months or even 
years [96, 97]. Very little is known about the 
effect of persistent viral genomes in chronic myo-
carditis, due to the lack of adequate samples. 
Studies in mice, in which a replication-restricted 
CVB3 cDNA was expressed in the myocardium, 
revealed typical phenotypes resembling DCM in 
human patients. This included ongoing fibrosis, 
hypertrophy, and degeneration of 
cardiomyocytes. The mortality rate due to viral 
genome persistence is at about 25% after 
25 months after diagnosis and at 41% after 
5-years [97]. Furthermore, a reactivation of viral 
replication may occur due to unknown environ-
mental signals, raising the possibility of a recur-
rence of myocarditis years after the initial



myocarditis treatment. For the viruses PVB19 and 
HHV-6, viral reactivation associated with new 
myocarditis and worsening of ventricular func-
tion was reported [98–100]. IFNβ therapy for 
6-months after diagnosis increased the survival 
rate of chronic myocarditis patients to 92%, prob-
ably by a clear-out of persistent viral genomes 
from the myocardium [97]. 
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The following phase 3 is characterized by 
cardiac remodeling in reaction to overcome viral 
infection including wound healing, fibrosis, etc. 
However, migrated B-cells can produce and 
release autoantibodies against several host car-
diac structures like β1-adrenergic receptors, car-
diac myosin, cTNI, L-Type calcium channel, and 
others, promoting dilative cardiomyopathy [101– 
103]. In around 70% of viral myocarditis cases, 
patients recover from viral infection in regard to 
an intact immune system and wound healing 
[104]. Due to the fact that cardiomyocytes are 
fully differentiated, nondividing cells, wound 
healing is enabled by fibroblasts resulting in loss 
of contractile tissue. Affected regions resemble a 
scar-like shape and weaken the cardiac system 
concerning conductivity and contractile function. 
The scar represents an electric barrier increasing 
electric tissue heterogeneity and increased proba-
bility of arrhythmias. 

24.8 Viral Capsids 

Every virus forms a capsid to encapsulate its 
genetic information. Some viruses additionally 
possess a double lipid membrane called viral 
envelope around the capsid. The capsid can be 
made up out of multiple proteins, e.g., VP1, VP2, 
VP3, and VP4 for CVB3 [105]. Immunohis-
tochemistry can be performed in myocardial 
samples against viral capsid proteins in order to 
detect viral infection [106]. Besides encapsula-
tion, the capsid proteins also have other functions 
that are beneficial for the virus. Viruses use their 
capsids to attach to the host cell for viral entry. At 
the junction between VP1 and VP3, a hydropho-
bic pocket or “canyon” is located that can bind to 
different hydrophobic components. Binding of 
different components can either enhance the 

stability of the virus and therefore more resistant 
to uncoating or affect the binding of the virus to 
the host cell [107, 108]. Often, viruses need to 
enter the host cell’s nucleus in order to use the 
nuclear proteins, usually required for the host 
cell’s replication, for its own replication 
[109]. In addition, viral infections can affect sev-
eral cellular functions of the cardiomyocyte (see 
Fig. 24.2). 

CVB3’s capsid protein VP1 as well as Herpes-
virus-1’s VP1–2 capsid protein and most likely 
also other herpesviruses such as human herpes 
virus-6 that is also frequently detected in patients 
with myocarditis have been shown to have a 
nuclear localization signal and with this can be 
imported into the nucleus [110, 111]. In addition, 
CVB3’s VP1 was demonstrated by Wang et al. to 
induce cell cycle arrest at G1 phase in the host cell 
in cardiomyocytes [112]. They showed that VP1 
does it by upregulating heat shock protein 
70 (Hsp70) which leads to downregulation of 
cycline E and upregulation of p27Kip1 , both 
regulating the cell cycle. Cell cycle arrest was 
shown to promote CVB3 replication. 

CVB3’s VP2 also appears to play a role in 
viral replication. Knowlton et al. and Stadnick 
et al. conducted studies with point mutated VP2 
and infected these mutated CVB3 in mice 
[113, 114]. These mice showed significantly less 
myocarditis and cell damage in comparison to the 
not mutated form implying that VP2 also plays a 
role in the induction/progression of myocarditis. 
Stadnick et al. additionally found that mutation of 
VP3 at the knob region leads to a decrease in 
virulence, as well. Stereographic imaging showed 
that VP2’s puff region as well as VP3’s knob 
region forms an epitope of the putative-binding 
site of DAF, thus mutations at this site can be 
expected to impair viral docking. In addition, 
Henke et al. reported that VP2 interacts with 
proapoptotic protein Siva that plays a role in the 
CD27/CD70-transduced apoptosis [115]. They 
showed that Siva is upregulated in CVB3 infected 
and apoptotic tissue areas in murine hearts, 
indicating that CVB3’s VP2 promotes apoptosis 
in myocarditis. 

So far, only few studies have been conducted 
to illuminate the relevance of CVB3’s VP4 in



myocarditis. However, it has been reported that 
antibodies against VP4 are produced in humans 
and CVB4’s VP4 influences viral replication in 
murine pancreas [116, 117]. 
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Fig. 24.2 Various cellular 
functions are dysregulated 
during viral myocarditis. 
Depicted components of 
cellular functions are 
modified during a viral 
infection of cardiomyocytes 

24.9 Diagnosis 

The clinical course of a viral myocarditis is 
diverse and complicated, which renders a diagno-
sis of acute or ongoing viral myocarditis compli-
cated. In clinical diagnosis of myocarditis, several 
subsets are distinguished including fulminant, 
chronic active, eosinophilic, and giant cell myo-
carditis, which are all believed to be caused by 
viral infection [104]. 

Fulminant myocarditis is characterized by 
multiple infection foci accompanied with necrosis 
and ongoing inflammation, mainly localized on 
the left ventricle leading to left ventricular dys-
function within 2 weeks post-infection, with 
migration of inflammatory B-cells, T-cells, 
T-helper-cells, lymphocytes, and 
macrophages [118]. 

The chronic active outcome leads to the mani-
festation of a restrictive cardiomyopathy within 
2–4 years post-infection. This scenario is 
associated with progressing fibrosis and immune 
reactions including chronic inflammations mostly 
of the left ventricle [119]. 

Eosinophilic myocarditis usually occurs dur-
ing hyper-eosinophilia, a condition in which 

eosinophils enter the myocardium in a high num-
ber and linger. Over weeks, these cells get 
degraded under the release of eosinophil-derived 
neurotoxin, cationic protein, major basic protein, 
and reactive oxygen species, leading to ongoing 
necrosis and fibrosis. Eosinophilic myocarditis 
mostly occurs in response to medications or 
parasites but can be caused by viruses as well. 
In most cases, virus-induced eosinophilic myo-
carditis occurs in the left ventricle [120–122]. 

Giant cell myocarditis is a rare disease 
characterized by the infiltration of big amounts 
of fused, multinuclear macrophages (giant cells) 
into the myocardium. This scenario mostly occurs 
in response to intense immune reactions, for 
example, induced by autoimmune diseases like 
lupus erythematosus, rheumatoid arthritis, and 
inflammatory bowel disease. Several studies dis-
cuss viral infections of idiopathic cases as cause 
for giant cell myocarditis as well. This kind of 
myocarditis leads to severe outcomes including 
congestive heart failure, heart block, inflamma-
tion, and ventricular arrhythmias with very high 
patient mortality within 6 months if left untreated 
[123, 124]. 

The diagnosis of viral myocarditis classically 
follows the Dallas criteria, a catalogue of poten-
tial observations based on immunohistochemical 
investigation of heart biopsies. These 
observations include the presence of infiltrating 
cells like giant cells, neutrophils, and 
lymphocytes, the observation of ongoing



inflammation and/or necrosis and fibrosis. For 
detailed characterization, a second biopsy is 
taken after the first characterization to analyze 
for chronic/ongoing, resolving or resolved myo-
carditis [125]. The weakness about the Dallas 
criteria is the one-sided view on the cardiac 
pathology relying only on immunohis-
tochemistry. While viral-induced inflammation 
and necrosis occur in infection foci, the chance 
of missing a representative region in a biopsy is 
high, which leads to a nondetection of viral influ-
ence on cardiac dysfunction. This suggestion is 
supported by clinical studies in which myocardi-
tis patient biopsies were analyzed under Dallas 
criteria in comparison to other detection methods 
as PCR and HLA screening. The PCR test gives 
additional information about persistent viral RNA 
in the myocardium, while HLA is generally 
upregulated during viral infections. One study 
focused on 34 cardiac biopsy samples of patients 
with suspected myocarditis. In 26 samples, there 
was evidence for ongoing viral myocarditis 
diagnosed by PCR, while immunohistochemical 
observation only diagnosed 13 of the 26 samples 
as myocarditis-positive [126]. Another study 
focused on the detection of elevated HLA as 
biomarker for myocarditis. Out of 202 patients 
with new-onset cardiomyopathy, 84 showed ele-
vated HLA levels, while only 54 patients were 
diagnosed positive under the use of the Dallas 
criteria [127]. These findings point out that the 
Dallas criteria alone are not sufficient to diagnose 
the wide variety of myocarditis types and subsets 
in patients, but that other methods as standardized 
PCR and HLA-screening should be added as 
standard diagnostic methods. Summarizing, the 
current diagnostic practice might fail to detect 
all viral infections in patients. 
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24.10 Conclusions 

Virus infections of the heart are common and can 
lead to a multitude of cellular effects including 
markedly modified intracellular signaling, dis-
turbed calcium handling, altered ion channel 
functions at the plasma membrane, mitochondrial 
dysfunctions, and impaired cell–cell 

communications. Subsequently, infected 
cardiomyocytes react differently in the concerted 
electrical action of cells within the cardiac tissue. 
Eventually, infected cells may undergo apoptosis 
or necrosis producing scars within cardiac tissues. 
Both functionally altered cells and tissue scars 
reduce cardiac performance and increase electri-
cal heterogeneity, a well-known trigger of poten-
tially lethal arrhythmias. Electrical and functional 
reserves are reduced in virus-infected hearts ren-
dering them particularly sensitive to physiologi-
cal β-adrenergic stress. 
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Pollution-Induced Cardiac Arrhythmias

Epigenetics is defined as alterations, herita-
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Abstract 

Air pollution is a silent killer. Considered the 
largest environmental health risk globally, air 
pollution has been implicated in the develop-
ment of cardiovascular and respiratory 
conditions as well as various cancers. Air pol-
lution poses a serious global threat, as 91% of 
the world’s population resides in areas that fail 
to meet WHO air quality guidelines. Air pol-
lution in the form of particulate matter 
(PM) contributes to increased arrhythmia 
development. Exposure to unhealthy PM 
levels coupled with those suffering from 
arrhythmias necessitates analysis into their 
shared underlying causes. 

ble and acquired, to gene expression with pres-
ervation of the original DNA sequence. These 
modifications naturally occur during develop-
ment but can be modified by external stimuli, 
ultimately resulting in differential gene 

expression in offspring. A handful of 
modifications constitute the essential pillars 
of this domain, often working concurrently to 
induce changes: DNA methylation, chromatin 
remodeling, histone modification, and 
RNA-based modifications. This chapter aims 
to discuss the influence of air pollution on 
epigenetic mechanisms and how these affect 
the development of cardiovascular disease, 
including arrhythmia development. 
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DNMT DNA methyltransferase 
EGC electrocardiogram 
ERK extracellular signal-related kinase 
HATs histone acetyltransferases 
HDACs histone deacetylases 
HMTs histone methyltransferase 
HopXtg homeodomain protein 
HR heart rate 
HRV heart rate variability 
ICD implantable cardioverter 

defibrillators 
INO80 inositol-requiring 80 complexes 
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PNS parasympathetic nervous system 
pri-
miRNAs 

primary miRNA transcripts 

RISC RNA-induced silencing complex 
ROS reactive oxygen species 
SAM S-adenosylmethionine 
sncRNAs small noncoding RNAs 
SWI/SNF Switching defective/sucrose 

nonfermenting complexes 
TNF tumor necrosis factor 
TSA trichostatin A 
UTR untranslated region 

25.1 Introduction: Particulate 
Matter and Cardiovascular 
Function 

Environmental factors can induce profound phys-
iological and pathophysiological consequences 
on the cardiovascular system [1, 2]. Obesity, 
stress, and air pollution, among other external 
stimuli, exemplify established risk factors for car-
diovascular disease (CVD), which continues to be 
the leading cause of death in the United States. 
The dynamic interplay between genetics and 
environmental factors is complex: does one 

develop heart disease from obesity caused by a 
poor diet? Or are obese people genetically prone 
to developing cardiovascular disease via exposure 
to air pollution? Epigenetics is the balance of 
these dynamics via mechanisms induced by envi-
ronmental triggers and those that occur during 
development. 

Particulate matter (PM) is the sum of solid 
particles and liquid droplets suspended in the 
air. Sources of particulate matter include 
emissions from automobiles, smokestacks, con-
struction sites, unpaved roads, and the black car-
bon and/or elemental carbon from these sources 
[3]. Many forms of air pollution exist alongside 
PM, such as carbon monoxide, ozone, oxides of 
nitrogen, etc. WHO estimates that PM exposure is 
responsible for the death of nearly seven million 
people annually. A number of studies have linked 
PM exposure to stroke, heart disease, several lung 
diseases, and pneumonia [4–6]. Another review 
by the American Heart Association (AHA) stated 
that CVD has resulted in over 17 million deaths 
annually. Of these 17 million, nearly 3.3 million 
were associated with exposure to ambient air 
pollution. The AHA has also stated that short-
term exposure to PM contributed to the develop-
ment of CVD and long-term exposure reduced 
life expectancy [5]. 

PM penetrates the body primarily through 
inhalation, where it enters the lungs and gains 
access to the bloodstream via alveoli. PM10 

(coarse PM, diameter of <10 μm) has been exper-
imentally linked, via in vivo and in vitro models, 
to acute and chronic CVD, whereas PM2.5 (fine 
PM, diameter of <2.5 μm) and PM0.1 (ultrafine 
PM, diameter of <0.1 μm) have been shown to 
penetrate further into the airways, alveoli, and 
systemic circulation, inducing the development 
of atherosclerosis, CVD, and provoking acute 
cardiac episodes and arrhythmias [7]. Recent 
studies of PM and CVD have demonstrated 
PM-induced development of cardiomyopathy, 
myocardial infarction, and hypertension, leading 
to cardiovascular (CV) dysfunction including 
arrhythmias, specifically tachycardia [8–11]. PM 
exposure is also associated with variations in 
heart rate (HR) in the form of tachycardia and



heart rate variability (HRV). HRV, as its name 
states, is the variation in between heartbeats 
within a timeframe, measured by differences in 
the beat-to-beat interval. Decreased parasympa-
thetic nervous system (PNS) activity exhibits 
decreased HRV, which is associated with respira-
tory sinus arrhythmia [12]. Furthermore, research 
of the underlying mechanisms of PM exposure 
and its proarrhythmic effects on CVD is lacking. 
Some studies suggest that PM affects the balance 
of autonomic control on the heart, increases reac-
tive oxygen species (ROS), and changes the abil-
ity of blood to coagulate [11, 13]. This section 
will review the proarrhythmic effects of PM 
exposure and its long- and short-term effects. 
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25.1.1 Clinical Observations 

Clinical examinations of the proarrhythmic 
effects of PM2.5 have been conducted utilizing 
data from implantable cardioverter defibrillators 
(ICD), surveys, and clinical records of patients 
who experienced heart arrhythmias in correlation 
with PM concentrations recorded via satellite 
remote sensing, meteorological, and land-use 
analyses. To study the short-term effects of expo-
sure to PM2.5, ICDs were used to detect and 
record episodes of ventricular arrhythmias in a 
study of over 200 patients. There was a positive 
association between ventricular arrhythmia 
events and recorded PM levels; the strongest 
associations found over a 24-h moving average 
compared to the mean air pollution concentration 
for the calendar day and the previous day 
[9]. Patients with previous episodes of ventricular 
arrhythmias and other CVDs were more suscepti-
ble to ventricular arrhythmias correlated with PM 
exposure [9]. While short-term studies examine 
the effects of fluctuating PM emissions associated 
with certain occupations and shifts in weather 
patterns and development of CVD, long-term 
studies usually involve exposure of PM levels 
comparable to industrialized countries. 

Recent studies of long-term PM exposure have 
demonstrated that exposure to PM2.5 has been 
associated with the onset of tachycardia. An epi-
demiological study in China of over ten million 

reproductive-aged adults exposed to PM 
investigated this phenomenon over a span of 
3 years. This study showed that 16% of 
participants, mean age of 28 years, were classified 
as having tachycardia. Older individuals (aged 
40–64 years) showed a greater increase in HR 
than younger individuals (<30 years old) after 
long-term PM exposure, suggesting that older 
individuals may be more vulnerable to the effects 
of PM. This study showed a positive relationship 
between long-term PM exposure and tachycardia, 
increases in resting HR, and a 4% increase in 
ventricular tachycardia [14]. This work is 
supported by another study, which showed 
increases in PM by as little as 5 μg/m3 were 
positively associated with HRV by 4.1% and 
increased diastolic blood pressure [10]. Thus, 
individuals exposed to prolonged elevation of 
PM emission are more susceptible to the devel-
opment of tachycardia. Older individuals and 
individuals with a medical history of CVD and 
arrhythmia are more prone to further development 
and frequent episodes of arrhythmias. 

As an increasingly industrialized society, 
where the combustion of carbon-based fuel is 
the primary source of PM, the findings of these 
epidemiological studies are concerning. If 
increased exposure to PM caused the develop-
ment of cardiac pathological defects, a decrease 
in the input of PM would result in the decrease in 
future developments of PM-induced CVD and 
arrhythmia. Implementing higher industry and 
transportation emission standards would provide 
a means of limiting emitted PM; however, these 
standards must be implemented at a global level 
since air, and its associated PM levels, are not the 
same between cities and countries. When consid-
ering the populations that exhibited increased 
susceptibility to PM-induced CVD presented 
above, it is also crucial to further investigate 
what populations are more vulnerable to the 
effects of PM. Research focused on specific 
demographics (i.e., socioeconomic status, educa-
tion level, race, sex, etc.), and the presence of 
existing disease should be conducted.
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25.1.2 Experimental Studies 

Variations in HR and HRV have shown mixed 
results when reproduced in animal studies of PM 
exposure. One study showed that increased expo-
sure to concentrated air particles, analogous to 
PM, increased heart rate during and one hour 
after exposure, and caused a small increase in 
ventricular premature beats, though the latter 
was not statistically significant. These effects 
were short lived, which may be the result of a 
short exposure timeframe or the short window of 
observation [15]. 

A long-term in vivo study that investigated 
PM exposures comparable to those of 
industrialized countries demonstrated that PM2.5 

caused cardiovascular remodeling as well as vari-
ous features of heart failure [16]. Long-term 
exposure to fine PM was shown to result in car-
diac phenotypes consistent with heart failure, 
spontaneous arrhythmias, and increased HR. A 
short-term PM exposure in rats further supported 
these findings providing evidence that daily 
exposures to PM were shown to generate ROS 
up to two-fold of control levels [17]. ROS has 
been associated with increased risk of arrhythmia 
via several pathways as discussed below in the 
Underlying Mechanisms section. 

Additionally, rats with metabolic syndrome 
(MetS) show increased susceptibility to the devel-
opment of cardiac pathophysiology caused by 
PM exposure, including arrhythmia development. 
MetS rats showed altered HRV and increased HR 
after exposure to PM for 5 h/day over 12 days 
[18]. These rats, fed a high fructose diet and 
exposed to PM, exhibited altered cardiac electro-
physiology, including a fourfold increase in atrio-
ventricular arrhythmias, a diminished baroreflex 
response, and a decreased vagal influence on car-
diac function, which provides another example of 
a population more susceptible to the development 
of arrhythmias. These results are similar to those 
from an epidemiological study in China, which 
found that older individuals and those afflicted 
with comorbidities were more susceptible to CV 
dysfunction after PM exposure [14]. 

25.1.3 Underlying Mechanisms 

Recent epidemiological studies in adolescents 
have found that increased PM exposure caused 
an abnormal shift from parasympathetic control 
of the heart to predominant sympathetic control, 
associated with decreased HRV [11, 12]. As men-
tioned in the introduction, decreases in HRV are 
associated with respiratory sinus arrhythmia. 
Explanations for the imbalance of autonomic con-
trol of the heart may be explained by the produc-
tion of ROS caused by PM exposure [19]. After 
long-term exposure to PM, the increase in ROS 
triggers ROS-dependent cell-signaling pathways, 
which result in an acute increase in blood pressure 
and a shift toward activation of the sympathetic 
nervous system, which results in arrhythmia. 

PM exposure has also been linked to increased 
activity of NADPH oxidase, which generates .O2 

upon phosphorylation of p47phox , a subunit of 
NADPH, and binds to p22phox in the cell mem-
brane resulting in increased ROS in the vascula-
ture [20]. ROS in the vasculature results in the 
activation of inflammatory response via several 
pathways including focal activity, disruption of 
cardiac ionic currents, increased cardiac fibrosis, 
and impaired gap junction function [13]. Focal 
activity caused by ROS has been shown to pro-
long action potential duration, and induce early 
and delayed after depolarization, which facilitates 
arrhythmia development [13]. ROS disrupts ion 
currents as a result of residual Na+ flow after the 
action potential peak, abnormal release, and reup-
take of Ca2+ in the sarcoplasmic reticulum, as 
well as inhibiting KATP channels which prolongs 
action potential duration. 

Other studies have suggested that exposure to 
PM caused an inflammatory response in the 
alveoli and release of cytokines, ultimately 
changing blood coagulation. The ultrafine PM is 
retained in the interstitial tissue of the lungs where 
an inflammatory response follows. This retention 
is likely due to the macrophages’ inability to 
phagocytize ultrafine PM particles. Changes in 
blood coagulation have been linked to increased 
susceptibility to CVD event (i.e., myocardial 
infarction) [21]. Further research is still needed



to fully understand the mechanisms of PM expo-
sure on heart arrhythmias. 
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25.2 Epigenetic Modifications 
Overview 

Epigenetic modifications are essential for normal 
physiological processes. However, there is clear 
evidence for the role of epigenetic processes in 
the development of cancers, cardiovascular dis-
ease, neurological, and autoimmune disorders. 
An increased understanding of the mechanisms 
that drive epigenetics could offer the missing link 
in developing more effective therapeutic 
approaches for cardiovascular disease. While epi-
genetic modifications can be detrimental to car-
diovascular health, the epigenome possesses 
reversible properties that enable it to be 
reprogrammed. This feature has been established 
and applied to the development of cancer thera-
peutics: epigenetic drugs, termed epidrugs, are 
currently being developed to target the epigenetic 
modifications responsible for inhibiting tumor 
suppressor and DNA repair genes 
[22, 23]. Epidrugs are designed to target enzymes 
responsible for completing epigenetic 
modifications including DNA methyltransferases 
and histone deacetylases. By inhibiting such 
enzymes, epidrugs prevent unwanted silencing 
of genes and help to reestablish normal function 
within the epigenome. Thus, certain epigenetic 
modifications relevant in the development of dis-
ease can be reversed. Mounting evidence 
suggests the coupling of epigenetic drugs with 
chemotherapy could provide an effective treat-
ment option for diseases such as cancers. 
Although still in its infancy, this research 
suggests that epigenetic modification may be 
utilized to treat cardiovascular diseases [24]. 

A description of each epigenetic mechanism, 
providing the foundation for this chapter, is 
depicted in Fig. 25.1. The subsequent sections 
will expand on the links between external stimuli, 
induced epigenetic modifications, and the 
resulting cardiac dysfunction. 

25.2.1 DNA Methylation 

DNA methylation, an essential epigenetic regula-
tor in many eukaryotic organisms, occurs when a 
methyl (CH3) group is covalently added to the 
5-C position of a cytosine on DNA. The execu-
tion and maintenance of this modification is deter-
mined by a family of three DNA 
methyltransferase (DNMT) enzymes: DNMT3a, 
DNMT3b, and DNMT1. Common changes 
induced by DNA methylation include regulation 
of gene expression, suppression of transposable 
elements, genomic imprinting, and 
X-chromosome inactivation [25, 26]. DNA is 
highly methylated in vertebrates: ~60–90% of 
cytosine preceding guanosine (CpG) sites are 
methylated, with the exception of “islands” of 
unmethylated areas called CpG islands 
[27]. Methylation plays a highly regulatory role 
in gene expression at CpG sites; however, its role 
changes when CpG islands are the targets of 
modification. 

CpG islands comprise around 1000 
CpG-dense base pairs. Under normal conditions, 
CpG islands lack methylation [28]. These islands 
are nonrandom; they encompass ~1% of genomic 
DNA and are located at the promoter regions (5’ 
N-terminus) of many genes. Housekeeping genes, 
which act to maintain cellular function and to 
normalize expression values of variable genes 
for experimental and computational studies, are 
among the most common genes possessing CpG 
islands [29, 30]. Housekeeping gene promoter 
regions must remain unmethylated to ensure 
their constitutive expression to maintain normal 
cell functionality. However, when methylation 
within CpG islands occurs, access to DNA is 
decreased, blocking transcription factor binding 
and gene expression [28]. Methylation of CpG 
islands and dysregulation of prevalent methyla-
tion patterns (60–90% of CpG) potentiate an 
array of consequences, ranging from develop-
mental disorders to various diseases, including 
CVD [27, 28, 31]. 

DNMT1 is the primary methyltransferase 
responsible for maintaining the covalent attach-
ment between methyl groups and cytosines upon

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3521964/
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DNA replication. DNMT1 acts to copy the parent 
strand methylation pattern onto the unmethylated 
daughter strand, transforming the double-
stranded DNA from hemi-methylated to fully 
methylated. DNMT3a and DNMT3b (de novo 
methyltransferases) aid in establishing novel 
patterns of methylation early on in development 
by adding methyl groups to unmethylated CpG 
bases [32]. DNA methylation is vital to cell dif-
ferentiation and embryonic development, and 
DMNT1 plays a crucial role in subsequent meth-
ylation pattern maintenance [32, 33]. Genetic 
knockout experiments have revealed DMNT1, 
DMNT2, and DMNT3 are essential to offspring 
viability, though DMNT2 is not directly involved 
in the DNA methylation process. DNMT1 inacti-
vation resulted in embryonic lethality, and 

DMNT3a/DNMT3b inactivation caused death 
shortly after birth in mice. Reduced or disrupted 
patterns of these enzymatic catalysts contribute to 
genomic destabilization, promoting cancer, and 
disease development [34]. Hypermethylation of 
CpG island promoter regions exemplifies abnor-
mal DNMT activity, causing transcriptional 
silencing effects on cellular pathways (mimicking 
those of mutations/deletions). Hypermethylation 
of DNA repair genes has also been associated 
with cancer and disease development [34]. Proper 
DNA methylation is essential to the growth, 
development, and maintenance of the human 
genome. 
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Fig. 25.1 Particulate matter-induced epigenetic 
modifications of chromosome in cardiomyocyte including 
DNA methylation, histone modifications, chromatin 

remodeling, and RNA-based modifications and resulting 
dysfunction. Figure created with BioRender.com 

Methylation can be reversibly modulated by 
demethylation, accomplished through both an 
active and passive approach: demethylases are

https://www.sciencedirect.com/science/article/pii/S1359644619303344?via%3Dihub
http://biorender.com


the active enzymatic agents responsible for com-
bating the effects of malfunctioning DNMTs and 
methylation of CpG islands, often at promoter 
regions, where hyper/hypomethylation can 
silence gene expression and result in cancer and 
disease development [34]. The passive mecha-
nism involves failure to retain methylation 
patterns during DNA replication and cell division. 
However, demethylation remains a highly 
uncharted concept, limiting its current application 
for therapeutics. Furthermore, the 5C-methyl 
modification is thought to be highly stable, and 
it has yet to be determined if breaking the carbon– 
carbon bond necessary to remove the methyl 
group from the 5-methylcytosine is possible. 
Still, cytidine deaminases, elongator complexes, 
base excision repairs, nucleotide excisions, DNA 
methyltransferases, and DNA glycosylases are 
candidate gene families and pathways suspected 
to play a role in the biochemical mechanisms 
associated with DNA demethylation [35]. With 
the increasing potential to reverse methylation of 
undesirable regions with accuracy, there is hope 
for detecting and treating diseases caused by epi-
genetic modifications by offering a directed ther-
apeutic approach [32, 35]. 
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25.2.2 Chromatin Remodeling 

DNA is tightly packaged by wrapping around an 
octamer of duplicate histone proteins (H2A, H2B, 
H3, and H4) to form a nucleosome, which is the 
structural unit of the chromatin complex 
[36]. This system offers an effective way of hous-
ing large amounts of genetic material while divid-
ing the genome between transcriptionally active 
and inactive/repressed zones [37]. Nucleosomes 
provide a primary means of genomic compaction 
and a “signaling hub” for chromatin-templated 
processes. During chromatin remodeling, 
ATP-dependent enzymes manipulate the function 
of nucleosomes, resulting in post-translational 
modifications [38]. Energy from ATP hydrolysis 
is used to elicit changes from nucleosome move-
ment to destabilization or restructuring by altering 
associations between histones and DNA on the 
nucleosome [26, 39]. 

There are four classes of ATP-dependent chro-
matin remodeling complexes that are powered by 
ATP hydrolysis and function to slide or eject 
nucleosomes. The complexes manage nucleo-
some grouping and configuration by communi-
cating with histone chaperones and swapping 
histones and histone variants [40]. The classes 
include switching defective/sucrose 
no-fermenting complexes (SWI/SNF); imitation 
switch complexes (ISWI); chromodomain, 
helicase, DNA-binding complexes (CHD); and 
inositol-requiring 80 complexes (INO80) 
[26]. The chromatin remodeling complex families 
contain varied levels of domains, subunits, and 
accessory subunits, which dictate their target 
specificity and role in gene expression regulation 
[40]. Regardless of differences in domain and 
subunits, the complexes serve a common purpose 
of altering gene expression at some capacity. 
Some protein complexes promote access to 
nucleosomal DNA, while others inhibit access 
by retightening and reforming the DNA-protein 
complexes that comprise the nucleosome 
[36]. The degree that chromatin is condensed 
modulates transcription, DNA replication, and 
DNA damage response. Chromatin remodeling 
complexes function to modulate the state of chro-
matin and its degree of accessibility, effectively 
altering gene expression [40]. Furthermore, chro-
matin remodeling directs protein access to DNA 
and plays a regulatory role in DNA damage-
induced signaling pathways [41]. Irregular func-
tionality of the ATP-dependent chromatin 
remodeling complexes is linked to disease devel-
opment, since they are key players in fundamental 
cellular processes (i.e., transcription, DNA repli-
cation, and repair). 

25.2.3 Histone Modifications 

Histones are protein structures that organize DNA 
into nucleosomes as a means of packing a signifi-
cant amount of genetic information into a 
condensed structure. Histone modifications pro-
vide a means of post-translational control of gene 
expression by modulating the degree of chroma-
tin compaction. Histone modifications include
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phosphorylation, ubiquitination, sumoylation, 
acetylation, deacetylation, ADP-ribosylation, 
proline isomerization, deamination, methylation, 
and demethylation [42]. Histone acetylation 
refers to the introduction of an acetyl group 
(CH3CO) to a member of a histone tail (com-
monly lysine). It is the most studied modification 
and dysregulation that has been implicated in the 
development of CVD [43]. Acetylation provides 
greater access to chromosomal domains that are 
highly compacted and elicits increased access to 
promoter regions, ultimately activating transcrip-
tion. Without acetylation, nucleosomes will con-
tinue folding into more complex and inaccessible 
structures. Accessibility is thus a balance of the 
synergistic actions between acetylation and chro-
matin remodeling via ATPases and methylation 
[44]. Histone acetyltransferases (HATs) transfer 
an acetyl group to histone proteins and play a 
crucial role in the activation of genes and tran-
scription. Histone deacetylases (HDACs) effec-
tively remove the acetyl group from histone 
tails, resulting in a reversal of DNA accessibility 
and an increased level of nucleosomal fiber 
folding, inducing repression [45]. A disruption 
of the balance between HAT and HDAC standard 
functionality can elicit cardiac pathologies, which 
will be discussed later in this chapter. 
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Histone methyltransferase (HMT) enzymes 
use S-adenosylmethionine (SAM) as a cofactor 
to catalyze the methylation of basic residues 
(lysines, arginines, and histidines) in histone 
tails. Individual residues and different residues 
of the same histone can be methylated to varied 
degrees. For example, lysine can be mono-, di-, or 
tri-methylated [46]. The extent of methylation 
affects the condition of differential gene expres-
sion, causing either activation or repression of a 
methylated gene [47]. Protein recruitment may 
cause additional chromatin folding or increased 
access to the DNA [36]. Demethylation refers to 
the reversal of methylation via removal of methyl 
group(s) from histone tails. Similar to histone 
methylation, demethylation can promote or 
inhibit gene activity [34]. Experimental rat 
models have associated heart failure development 
to two histone modifications: trimethylation of 
histone H3 on lysine-4 or lysine-9, thus revealing 

the implications few epigenetic modifications can 
have in cardiovascular disease development [48]. 

25.2.4 RNA-Based Modifications 

The central dogma of molecular biology in which 
DNA is transcribed into RNA and RNA is trans-
lated into protein oversimplifies the relationship 
between DNA, RNA, and protein. DNA is tran-
scribed into RNA, which can later be translated 
into protein; however, this is not always the case. 
In fact, genomic DNA is predominately tran-
scribed into noncoding RNA (ncRNA), which 
fails to be translated into proteins. ncRNAs main-
tain a highly purposeful role in epigenetics and 
the evolution of disease [49]; ncRNA is divided 
into small noncoding RNAs (sncRNAs), which 
includes microRNAs (miRNAs) and long non-
coding RNA (lncRNA), greater than 
200 nucleotides in length [50]. miRNA—an 
endogenous form of sncRNA that is ~22 
nucleotides long—is the most understood form 
of sncRNAs to date. miRNA dysregulation has 
been found to play a major role in the formation 
of cancer and disease [51–53]. 

The biogenesis of miRNA involves a multistep 
process beginning with the transcription of 
miRNAs into long primary transcripts 
(pri-miRNAs). Next, pri-miRNAs form unique 
precursor stem loop structures ~77 nucleotides 
in length (pre-miRNAs) that are cleaved by 
RNase III nuclease [54]. The transcripts are then 
exported from the nucleus to the cytoplasm and 
cleaved by RNase III Dicer, resulting in a final 
miRNA ~22 nucleotides in length [54]. Upon 
reaching mature form, one strand of miRNA is 
organized into an RNA-induced silencing com-
plex (RISC) that can recognize and bind short 
fragments of mRNA [55]. The seed region of 
miRNA is between nucleotides 2 and 8 at the 5′ 
end of the strand. This region is essential for 
target recognition, functioning to identify the 3′ 
untranslated region (UTR) of the mRNA to which 
it binds. Targeting of 3’ UTR regions is wide-
spread, though regions such as 5’ UTR or coding 
regions may be targeted instead. The normal 
function of mRNA can effectively be repressed
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by miRNA binding, and a single miRNA is capa-
ble of targeting several mRNAs [56]. High com-
plementarity between the miRNA and target 
mRNA promotes degradation of target mRNA 
by a process termed RNA interference. Low com-
plementarity yields translational inhibition of tar-
get mRNA, via induced ribosomal alterations, 
which is highly prevalent in human cells. The 
interplay between high and low complementarity 
and their mechanisms offers an effective way of 
maintaining homeostasis. In addition to 
interacting with mRNA, organized actions 
between miRNAs and other epigenetic 
modifications also exist [56, 57]. 
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The descriptions above detailing each com-
mon epigenetic modification provide an overview 
of their properties, elucidating the highly complex 
and cooperative nature of epigenetic 
modifications and their ability to influence cellu-
lar function and genetic expression. These 
mechanisms apply to various systems throughout 
the body and can be affected by many external 
triggers, such as air pollution. Although epige-
netic changes can induce unfavorable expression, 
since alterations are not at the DNA sequence 
level, the possibility to reverse detrimental 
modifications is within reach. Throughout this 
chapter, the relationships between epigenetics, 
arrhythmias, and air pollution in the form of PM 
exposure will be introduced. First, we will con-
sider the connection between epigenetics and 
arrhythmias. We will then highlight the effect of 
PM on arrhythmias and the epigenome. Lastly, 
we will consider what role other pollutants, 
including traditional cigarettes, have on the devel-
opment of arrhythmias. 

25.3 Epigenetics as a Mechanism 
for Particulate Matter-Induced 
Cardiovascular Disease 

25.3.1 Role of DNA Methylation 
in Arrhythmogenesis 

Abnormal patterns of DNA methylation have 
been closely associated with many CVDs, such 
as arrhythmias [58]. Parental atrial fibrillation 

(AF) is a risk factor for arrhythmia development, 
indicating a genetic component [59, 60]. A vari-
ety of remodeling changes, such as fibrosis and 
signaling pathways, lead to physiological changes 
and cardiac disease conditions, in which AF is a 
common endpoint [60–62]. Additionally, regula-
tion of extracellular matrix proteins, which cause 
fibrosis that leads to arrhythmias, has been shown 
to be regulated byDNAmethylation [63]. Fibrosis 
slows the electrical function by jeopardizing the 
electrical impulse propagation. There are some 
discrepancies in the literature concerning the uni-
formity of methylation across the atrium of the 
heart. Methylation was largely found to be 
conserved across atrial tissue of coronary bypass 
surgery patients where after surgery 25% of the 
patients developed AF, which contrasts starkly 
with another study involving induced heart failure 
in rats that found CpG islands to be 
hypermethylated in the atria with fibrillation 
[64, 65]. The link between DNA methylation 
and gene expression in heart disease needs to be 
further studied before it can be a predictive indi-
cator of gene expression in human populations 
[66]. DNA methylation has been shown, how-
ever, to play a central role in the maintenance of 
cardiac fibrosis, which contributes to the patho-
genesis of AF [62, 63]. 

SERCA2a, an ATPase that plays an important 
role in transporting calcium into the sarcoplasmic 
reticulum, contains CpG islands in the promoter 
region of its gene [67]. When the expression of 
SERCA2a is altered, calcium handling becomes 
abnormal, a lower expression leads to less capac-
ity for calcium handling, leading to a change in 
contractility and arrhythmia [67]. The methyla-
tion of the SERCA2a promoter region is affected 
by DNMT levels. In one study, DNMT levels in 
HL-1 cardiomyocytes were increased after intro-
duction of tumor necrosis factor alpha (TNF-α), 
leading to an enhancement in methylation of 
SERCA2a, reducing its expression [67]. Activity 
of SERCA2a and phospholamban can impera-
tively influence the calcium handling leading to 
potential risk to developing an arrhythmia as well 
as heart failure [68]. When cardiac fibrosis was 
induced via isoproterenol injections in rats, 
DNMT3a was found to silence RASSF1A via

https://www.sciencedirect.com/science/article/pii/S0027510711001837?via%3Dihub


extracellular signal related kinase (ERK1/2) 
upregulation, which caused increased fibroblast 
proliferation [69]. Inhibition of this methylation 
may be a novel treatment for impaired heart func-
tion and arrhythmogenesis [67]. 
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The homeobox gene Pitx2c plays a role in AF, 
and contains CpG islands in its promoter region, 
allowing it to be silenced through methylation 
[65]. Heart failure induces Pitx2c promotor 
hypermethylation, in part due to increased levels 
of DNMT1, which decreases the protein levels of 
Pitx2c [65]. Pitx2c promotor methylation in HL-1 
cells (atrial cell line) and DNMT are increased 
when treated with Angiotensin II (Ang II), 
thereby downregulating the protein levels of 
Pitx2c and Kir2.1 [65]. When cultured with the 
Ang II receptor blocker losartan, the effects of 
hypermethylation on Pitx2c expression in HL-1 
cells that had been treated with Ang II is reduced 
[65]. Thus, Losartan may be beneficial for 
blocking Ang II receptors which may be a novel 
therapeutic target [65]. Pitx2c regulates expres-
sion of the sodium channel subunit Nav1.5; as 
well as rectifier channels KCNA3, KCNC4, and 
Kir2.1; all of these potassium channels play a role 
in contractility. A study of both mouse and human 
atria samples that had atrial arrhythmias found 
Pitx2c to exhibit increased methylation 
[70]. Dysregulation of Pitx2c promotes suscepti-
bility to AF by modifying calcium handling, alter-
ing function of melanocytes, (melanin producing 
cells that are found in the valves and septum of 
the heart among other areas of the body) and 
changing cell-to-cell communication [70]. 

SUR1 and SUR2 are two gene subunits that 
form ATP sensitive potassium channels in cardiac 
myocytes that combine with Kir6.2, a major 
potassium channel subunit, whose expression is 
also susceptible to DNA methylation [71]. By 
using RNAzol on HL-1 cells cultured from atrial 
myocytes, it was shown that SUR2 can be 
silenced by CpG methylation, ultimately leading 
to changes in KATP density and composition, and 
may eventually lead to dysfunction in the heart 
[71]. Bisulfate sequencing on these same HL-1 
cells has shown that SUR2 is much more prone to 
methylation versus SUR1 (57.6% vs 0.14%) at 
CpG sites within their promotor regions 
[71]. Investigated as a potential treatment, 

decitabine caused a decrease in SUR1 and 
increased the unmethylated fraction of SUR2 
mRNA and CpG island expression [71]. More 
avenues to study these epigenetic changes are 
needed to explore this multi-faceted function, as 
the targeted silencing of gene expression can 
imbalance the structural proteins compromising 
overall function. 

25.3.2 Role of DNA Histone 
Modifications 
in Arrhythmogenesis 

HDACs are another way in which expression can 
change epigenetically via post-translational mod-
ification. Alteration of HDAC enzymes may 
cause DNA to be less accessible to transcription 
factors. Reduced DNA transcription can lead to a 
range of arrhythmogenic diseases, including long 
QT syndrome, Brugada syndrome, short QT syn-
drome, catecholaminergic polymorphic ventricu-
lar tachycardia, and arrhythmogenic right 
ventricular cardiomyopathy [72]. Knockout of 
HDAC1 and HDAC2 in a mouse model resulted 
in neonatal lethality, which severely altered 
growth and function of the hearts by upregulating 
calcium channel subunits, resulting in cardiac 
arrhythmias among other cardiac defects 
[73]. Much like DNA methylation, histone 
deacetylases are epigenetic modulators and can 
influence cell proteostasis, prompting investiga-
tion of the role of HDACs in the structural 
remodeling associated with AF and potential ther-
apeutics to abate AF. 

HDACs are vital to calcium homeostasis; AF 
patients have CaMKII-hyperphosphorylated 
ryanodine receptors, causing sarcoplasmic reticu-
lum leak, sodium-calcium exchanger over-
activation, and delayed after-polarizations 
[74]. In cardiomyocytes found in the pulmonary 
vein, the use of MPTOE014 (an HDAC inhibitor) 
modulated the regulatory proteins for calcium 
homeostasis, helping negate AF inducibility 
[75]. Tachypacing, (induced rapid pacing) of 
HL-1 atrial cardiomyocytes resulted in 
deacetylation, depolymerization, and degradation 
of α-tubulin by calpain [76]. HDAC6 activated by 
the tachypacing, leads to this imbalance in



α-tubulin which modifies the microtubule struc-
ture in cardiomyocytes causing contractile dys-
function [76]. Additionally, inhibition of HDAC6 
via tubastatin A was protective in a dog model of 
AF, suggesting that the TDAC domain of 
HDAC6 is a potential upstream target to reduce 
cardiomyocyte remodeling and protect α-tubulin 
proteostasis [76]. Inhibiting a targeted HDAC 
may help regulate natural levels of DNA tran-
scription as a means to inhibit adverse cardiac 
remodeling. 
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Histone deacetylase inhibitors have been 
examined as a therapeutic target of fibrosis in 
chronic conditions. The HDAC inhibitor 
mocetinostat was shown to be antifibrotic in the 
hearts of rats with myocardial infarctions, where 
HDAC1 and HDAC2 were upregulated via left 
anterior descending coronary artery occlusion 
[77]. Valproate, an anticonvulsant drug, impairs 
HDAC6 and HDAC8 when elevated by cardiac 
hypertrophy, making it a possible inhibitor to 
treat or prevent cardiac dysfunction [78]. HDAC 
inhibitors trichostatin A (TSA), valporic acid, and 
SK-7041 partially reversed hypertrophy in a rat 
model [78]. In primary mouse myocytes, TSA 
inhibits Ang-II-induced cardiac hypertrophy 
response [70]. TSA has also been shown to 
reduce cardiac hypertrophy in a mouse model of 
heart failure [79]. In another mouse model, mice 
with overexpression of homeodomain protein 
(HopXtg ), which induces cardiac hypertrophy 
through HDAC activity, saw reduced atrial 
arrhythmia after TSA treatment [80]. It also 
normalized size distribution, expression of 
connexin40, and Angiotension II levels between 
wild type and HopXtg mutant mice [80]. Thus, 
HDAC inhibition has its therapeutic uses in 
reversing connexin40 remodeling, atrial fibrosis, 
and atrial arrhythmia vulnerability where hyper-
trophy is present. 

25.3.3 Role of miRNA Reprogramming 
in Arrhythmogenesis 

Studies have demonstrated a clear impact of 
miRNAs on arrhythmogenesis by regulating 
gene expression related to AF. Many recent 

studies have investigated the functions of how 
miRNA contribute to the genesis of AFs and 
have been implicated largely in fibrosis and ion 
channel remodeling, two of the main mechanisms 
that lead to AF [81]. miRNA may be used as 
therapeutic target or biomarker for AF. Some 
miRNAs (miRNA1, miRNA133, miRNA208, 
and miRNA499) are capable of reprogramming 
fibroblasts, both in vivo and in vitro, to become 
cardiac myocyte-like [82]. Many fibrosis-
regulating miRNA bind to profibrotic targets 
[83]. Most atrial fibrosis promoting miRNA are 
down-regulated in AF conditions, except 
miRNA-21, which is up-regulated [83]. 

The table below has a list of the known 
miRNAs and their likely role in altering heart 
function, potentially contributing to arrhythmia 
development. Many miRNAs contribute to elec-
trical and structural remodeling in the heart; 
miRNA1, miRNA26, miRNA106b-25 cluster, 
miRNA-133, miRNA 208, miRNA328, and 
miRNA499 all up- or down-regulate genes that 
affect electrical remodeling. MiRNA21, 
miRNA26, miRNA29b, miRNA30, miRNA499, 
and miRNA 590 play a role in dysregulating 
genes that lead to structural remodeling. In vivo 
manipulation of miRNA has been investigated in 
AF: miRNA1, miRNA21, miRNA26, 
miRNA29b, and miRNA328 have all been 
manipulated in either mouse, rat, dog, or rabbit 
and have been shown to reduce atrial remodeling 
and fibrillation [62]. Looking into the miRNA 
that lead to AF can give clues to what may be 
triggering the onset, and potentially how to abate 
the disease therapeutically. The Table 25.1 
outlines the miRNA that have been found to be 
linked to AF regulation. miRNA targets for 
expression and the consequences associated with 
their dysregulation are also presented. 

25.4 Particulate Matter 
and the Epigenome 

The reactive, pro-oxidant nature of PM makes it a 
prime target for environmentally caused changes 
to the epigenome. As PM enters the body, it has 
the ability to readily interact with cell populations
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Table 25.1 AF-associated miRNAs and corresponding regulatory targets 

miRNA Target of Regulation Alterations 

miRNA 
1 

Suppresses expression of KCNJ2, KCNE1, KCNB2, 
GJA1 [62], expression of CACNB2 is lower in 
control settings, regulates Kir2.1

. Represses phosphate proteins

. Reduced in atrial fibrillation

. Shorter atrial effective refractory period (AERP)

. Decreases intracellular Ca2+ concentration

. Electrical remodeling, upregulates/increases 
IK1* 

miRNA 
21 

CACNA1C, CACNB2, SPRY1 [62] . Increased mi-RNA 21 correlates positively with 
atrial collagen content

. Reduces expression of Spry1 and increases 
expression of connective tissue growth factor 
(CTGF), lysyl oxidase, and Rac1-GTPase

. Profibrotic inhibition prevents fibrosis. 
Increased in AF when knocked down. Reduces 
promotion and suppresses AF 

miRNA 
26 

Represses KCNJ2 [84], Kir2.1, IK1 TRPC3 [84, 85] . Represses Kir2.1 protein
. Causes TRPC3-dependent enhancement of 

fibroblast proliferation and differentiation
. Downregulation of miRNA26 increases 

expression of KCNJ2/IK1 in fibroblasts and 
cardiomyocytes [84]

. TRPC overexpression allows for greater Ca2+ 

entry [84, 85] 
miRNA 
29 

COL1A1, COL3A1, FBN . Targets extracellular matrix proteins [62]
. mi-RNA 29 expression is decreased in plasma 

from AF patients
. Negatively regulated by TNF-β [62]
. Targets collagen and fibronectin [86]
. Suppression enhances collagen production [86] 

miRNA 
30 

Inversely related to CTGF, targets CTGF [86] . Higher levels of mi-RNA 30 has less collagen 
production; downregulated in AF 

miRNA 
106 

Loss of mi-RNA 106 enhances RyR2 (ryanodine 
receptor type 2), mi-RNA 106b-25 suppresses gene 
TBx3, required for sinoatrial node development

. Increased RyR2 protein, total Ca2+ leak in 
sarcoplasmic reticulum, and spark frequency 

miRNA 
122 

Caspase 3, Bcl-x [87] . Associated with cardiomyocyte apoptosis [87] 

miRNA 
133 

Modulate post transcriptional expression of HCN4 
gene expression, downregulated in atrial fibrillation, 
targets CTGF [86]

. Higher amounts reduces collagen

. Targets TNF-β [62]

. Targets collagen 1 [70] 
miRNA 
146 

Negative inflammation regulator . Upregulated with collagen in AF patients 

miRNA 
150 

Regulates genes implicated in atrial remodeling . Downregulated in patients with AF
. Increases post ablation 

miRNA 
206 

Autonomic nerve remodeling . Overexpression increases ROS levels in vitro 
and in vivo 

miRNA 
328 

KCNN3, CACNA1C,p and CACNA1B [62] . Elevated in AF patients, atrial remodeling
. Knockdown restores Cav1.2 and CavB1 

expressions [62]
. Electrical remodeling, reduction of L-type Ca2+ 

current and shortening and density 
miRNA 
499 

KCNN3 . Upregulated in the AF atria
. Downregulated SK3 protein expression 

(continued)



from the lung, blood, and vasculature. How PM 
affects these cells and its relevance to human 
health is under investigation at the cellular level, 
in animal-based research, and in clinical cohorts. 
The highlight of current clinical investigations is 
based primarily upon the fact that interactions 
with PM causes changes in the epigenetic layout. 
Primary evidence for this involves repeated-
element methylation and methylation of specific 
genes during PM exposure. However, emerging 
work is centered around the adult origins of 
developmental disease hypothesis. This hypothe-
sis stipulates that the insults (e.g. PM exposure) 
that occur during germ cell or in utero develop-
ment affect phenotypes at adulthood, indicating 
that epigenetic modifications may play an 
important role.
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Table 25.1 (continued)

miRNA Target of Regulation Alterations

. Inhibitors upregulate SK3, downregulated in 
human atrial AF patients 

miRNA 
590 

TGF-βR2 . Antifibrotic
. Targets TNF-β [62] 

25.4.1 In Vivo Modifications 
to the Epigenome 

As the ability for real-time PM exposure monitor-
ing in human subjects is limited, many studies 
have utilized clinical cohorts and examined the 
significance of local PM levels on epigenetic 
markers using patient data. Altered methylation 
of repeated elements have been correlated with 
PM or PM markers in several of these studies. 
Decreased methylation of long interspersed 
nuclear element -1 (LINE-1), which comprises 
approximately 17% of the human genome, has 
been positively associated with black carbon and 
SO4 levels [88–90], and blood levels for several 
persistent organic pollutants [91]. Similarly, 
hypomethylation of the transposable element 
Alu has been found to be associated with PM 
and its constituents [37, 38, 41], confirming the 

presence of global changes to the epigenome in 
humans exposed to PM. How such changes con-
tribute to disease severity, alter development, and 
change the genetic makeup of offspring is cur-
rently under investigation. 

Additional studies have examined altered epi-
genetic modification and function of specific 
genes with PM exposure. PM exposure in a 
cohort of children was negatively associated 
with inducible nitric oxide synthase (iNOS) pro-
moter methylation [92], which was also found in 
a cohort of foundry workers, where the NOS2A 
gene had decreased expression following three 
days of work [93]. This decrease in iNOS pro-
moter methlyation was also found to be 
PM-associated and was suggested to be of func-
tional relevance in respiratory outcomes due to 
increased expression after PM exposure [94]. Cor-
relation of PM levels with methylation of specific 
genes have also been found including Foxp3 [95], 
TLR-2, ICAM-1 [90], and TLR4 [96]. One study 
found PM to be associated with genes in the 
MAPK pathway, but not the Nf-κB pathway 
[97], demonstrating that PM can cause specific, 
nonglobal changes to the epigenome. As to whether 
these changes are adaptations to organic pollutants 
providing protection or are damaging and 
contributing to the phenotype found with PM expo-
sure remains undetermined. 

25.4.2 Germline and In Utero Exposure 
to PM 

The Barker hypothesis, or the developmental 
origins of adult disease hypothesis, was initiated 
with the observation that those born following 
periods of in utero stress, such as famine, and



thus had reduced birth weight, are at a greater risk 
for heart disease later in life [98]. Data therein 
thus implies fetal genetic imprinting, and thus 
epigenetics is a clear candidate for these 
outcomes. How PM affects the developmental 
timeline, and if there are relevant cardiac effects, 
is thus a target of important study. 
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Determining how PM affects the developing 
human and what changes manifest during adult-
hood are by nature very difficult, thus several 
studies in animals have been used to further 
understand the biology and mechanism. Mice 
were exposed during pregnancy to a relevant 
level of PM, and then removed from exposure at 
birth; resulting pups from these mice compared to 
pups from dams exposed to filtered air had 
reduced cardiac output, cardiac electrical 
remodeling and alterations in gene expression of 
deacetylases and DNA methyltransferases at 
adulthood [8]. These mice were born with 
reduced bodyweight and had an impaired cardiac 
phenotype merely from exposure to PM in utero. 
Continuing work is also indicating a germline 
effect, as preconception exposure of mice to PM 
has been found to cause a decrease in cardiac 
function of male offspring [99], perhaps due to 
the fact that hypermethylation of sperm DNA has 
been shown to occur after PM exposure 
[100]. Indeed, pups from mice undergoing trans-
placental exposure of diesel exhaust particles 
(DEP) have been found to have genetic deletions 
[101], adding to the evidence that PM causes 
gene-level alterations during development. 

25.5 Cigarette Smoke 
and Arrhythmogenic Potential 

Several conditions exhibit arrhythmogenic poten-
tial including heart failure, endocarditis, heart 
valve disease, diabetes, and asthma. Furthermore, 
lifestyles such as consuming alcohol may impact 
the likelihood of developing arrhythmias 
[102]. Epidemiological studies examining tradi-
tional cigarette smoking demonstrate mixed 
results on arrhythmogenic risk potential; how-
ever, many in the scientific community posit cig-
arette smoking as a risk factor. The 

epidemiological evidence linking PM with 
increased CVD and respiratory disease incidence 
has been widely published and accepted 
[103]. Cigarette smoke is comprised of thousands 
of chemicals, including PM, that are carcinogenic 
and include tar, benzene, formaldehyde, and arse-
nic. While the chemical profile of cigarette smoke 
contains several similar compounds found in PM, 
key differences arise in the source and concentra-
tion of particles. Automobile emissions, industrial 
wastes, agricultural practices, and roadside dust 
are all sources of ambient PM. Therefore, due to 
regional differences in the production of these 
pollutants, PM profiles are variable and difficult 
to characterize. Cigarette usage also bears the risk 
of complications caused by nicotine, an addictive 
substance associated with many acute cardiovas-
cular responses [104–107]. Cigarette smoke, 
however, has a much more consistent compound 
profile allowing for more standardized and repli-
cable studies. Here, we compare cigarette smoke-
induced arrhythmogenesis to particulate matter 
induced arrhythmia. 

25.5.1 Epidemiology of Atrial 
Fibrillation and Cigarette 
Smoking 

AF has been the focus of many population-based 
studies of smoking. These large analyses have 
produced varying results, complicating our 
understanding of the role of smoking on AF. 
The Atherosclerosis Risk in Communities study 
(ARIC) analyzed participants over an average 
follow-up period of 13.1 years. In this study, 
current smokers exhibited a 2.05 relative risk 
score of developing AF compared to those who 
never smoked [108]. Benefits to smoking cessa-
tion were found. While those who ceased ciga-
rette use still had a relative risk score of 1.32 
compared to never smokers, this score is consid-
erably lower than current smokers [108]. Similar 
trends in data are seen in the Rotterdam and 
Hordaland studies as both show an increased 
risk of AF for current smokers [109, 110], how-
ever, these studies resulted in different 
conclusions on the incidence of AF in former



smokers. Interestingly, the Rotterdam study 
found no benefit for former smokers [109] as the 
relative risk of AF development was nearly iden-
tical between former and current smokers. In con-
trast, the Hordaland study observed former 
smokers carried no increased risk for AF [111], 
thus suggesting substantial benefits for cessation. 
These studies outlined the adverse association of 
smoking behavior and AF; however, questions 
regarding the potential benefits of cessation on 
arrhythmogenesis must be understood more 
clearly. 
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Contradictory to the above correlation 
between smoking and AF, several notable studies 
of similar design demonstrated no significant risk 
of AF with smoking habits. In a cohort of 15,000 
men and women, current or former smoking sta-
tus was not found to correlate with higher inci-
dence of AF [110]. In a retrospective analysis of 
the Framingham Heart Study, this result was fur-
ther solidified, as no correlation was found 
between smoking and AF [112]. However, car-
diac disease traditionally related to smoking was 
linked to AF development through a 10-year risk 
assessment, thus suggesting that any 
arrhythmogenic potential due to smoking may 
require long-term exposures to first establish 
conditions such as heart failure or ventricular 
hypertrophy. Additionally, the Manitoba 
Follow-up Study showed similar findings 
[112, 113]. These results are significant since 
they question the association of smoking behavior 
and AF development. Therefore, further studies 
are warranted to understand the potential correla-
tion and identify whether smoking directly or 
indirectly leads to AF. 

25.5.2 Epidemiology of Ventricular 
Arrhythmogenesis 
and Cigarette Smoking 

Ventricular arrhythmias have also been 
associated with traditional cigarette usage. Sev-
eral studies have analyzed electrocardiogram 
(ECG) recordings of chronic heavy smokers and 
never smokers and found altered ventricular 
repolarizations with changes in 

electrocardiographic T wave (Tp-e) to QT ratios 
(Tp-e/QT), an index of arrhythmogenesis and pre-
dictor of future arrhythmia [114]. In an echocar-
diographic analysis of healthy male and female 
subjects (24 smokers and 23 nonsmokers), 
chronic smoking was found to correlate with 
prolonged Tp-e interval and increases to Tp-e/QT 
ratio and Tp-e/QTc ratio [115]. These ECG 
markers indicate global cardiac electrical dys-
function, a possible pathophysiological mecha-
nism that can be targeted for therapeutic 
development. The evidence for altered electrical 
instability in arrhythmogenesis was further con-
firmed by a large study revealing similar results. 
Comparing 121 smokers to 70 control subjects, 
the authors found increases in the following 
intervals of smokers: QTd, cQTd, Tp-e, cTp-e 

[116]. Additionally, Tp-e/QT and Tp-e/QTc ratios 
were significantly increased in smokers compared 
to nonsmokers [116]. The large body of evidence 
examining the relationship between smoking, 
ECG abnormalities, and arrhythmogenesis thus 
provides a clear framework for clinicians to treat 
and monitor arrhythmia in the early stages of 
disease. 

25.5.3 Nicotine Exposure on Molecular 
Mechanisms Associated 
with Arrhythmogenesis 

The most widely studied constituent of tobacco 
smoke is nicotine, an addictive substance that acts 
on nicotinic acetylcholine receptors. The hemo-
dynamic responses to nicotine exposure, regard-
less of the route of administration (intravenous, 
nasal spray, and ingestion), have been 
characterized by increases in heart rate and 
blood pressure [117, 118]. Since the type of nico-
tine exposure does not significantly impact the 
effects of nicotine on the body, studies 
investigating molecular mechanisms altered by 
nicotine can be easily translated to other 
exposures. The implications of adverse cardio-
vascular responses thus extend clinically to the 
many nicotine delivery products that exist such as 
cigarettes, e-cigarettes, and nicotine replacement 
therapy.
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In a case–control study examining the role of 
nicotine on fibrosis, atrial tissue slices from 
patients (both smokers and nonsmokers) 
undergoing elective coronary artery bypass 
grafting were studied for fibrosis [119]. In this 
analysis, the authors found that pack years, a unit 
of measurement in cigarette smoke research to 
identify tobacco exposure, was the only parame-
ter associated with the magnitude of fibrosis 
[119]. Furthermore, the authors exposed cultured 
atrial tissue to increasing doses of nicotine and 
found an increase in collagen III mRNA expres-
sion [119]. Fibrosis changes the composition of 
atrial tissue and subsequently alters 
cardiomyocyte electrophysiology, leading to 
atrial arrhythmias like AF [120]. To find a molec-
ular pathway for nicotine-induced fibrosis, 
researchers analyzed canine atrial fibroblasts 
incubated with nicotine for 24 hours. These 
fibroblasts demonstrated an increase in collagen 
production and upregulation of TGF-β1 and 
TGF-βRII via downregulation of miR133 and 
miR590 [121]. The resulting response is an 
increase in CTGF signaling, a known fibrotic 
mechanism [121]. In addition to induced cardiac 
remodeling, nicotine has been shown to directly 
interact with potassium ion channels. In a study 
assessing the pharmacologic effects of nicotine 
on A-type K+ channels in dog ventricular 
cardiomyocytes, it was discovered that nicotine 
is a potent blocker of the outward KV4 current 
[122]. This interaction delays cardiomyocyte 
repolarization by inhibiting the outward flow of 
potassium and may contribute to 
arrhythmogenesis. Nicotine has also been shown 
to alter sodium current expression in rabbits fol-
lowing in utero exposure. Using a device to con-
tinually deliver nicotine subcutaneously, similar 
to nicotine replacement therapy, researchers 
found an increase in the INa amplitude of off-
spring due to upregulated Nav1.5 
[123]. Continuing to understand the role of in 
utero nicotine exposure and its impact on sodium 
currents, the same group investigated sodium 
channel response following isoproterenol stimu-
lation, an agonist of β-adrenergic receptors. They 
found that isoproterenol did not affect INa, 
suggesting myocyte dysfunction in response to 

sympathetic activity [124]. This data, paired 
with alterations in potassium ion flow, shows 
the potential for nicotine to induce 
arrhythmogenesis via directly impairing the elec-
trical signaling in the heart. Pharmacological 
analysis must be further investigated for addi-
tional ion channels affected by nicotine to under-
stand changes in cardiac electrical currents. 
Additionally, since many new nicotine products 
have entered the market in recent years 
(e-cigarettes and nicotine replacement therapy), 
it is imperative to understand the variety of 
adverse alterations that nicotine may induce on 
the cardiovascular system. 

25.6 Conclusion 

Mounting evidence suggests that global cardiac 
fibrosis, a preclinical factor associated with 
arrhythmogenesis, is induced through adverse 
epigenetic alterations. Analyses of changes in 
several epigenetic pathways (DNMTs, HDACs, 
and miRNAs) provide a framework for potential 
areas of focus. Changes in specific targets due to 
these mechanisms have previously shown 
increased fibrosis of cardiac tissue, which creates 
an environment conducive to development of 
arrhythmias. However, the precise progression 
from fibrosis to arrhythmic phenotype is 
unknown since both cardiac fibrosis and arrhyth-
mia may exist independently of one another. 

PM, a pollutant known to be associated with 
CVD development and mortality, has been shown 
to alter the epigenome in several experimental 
models. Research has demonstrated that DNA 
methylation, particularly hypomethylation, of 
many genes related to oxidative stress and 
immune function is changed due to PM exposure. 
Whether these modifications are adverse or pro-
tective adaptations has yet to be discovered. Tran-
sient elevations in regional PM concentration 
correlate with higher incidence of ventricular 
arrhythmia and overall CVD events. Interest-
ingly, sustained exposure over a long period of 
time leads to tachycardia. Therefore, the public 
health implications of PM exposure must not be 
ignored. Further study into the mechanisms of



acute and long-term PM exposure is an important 
topic, especially in areas where transient changes 
in PM concentration are common. 
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Cardiac arrhythmias occur via alterations in 
the normal conduction sequence of a heartbeat, 
including tachycardia, bradycardia, or irregular/ 
erratic patterns. Clinically, these conditions can 
range from life-threatening occurrences to harm-
less transient episodes. This variation in presenta-
tion has caused difficulties in identifying precise 
pathological mechanisms of arrhythmogenesis. In 
this chapter, we have discussed how epigenetics 
is a promising target for arrhythmogenesis 
research, and how the use of environmental 
triggers has contributed to our understanding of 
arrhythmogenesis via epigenetic mechanisms. 
Elucidating these precise mechanisms will pro-
vide targets for epigenetic treatments that are 
currently being investigated in many diseases 
including cancer, cardiovascular, neurological, 
and metabolic diseases. 
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Abstract 

The short QT syndrome (SQTS) is 
characterised by abbreviated QT intervals on 
the electrocardiogram and by an increased risk 

of atrial and ventricular arrhythmias and of 
sudden death. Gain-of-function mutations to 
three potassium channel genes: KCNH2, 
KCNQ1 and KCNJ2 are responsible for dis-
tinct forms of SQTS (SQT1, SQT2 and SQT3, 
respectively), whilst loss-of-function 
mutations to the L-type calcium channel 
genes CACNB2b, CACNA1C and CACNA2D1 
give rise to abbreviated QT intervals 
accompanied by ST-segment elevation and a 
combined short QT-Brugada phenotype. 
Mutations to SCN5A, SCN10A, SLC4A3 and 
SLC22A5 have also been associated with 
abbreviated QT intervals. Shortened effective 
refractory periods and altered transmural dis-
persion of repolarisation are implicated in 
increased ventricular arrhythmia risk. Current 
treatment focuses on implantable defibrillators 
to protect against fatal ventricular arrhythmia. 
There is also evidence that Class 1a antiar-
rhythmic drugs may be beneficial in restoring 
QT intervals towards normal and decreasing 
arrhythmia risk. 
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26.1 Introduction: The Genetic 
Short QT Syndrome 
as a Distinct Clinical Entity 

The relationship between abnormally long QT 
intervals and increased arrhythmia risk is well-
established. Rate corrected QT (QTc) intervals of 
>440–460 ms (in males and females respec-
tively) are considered to be prolonged, with 
values of 500 ms or greater being specifically 
associated with arrhythmias, in particular the 
polymorphic ventricular tachycardia torsades de 
pointes [1]. Pathological QTc interval 
prolongation (the ‘long QT syndrome’; LQTS) 
can be due to genetic ‘channelopathies’ or be 
‘acquired’ as a result of ion channel remodelling 
in a disease state such as heart failure, or caused 
by ion channel blocking effects of clinically used 
cardiac and non-cardiac drugs. 

A number of factors unrelated to ion channel 
gene mutations can lead to QT interval 
shortening; these include catecholamines, acetyl-
choline, hypercalcemia, and hyperthermia 
[2]. Anabolic steroid use is also associated with 
shortened QT intervals [3–5] to the extent that it 
has been suggested that QTc interval shortening 
may be a reliable marker of steroid abuse in 
bodybuilders and strength-athletes [5, 6]. QT 
interval shortening can be seen on patient ECGs 
following digitalis administration [7–9]. Cardiac 
glycosides shorten ventricular repolarisation, at 
least in part because the combined rise in intra-
cellular Na+ and Ca2+ following glycoside expo-
sure can promote outward Na+-Ca2+ exchange 
current during the action potential (AP) plateau 
[10]; they can also lead to augmented K+ conduc-
tance [11]. Although glycoside-related 
arrhythmogenesis is strongly associated with 
after-depolarisations linked to sodium/calcium 
overload [12], ventricular refractory period 
shortening has also been reported [13], which 
could predispose to re-entrant arrhythmia and, 
thereby, influence ventricular arrhythmia risk [2]. 

By comparison with the LQTS, short QT syn-
drome (SQTS) as a genetic cardiac channelopathy 
is a comparatively young clinical entity. The 
SQTS is typically characterised by abnormally 

short QT intervals on the electrocardiogram, 
together with changes to T-wave morphology 
(tall, peaked T waves), poor rate adaptation of 
the QT interval and an increased risk of atrial 
and ventricular arrhythmias and of sudden death 
[14–18]. The first published description of SQTS 
with a familial link as a distinct clinical syndrome 
was by Gussak and colleagues in 2000 
[19]. Three members of the same family had QT 
intervals of <300 ms over the resting heart rate 
range, the youngest of whom presented with 
episodes of syncope and paroxysmal atrial fibril-
lation (AF), whilst similar ECG changes were 
noted for an unrelated individual who suffered 
sudden death [19]. A distinction was made 
between the idiopathic form of SQT, in which 
QT interval shortening was independent of heart 
rate, and a deceleration-dependent form likely to 
result from excessive vagal stimulation [19– 
21]. Since that initial study, pathological QT 
interval shortening associated with increased 
arrhythmia risk has been linked to mutations in 
a number of cardiac ion channel and transporter 
genes (reviewed in [22, 23]). It is notable that 
short QT intervals appear to be rare in the general 
population, with a prevalence of QTc intervals of 
<320 ms of ~0.1% [24, 25]. In a paediatric 
cohort, the reported prevalence was 0.05% and 
although the median QT interval was observed to 
be shorter in females, there was a male prepon-
derance in those with a QTc interval < 340 ms 
[26]. However, congenital SQTS has high lethal-
ity with cardiac arrest often the first manifestation 
of the condition [27]. Diagnostic criteria for con-
genital SQTS have been proposed that combine 
patient and family history together with clinical 
electrophysiology measurements (rate corrected 
QT interval and Jpoint to Tpeak) [28]. 

The European Society of Cardiology (ESC) 
has proposed that a positive diagnosis of SQTS 
can be made with a QTc interval of ≤340 ms [29], 
or with a longer QTc interval of ≤360 ms, if there 
is evidence also of one or more of: a familial 
history of SQTS; a confirmed pathogenic muta-
tion; a family history of sudden death below 
40 years of age; survival from ventricular tachy-
cardia (VT) or fibrillation (VF) in the absence of 
structural heart disease [29]. The ability to make a



positive diagnosis based on clinical phenotype is 
important, because the yield of successful gene 
culprits from genotyping suspected SQTS cases is 
low (less than 25–30%) [22, 28]. As discussed 
elsewhere [23], “spot” ECG measurements may 
be insufficient to diagnose SQTS, because surface 
ECG abnormalities may be intermittent [30, 31]; 
thus, 24 hour Holter monitoring or repeated 
ECGs during hospitalization may be preferable 
[30, 31]. It has also been shown that the rate 
correction formula used may influence the 
derived QTc value and so clinical QT interval 
measurements at a low/resting rate are likely to 
be of particular value [32]. Indeed, the poor rate 
adaptation of the QT interval in genetic forms of 
SQTS means that abbreviated QT intervals of 
SQTS patients are likely more readily to be 
detected at lower than at faster heart rates 
[33, 34]. 
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The principal aim of this chapter is to provide 
an overview of the evidence that links specific 
gene mutations to altered ion channel and trans-
porter function that leads to accelerated 
repolarisation and, thereby, the SQTS. 
Mechanisms of arrhythmogenesis and treatment 
will also be considered. 

26.2 SQT1 and KCNH2 

KCNH2 (also known as “hERG” – human 
Ether-à-go-go Related Gene [35]) mediates the 
α-subunit of the rapid delayed rectifier K+ cur-
rent, IKr channel [36, 37], which plays a critical 
role in ventricular AP repolarisation (Fig. 26.1) 
and setting the QT interval of the electrocardio-
gram [38–41]. Loss-of-function mutations of IKr 
are responsible for the LQT2 form of the long QT 
syndrome, whilst unique structural features of the 
KCNH2-encoded subunit render the channel 
uniquely susceptible to pharmacological block-
ade, underlying the acquired form of the LQTS 
[38–42]. These aspects of hERG channel function 
are covered in detail in Chap. 11 of this volume. 

hERG mutations were first identified as a 
genetic cause for SQTS through candidate gene 
screening of three families, two of which had 
affected members who exhibited hERG mutations 

[43]. Members of both families exhibited QTC 

intervals of <300 ms, episodes of both atrial and 
ventricular arrhythmias and there were incidences 
of sudden death in patients without cardiac struc-
tural abnormalities [43]. One family showed 
cases of severe arrhythmia and sudden death in 
the first year of life [43]. On genetic screening, 
members of the two families exhibited distinct 
mutations at the same nucleotide position (1764) 
of KCNH2. Thus, in one family there was a C! 
G substitution and in the second there was a C! 
A substitution; however, these led to a common 
amino-acid substitution in the KCNH2 product, 
the ‘hERG’ K+ channel (Kv11.1), with an aspara-
gine ! lysine switch at residue 588 (N588K) 
[43]. A subsequent independent study identified 
another family with the C1764G nucleotide and 
N588K amino-acid substitution [44]. Affected 
individuals exhibited short QT intervals (between 
225 and 240 ms over the normal heart rate range), 
paroxysmal AF, short atrial and ventricular 
refractory periods and AF and ventricular fibrilla-
tion (VF) that was inducible on programmed 
electrical stimulation [44]. 

One feature of hERG current (IhERG)  /IKr 
kinetics that is of key importance to the channel’s 
contribution to ventricular repolarisation is the 
presence of fast, voltage-dependent inactivation 
that limits current flow at positive voltages and 
leads to an area of negative slope in the current– 
voltage (I-V) relation [36, 37, 45, 46]; this nor-
mally limits the channel’s contribution to 
repolarisation immediately after the peak of the 
AP (see Figure 26.1 and [46–49]). Conforma-
tional changes at the outer mouth of the channel 
underlie this rapid inactivation [40, 41, 45, 
50]. The N588 residue identified in SQT1 patients 
resides in the S5-Pore (S5-P) linker region of the 
channel, and this region has also been implicated 
in hERG’s rapid inactivation process (e.g [51– 
53]). In the original study identifying the basis 
of SQT1, N588K-hERG was expressed both with 
and without the putative hERG accessory subunit 
KCNE2 (MiRP1; [54]) and, when compared with 
WT hERG at ambient temperature, N588K-
hERG appeared not to rectify at positive voltages 
[43]. Measurements of IhERG using the ‘AP 
clamp’ technique showed that this mutation led



to increased current early during the ventricular 
AP plateau. Collectively, the cellular electrophys-
iological data from this study led to the sugges-
tion that the N588K mutation results in a loss of 
hERG channel inactivation [43]. Subsequent 
detailed kinetic studies conducted at both ambient 
[55] and physiological [56] temperatures showed 
that inactivation of IhERG was in fact not 
eliminated by the N588K mutation, but rather 
was positive shifted (by ~ + 60 to +90 mV); this 
was accompanied by a modest increase in the 
Na+ /K+ permeability ratio [55, 56]. These 

alterations to function occur both when the 
major hERG ‘1a’ isoform is studied alone 
[55, 56] and when hERG 1a is co-expressed 
together with the shorter hERG 1b isoform [57] 
(heteromeric hERG 1a/1b has recently been pro-
posed to recapitulate native IKr more closely than 
hERG 1a alone [58–60]). Interestingly, although 
hERG 1a and 1b differ only in that the latter has a 
truncated N-terminus, and this might not be 
anticipated to influence the effect on channel 
function of a mutation in the S5-Pore linker, in 
our hands the inactivation-attenuating effect of
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Fig. 26.1 Schematic 
diagram showing the 
normal profiles during the 
ventricular AP of 
repolarising and 
depolarising currents that 
have been implicated in 
SQTS variants 1–6. The 
depolarising current shown 
is L-type Ca current (ICa,L), 
whilst in terms of 
repolarising currents both 
rapid and slow sub-types of 
delayed rectifier K+ current 
(IKr and IKs, respectively) 
and the inwardly rectifying 
K+ current IK1 are shown. 
CACNA1C and CACNB2b 
encode ICa,L subunits, 
whilst KCNH2 and 
KCNQ1, respectively, 
encode IKr and IKs pore-
forming subunits 
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the N588K mutation actually appeared to be 
greater for hERG 1a/1b heteromeric channels 
than for hERG 1a alone [57]. AP clamp 
measurements at 37 °C showed augmented 
IhERG during both atrial and ventricular AP 
waveforms, with peak repolarising current occur-
ring earlier during the AP [61]. This is consistent 
with SQT1 leading to abbreviation of atrial as 
well as ventricular repolarisation, and with 
reports of shortened atrial effective refractory 
period (ERP) and incidence of AF in SQT1 
patients [43, 44]. It is noteworthy that a second 
hERG mutation, S631A located in the channel 
pore, which produces a similar attenuated inacti-
vation phenotype to that produced by N588K 
[50, 62], has been associated with SQTS and 
arrhythmogenic syncope [63]. The S631A muta-
tion produces comparable effects on hERG dur-
ing ventricular repolarisation to those reported for 
N588K [48, 64]. The N588K hERG mutation is 
the second most commonly identified mutation 
(18.5%) in successfully genotyped SQTS [65].
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The most commonly occurring clinical SQTS 
variant thus far identified is the T618I hERG 
mutation, which residue lies in the pore loop of 
the hERG channel; it accounts for 25.9% of 
genotyped probands [65]. It was first reported in 
members of a Chinese family with a mean QTc 

interval of <320 ms and a history of sudden death 
[66]. Electrophysiological investigation showed 
abbreviated ERP and provocation of ventricular 
arrhythmia with programmed electrical stimula-
tion [66]. This mutation has now been reported in 
unrelated families from different geographical 
regions (Europe, USA, Canada, China, and 
Japan) [65], with a mean QTc interval for 
probands and other carriers of 313 ms, poor rate 
adaptation of the QTc interval, tall peaked 
T-waves, no gender preference in terms of 
carriers and 100% penetrance. T618I carriers 
resemble those with the N588K mutation in that 
they are susceptible to ventricular arrhythmia; 
however, in contrast to the situation for N588K 
hERG, no reported T618I probands or carriers 
have experienced AF (cf 60% probands for 
N588K hERG) [65]. The basis for this difference 
is not clear. In vitro electrophysiological analyses 
have reported positively shifted IhERG 

inactivation with the T618I mutation, albeit to a 
more modest extent than seen for the N588K or 
S631A mutations [66, 67]. However, not all stud-
ies of T618I have reported an inactivation voltage 
shift and a negative shift in voltage-dependent 
activation and faster activation time course have 
also been suggested [65]. Differences in experi-
mental conditions between studies may have 
contributed to these different observations [22]. 

Additional KCNH2 mutations have also been 
implicated in QT interval shortening. The S5 
domain I560T mutation was found in a 64 year 
old man with paroxysmal AF and atrial flutter was 
diagnosed with SQTS (QTc interval of 319 ms 
and peaked T waves on the precordial leads) and a 
family history of sudden death [68]. In vitro anal-
ysis has shown that this mutation produces a 
moderate attenuation of IhERG inactivation with 
acceleration of activation and slowing of deacti-
vation at some membrane potentials [68, 69]. A 
KCNH2 mutation to the N terminus of the hERG 
protein was identified in a young male who had 
experienced syncope whilst driving [30]. His 
minimal QTc interval was 366 ms and his QT 
interval showed poor rate adaptation during 
exercise-testing [30]. Genetic screening identified 
an N-terminal glutamate to aspartate mutation 
(D50E) in hERG [30]. An arginine ! histidine 
mutation (R1135H) was identified in a 34-year-
old male with a QTC interval of 329 ms and 
Brugada-type features on his ECG [70]. His 
brother had a non-documented arrhythmia and 
moderately shortened QT interval (QTc of 
377 ms), whilst his mother had not reported 
episodes of arrhythmia, but had bradycardia and 
a  QTc interval of 379 ms. All three were hetero-
zygous for the R1135H mutation [70]. In vitro 
investigation of R1135H hERG identified a 
slowing of IhERG deactivation [70]. This is a dis-
tinct kinetic change from the inactivation modifi-
cation of other hERG mutations, but has been 
shown in simulations to be able to lead both to 
shortened repolarisation and, potentially, also to 
Brugada-like ECG changes [71]. Interestingly, 
other hERG mutations (R164C and W927G) 
have been reported with ST segment elevation 
associated with moderate shortening of the QTc 

interval (respectively 342 and 350 ms) [72]; this



is consistent with some potential for overlap 
between SQTS and Brugada phenotypes [23]. 
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Potential mechanisms of arrhythmogenesis 
and the treatment of SQT1 are considered in 
Sects. 26.10 and 26.11 of this chapter. 

26.3 SQT2 and KCNQ1 

SQT2 is associated with KCNQ1 mutations 
[73, 74]. The KCNQ1 product (also called 
KCNQ1 or Kv7.1; previous nomenclature 
KvLQT1) combines with KCNE1 (minK) to pro-
duce the cardiac IKs channel [75, 76]. IKs 
contributes to ventricular repolarisation over the 
AP plateau phase (Fig. 26.1) and constitutes an 
important ‘repolarisation reserve’ when IKr is 
reduced [39, 77, 78]. The importance of 
KCNQ1 to ventricular function is illustrated by 
the fact that loss-of-function KCNQ1 mutations 
give rise to the LQT1 form of long QT syndrome 
[39, 42, 77]. The SQT2 variant of SQTS was first 
reported for a 70-year-old male resuscitated from 
VF [73], with no evident abnormalities on physi-
cal examination, but with a short QTc interval of 
302 ms. Genetic analysis showed no 
abnormalities in KCNH2, KCNE1 or KCNE2, 
but revealed a G!C substitution at nucleotide 
919 of KCNQ1. This led to a single amino-acid 
substitution (V307L) in the pore helix of the 
KCNQ1 channel protein [73]. In vitro electro-
physiological analysis revealed that the V307L 
mutation resulted in a negative-shift in the 
voltage-dependence of activation of recombinant 
‘IKs’ channels incorporating mutant KCNQ1 
subunits. The time course of current activation 
was also faster for mutant than for WT channels 
[73]. Incorporation of these changes to IKs into a 
human ventricular AP model led to AP shortening 
[73] and QT interval shortening [79]. Subsequent 
detailed modelling at cell and tissue levels 
indicates significant effects of the V307L muta-
tion under both homozygotic and heterozygotic 
conditions on APD across the ventricular wall 
and to marked shortening of ventricular effective 
refractory period [80]. 

The second SQT2 KCNQ1 mutation was 
found in a baby girl delivered at 38 weeks 

following bradycardia and irregular rhythm in 
utero [74]. Once born, her heart rate (in the 
range of 60 beats per min) was markedly 
bradycardic for a neonate, whilst her ECG 
exhibited a QT interval of 280 ms, and irregular 
rhythm with no P or F waves [74]. Genetic analy-
sis revealed a G!A substitution at nucleotide 
421 which resulted in a valine to methionine 
substitution at position 141 (V141M) in the S1 
domain of the KCNQ1 channel protein; the muta-
tion was absent in the girl’s parents and therefore 
it represented a de novo mutation in the infant 
[74]. When expressed with KCNE1, the V141M 
KCNQ1 mutation led to an instantaneous current 
component that was absent for WT KCNQ1 
[74]. Incorporation of the changes to 
KCNQ1 + KCNE1 with the V141M mutation 
into a human ventricular cell model led to AP 
shortening, whilst its incorporation into a rabbit 
SAN cell model (which may approximate though 
not necessarily recapitulate precisely human 
pacemaking) arrested spontaneous activity 
[74]. Interestingly, the affected residue in this 
form of SQT2 lies immediately adjacent to a 
residue (S140) mutation to which (S140G) is 
implicated in one form of familial AF 
[81]. Subsequent work has suggested that both 
of these KCNQ1 mutations lead to a marked 
negative shift in the voltage dependence of IKs 
and to a profound slowing of current deactivation 
[82]. The R259H KCNQ1 mutation was 
identified in a family in which a 20 year old 
male had experienced an aborted cardiac arrest 
[83]. He had a QTc interval of 310 ms, whilst that 
of his mother was 300 ms (she had experienced 
paroxysmal VT). In vitro analysis showed 
increased current magnitude, faster activation 
and slower deactivation of KCNQ1 + KCNE1 
currents carried by channels incorporating the 
R259H KCNQ1 mutation [83]. The F279I muta-
tion was found in the son of a 37-year-old male 
who had died suddenly. The son’s  QTc interval 
was 356 ms (shortening to 350 ms on exercise), 
with prominent T waves on precordial leads 
V1-V4 [84]. In biophysical and biochemical 
analyses the F279I mutation produced a gain of 
function by impairing the interaction between 
KCNQ1 and KCNE and producing a negative



voltage-shift in current activation and accelera-
tion of activation kinetics [84]. It is worth noting 
that in a comparison of SQT2 and non-SQT2 
patients, Harrell and colleagues have reported a 
higher incidence of sinus bradycardia and AF in 
SQT2 than non-SQT2 patients [68]. 
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26.4 SQT3 and KCNJ2 

The SQT3 variant of the SQTS was reported in 
2005 for a 5-year-old child who exhibited an 
abnormal ECG during a routine clinical examina-
tion [79]. Although asymptomatic, her QTc inter-
val was 315 ms and showed a narrow and peaked 
T wave. Her mother’s ECG did not exhibit 
abnormalities, but that of her father had a QTc 

interval of 320 ms and he had a history of 
palpitations and presyncopal events [79]. On 
genetic analysis no mutations were found in 
KCNH2 or KCNQ1, but both father and daughter 
exhibited a single base pair substitution (G514A) 
in KCNJ2 [79]. This resulted in an aspartate ! 
asparagine (D ! N) amino-acid substitution at 
position 172 of the Kir2.1 K+ channel protein. 

Kir2.1 is a member of the family of inward 
rectifiers (Kir2.1, 2.2 and 2.3) responsible for the 
inwardly rectifying K+ channel current IK1 
[39]. IK1 contributes to maintaining the negative 
resting potential of atrial and ventricular 
myocytes and outward IK1 is important for the 
AP terminal repolarisation phase (Fig. 26.1 
[39, 85, 86]. Kir2.1 is expressed in both human 
atrial and ventricular tissue [87]. Its importance to 
ventricular repolarisation is illustrated by the fact 
that loss-of-function Kir2.1 mutations underlie 
Andersen’s syndrome [88, 89], whilst familial 
AF has been associated with the V93I gain-of-
function Kir2.1 mutation [90]. The D172 residue 
is located in the ion conduction pathway of the 
channel and had previously been implicated in the 
binding of polyamines and Mg2+ ions that gives 
rise to the inward rectification of Kir2.1 current 
[91]. The D172N mutation, presumably by 
impairing this process, leads to an increase in 
outward Kir2.1 current accompanied by a modest 
rightward voltage-shift of peak outward current 
[79, 91, 92]. Co-expression of WT and D172N 

channels, to mimic the heterozygous state of the 
SQT3 proband, results in an increase in outward 
Kir2.1 current that is intermediate between WT 
and D172N Kir2.1 when expressed alone 
[79, 92]. Incorporation of the kinetic changes to 
IK1 predicted from the Kir2.1 D172N into a ven-
tricular AP model led to AP shortening and 
steeper restitution of AP duration, whilst 
incorporation into a 1D tissue strand could repli-
cate the changes to T wave morphology seen in 
the SQT3 proband [79]. The subsequent use of 
the AP clamp technique in in vitro experiments on 
heterozygous WT-D172N Kir2.1 channels has 
provided direct evidence for increased IK1 during 
the terminal repolarisation phase of ventricular 
APs [92] and has also shown the potential for 
the mutation to affect the contribution of IK1 to 
atrial repolarisation [92]. 

The M301K Kir2.1 mutation was identified in 
an 8 year old girl with a QTc interval of 194 ms 
who had AF and a family history of perinatal 
death of her sister [93]. AF and VF were inducible 
during evaluation with right heart catheterization 
[93]. The mutation is located in the C-terminus at 
a highly conserved position and was absent in 
400 control alleles. In cellular electrophysiologi-
cal analysis, M301K did not produce functional 
channels on its own, but when co-expressed with 
wild-type channels the mutation substantially 
reduced Kir2.1 current rectification over a range 
of voltages [93]. This would increase a contribu-
tion of IK1 to repolarisation over a wider range of 
voltages than is normally the case and thereby 
account for a greater QTc shortening than seen 
with the D172N mutation [93]. The E299V 
mutant was found in an 11 year old boy who 
had experienced AF since the age of 8 and who 
had a markedly abbreviated QT interval (close to 
200 ms over a wide range of rates) [94]. This 
mutation also transpires markedly to impair recti-
fication of Kir2.1 current and in ventricular and 
atrial simulations produces markedly abbreviated 
repolarisation [94, 95]. The K346T mutation was 
identified in monozygotic 9-year-old twins with a 
mixed SQTS (QTc of 331 ms) and autism-
epilepsy phenotype [96]. When expressed in 
mammalian (HEK 293) cells, the mutation 
exerted qualitatively similar effects on outward



current to those seen earlier for the D172N muta-
tion; it also decreased Kir2.1 protein 
ubiquitination and degradation, thus increasing 
channel protein stability [96]. 
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26.5 SQT4–SQT6 

SQT4 and SQT5 can be distinguished from the 
primary mutations identified for the SQT1–3 
variants of SQTS in that: (i) they involve loss of 
functions to channel subunits of an ion channel 
involved in membrane potential depolarisation 
(L-type calcium current; see Fig. 26.1) rather 
than repolarisation (to CACNA1C for SQT4 and 
CACNB2b for SQT5); (ii) a mixed Brugada-SQT 
phenotype is present, which is unsurprising given 
that the mutations came to light from genetic 
screening of patients with Brugada syndrome 
[97]. When the clinical phenotype and underlying 
mutations were first published, this was in the 
context of presenting a novel clinical entity 
[97]. However, given that QT interval abbrevia-
tion was a marked feature of the ECG, it is appro-
priate to include some consideration of the 
identified genotypes in the context of the SQTS. 
Of 82 probands with Brugada syndrome 7 were 
found to have mutations in the genes responsible 
for the α and β2b subunits of the L-type Ca2+ 

channel, 3 of whom exhibited moderately short-
ened QTc intervals (≤ 360 ms). One, a 2-year-old 
male with a QTc interval of 330 ms and ajmaline-
inducible ST segment elevation, presented with 
aborted sudden cardiac death (SCD) and had a 
brother who was also symptomatic. The other 
relatives (in all, a total of 6 from 10) exhibited 
ECG abnormalities, including tall peaked T 
waves. On genetic analysis, the proband exhibited 
a heterozygous C1442T change in CACNB2b that 
led to a serine ! leucine substitution (S481L) in 
the β2b subunit [97]. The second patient, a 
41-year-old male, had a QTc interval of 300 ms 
and presented with AF. His brother had died 
suddenly at 45. Programmed electrical stimula-
tion was able to elicit monomorphic ventricular 

tachycardia. An A!G substitution (A1468G) led 
to a glycine ! arginine substitution (G490R) in 
the CACNA1C product, that was also present in 
his two daughters [97]. The third patient, a 
44-year-old male, had prominent ST segment ele-
vation and a QTc interval of 360 ms; his mother 
had SCD at 48 years of age, while his father had 
no known medical problems. He had a heterozy-
gous C!T transition at position 116 of 
CACNA1C, leading to an alanine ! valine 
amino-acid substitution (A39V) in the gene prod-
uct [97]. Co-expression of the relevant mutant α/β 
subunit with its WT partner led to marked current 
suppression for each of the observed mutations 
[97]. Confocal microscopy showed that the A39V 
Cav1.2 mutation was associated with marked 
perinuclear as opposed to membrane staining, 
suggestive of impaired trafficking, whilst the 
G490R Cav1.2 and S481L Cavβ2b mutations did 
not appear to impair channel trafficking. A 
G5918C mutation to CACNA1C, leading to 
R1973P in Cav1.2 has been found in a family 
with early repolarisation and SQTS; this mutation 
produced a marked reduction in Cav1.2 current 
[98, 99]. Additional mutations to desmin (DES) 
and myopalladin (MYPN) were also detected, 
consistent with severe left ventricular hypertro-
phy in the proband and hypertrophic cardiomy-
opathy as well as early repolarisation/SQTS in 
this family [98, 99]. The R1977Q Cav1.2 muta-
tion was identified in a patient with a QTc of 
316 ms as part of an analysis of a group of 
73 SQTS patients [27]. 

The S755T substitution in the CACNA2D1 
encoded Cavα2δ-1 subunit was found in a 
17-year-old female patient who had experienced 
sudden loss of consciousness and VF. Once 
hospitalized, her QTc interval was found to be 
329 ms and AF and VT could be provoked by 
programmed electric stimulation. Comparison of 
ionic currents between wild-type and mutant 
Cavα2δ-1 subunit co-expression with Cav1.2α1 
and Cavβ2b showed the mutant to result in mark-
edly smaller currents, without obvious effects on 
channel protein expression [100].



26 The Short QT Syndrome 525

26.6 SQT7 

SCN5A has been linked to a mixed Brugada/ 
SQTS phenotype through the R689H mutation 
[101]. A 40-year-old male with the mutation 
was found to have a Brugada-like ECG and 
abbreviated QT interval (320 ms at a rate of 
71 beats/minute). His father had died suddenly 
at age 39. In vitro patch clamp analysis showed 
that the R689H mutation resulted in a loss of 
Nav1.5 channel function [101]. The situation in 
respect of this mutation is not straightforward, 
however, as it had previously been associated 
with long QT phenotype and a separate study 
suggested it could increase the late component 
of Na current (INa) [102]. Consequently, the pre-
cise phenotype (or phenotypes) possible with this 
mutation [22] is open to question. 

26.7 SQT8 

In 2017, SQTS was linked for the first time to a 
defective ion transporter [103]. Genetic analysis 
of two unrelated families with an SQTS pheno-
type revealed a missense mutation (R370H) in the 
AE3 anion transporter, which is encoded by the 
SLC4A3 gene [103]. This mutation resulted in 
reduced surface expression of the AE3 transporter 
and reduced bicarbonate transport. Knock-down 
of the analogous gene (slc4a3) in zebrafish 
embryos abbreviated repolarisation and increased 
intracellular pH of zebrafish hearts, whilst 
increasing intracellular pH and reducing intracel-
lular chloride ion concentration abbreviated rab-
bit ventricular repolarisation [103]. Thus, AE3 
transporter dysfunction has been causally linked 
to a SQTS phenotype [103], though the precise 
mechanism through which the observed changes 
lead to accelerated repolarisation requires further 
study [23]. 

26.8 SQT9 

A recent case has raised the possibility of a role 
for SCN10A in QTc interval shortening [104]. A 

47-year-old women died suddenly with J wave 
syndrome, associated with an abbreviated QTc 

interval of 303 ms. Genetic analysis revealed a 
G805V mutation to SCN10A-encoded Nav1.8. 
The patient had been treated for rheumatoid 
arthritis with etoricoxib and the authors of the 
report of this case suggested potential for a 
pharmacogenomic component, as prostaglandin 
E2 influences Nav1.8 trafficking and this could 
have been altered by etoricoxib [104]. Biophysical 
and trafficking analysis is needed to demonstrate 
whether or not the G805V mutation has a loss-of-
function effect that can account for repolarisation 
abnormalities seen in this case. 

26.9 Primary Carnitine Deficiency 
as a Cause of QT Interval 
Shortening 

Primary carnitine deficiency (PCD) is an inherited 
condition in which patients exhibit low intracel-
lular and plasma carnitine and reduced renal car-
nitine reabsorption. Mutations to SLC22A5 result 
in malfunction of the OCTN2 sodium-dependent 
carnitine transporter; in turn, this leads to 
impaired oxidation of long chain fatty acids 
(LCFCs) and accumulation in the cell cytosol 
[105, 106]. PCD leads to impaired cardiac metab-
olism and is associated with a progressive cardio-
myopathy and increased arrhythmia risk 
[107]. Increasing evidence suggests that some 
PCD patients can exhibit an SQTS phenotype 
[108–111] and work on a small animal model of 
PCD has shown a causal link between carnitine 
deficiency and abbreviated repolarisation [108], 
although the underlying ionic basis for this has 
yet to be elucidated. Though rare, PCD should be 
considered as a potential cause of SQTS, particu-
larly when cardiomyopathy is present [23, 109]. 

Currently identified ion channel mutations 
associated with the SQTS and their functional 
consequences are summarised in Table 26.1.
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Table 26.1 List of known SQTS variants 

Gene and gene 
Channel or 
transporter 
(subunit) 

Mutation (amino 

SQT1 KCNH2 (hERG) IKr (α [pore-
forming] sub-unit) 

N588K 
R1135H 
E50D 
I560T 
T618I 
S631A 

Gain of function 
Gain of function 
Gain of function 
Gain of function 
Gain of function 
Gain of function 

SQT2 KCNQ1 
(KCNQ1/ 
KvLQT1) 

IKs (α sub-unit) V307L 
V141M 
R259H 
F279I 

Gain of function 
Gain of function 
Gain of function 
Gain of function 

SQT3 KCNJ2 (Kir2.1) IK1 D172N 
M301K 
E299V 
K346T 

Gain of function 
Gain of function 
Gain of function 
Gain of function 

SQT4 CACNA1C 
(CaV1.2) 

L-type ICa (α 
subunit) 

A39V 
G490R 
R1973P 
R1977Q 

Loss of function 
Loss of function 
Loss of function 
Loss of function 

SQT5 CACNB2b 
(β2b subunit) 

L-type ICa (β2b 
subunit) 

S481L Loss of function 

SQT6 CACNA2D1 L-type ICa (α2δ1 
subunit) 

S755T Loss of function 

SQT7 SCN5A INa (canonical α 
subunit) 

R689H Putative loss of function 

SQT8 SLC4A3 Anion exchanger 
AE3 

R370H Loss of function 

SQT9 SCN10A INa (noncanonical α 
subunit) 

G805V Presumed loss of function 
(functional data required) 

Other 
Primary carnitine 
deficiency 

SLC22A5 OCTN2 W62X ♂ + R471 
♀ 
R471 + null 
R289* 

Loss of function 

26.10 Mechanisms 
of Arrhythmogenesis 

Given the evidence for dangerous ventricular 
arrhythmia and sudden death in SQT families 
[16, 33], it is of some importance that 
mechanisms of arrhythmogenesis in the syn-
drome are understood. Shortened atrial and ven-
tricular refractory periods of SQTS patients 
[16, 33] might be anticipated to increase the risk 
of re-entrant arrhythmia and work on experimen-
tal and in silico SQTS models bears this out. 
Insight into the effect of ventricular AP 
shortening in facilitating an arrhythmogenic 

substrate has come from experiments using the 
KATP channel activator pinacidil on canine ven-
tricular wedge preparations. Although this model 
does not correspond precisely to SQTS channel 
gene mutations, it reproduces QT interval 
shortening and demonstrates increased maximal 
transmural dispersion of repolarisation (TDR) 
and susceptibility to polymorphic ventricular 
tachycardia [112]. Subsequent use of an IKr-
activating compound (PD-118057) in 
experiments with the ventricular wedge prepara-
tion has shown QT interval shortening, increased 
TDR and effective refractory period (ERP) abbre-
viation, and susceptibility to evoked arrhythmia 
[113]. In intact rabbit hearts, pinacidil use has



been shown to produce abbreviation of the QT 
interval and dispersion of repolarisation [114]. 
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Fig. 26.2 (a & b): Space-time plot of computed AP 
propagation and the pseudo-ECG and reconstructed QT 
intervals for WT (a) and heterozygous V307L-KCNQ1 
mutant (b) conditions in IKs-linked SQT2. The membrane 
potential of cells along the 1D strand is mapped into grey 
spectrum ranging from black for -100 mV to bright for 
+50 mV (see grey-scale key). Space runs vertically from 
the ENDO end at the bottom to the EPI end at the top. 

Time runs horizontally (left to right). (c): Spatial distribu-
tion of action potential duration at 90% repolarisation 
(APD90) on 1D transmural strand in WT (marked by a) 
and heterozygous V307L KCNQ1 mutant (marked by b) 
conditions; (d): spatial gradient of APD90 on 1D 
transmural strand in WT (marked by a) and heterozygous 
mutant (marked by b) conditions. For further information 
on simulated SQT2 see [80] 

Computer simulations that mimic the promi-
nent kinetic changes to IKr, IKs and IK1 of the 
major SQT1–3 mutations have shown accelerated 
repolarisation convincingly at cell and tissue 
levels (e.g [74, 79, 80, 94, 95, 115–124]). In 
early simulations changes to T-wave morphology 
were more accurately reproduced for SQT2 [80] 
and SQT3 [79] variants than for SQT1 
[115, 116]. At the single cell level AP shortening 
in simulated SQT1 and SQT2 is heterogeneous, 
with midmyocardial AP repolarisation more 
greatly affected than that in epi- or endo-cardial 
cells [80, 115, 116]. Using a combination of 
cellular, 1D and 2D tissue simulations to study 

SQT2 we were able to reproduce QT interval 
shortening and altered T-wave amplitude 
(Fig. 26.2a, b), by incorporating kinetic changes 
to IKs to match those observed for V307L 
KCNQ1 + KCNE1 [73, 80]. Maximal transmural 
voltage heterogeneity (δV) during APs was aug-
mented, associated with augmented heterogeneity 
of AP duration (Fig. 26.2c, d) and ERP. In ven-
tricular tissue models, the vulnerable window for 
unidirectional conduction block was increased 
and re-entrant arrhythmias facilitated in 
simulations of the V307L mutant 
[80]. Subsequent incorporation of further experi-
mental features of V307L [125] into Markov 
chain models recapitulating wild-type and 
V307L conditions (both under heterozygotic and



homozygotic conditions) has allowed recapitula-
tion of re-entry in 3D human ventricle models 
[121], whilst in silico comparison of V307L and 
V141M mutations have shown the more perva-
sive effects of the V141M mutation led to marked 
sinus bradycardia, whilst both mutations 
facilitated AF [122]. 
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Simulated AP shortening has been shown to be 
accompanied by altered AP restitution (e.g 
[79, 115]). AP voltage-clamp experiments and 
simulations have shown that, in the case of 
SQT1, there is a markedly smaller effect of the 
N588K hERG mutation on IhERG during Purkinje 
fibre APs than during ventricular APs [55, 57, 
61]. This is attributable to differences in AP mor-
phology between the two cell types and may lead 
to increased heterogeneity between ventricular 
and Purkinje fibre repolarisation in SQT1, which 
could feasibly contribute to prominent U-waves 
seen in some SQTS patients [55, 57, 61]. One 
simulation study has suggested that hERG gating 
defects due to the N588K mutation might facili-
tate early after-depolarisations in SQT1 [117], 
with reduced hERG ‘tail currents’ [126] and 
altered response to ‘premature’ stimuli in vitro 
[61]. Our simulation work, using Markov-based 
formulations of the N588K hERG mutation 
reproduced increased T wave height seen in 
SQT1 when a transmural asymmetry of IKr 
expression was incorporated into the wild-type 
and mutant simulations [118]. These simulations 
also highlighted localized increases in ventricular 
transmural δV with the N588K mutation 
[118]. Such heterogeneity together with reduced 
substrate size required to sustain re-entry 
facilitates re-entry in both 2D and 3D tissue 
models [118, 123]. Our incorporation of the 
N588K hERG mutation in an electromechani-
cally coupled ventricular model showed a reduc-
tion in the intracellular Ca2+ transient and 
contraction in the SQT1 condition, with a lesser 
effect of the SQT3 D172N mutation [120]. These 
in silico results anticipated later patient findings 
from Doppler imaging and speckle tracking echo-
cardiography that found reduced left ventricular 
contraction and increased mechanical dispersion 
in SQTS compared to control subjects [127]. 

The first genetic animal model of the SQTS 
was the reggae zebrafish mutant, which exhibits a 
gain-of-function zERG (zebrafish-erg) mutation 
to the zERG channel voltage sensor region that 
can be linked causally to abbreviated 
repolarisation and cardiac fibrillation 
[128]. Recently, a transgenic SQT1 rabbit model 
has been developed that incorporates the N588K 
mutant [129]. The model shows abbreviation of 
the QT interval and of atrial and ventricular 
refractory periods, and it displays decreased 
slope of the QT-RR relationship. Whilst these 
features are reminiscent of the human clinical 
phenotype, tall T waves seen in SQT1 patients 
were not evident [129] and, as recently 
highlighted [130], in contrast with patient and in 
silico data systolic function was not affected, 
though diastolic relaxation was enhanced. One 
notable finding in this transgenic model was the 
presence of some ionic current remodelling: IK1 
was reduced, whilst IKs was slightly increased 
[129]. Human induced pluripotent stem-cell 
(hiPSC) derived cardiomyocytes (hiPSC-CMs) 
with the N588K and T618I mutations have been 
made and demonstrate a causal relationship 
between the presence of these gain-of-function 
mutations and abbreviated repolarisation 
[131, 132]. In addition to abbreviated 
repolarisation and increased IKr density, N588K 
hiPSC-CMs showed abnormal Ca2+ transients 
and arrhythmic activity. mRNA for hERG, 
CACNA1C and subunits of the transient outward 
K+ channel were upregulated in N588K hiPSC-
CMs, but interestingly those for subunits of IK1 
and IKs (KCNJ2 and KCNQ1) were not 
[131]. Thus, ion channel remodelling in the 
hiPSC-CM line in response to the N588K muta-
tion appears to differ from that in the transgenic 
rabbit [130]. 2D sheets of N588K-hiPSC-CMs 
have also been studied and show abbreviated 
repolarisation and effective refractory period as 
expected [133]. Optical mapping has also shown 
increased inducibility of spiral waves and allowed 
their quantification in N588K hERG expressing 
hiPSC-CM sheets [133]. There is striking agree-
ment between arrhythmogenic mechanisms 
observed in this preparation and those seen in 
earlier computational modelling [130]. T618I



hiPSC-CMs show both abbreviated action 
potentials and increased action potential 
variability compared to both controls and gene-
corrected hiPSC-CMs [132]. They also show an 
altered gene expression profile [132]. The mech-
anism and significance of this remains to be 
established. 

26 The Short QT Syndrome 529

26.11 Treatment 

Due to the risk of fatal ventricular arrhythmia, the 
primary treatment for SQTS patients is the use of 
implantable cardioverter defibrillator devices 
(ICDs; [16, 33, 134, 135]). However, the marked 
changes to T wave morphology present in many 
patients means that there is an inherent risk in 
ICD use of inappropriate shock delivery, due to 
T wave over-sensing [16, 17, 33, 134]. Although 
this risk can be mitigated by ICD reprogramming 
[134], ICD use does not, per se, restore normal 
QT interval duration or rate dependence; also 
some patients (e.g. very young infants) may not 
be suitable for ICD implantation. Consequently 
(adjunct) pharmacotherapeutic options may be 
desirable that can restore QT intervals towards 
normal and protect against arrhythmia generation 
[16, 22, 33, 136, 137]. 

In the initial study that identified SQT1, phar-
macological treatment with the class III antiar-
rhythmic drug sotalol was attempted, but this 
failed to restore a normal QT interval [43]. In 
vitro experiments in the same study showed that 
N588K-hERG was less sensitive to inhibition by 
D-sotalol than was WT hERG. A subsequent 
study tested a number of drugs on a sample of 
six SQTS patients; the drugs investigated 
included the class Ic antiarrhythmic drug 
flecainide, the class Ia agent hydroquinidine and 
the class III agents sotalol and ibutilide [138]. Of 
these agents, only hydroquinidine produced sub-
stantial QT interval lengthening and it also 
prolonged ventricular effective refractory period 
and protected against induced VF [138]. A 
subsequent comparison of quinidine and sotalol 
showed that, at ambient temperature, the IC50 for 
IhERG current by sotalol was increased 20-fold by 
the N588K mutation whereas that for quinidine 

was only increased by 5.8 fold [139]. Quinidine 
also restored towards normal the heart rate adap-
tation of the QT interval of SQT1 patients [139]. 

High potency hERG inhibition appears to 
depend, directly or indirectly, on hERG channel 
inactivation [41, 140–144]. The greater effective-
ness of quinidine than of sotalol against SQT1 
and N588K-hERG channels was suggested to 
reflect the fact that quinidine’s ability to inhibit 
hERG is comparatively insensitive to inactivation 
of the channel [14, 43, 139]. We investigated 
another class Ia antiarrhythmic agent, 
disopyramide, finding that the IhERG blocking 
potency of this agent was also little-affected by 
the N588K hERG mutation (an IC50 1.5 fold that 
of WT hERG compared to 3.5 fold that for quini-
dine [145] see also Fig. 26.3a). In direct compari-
son, the high affinity Class III inhibitor E-4031 
showed a > 11-fold change in IC50 

[145]. Disopyramide was subsequently tested in 
a pilot study on two SQT1 patients and found to 
exert beneficial effects on QT interval, rate depen-
dence and ventricular ERP [146]. Quinidine but 
not sotalol application to hiPSC-CMs with the 
N588K hERG mutation prolonged action poten-
tial duration [131], whilst when they were applied 
to N588K-expressing hiPSC-CM sheets both 
quinidine and disopyramide, but not sotalol, 
normalised action potential duration and 
suppressed arrhythmia induction [133]. This 
corresponds well to patient data. Our recent sim-
ulation work indicates that beneficial effects of 
quinidine and disopyramide on the QT interval in 
N588K-linked SQT1 are attributable to IKr block, 
whilst prolongation of the abbreviated ERP is 
attributable to effects on both IKr and INa 
[123, 124]. This finding is consistent with data 
from perfused canine right atrial preparations 
showing that combined IKr and INa block was 
necessary to prolong both action potential dura-
tion and ERP [147]. Disopyramide and quinidine 
have also been observed to be effective in vitro 
against the T618I and S631A hERG mutations 
[64, 66, 67, 144, 148, 149], whilst quinidine is 
also effective against the I560T hERG mutation 
([69]; Fig. 26.3b). Ajmaline, mexiletine and 
ivabradine have recently been reported to prolong



the duration of action potentials from iPSC-CMs 
from an SQT1 patient [150]. 
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Fig. 26.3 In vitro pharmacology of SQT1. (a) Compara-
tive pharmacology of WT and N588K hERG. 
Figure shows concentration–response relations for inhibi-
tion by three drugs of WT and N588K (SQT1) hERG 
currents recorded from hERG-expressing Chinese Ham-
ster Ovary cells. Half-maximal inhibitory (IC50) values for 
inhibition by E-4031, quinidine and disopyramide are as 
follows, E-4031: WT 16 nM, SQT1 183 nM; quinidine: 
WT 0.62 μM, SQT1 2.2 μM; disopyramide: WT 10.7 μM, 
SQT1 15.8 μM. E-4031 is included as a 
methanesulphonanilide, structurally related to sotalol, for 
which the N588K mutation markedly affected inhibitory 
potency. Note that symbols do not denote plotted data 

points; rather, the concentration response relations have 
been plotted as continuous lines, and some line types 
incorporate symbols to help differentiate between the dif-
ferent plots. For further information see [145]. (b) Quini-
dine is effective against the I560T hERG mutation. Panels 
show action potential (AP) voltage commands overlaid 
with corresponding wild-type (WT; Bi) or I560T (Bii) 
hERG current (IhERG) elicited using AP voltage clamp. 
1 μM quinidine was effective in reducing IhERG magnitude 
in each case, indicating that it retains its hERG-blocking 
effect in the presence of the I560T mutation. Reproduced 
from [69] under a Creative Commons (CC BY) license 

The potential for IKr block to delay 
repolarisation in non-SQT1 forms of SQTS is 
illustrated by the effectiveness of IKr inhibition 
in pinacidil (KATP) models of SQTS [112, 151, 
152] and our in silico simulations of effects of IKr 
block in SQT3 [95]. Calcium channel-related 

SQTS/Brugada syndrome has been reported to 
be responsive to quinidine [97]. Indeed, the abil-
ity of hydroquinidine to protect against life-
threatening arrhythmic events in the SQTS is 
not restricted to SQT1 [153], and long-term fol-
low-up of both adult and paediatric cohorts with 
SQTS suggest that quinidine/hydroquinidine can 
be beneficial across different SQTS variants



[154–156]. Disopyramide has also been reported 
to be beneficial in a patient with SQTS of 
unknown genotype [157]. 
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Although the notion of genotype-specific 
pharmacology for the SQTS is an attractive con-
cept [136], selective IKs inhibition is at present 
only a theoretical treatment for SQT2 as there are 
no selective IKs inhibitors in clinical use 
[22]. However, in vitro and in silico data indicate 
the potential for an IKs-based strategy 
[121, 125]. The effectiveness of the strategy 
would likely differ between mutations and drug 
interaction sites, illustrated by the fact that the 
V307L KCNQ1 SQT2 mutation has been shown 
to attenuate the blocking potency of the IKs-inhib-
itor chromanol 293B [158]. Experimental data 
with chloroquine and the pentamidine analogue 
PA-3 and SQT3 simulation data suggest some 
potential for an IK1 inhibition-based approach 
(on its own, or coupled with IKr block) in SQT3 
[22, 92, 95, 159–161]. Perhaps the most striking 
example of a genotype-specific treatment is for 
PCD [110]. Patients with PCD and abbreviated 
ventricular repolarisation respond to dietary car-
nitine supplementation with QT interval length-
ening [108–110]; thus, early successful 
identification and genotyping of PCD could result 
in a dietary intervention that could reduce the 
need for pharmacological intervention. 

26.12 Conclusions 

Twenty years after the report of familial idio-
pathic short QT intervals by Gussak and 
colleagues [19], a lot has been learned about the 
SQTS. Highly abbreviated QTC intervals are rare 
in the normal population [24, 162–164], and 
genetic SQTS, though dangerous, is uncommon. 
Whilst multiple genes have been implicated in the 
SQTS (Table 26.1), a recent analysis of 32 SQTS 
variants in the literature concluded that only those 
in hERG (KCNH2), KCNQ1 and KCNJ2 have a 
conclusive pathogenic role [165]. However, in 
our view, it would be premature to restrict genetic 
screening for SQTS to these genes for several 
reasons. First, screening patients against known 
candidate SQTS genes has had only limited 

success, with a genetic cause not identified in 
the majority of cases [15, 22, 28, 33]. This 
indicates that there is still much to learn about 
clinically relevant modifiers of cardiac 
repolarisation; moreover, mutations to other 
genes will need to be identified to have a more 
complete understanding of the basis of QT inter-
val shortening [23]. Second, the identification of 
genetic variants that produce a mixed Brugada/ 
SQTS phenotype raises the possibility of a con-
tinuum of abbreviated repolarisation phenotypes 
that, from a physiological perspective at least, 
may not readily conform to distinct boundaries 
between disorders. Similarly, the fact that PCD 
can produce a SQTS phenotype together with 
cardiomyopathy [110] highlights the fact that 
SQTS need not always occur in structurally nor-
mal hearts. Thus, an inclusive approach to con-
sidering genetic causes of QT interval 
abbreviation may be the one which is most con-
sistent with underlying (patho)physiology. The 
potential value of whole exome sequencing for 
resolving genetic causes of SQTS is exemplified 
by the discovery of a loss-of-function mutation to 
SLC4A3-encoded AE3 ([103] and Sect. 26.7). 
The future increased use of such an approach, 
where targeted screening fails, may shed further 
light on this fascinating and sometimes elusive 
syndrome. 
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Abstract 

Ion channels and transporters regulate trans-
membrane electrochemical gradients to 
control cardiomyocyte depolarization/repolar-
ization and cell excitability. Ion channel and 
transporter function depend on proper expres-
sion and localization within specific cellular 
membrane domains. Ankyrins are a family of 
proteins that are widely expressed in vertebrate 
tissues including the heart. Ankyrin-based 
cellular pathways are critical for ion channel 
and transporter membrane targeting in ventric-
ular cardiomyocytes, atrial myocytes, and 
sinoatrial node cells, revealing their essential 
role in proper cardiac function. Moreover, 
findings in both mice and humans associate 
altered function in ankyrin-B with a variety 
of phenotypes, including fatal ventricular 
arrhythmias, ankyrin-B syndrome (distinct 
from long QT syndrome), atrial fibrillation, 
sinus node disease, sudden cardiac death, and 

arrhythmogenic right ventricular cardiomyop-
athy. While the molecular mechanisms of 
ankyrin-associated diseases remain to be 
clarified, it is posited that disruptions in 
ankyrin-based pathways have a range of dis-
tinct molecular repercussions such as altering 
typical calcium handling dynamics in excit-
able cells and possibly interfering with the 
Wnt/β-catenin signaling. In addition to 
ANK2-associated cardiac disease, dysfunction 
in ankyrin-G-based cellular pathways for 
voltage-gated Nav channel targeting and regu-
lation has also been associated with human 
arrhythmia. This chapter will focus on the 
cell biology of cardiac ankyrins in human 
arrhythmias. 
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27.1 Introduction 

Ankyrins are a family of adaptor proteins respon-
sible for the organization of membrane-
associated, cytoskeletal, and signaling proteins 
at specialized membrane domains. Ankyrins 
were first identified in 1978 as a key structural
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component of the erythrocyte membrane cyto-
skeleton [1]. Nearly a decade later, ankyrin 
defects were first linked with human hereditary 
spherocytosis due to the disruption of membrane 
surface tension of erythrocytes [2, 3]. Ankyrin 
proteins have since been shown to coordinate 
the physiological roles of a host of cell types 
including Purkinje neurons, epithelial cells, and 
pancreatic beta cells [4–7]. In the past twenty 
years, ankyrin function in excitable 
cardiomyocytes has been widely explored and 
continues to pose as a fruitful area of study in 
the underpinnings of cardiac physiology and 
pathology [8, 9]. 
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Ankyrin polypeptides are derived from three 
human genes and exhibit divergent, nonoverlap-
ping functions. Ankyrin-R polypeptides, encoded 
by ANK1 on human chromosome 8p11, are the 
prototypic ankyrins first characterized from the 
erythrocyte cytoskeleton [10]. ANK1 gene 
products are also expressed in neurons and mus-
cle [11]. Ankyrin-B, encoded by ANK2 on human 
chromosome 4q25–27, is expressed in most cell 
types including the brain and heart, where it 
regulates the spatial-temporal dynamics of car-
diac function via the targeting of key ion handling 
proteins such as Na+ /Ca2+ exchanger (NCX) and 
Na+ /K+-ATPase (NKA) [12, 13]. Ankyrin-G is 
encoded by ANK3 on human chromosome 
10q21. Similar to ankyrin-B, ANK3 gene 
products are expressed in most vertebrate cells 
[14, 15]. Ankyrin-G, however, is expressed at 
the intercalated disc and t-tubules in ventricular 
cardiomyocytes and possesses select binding 
partners in the heart. For example, ankyrin-G is 
required for the specific targeting of the cardiac 
voltage-gated sodium channel (Nav1.5) [8, 9]. 

In the heart, ventricular cardiomyocytes pri-
marily express one isoform of ankyrin-B 
(220 kD ankyrin-B), and ankyrin-G (190 kD 
ankyrin-G) [16]. Splicing of ankyrin genes results 
in a spectrum of structurally- and functionally 
diverse polypeptides ranging in size from 26 to 
480 kD. Small ankyrin isoforms lacking large 
regions of a canonical ankyrin may be localized 
to specialized membrane sites including the Golgi 
apparatus, lysosomes, and sarcoplasmic reticu-
lum (SR) [8]. Ankyrin-B isoforms have been 

identified in the heart, where they exhibit distinct 
functions based upon their binding profiles. Spe-
cifically, 188kD ankyrin-B isoform acts to regu-
late NCX expression, whereas the 212 kD splice 
variant binds obscurin for proper formation at the 
M-line in cardiomyocytes [17]. In the brain, a 
440-kD giant ankyrin-B splice variant has also 
recently been implicated in autism [18]. The 
220 kD ankyrin-B is primarily localized to the 
M-line, transverse tubule (T-Tubule), and Z-line 
membranes and is to function as a cellular adaptor 
for targeting specific ion channels/transporters to 
t-tubule/sarcoplasmic reticulum membrane. 
Ankyrin-B targets Na+ /K+-ATPase (NKA), inosi-
tol 1,4,5 trisphosphate receptor (IP3R), and Na

+ / 
Ca2+ exchanger (NCX) to specific membrane 
sites [8] (Fig. 27.1). Canonical ankyrin-G 
(190 kD) is localized at both ventricular 
cardiomyocyte intercalated disc and t-tubule 
membrane domains. Ankyrin-G isoforms also 
display importance in proper neuronal structure 
and function, where the giant 480-kD isoform 
plays an integral role in the arrangement of the 
axon initial segment (AIS) in the brain [19]. 

Canonical ankyrins (190–220 kD) 
are comprised of four distinct structural domains 
including a membrane-binding domain (MBD) of 
24 ANK repeats, a spectrin-binding domain 
(SBD), a death domain (DD), and a C-terminal 
domain (CTD) (Fig. 27.1). The ankyrin MBD is 
distinguished by its alpha-helical structure [4, 20] 
and interacts with a host of diverse membrane 
proteins including ion channels, transporters, 
pumps, and cell adhesion molecules including 
NKA, voltage-gated Na+ and K+ channels, 
NCX, IP3R, the anion exchanger, CD44, and 
E-cadherin [21, 22]. In fact, microdomains within 
the ankyrin MBD may allow for the formation of 
large homomeric and heteromeric protein 
complexes to orchestrate large structural and sig-
naling complexes essential for proper cardiac 
rhythm [8]. 

While the ankyrin SBD has been shown to 
have critical roles in linking ankyrin-associated 
membrane proteins with the spectrin- and actin-
based cytoskeleton [23], this large domain 
interacts with key signaling proteins. For exam-
ple, the SBD of ankyrin-B interacts with the



targeting subunit (B56α) of the protein phospha-
tase 2A (PP2A) protein complex, facilitating its 
interaction with the ryanodine receptor (RYR) 
[24]. In fact, loss of ankyrin-B impairs PP2A 
targeting to specific membrane domains in ven-
tricular cardiomyocytes which may alter local 
signaling and calcium handling in the 
cardiomyocyte [24]. The ankyrin SBD is the site 
of select human ANK2 loss-of-function variants 
associated with arrhythmia which is likely 
attributed to alterations in RYR phosphorylation 
from reduced PP2A activity [25]. 
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Fig. 27.1 Ankyrin-B membrane domains associated with 
protein complexes in the cardiomyocyte. Ankyrins are 
comprised of four major structural domains including the 
membrane-binding domain (MBD), the spectrin-binding 
domain (SBD), the C-terminal domain (CTD), and the 

death domain (DD). Together, the CTD and DD comprise 
the regulatory domain. Ankyrin-B targets cardiac ion 
channels and transporters (Na+ /K+-ATPase, Na+ /Ca2+ 

exchanger, IP3R), key structural proteins (β-spectrin, 
obscurin, β-catenin), and signaling molecules (PP2A) 

The ankyrin DD and CTD comprise the 
ankyrin regulatory domain (RD) that mediates 
both ankyrin intramolecular interactions as well 
as with proteins including obscurin, the MBD, 
and HSP40 in ankyrin-B [26–28]. In fact, 
ankyrin-B interacts with the large Rho-GEF, 
obscurin, and is critical for the subcellular locali-
zation of PP2A in cardiomyocytes [24]. In addi-
tion, the ankyrin RD modulates intramolecular 
interactions that may serve an autoregulatory 
function (Fig. 27.1). For example, the ankyrin-B 
DD is thought to allow for auto-inhibition via 
direct interaction with a specific region of the 
SBD [29]. Furthermore, inter-domain interactions 
between the ankyrin-B MBD and CTD have been 
shown to regulate intermolecular interactions that 

confer isoform-specific functionality [8]. Finally, 
although the ankyrin DD and CTD tend to be 
highly divergent, multiple human ANK2 loss-of-
function arrhythmia variants have been identified 
in the RD, and further supports a critical role for 
this ankyrin region in normal cardiac function 
[8, 25]. 

27.2 Ankyrin Dysfunction in Human 
Arrhythmia 

Since the early 2000s, links between ankyrin dys-
function and human cardiac disease have been 
continuously identified, solidifying the impor-
tance of ankyrin polypeptides in healthy cardiac 
function. The next sections will review the asso-
ciation of human cardiac disease and ankyrin-
based cellular pathways. 

27.2.1 Ankyrin-B Dysfunction 
in Human Ventricular 
Arrhythmia 

Long QT syndrome (LQTS) is a heterogeneous 
group of inherited arrhythmias characterized 
by prolonged QTC intervals on the



electrocardiogram (ECG) and increased likeli-
hood for sudden death [30]. Variants in the three 
genes (KCNQ1, KCNH2, and  SCN5A) account 
for the majority of clinical LQTS cases 
[31]. The atypical, type 4 long QT syndrome 
(type 4 LQTS) was described first by Schott 
et al in 1995 in a large French kindred with a 
complex cardiac phenotype including sinus bra-
dycardia, abnormal heart rate variability, atrial 
fibrillation, long QT interval, and sudden cardiac 
death [32]. Specifically, an ANK2 missense vari-
ant was identified in the affected individuals and 
resulted in the substitution of glycine for a highly 
conserved glutamic acid at residue 1425 
(E1425G) near the C-terminus of the SBD 
[8]. Today, based on additional clinical data, we 
no longer refer to ANK2 as a “long QT” 
associated gene. Instead, we now refer to this as 
“ankyrin-B syndrome”. It is likely that both envi-
ronmental determinants and secondary genetic 
variants dictate the phenotype in ankyrin-B-
associated disease, as familial ankyrin-B syn-
drome often presents with incomplete penetrance 
and phenotypic variability. 

542 E. K. Dudley et al.

Recently, rare ANK2 variants have also been 
associated with cases of arrhythmogenic right 
ventricular cardiomyopathy (ARVC), a disease 
that is typically associated with desmosomal pro-
tein variants. Roberts et al identified ARVC in a 
male proband harboring an AnkB-p.Glu1458Gly 
variant. The group went on to screen another 
ARVC family, where an AnkB-p.Met1988Thr 
variant was found to segregate with disease. 
Notably, cardiac tissue exhibited clear signs of 
ankyrin dysfunction, with altered NCX and 
ankyrin-B targeting. While desmosomal structure 
appeared normal in cardiac tissue from ARVC 
probands, β-catenin expression at the intercalated 
disc was significantly altered. Binding studies 
revealed a novel interaction between ankyrin-B 
and β-catenin, presenting a distinct pathway of 
ARVC pathogenesis and a possible therapeutic 
option for ARVC through upregulation of the 
β-catenin/Wnt signaling pathway [33]. 

To date, distinct ANK2 loss-of-function 
variants have been identified in patient 
populations associated with a range of 

cardiovascular disease and clinical severity 
[8, 25, 33, 34]. At the cellular level, ANK2 
variants have been identified that demonstrate 
loss-of-function activity for ankyrin-B in 
cardiomyocytes [8]. The clinical phenotypes 
associated with these variants range from no obvi-
ous symptoms to sudden death. In fact, different 
variants result in different degrees of ankyrin-B 
loss of function in vitro that correlate with the 
clinical severity [8]. 

The clinical phenotypes in individuals hetero-
zygous for ANK2 variants include severe brady-
cardia, idiopathic ventricular fibrillation, atrial 
fibrillation, and polyphasic T waves on the 
ECG [8]. Interestingly, prolongation of the QT 
interval is not a consistent finding in individuals 
heterozygous for ankyrin-B loss of function, giv-
ing rise to the name “ankyrin-B syndrome” 
instead of LQT4 syndrome. However, despite 
inconsistencies in QTc, individuals heterozygous 
for ankyrin-B loss-of-function variants may be 
susceptible to arrhythmias [8]. 

27.2.2 Ankyrin-B Dysfunction 
and Human Sinus Node Disease 

In addition to association with severe ventricular 
arrhythmias, ankyrin-B plays an unexpected, but 
important role in regulation of sinoatrial node 
(SAN) automaticity [8]. Sinus node dysfunction 
(SND) is a highly prevalent condition affecting 
individuals of all ages but is more common with 
increasing age [35]. This common clinical iden-
tity leads to bradycardia and syncope and 
accounts for approximately half of pacemaker 
implantations in the United States [36]. SND has 
been thought to be mostly caused by fibrous tis-
sue replacing the nodal tissue, although the etiol-
ogy of the disease is far from being fully 
understood [37]. Work on familial forms of this 
disease has elucidated single gene defects 
associated with ion channels [38–40]. Two 
families with severe and highly penetrant SND 
were mapped to the general ANK2 locus. In one 
family, affected individuals carried the E1425G 
ANK2 variant. In a second family, affected



individuals were carriers of a mutual haplotype at 
the ANK2 locus although to date, no variant has 
been identified [8]. Ankyrin-related SND has fur-
thermore been studied in a single proband 
demonstrating concomitant SND, prolonged 
QTc, and atrial fibrillation [41]. The molecular 
mechanisms underlying SND due to ankyrin-B 
dysfunction are unknown. Based on the spectrum 
of cardiac phenotypes displayed by carriers of 
different polymorphisms, the molecular pheno-
type is likely to be complex involving multiple 
protein partners in the sinus node cell. In sum-
mary, ankyrin dysfunction represents a distinct 
collection of cardiovascular illnesses including 
sick sinus syndrome with bradycardia, ventricular 
arrhythmias, and risk of sudden death. 
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27.2.3 Physiological and Cellular Roles 
of Ankyrin-B in the Ventricle 

Ankyrin-B+/- mice have served as a robust tool 
for elucidating the role of ankyrin-B in human 
arrhythmia. Ankyrin-B homozygous knock-out 
mice die shortly after birth [13]; however, 
ankyrin-B+/- mice are viable and display a num-
ber of cardiac phenotypes similar to individuals 
heterozygous for the ankyrin-B E1425G variant. 
Specifically, ankyrin-B+/- mice display signifi-
cant bradycardia and exhibit a high degree of 
heart rate variability compared to wild-type 
mice. Similar to many patients with ankyrin-B 
syndrome, ankyrin-B+/- mice display significant 
QTc prolongation and episodes of intermittent 
isorhythmic atrioventricular dissociation com-
pared to wild-type littermates [8]. Select 
individuals harboring the ankyrin-B E1425G 
loss of function variant have experienced sudden 
death following physical exertion [8]. Likewise, 
ankyrin-B+/- mice but not wild-type littermates 
subjected to exercise followed by epinephrine 
injection are predisposed to sudden death [8]. In 
summary, ankyrin-B+/- mice, similar to patients 
with human ankyrin-B syndrome, display severe 
bradycardia, prolonged QT interval, heart rate 
variability, syncope, polymorphic ventricular 
arrhythmia, and sudden cardiac death in response 
to catecholaminergic stimulation. 

Cardiac-specific murine models have been 
utilized to further characterize ankyrin-B loss-of-
function mutations. Roberts et al. selectively 
knocked out cardiac ankyrin-B using a Cre/LoxP 
system under the direction of the αMHC pro-
moter. These mice demonstrate both structural 
and electrical phenotypes, including decreased 
ejection fraction, decreased fractional shortening, 
sinus bradycardia, VT and trigamy upon cate-
cholamine challenge, and premature death. This 
phenotype is notably in line with symptoms from 
human ARVC patients with ANK2 variants, 
elucidating a critical link between ankyrin func-
tion and cardiac structure [33]. 

Studies in isolated ankyrin-B+/-

cardiomyocytes have provided important infor-
mation regarding the underlying ionic mechanism 
for arrhythmias in ankyrin-B-deficient mice and 
human patients with ankyrin-B mutations. 
Reduced expression of ankyrin-B in ankyrin-
B+/- ventricular cardiomyocytes results in 
reduced expression and abnormal localization of 
ankyrin-B-associated proteins including Na+ /K+-
ATPase, Na+ /Ca2+ exchanger, and IP3 receptor 
(Fig. 27.2)  [8]. Decreased ankyrin-B function 
results in a reduced Na+ /Ca2+ exchange activity 
through direct and indirect mechanisms. Reduced 
Na+ /K+-ATPase activity increases cytosolic Na+ 

concentration, that inhibits the activity of Ca2+ 

export via the Na+ /Ca2+ exchanger, similar to 
the activity of digitalis [42]. In addition, reduced 
ankyrin-B function directly alters the membrane 
expression and localization of the Na+ /Ca2+ 

exchanger [8]. This likely further reduces extra-
cellular Ca2+ export via the Na+ /Ca2+ exchanger, 
resulting in elevated SR Ca2+ stores and increased 
propensity for spontaneous Ca2+ release. Indeed, 
new models of ankyrin-B+/- cardiomyocytes pre-
dict an increase in Ca2+ sparks due to the 
uncoupling of Na+ /Ca2+ exchanger from the 
Na+ /K+-ATPase, which subsequently induce 
ionic imbalances that could underlie arrhythmia 
(Fig. 27.2)  [43]. Furthermore, ankyrin-B+/- cells 
display elevated SR Ca2+ stores and 
catecholamine-induced afterdepolarizations that 
may result in extrasystoles and even arrhythmia 
at the level of the whole heart [8].
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Fig. 27.2 Mechanism for Ankyrin-B-based arrhythmias. 
Comparison of cardiomyocyte signaling changes with loss 
of ankyrin-B and wild-type ankyrin-B. Deficiency of 
ankyrin-B has been shown to decrease the expression 
and normal localization of Na/K ATPase (NKA), Na/Ca 
exchanger (NCX), and IP3R, ultimately resulting in altered 
SR calcium load. The decrease in expression and localiza-
tion of NKA results in a Na+ accumulation that prevents 

exchange of Ca2+ through NCX. Also, the altered ankyrin-
B dependent-targeting of PP2A disrupts the PP2A/ 
CaMKII balance favoring RYR hyperphosphorylation 
and leading to increased Ca2+ in the cytoplasm. At the 
tissue level, these cellular events support arrhythmia par-
ticularly in response to catecholamines 

27.2.4 Physiological and Cellular Roles 
of Ankyrin-B in the Sinus Node 

In addition to the ventricle, dysfunction in 
ankyrin-B protein targeting leads to loss of cyto-
solic Ca2+ regulation in the sinoatrial node 
[8]. Precise handling of cytosolic Ca2+ is essential 
for normal SAN function and thus electrical auto-
maticity of the SAN [44]. Ankyrin-B is expressed 
in SAN cells and is necessary for the localization 
and membrane expression of the voltage-gated 
Ca2+ channel, Cav1.3, in addition to the Na

+ / 
Ca2+ exchanger, Na+ /K+-ATPase and IP3 receptor 
[8]. Action potential rate reduction and increased 

rate variability in ankyrin-B+/- SAN cells were 
observed compared to wild type (WT) cells 
[8]. Previous studies have reported a similar cel-
lular phenotype and spontaneous SAN 
arrhythmias in mice lacking Cav1.3 [45]. INCX 
has also been shown to be important for SAN 
automaticity. Specifically, Na+ /Ca2+ exchanger 
knockout mice die before birth with significant 
heart rate defects [46, 47]. These data suggest that 
defects in ankyrin-B+/- mouse SAN automaticity 
may be in large part due to loss of ankyrin-B 
targeting of Cav1.3 and Na

+ /Ca2+ exchanger. 
Finally, in addition to sinus node disease and 

ventricular arrhythmias, individuals carrying



ANK2 variants may display atrial fibrillation 
[8, 41]. The molecular basis for atrial fibrillation 
associated with ankyrin dysfunction is currently 
unknown. However, based on findings in other 
cardiac excitable cell types, it is logical to postu-
late that loss of ankyrin targeting of key mem-
brane and signaling proteins may represent the 
underlying cause. The link between ankyrin dys-
function and human atrial fibrillation is an excit-
ing and obvious future direction for the field. 
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27.2.5 Ankyrin-G Dysfunction 
and Human Brugada Syndrome 

Ankyrin-G is vital for the organization of func-
tionally related proteins at the cardiac intercalated 
disc through the facilitation of Na+ channel 
targeting [8]. Experiments from cerebellar-
specific ankyrin-G knockout mice reveal that 
ankyrin-G deficiency results in abnormal expres-
sion and localization of neuronal Nav channels 
[48]. Biochemical experiments demonstrate that, 
through direct binding, ankyrin-G and Nav1.5 
colocalize at the intercalated disc and T-tubule 
membranes of ventricular cardiomyocytes, 
where ankyrin-G expression is required for 
Nav1.5 targeting [8]. As a result of deficient 
targeting, Na+ current is reduced in ankyrin-G 
conditional knock out mice and reduced to 
nonexistent in ankyrin-G null myocytes. 
Moreover, Nav1.5 recruitment is an exclusive 
function of ankyrin-G, as ankyrin-B-deficient 
cardiomyocytes do not display significant loss of 
Nav1.5 expression [8]. Makara et al identified that 
ankyrin-G is necessary for targeting of calcium/ 
calmodulin-dependent protein kinase II 
(CaMKII), a known regulator of Nav1.5, to the 
intercalated disc in cardiac-specific ankyrin-
G-/- mice [9]. These mice also display loss of 
βIV spectrin as well as alterations to plakophilin-
2, suggesting that recruitment of Nav1.5 by 
ankyrin-G permits the formation of larger signal-
ing structures at the intercalated disc. Importantly, 
these ankyrin-G cKO mice exhibit a range of 
electrical irregularities, including bradycardia 
and QRS prolongation [8]. Ankyrin-G has also 
been shown to recruit both KATP and Na

+ 

channels to the intercalated disc in rats, where 
ankyrin-G and not ankyrin-B colocalizes with 
these ion channels [49]. In the context of the 
whole heart, decreased Na+ current may reduce 
membrane excitability, resulting in slow and dis-
continuous conduction favorable to the initiation 
and maintenance of arrhythmias [50]. 

The Brugada syndrome, first described in 
1992, is an autosomal-dominant potentially fatal 
cardiac arrhythmia characterized by ST segment 
elevation in the right precordial leads, right bun-
dle branch block and T wave inversions on the 
ECG [51]. Affected individuals are at high risk of 
death as a result of ventricular tachycardia or 
fibrillation despite having structurally normal 
hearts [51]. Typically, the syndrome manifests 
itself in adulthood, though cases have been 
reported in children and in the elderly 
[52]. Variants in the SCN5A gene that encodes 
for Nav1.5 are associated with a host of Brugada 
syndrome cases [53]. Specifically, SCN5A-
associated variants are hypothesized to affect the 
biophysical properties of the sodium channel 
resulting in reduced, or inconsistent inward INa. 
Recent work demonstrates a link between 
ankyrin-G, Nav1.5, and the Brugada syndrome. 
Specifically, SCN5A variants that block associa-
tion of Nav1.5 with ankyrin-G have been 
associated with human Brugada syndrome 
probands [8]. In fact, Nav1.5 E1053K that blocks 
ankyrin-G-association is ineffectively targeted to 
the cardiomyocyte intercalated disc consistent 
with reduced INa and the Brugada syndrome phe-
notype associated with this variant [54]. Together, 
these findings illustrate a key role for ankyrin-G 
in myocyte ion channel targeting to the 
intercalated disc. Moreover, these studies demon-
strate that dysfunction of the ankyrin-G-based 
protein targeting pathway may result in defects 
in normal physiology and human disease. 

In addition to its role as a targeting protein, 
ankyrin-G serves as a structural component in 
various cell types. In epithelial cells, ankyrin-G 
directly interacts with a cell adhesion protein, 
E-cadherin, and is required for its localization to 
the lateral membrane [5, 55]. This interaction is 
critical for maintaining cell–cell adhesion. 
N-cadherin, found in both neural and cardiac



tissues, may also interact with ankyrin-G in vivo 
[5, 55]. Inappropriate N-cadherin expression at 
the intercalated disc in cardiomyocytes may dis-
rupt mechanical adhesion and electrical commu-
nication between cells and predispose the heart to 
arrhythmias [56, 57]. These observations further 
suggest the critical importance of ankyrin-G as a 
component of cell adhesion assemblies as well as 
in channel and transporter targeting. The potential 
role of ankyrin-G for protein organization at the 
myocyte intercalated disc is an important future 
direction for the field. 
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27.3 Conclusion 

Cardiac ankyrin polypeptides have been 
recognized as key components in targeting 
transporters and ion channels in the 
cardiomyocyte. Ankyrin-B-based targeting 
pathways are essential for handling cytosolic cal-
cium and thus play a major role in the normal 
physiology of excitable cells. Dysfunction in car-
diac ankyrins is associated with several clinically 
relevant arrhythmias as well as sick sinus syn-
drome, bradycardia, atrial fibrillation, ventricular 
arrhythmias, arrhythmogenic cardiomyopathy, 
and risk of sudden death. Similarly, defects in 
ankyrin-G-based pathways in cardiomyocytes 
are associated with a Brugada syndrome-like phe-
notype, an autosomal-dominant disease 
associated with sudden death. These points fur-
ther underline the importance of ankyrins in nor-
mal cardiovascular function. However, while 
these findings illustrate the importance of cardiac 
ankyrins, there is a great deal still unknown. In 
fact, as ankyrins organize a host of key signaling, 
ion transport, and structural components of the 
myocyte, these molecules may ultimately repre-
sent an unexpected, but potentially powerful ther-
apeutic target for modulation of cellular 
excitability in cardiac rhythm disorders. 
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Abstract 

Atrial fibrillation is triggered when an abnor-
mal electrical impulse encounters a substrate 
that allows initiation of re-entry. The arrhyth-
mia has a strong tendency to become persistent 
due to structural and electrical remodeling. 
Currently available antiarrhythmic drugs are 
not sufficiently effective and are burdened by 
cardiac and extracardiac side effects that may 
offset their therapeutic benefits. Detailed 
knowledge about the mechanisms leading to 
generation and maintenance of arrhythmias 
may lead to the discovery of new targets for 
pharmacological interventions. These could 
include atria-selective ion channels (e.g., 
Nav1.5 (INa,), Kv1.5 (IKur), Kir3.1/3.4 (IK, 

ACh), TASK-1 (ITASK-1), and SK (IK,Ca) 
channels, pathology-selective ion channels 
(constitutively active Kir3.x, TRP channels), 
ischemia-uncoupled gap junctions, proteins 
related to malfunctioning intracellular Ca2+ 

homeostasis (e.g., “leaky” ryanodine 
receptors, overactive Na+ ,Ca2+ exchanger), or 
risk factors for arrhythmias (“upstream” 

therapies). In this chapter, ion channels as 
drug targets for atrial fibrillation will be 
discussed in the context of the remodeled atria. 
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28.1 Introduction 

Atrial fibrillation (AF) is initiated when abnormal 
focal electrical activity encounters a suitable sub-
strate that allows re-entry propagation. AF is 
often associated with cardiovascular disease, 
especially hypertension, heart failure, valve dis-
ease, coronary artery disease or non-cardiac dis-
ease such as diabetes, obesity, inflammatory 
disease, and old age, alcohol consumption, and 
physical inactivity are risk factors [1]. Neverthe-
less, about one-third of the patients have so-called 
“lone” AF without known underlying heart dis-
ease. Current pharmacological therapy is often
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ineffective and has many side effects, so that new 
drugs are highly wanted. A brief outline of the 
atrial action potential, the electrophysiological 
mechanisms of AF and the accompanying 
remodeling processes will provide the conceptual 
framework that has led to new drug development. 
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28.1.1 The Atrial Action Potential 

During the cardiac action potential distinct ion 
channels open and close in a voltage- and time-
dependent manner producing depolarizing 
(inward) and repolarizing (outward) currents 
(see Fig. 28.1). The resting membrane potential 
is mainly determined by the inwardly rectifying 
K+ currents IK1, IK,Ach, and IK,ATP, in combination 
with electrogenic ion transporters and 
exchangers. The upstroke of the action potential 
is due to the rapidly activating and inactivating 
Na+ current INa. The plateau phase is maintained 
by a delicate balance of depolarizing Ca2+ influx 
(L-type Ca2+ current ICa,L) and repolarizing K

+ 

currents. The latter include the transient outward 
current Ito, the ultrarapidly activating, outwardly 
rectifying current IKur, the rapidly activating, 
dendrotoxin-senstive outward current IKv1.1, the 
rapidly and the slowly activating delayed rectifier 
current IKr and IKs, the background inward recti-
fier IK1, the acetylcholine-activated inward recti-
fier IK,Ach, the ‘leak’ current via TASK-1 
channels, ITASK-1, and the Ca

2+-activated outward 
current ISK. Among these potassium channels, 
IKur, IK,Ach, ITASK-1, and ISK are expressed mainly 
in the atria with almost no expression in the 
healthy ventricles and are therefore considered 
as atria-selective. 

28.1.2 Electrophysiological 
Background of AF 

Ectopic pacemaker activity, often originating in 
the orifices of the pulmonary veins, or individual 
extrasystoles developing at any site within the 
atria, are typical triggers for AF, which must 
meet a substrate that will support re-entrant activ-
ity. Re-entry occurs when an excitation wavefront 

returns to its origin and encounters tissue that is 
no longer refractory. The circulating wave can 
initiate further excitatory waves in the 
surrounding tissue at its own high frequency 
thereby maintaining AF (“leading circle theory”, 
[4]). Short refractoriness and slow conduction 
will increase the likelihood of re-entry. Con-
versely, prolonged refractoriness and enhanced 
conduction terminate reentry because the 
wavefront is extinguished when reaching tissue 
still in the refractory state. Re-entry can also be 
conceived as a spiral wave where the wavefront is 
rotating around a central core (“rotor theory of 
AF,” [5]). The rotor will turn faster and in a more 
stable position the higher the excitability and the 
shorter the refractory period (“stabilization of 
rotor”). Reduction of excitability and 
prolongation of refractoriness slow down and 
enlarge the rotor so that it is more likely to 
collapse. 

Instabilities of the membrane potential either 
at the action potential plateau or resting level are 
referred to as early and delayed after 
depolarizations (EAD, DAD) that can serve as 
triggers or substrates for ectopic activity. During 
critical prolongation of the AP plateau phase, 
inactivated Na+ and/or Ca2+ channels may 
re-open providing the extra depolarizing current 
for EAD. In the atria EAD may provide a trigger 
for initiating AF, and in the ventricles, EAD can 
lead to torsades de pointes arrhythmia or even 
fibrillation; DAD are typically observed under 
conditions of sarcoplasmic reticulum (SR) Ca2+ 

overload [6] or abnormal SR Ca2+ release 
[7, 8]. Physiologically, cellular excitation triggers 
Ca2+ release from the SR via Ca2+ release 
channels. This Ca2+ is pumped back into the SR 
during diastole. High Ca2+ load of the SR causes 
spontaneous Ca2+ release without prior excita-
tion. The resulting cytosolic Ca2+ increase 
activates the plasmalemmal Na+ /Ca2+-exchanger 
that produces the transient inward current under-
lying DAD (see Chap. 13 by Tóth and Varró). 

The autonomic nervous system regulates heart 
rate and rhythm and malfunction of either sympa-
thetic or vagal tone can generate and maintain 
arrhythmia. In particular, AF can be promoted 
by adrenergic as well as cholinergic mechanisms



[9–11]. Adrenergic stimulation is an effective 
trigger of arrhythmias via enhancing EAD and 
DADs with little effect on arrhythmia mainte-
nance. Conversely, cholinergic mechanisms are 
important both as a trigger and contributor to the 
maintenance of AF [12]. 
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Fig. 28.1 Typical shape of an atrial action potential from 
a patient in sinus rhythm and schematic of the underlying 
currents and ion channels, as well as their remodeling in 
permanent AF. Changes due to AF-induced electrical 
remodeling are indicated by the arrows. n.d., not deter-
mined. The dotted frames emphasize “atria-selective” out-
ward currents considered not to be present in the ventricles 

(but see [2] for SK channels). Modified from The Sicilian 
gambit (1991) [3]. GIRK, G-protein-activated inwardly 
rectifying K+ channel; TASK, TWIK (tandem of P 
domains in a weak inward-rectifying K+ channel)–related 
acid-sensitive K+ channel; SK, Ca2+-activated K+ channel 
of small conductance; hERG, human ether-a-go-go related 
gene channel 

28.1.3 Electrical and Structural 
Remodeling in AF 

Patients with familial AF have been studied for 
genetic causes of the arrhythmia. In the past 
decade, many mutations were found in genes 
encoding for cardiac ion channels that are 
involved in familial AF [13]. Most known 
mutations in genes encoding for K+ channel 

proteins associated with familial AF suggest that 
gain of function (IKr, IKs, IK1) represents the 
arrhythmogenic risk, but also loss of function 
has been reported [14]. In addition, gene 
polymorphisms may enhance susceptibility to 
AF without causing the arrhythmia. Recent epi-
genetic studies of human left atrial tissue have 
identified gene networks that underlie AF [15]. 

Atrial fibrillation has a strong tendency to 
become persistent when the arrhythmic episodes 
last longer [16]. This characteristic property of 
AF is thought to be due to profound structural 
and electrical alterations (“remodeling”), caused 
by a plethora of malfunctions including disturbed 
intracellular calcium handling [17–19]. Electrical 
remodeling is characterized by shortening of the 
atrial refractory period and the inability of the



s

cardiac action potential to adapt to increased fre-
quency [20]. Reduced refractoriness supports 
multiple wavelet re-entry and periodic activity 
of sustained, high-frequency functional re-entry 
sources known as “rotors,” which are thought to 
contribute to sustained AF [21]. The high rate of 
electrical activity during AF imposes an enor-
mous Ca2+ load on the myocardial cells that 
compromises cellular Ca2+ homeostasis [22]. As 
a consequence, multiple cellular functions are 
altered including stability of membrane potential, 
regulation of proteins by phosphorylation or 
nitrosylation, and changes in gene expression of 
ion channels. 
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Remodeled action potentials in long-lasting 
permanent AF have a short triangular shape 
[20], and the underlying cellular mechanisms for 
atrial electrical remodeling have been reviewed in 
depth elsewhere [18]; compare Fig. 28.1). Briefly, 
ICa,L is reduced [23] probably due to altered chan-
nel phosphorylation [24], although some authors 
also found decreased expression of mRNA 
[25]. Ito and IK,ACh are also diminished in ampli-
tude, and this is associated with a decline in 
mRNA for the ion-conducting α-subunits Kv4.3 
and Kir3.1/Kir3.4, respectively. TASK-1 is 
upregulated in AF [26], and SK-2 and SK-3 are 
downregulated [27]. The delayed rectifier 
currents IKr and IKs have not been determined, 
while data on IKur are conflicting, with reports of 
no change or downregulation of current, mRNA 
and protein of the pore-forming α-subunit Kv1.5. 
Current amplitude of background inward rectifier 
IK1 and mRNA for Kir2.1/Kir2.3 are upregulated 
[28], while IK,ATP is downregulated 
[29, 30]. These findings raise the question, 
whether atrial remodeling will leave the—in con-
trol conditions—atria-selective channels IKur, IK, 
Ach, and IK,Ca in a sufficiently intact state of func-
tion for them to serve as useful drug targets. 

Atrial fibrillation also induces structural and 
ultrastructural changes in atrial tissue for which 
the term “structural remodeling” has been coined 
[31]. High-frequency, uncoordinated atrial activa-
tion during AF leads to an increase in local angio-
tensin synthesis, oxidative injury of atrial 
myocytes, inflammation, altered cell metabolism, 
restructuring of extracellular matrix, uncoupling 

of gap junctions, hypertrophy, and fibrosis, all of 
which can provide a “morphologic substrate” for 
maintenance of AF [32–34]. Therefore, drugs that 
interfere with these mechanisms (‘upstream ther-
apy’) may prevent structural remodeling. 

28.2 Current Drug Treatment of AF 

Unlike ventricular fibrillation, AF is not immedi-
ately life threatening although mortality is 
increased largely due to associated stroke 
[35]. Therefore, stroke prevention by suitable 
anticoagulation is part of standard therapy 
[1]. By intuition, rhythm control would be the 
optimal therapeutic goal in AF; however, rate 
control was shown to be equivalent with respect 
to mortality [36]. Suppression of atrial triggers 
and prolongation of atrial refractory period 
should terminate AF and hence support rhythm 
control, whereas rate control involves 
prolongation of atrioventricular nodal refracto-
riness and slowing of atrioventricular nodal con-
duction by different classes of drugs like 
β-blockers, calcium channel blockers, or 
amiodarone. 

Currently available antiarrhythmic drugs for 
treatment of AF—perhaps with exception of 
amiodarone—are not sufficiently effective, and 
all are burdened by cardiac and extracardiac side 
effects that may offset their therapeutic benefits. 
Treatment of AF with class I agents according to 
the classification of Vaughan Williams [37]  i  
limited by negative inotropic effects and by ven-
tricular proarrhythmic effects particularly in 
patients with ischemic heart disease and severe 
left ventricular dysfunction [38]. Interestingly, 
the two theories of re-entry, i.e., “leading circle” 
and “rotors,” will result in opposite consequences 
of drug-induced Na+ channel block on re-entry. 
According to the leading circle theory, reduced 
conduction velocity due to block of Na+ channels 
facilitates re-entry. Re-entrant rotors, on the other 
hand, are destabilized by reduced excitability due 
to Na+ channel block. This antiarrhythmic effect 
is therapeutically exploited when using class I 
antiarrhythmic drugs (flecainide, propafenone) 
for conversion of AF to sinus rhythm.
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Class III drugs (sotalol, dofetilide) suppress 
re-entry by prolongation of action potential dura-
tion and refractoriness, but may induce EADs and 
torsades de pointes arrhythmias not only in the 
atria but also in the ventricles. The risk for 
torsades de pointes and sudden cardiac death 
may be particularly high with agents directed 
toward selective block of individual K+ channels, 
e.g., hERG channels [39]. In fact, it is not clear 
whether targeting an individual ion channel may 
be a good idea in the first place, given the antiar-
rhythmic efficacy of the multiple ion channel 
blocker amiodarone, although this drug is 
discriminated by serious extracardiac side effects. 

The concept of “upstream therapy” comprises 
angiotensin-converting enzyme inhibitors, 
angiotensin-receptor blockers, aldosterone 
antagonists, statins, and omega-3 polyunsaturated 
fatty acids, although the effectivity of some of 
these agents remains controversial [40]. 

28.3 Novel Approaches 

Given the chronic character of AF, new drugs 
must meet high standards regarding efficacy and 
safety. As outlined above, combinations of block 
of different ion channels may produce the most 
favorable electrophysiological profile. The 
benzofuran derivate dronedarone blocks INa, ICa, 
L, Ito, IKr, IKs, IK,Ach, and β1-adrenoceptors, but 
lacks the iodine moiety that may be responsible 
for the pulmonary, thyroid, hepatic, and ocular 
toxicity of amiodarone. Dronedarone is supposed 
to have fewer side effects, but also less efficacy 
[41]. Another strategy is to develop drugs with 
high selectivity for atrial versus ventricular myo-
cardium (see below). Table 28.1 contains selected 
examples of putative atria-selective drugs that 
have either been approved or are still in clinical 
trials. 

28.3.1 Atria-Selective Drugs 

Sodium channel blockers will exhibit selectivity 
for atrial over ventricular tissue when a number of 
pre-requisites are met: The drugs must bind 

preferentially to inactivated rather than open or 
closed channels and have rapid dissociation kinet-
ics during rest. Ranolazine and amiodarone fulfill 
these conditions and are considered to be “atria-
selective” Na+ channel blockers [42]. Atrial selec-
tivity is due, in this setting, to the differences in 
electrophysiological properties between atria and 
ventricles. In atria, the resting membrane poten-
tial is more depolarized than in ventricle and the 
potential for half-maximum inactivation of INa is 
about 10 mV more negative. Therefore, in atria 
fewer channels fully recover during diastole but 
remain in the inactivated, drug-binding state. If 
the affinity of a Na+ channel blocker is higher for 
inactivated than for resting channels, the drug is 
preferentially bound to inactivated channels—as 
predominant in atria—and released from channels 
in the resting state. The latter condition is met in 
the ventricles where a larger fraction of Na+ 

channels recovers from inactivation during dias-
tole and hence allows drug to dissociate. In addi-
tion, there is a disease-specific component of 
atrial selectivity, due to the high atrial rate in AF 
that further enhances block of Na+ channels 
[43]. In the case of vernakalant, which also blocks 
inactivated Na+ channels and has rapid dissocia-
tion kinetics [44], atrial selectivity is further 
supported by block of atria-selective IK,ACh [45] 
and IKur [46] (see below). Vernakalant is 
approved for intravenous conversion of AF to 
sinus rhythm. 

The cardiac Na+ current consists of two 
components, a rapidly activating and inactivating 
“peak” current INa,P and a “late” current INa,L.  In  
ventricular cardiomyocytes of normal donor and 
explanted failing human hearts this INa,L has been 
characterized by an ultraslow, voltage-
independent inactivation, and reactivation 
[47]. INaL is increased in ischemia, hypertrophy, 
and heart failure [48] and is likely to contribute to 
heart failure-associated action potential 
prolongation and beat-to-beat variability, since 
block of INaL with ranolazine shortens action 
potentials in heart failure myocytes and 
eliminates early after depolarizations 
[49]. Amiodarone also blocks INaL in heart failure 
[50]. Notably, several drugs that display atrial 
selectivity as outlined above also block INa,L



!
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[51], which may counteract the block of IKr and 
hence provide protection against excessive ven-
tricular action potential prolongation when these 
drugs are used in patients. In human atrial 
cardiomyocytes, INa,L has been associated with 
AF [52], although the evidence for this is 
equivocal [53]. 
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Table 28.1 Atria-selective antiarrhythmic drugs 

Current Channel Drugs (blockers) Clinical approval/trials 

Cardiac Na+ current 
Nav1.5 

Ranolazine, amiodarone, 
vernakalant 

Currently in clinical use 

Ultrarapidly activating 
K+ current IKur Kv1.5 

XEN-D0103 / S66913 Not effective in clinical trials 

Acetylcholine-activated inwardly 
rectifying K+ 

current IK,ACh 
Kir3.1/Kir3.4 

Tertiapin-Q 
AZD2927 
XAF-1407 
NTC-801/BMS914392 

Not effective in clinical 
trials; Sinus bradycardia 

Background “leak” current 
TASK-1 

Doxapram Clinical trial currently ongoing 

Ca2+-activated K+ current 
IKCa (small conductance channels) ! 
SK 

UCL 1684 
UCL 1848 

Tests in large animal models of AF are 
ongoing 

The ultrarapidly activating K+ current IKur is 
detected only in the atria but not in the ventricle, 
allowing atria-selective drug targeting. Indeed, 
many drug companies have developed selective 
IKur blockers that prolong atrial action potential 
duration and hence the effective refractory period, 
without producing ventricular action potential 
prolongation that may deteriorate into torsades 
de pointes arrhythmias [54]. AF-induced 
remodeling decreases IKur amplitude and may 
alter IKur sensitivity towards block [55], casting 
some doubt on whether further reducing IKur 
might be useful. On the other hand, one might 
argue that block of this current supports the pro-
cess of adaptation to the arrhythmia. Despite 
promising preclinical data in human atrial tissue 
from patients in sinus rhythm and AF [56, 57], 
clinical trials failed to provide evidence for a 
reduction in AF burden [58] or for any other 
clinically meaningful effect [59]. 

Block of the atria-selective acetylcholine-
activated inwardly rectifying K+ current IK,ACh 
could be useful in vagally induced AF; however, 
selective IK,ACh blockers may produce undue 
sinus bradycardia. Interestingly, the multichannel 
blocker dronedarone is 100 times more potent in 

blocking IK,ACh than its precursor compound 
amiodarone [41, 60]. We and others have previ-
ously reported that IK,ACh develops constitutive 
activity during AF-induced electrical remodeling 
[61–63]. In cell-attached single channel record-
ing, current flow through IK1 and IK,ACh channels 
can be distinguished by their distinct gating 
behavior and single channel conductance. 
Constitutive activity of IK,ACh provides not only 
an atria-selective but also a pathology-selective 
drug target. In dogs, a corresponding constitu-
tively active IK,ACh-like current is upregulated in 
response to atrial tachypacing and block of this 
current by the highly selective IK,ACh blocker 
tertiapin-Q resulted in prolongation of action 
potential duration and suppression of inducible 
AF episodes [61]. 

In humans, IK,ACh is conducted via Kir3.1 and 
Kir3.4, which associate in heteromeres with a 
predominant stoichiometry of 2:2. Homomers of 
Kir3.4 but not of Kir3.1 are also functional 
[64]. Interestingly, the properties of IK,ACh in 
cells that overexpress Kir3.4 are similar to the 
AF-induced IK,ACh, i.e., channels exhibit consti-
tutive activity in the absence of any ligand 
[65]. The clinically tested IK,ACh blocker 
AZD2927, though effectively restoring sinus 
rhythm in a dog model of AF, does not prolong 
left atrial effective refractory period in man [66]; 
and BMS914392 (alias NTC-801) is ineffective 
in reducing AF burden in patients with paroxys-
mal AF [67]. These drugs may have lacked clini-
cal efficacy because of their selectivity towards



Kir3.1/Kir3.4 heteromers. Recent experiments in 
large animals (horse, goat) demonstrated that 
tachypacing-induced AF was success-
fully converted to sinus rhythm with the novel 
IK,ACh inhibitor XAF-1407 which blocks both 
Kir3.1/Kir3.4 and Kir3.4/Kir3.4 channels, 
suggesting that block of homomers of Kir3.4 
might be required for efficacy against AF 
[68, 69]. 
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Many antiarrhythmic drugs block ligand-
activated IK,ACh in a concentration-dependent 
manner with no difference in potency between 
atrial cardiomyocytes from sinus rhythm or AF 
[70]. It is presently not known, whether block of 
constitutively active IK,ACh contributes to clinical 
therapeutic efficacy in converting AF and 
maintaining sinus rhythm. 

The two-pore-domain potassium (K2P) 
channels belong to a large family of background 
“leak” channels that are highly regulated and 
control excitability, stabilize membrane potential 
below firing threshold and shorten effective 
refractory period [71, 72]. They are robustly 
expressed in the cardiovascular system and are 
involved in multiple physiological functions, 
including cardioprotection, regulation of cardiac 
rhythm, and mechanical stress sensing 
[73]. Block of these K+ background channels 
prolongs action potential duration in human atria 
from patients in permanent AF, where 
upregulation of K2P3.1 (TASK-1) and increase 
in current have recently been reported [26]. Since 
TASK-1 is more abundant in human atria than 
ventricles [74, 75], this channel may serve as an 
atria-selective drug target for treating AF. In fact, 
many antiarrhythmic drugs also block TASK-1, 
as for instance amiodarone [76], carvedilol [77], 
or several Kv1.5 channel blockers [78]. In pig 
models of AF, the TASK-1 blocker doxapram 
(A293) facilitates conversion in paroxysmal AF 
[79] and can be employed for rhythm control in 
permanent AF [80]. This antiarrhythmic principle 
is currently being tested in a clinical trial 
(Doxapram conversion to sinus rhythm 
“DOCTOS” study, EudraCT No:2018–002979-
17, Protocol-Code: K620). 

Upon the first description of Ca2+-activated K+ 

channels with small conductance (SK) in mouse 

and human hearts, it was instantaneously 
suggested that they might serve as atria-selective 
drug targets for pharmacological intervention in 
AF [81]. All three SK channel isoforms (SK1–3) 
are more prominently expressed in human atria 
than ventricles under control conditions 
[27, 82]. In genetically engineered mice, increase 
in SK2 abbreviates atrial action potentials [83], 
while loss of SK2 function prolongs action poten-
tial duration and induces EAD [84]. The critical 
role of cardiac SK channels in cardiac excitability 
has been expertly reviewed elsewhere [85]. 

Most research groups report downregulation 
of SK2 and/or SK3 expression in atrial tissue 
from patients in permanent AF [27, 82, 86], but 
upregulation has also been found [87]. In heart 
failure—a condition often associated with AF 
[88]—SK channel blockers prolong action poten-
tial duration also in ventricular cardiomyocytes, 
suggesting that SK channels may lose their atria-
selectivity due to upregulation of SK channels 
[2, 89, 90]. Despite this limitation, preclinical 
testing of SK channel pore blockers (e.g., 
UCL1684 or UCL 1848) and modulators decreas-
ing Ca2+ sensitivity (e.g., NS8593; AP30663) in 
large animal models of AF are ongoing [91–93], 
as recently summarized by Heijman et al. [doi: 
10.1161/CIRCRESAHA.122.321858]. 

28.3.2 Non Atria-Selective K+ Channels 

The proarrhythmic potential of blockers targeting 
the classic non atria-selective K+ channels has 
been discussed above. Here, Kv1.1 channels 
deserve special mention, because they were orig-
inally considered as neurospecific  [94, 95] and 
only recently associated also with the heart 
[96]. Genetic knockout or pharmacological sup-
pression with the selective blocker dendrotoxin 
prolongs murine atrial and ventricular action 
potentials and enhances susceptibility to 
arrhythmias [96–98]. Moreover, dendrotoxin-
sensitive K+ current contributes to action poten-
tial shortening in human, and despite unaltered 
mRNA expression, protein levels are increased in 
AF [99]. Apparently, Kv1.1 is not atria-selective 
because there is also robust expression in human



ventricle [98]. It is presently not known whether 
or not Kv1.1 will play a role as a putative antiar-
rhythmic drug target [100]. 
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28.3.3 Ion Channels with Unknown 
Potential as Drug Targets 

The transient receptor potential (TRP) channels of 
the canonical family (TRPC) have been 
recognized to contribute to abnormal Ca2+ influx 
under pathophysiological conditions such as 
hypertrophy (for recent review see [101]). 
TRPC1 and TRPC3 are expressed in human atrial 
myocytes from patients with diseased hearts, and 
protein expression of TRPC3 is increased in AF 
patients. Further details on TRPC channels are 
summarized in the Chap. 12 by Alvarez and 
Alvarez-Collazo. 

The transient inward current underlying DAD 
is carried by the Na+ /Ca2+ exchanger, but in addi-
tion, a Ca2+-activated nonselective cation current 
may also contribute to DADs in human atrial 
myocytes [102], whereas contributions of a 
Ca2+-activated Cl- current seem unlikely because 
these currents are absent in human atria 
[103]. Detailed electrophysiological analysis of 
Ca2+-activated nonselective cation channels in 
freshly isolated human atrial myocytes revealed 
striking resemblance to the properties of TRP 
channels of the melastatin family TRPM4b and 
TRMP5 [102], suggesting that these channels 
might indeed be involved in Ca2+ overload 
induced arrhythmogenesis [104, 105]. 

Mechanical stretch is a cause of spontaneous 
electrical activity [106] and arrhythmia. 
Mechanosensors such as stretch-activated ion 
channels have been detected in the heart many 
decades ago [107–110], but their identification in 
cardiac cells is still ongoing [111]. Interestingly, 
in ventricular myocytes, TRPC6 channel activity 
is modulated by cell deformation [112]. Stretch-
activated channels are likely to be involved in AF 
because the enhancement of susceptibility to AF 
by acute atrial dilation can be suppressed in 
isolated heart experiments with GsMTx4, a selec-
tive blocker of cation nonselective stretch-
activated channels, isolated from tarantula 

venom [113]. TREK-1 is a member of the K2P 
family of K+ channels widely expressed in the 
cardiovascular system and activated by stretch 
[114]. The role of TREK-1 has been intensively 
investigated with respect to cardiac arrhythmia 
[115]. In patients with AF and normal ventricular 
function, atrial expression level of TREK-1 is not 
affected [26], but it is downregulated in patients 
with AF and concomitant heart failure [116]. 

Piezo1 channels are cation nonselective 
stretch-activated channels [117] that have 
recently been identified in mouse cardiomyocytes 
([111] and human atrial non-cardiomyocytes 
[118–120]. Based on results obtained on 
cardiac-specific knockout or overexpression of 
Piezo1 in mice, the channel is proposed to play 
a crucial role in the control of cardiac mechanical 
activity by modulating mechanically induced 
Ca2+ and reactive oxygen species (ROS) signal-
ing. In addition, Piezo1 expression is shown to be 
upregulated in pathological conditions (i.e., 
doxorubicin-induced dilated cardiomyopathy) 
and its cardiac-specific overexpression (knockin 
mouse model) induces severe heart failure and 
arrhythmias. In light of these findings, 
investigating the presence and function of 
Piezo1 in atrial cardiomyocytes represents an 
exciting next step. 

Taken together, modulation of stretch-
activated channels as an antiarrhythmic target is 
worth of further investigation [121], although 
atria-selective model drugs are not known. 

28.3.4 Other Mechanisms 

Facilitating conduction via gap junctions is an 
important new antiarrhythmic principle in both 
ventricular and atrial arrhythmias [122]. The anti-
arrhythmic peptide AAP10 [123, 124] and the 
stable analogon rotigaptide (ZIP123) [125] 
improved intercellular coupling and prevented 
ischemia-induced slowing of conduction. Though 
rotigaptide-enhanced conduction in various AF 
models, the arrhythmia was only suppressed in 
the ischemic substrate [126]. 

Enhancing instead of blocking K+ channel 
activity in order to stabilize the resting membrane



potential, especially in patients with long QT 
syndrome, could also be a useful antiarrhythmic 
principle. Indeed, several drug companies are at 
present investigating HERG channel openers for 
their general antiarrhythmic potential [127]. 
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28.4 Conclusion 

Increased knowledge of the pathophysiology of 
AF-induced electrical remodeling has led to 
development of atrial-selective drugs. Unfortu-
nately, such selectivity present in control 
conditions may disappear with the development 
of heart diseases, such as AF. Exploration of the 
inverse approach—identification of targets that 
become atria-selective upon AF—and new puta-
tive antiarrhythmic concepts directed at previ-
ously neglected ion channels (K2P, TRP), gap 
junctions, proteins involved in Ca2+ homeostasis, 
neurohormones, and receptor systems may lead to 
new drugs with the expected level of efficacy and 
safety. 
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Abstract 

Cardiac cation channels are membrane 
proteins that provide controlled ion passage 
through cellular membranes to allow electrical 
control of the cardiac cell. In a variety of 
channelopathies, ion channel function is 
reduced and activators of cation channels are 
promising candidates to regain channel func-
tion in acquired or inherited channelopathies. 
Shortage in cation channel activators 
prevented testing of efficiency of activators in 
a variety of indications. This shortage could be 
overcome by modern optimized drug screen-
ing methods but increasing knowledge about 
cation channel activator binding and action 
might enable us in the future to use in silico-
guided drug design of channel modulators. 
New compounds will enable us to increase 
our understanding in cation channel modula-
tion and to test the concept of channel activa-
tion as a clinically relevant principle in the 
treatment of cardiac channelopathies. 
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29.1 Introduction 

Ion channels are membrane integral proteins that 
allow controlled passage of ion through cellular 
membranes. Cation-selective channels play key 
roles in physiological processes such as control 
of ion homeostasis, cell volume, vesicle traffick-
ing, neuro transmitter/hormone secretion, and 
electrical control of excitable tissues. The impor-
tance of cation channels in the treatment of 
diverse diseases is also amplified by the fact that 
many therapeutic drugs mediate their effects by 
targeting the cation channel proteins. Potassium 
selective channels are the most genetically and 
functionally diverse of all cation channels. 
Starting with the first cloned potassium selective 
ion channel from Drosophila, Shaker, several 
hundred potassium channel genes have been 
identified in the human genome. The number of 
functionally distinct channels in native tissues is 
further increased by heteromultimeric 
co-assembly of potassium channel α-subunits 
with other α- and β-subunits and other 
modifications such as alternative splicing of 
mRNAs, glycosylation, sumoylation, and phos-
phorylation. In the light of the broad range of 
physiological roles of cation channels, it is not

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33588-4_29&domain=pdf
mailto:Nathalie.Strutz-Seebohm@ukmuenster.de
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surprising that channel impairment results in a 
variety of pathophysiological conditions. The fol-
lowing text will give an overview of molecular 
details and availability of potassium channel 
modulators and try to address their potential as 
anti-arrhythmic drugs. 
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29.2 Acquired and Inherited 
Alterations of the ECG 
Morphology 

Channels might lose or gain function as a result of 
mutations in the promotor or coding region of a 
gene. Much less understood are the effects by 
genetic variations and chemical modifications 
(e.g. DNA methylation) in the noncoding region 
of ion channel loci. Further, alteration of channel 
function might result from regulatory 
derangements or by autoantibodies. The diseases 
based on altered ion channel function are called 
channelopathies and include Bartter’s syndrome 
type 2 (KCNJ1, Kir1.1 or RomK) [1], persistent 
hyperinsulinaemic hypoglycaemia of infancy 
(Kir 6.2 and Sur) [2, 3], and episodic ataxia type 
1 (KCNA1 or Kv1.1) [4]. Cardiac arrhythmia can 
be caused by structural alterations of the heart as a 
result of, e.g., aging or/and viral infection with the 
picorna virus, coxsacki virus B3, parvovirus B19, 
or SARS-Cov-2. In these contexts, age-related or 
cardiomyopathic dilatative responses lead to 
altered cardiac geometry, increase in fibroblasts 
and altered gene expression, and the function of 
ion channels. The changes in cardiac geometry 
and increase in fibroblasts are still very difficult to 
address pharmacologically leaving ion channels 
as preferential targets for clinically relevant drug 
development. 

Less common but still clinically relevant are 
genetics-based ion channel defects. The inherited 
long QT syndrome (iLQTS) is a disorder which 
can occur by mutations in the coding region of the 
cardiac Na+-channel (SCN5A, LQT syndrome 3) 
[5] or ankyrin-B (LQTS4) [6]. However, in most 
cases of LQTS, the potassium channel α-subunits 
KCNQ1 (LQTS1) and HERG (human ether-a-go-
go-related gene, LQTS2) or their β-subunits 

(KCNE1, 2; LQT 5, 6) are affected. Further 
10 LQT syndromes that may be less common 
have been described [7, 8]. In total, the current 
number of inherited LQTS sums up to 
17 (LQTS1–17). 

A second group of patients develops LQTS as 
response to clinically used drugs. This type of 
LQTS is called acquired LQTS (aLQTS) or 
drug-induced LQTS and is far more common 
than the inherited forms of LQTS. Drugs 
associated with increased risk of aLQTS include 
antiarrhythmics (dofetilide, ibutilide, 
procainamide, quinidine, sotalol, amiodarone, 
and disopyramide), psychoactive drugs (chlor-
promazine, droperidol, haloperidol, 
levomethadyl, mesoridazine, methadone, 
pimozide, and thioridazine), antimalaria drugs 
(halofantrine, chloroquine), antibiotics 
(clarithromycine, erythromycine, and 
sparfloxazine), and others. A more complete list 
of drugs with risk of prolonging the QT interval 
and inducing torsade-de-pointes arrhythmias 
(QT drug list by Risk Groups) are available at 
http://www.torsades.org/medical-pros/drug-lists/ 
drug-lists.htm. Most of the listed drugs are highly 
potent HERG blockers. However, some drugs in 
the list are KCNQ1/KCNE1-blockers as well. The 
iLQTS-associated KCNQ1/KCNE1 and HERG/ 
KCNE2 channel mutations cause a decrease in 
net ventricular repolarizing current IK by reducing 
potassium currents through “loss of function” 
mechanisms, whereas the aLQTS is the result of 
IK-blockade. Thus, the reduced repolarizing IK in 
both cases results in lengthened action potentials, 
reduced repolarization reserve, increased Ca2+-
inflow, increased likelihood of early after 
depolarizations (EAD), and prolongation of the 
QT interval in the electrocardiogram (ECG), 
predisposing affected individuals to syncope, 
seizures, aborted cardiac arrests and sometimes 
sudden cardiac death. Treatment for inherited 
LQTS includes invasive and cost-intensive 
therapies like high thoracic left sympathectomy 
and implantation of a cardioverter-defibrillator 
[9]. These invasive treatments are not favoured 
by patients and especially in children they are 
problematic. A more targeted approach is 
possible but limited to the case of LQT3: Using

http://www.torsades.org/medical-pros/drug-lists/drug-lists.htm
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Na+-channel inhibitors to counteract the 
pathophysiological channel activity, which is the 
basis of this form of LQTS. The primary drug 
therapy of LQTS is the blockade of β-adrenergic 
receptors which was shown to be beneficial in 
some symptomatic LQTS patients [10, 11]. How-
ever, about 20–35% of LQTS patients presented 
as β-blocker therapy resistant [12, 13]. These 
high-risk patients still have breakthrough cardiac 
events like aborted cardiac arrest, syncope, and 
even sudden death even at ongoing β-blocker 
therapy. The failure rate of β-blocker therapy 
might be higher in patients carrying mutations in 
the potassium channel gene HERG than in the 
sodium channel gene encoding SCN5A as 
indicated by, e.g., the patient study by Chatrath 
et al. [14]. The standard therapies have consider-
ably reduced mortality in inherited LQTS. Not 
well established is relevance of the life style for 
the LQTS phenotype. Currently, a clinical study 
with the goal to determine how lifestyle and exer-
cise influence the well-being of individuals with 
and long QT syndrome (LQTS). This “Lifestyle 
and Exercise in the Long QT Syndrome” (LIVE-
LQTS) by the Stanford University Medical Center 
will contribute to a better understanding of the 
handling of LQTS. 
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The aLQTS forces discontinuation of drug 
application and prevents usage of certain drugs 
in predisposed patients. This can be highly prob-
lematic if the iLQTS-causing drug is vital to the 
patient in a different clinical context. Thus, there 
exists a well-recognized need for improved 
treatments of both, iLQTS and aLQTS. 

29.3 Pharmacological Inhibition 
of Cardiac Potassium Channels 

It should be noted that block of IKr or IKs could be 
beneficial under special conditions and therefore 
highly selective blockade of IKr channels or IKs 
channels were considered as promising antiar-
rhythmic approaches and several companies 
developed selective blockers [15, 16]. Indeed, 
some of the most effective antiarrhythmic drugs, 
amiodarone, and its newly released (less effec-
tive) analog dronedarone, have several ion 

channel targets including IKr channels. The 
block of IKr channels is regarded a severe problem 
for pharmaceutical compounds intended for clini-
cal trials and testing for IKr blockade has become 
an integral part of drug development and safety 
pharmacology. The inhibition of IKs has been 
identified as a potential problem of clinically use-
ful drugs as well and testing for IKs blockade may 
become a further step of drug development and 
safety pharmacology [17]. The situation is com-
plicated because the aLQTS might not always be 
apparent. During aLQTS and iLQTS, a drug-
activating IK will be beneficial. 

HERG channels somehow act as “black hole-
like super-absorber” for many drugs on the mar-
ket: Many small hydrophobic drugs with aromatic 
ring systems and a central cationic charge target 
and thereby inhibit IKr channels. For some time, it 
has remained elusive why so many drugs bind to 
and block the HERG channel. Then, roughly two 
decades ago Mitcheson et al. [18] determined the 
putative binding site of the highly potent IKr 
inhibitors MK-499, cisapride, and terfenadine. 
The main determinants for the “sticky” binding 
site for highly potent blockers are aromatic 
residues pointing towards the central cavity. 
These aromatic residues allow hydrophobic 
and/or pi-stacking interactions with lipophilic 
and aromatic constituents of the respective drug 
molecules [19]. Meanwhile, reasonably reliable 
pharmacophore models exist that allow for virtual 
screening to prevent IKr-mediated iLQTS 
[20]. However, proposed binding modes differ 
in their orientations and interpretations on the 
role of key residues in the channel. Knowing 
that many clinically relevant drugs contain aro-
matic ring systems combined with an amine and 
are lipophilic to favor membrane passage the high 
incidence of interactions of the IKr channels with 
drugs becomes interpretable. 

Currently, especially the pharmaceutic indus-
try aims to combine pharmacophore modeling of 
IKr inhibitors with structural constraints for the IKr 
channel pore derived from homology to the 
known potassium channel structures [21] with 
the goal to generate in silico tools for the predic-
tion of potential IKr inhibitors. Recently, there 
have been successful optimization strategies to



of

avoid off-target interactions with hERG [20]. In 
any case, for acute aLQTS, a drug counteracting 
the IKr block would be highly desirable. 
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29.4 Impaired Channel Function 
Can Cause Cardiac Arrhythmia 

Cardiac arrhythmia results from altered electrical 
substrate. These alterations include the heteroge-
neity of functional tissue caused by ischemia/ 
infarction, virus/bacteria infection or the substitu-
tion of injured cardiomyocytes by fibroblasts as 
age- or infection-associated event. Further, the 
breakdown of ion channel functional gradients 
(e.g., Ito), impaired cell–cell contacts with altered 
Connexin 40, 43, and 45 function or dysbalanced 
ion fluxes within cardiomyocytes may lead to 
changes in the electrical properties of cardiac 
tissue which favor generation of ectopic foci and 
subsequent potentially lethal cardiac arrhythmias. 
One key point in understanding arrhythmias is the 
concerted function of ion channels in the 
myocyte. Concludingly, arrhythmia can be 
regarded as primary (altered function of ion chan-
nel protein by mutation) or secondary (altered 
functions of ion channels as a secondary event) 
channelopathy. 

Channelopathies mainly result from a loss of 
channel function and disrupted balance of ion 
fluxes in tissues. Therefore, an attractive approach 
to treat channelopathies is to activate ion channels 
to regain channel function and re-establish bal-
ance of ion fluxes. In cardiac tissue, the concerted 
action of cation fluxes allows for the generation of 
the typical action potentials and the tightly con-
trolled calcium influx. Loss of function (or gain of 
function) mutations in cation channels lead to 
“dissonance in the ion channel concert” 
accompanied by different action potential shape, 
changed timing and amplitude of ion fluxes, and 
often cardiac arrhythmias. An example for loss of 
function in delayed rectifier potassium currents 
causes the afore-mentioned lengthened ventricu-
lar action potential with increased QT interval and 
increased risk of torsade-de-pointes arrhythmia. 

29.5 Activation of Potassium 
Channels 

Channel activation may be achieved by augmen-
tation of channel currents without marked 
alterations of kinetics. Activators that act by has-
tening activation, slowing deactivation, and/or 
alter voltage dependence are termed “gating 
modifiers”. The macroscopic current (Imacroscopic) 
flowing through a homogenous population of ion 
channels is described by the formula: 
Imacroscopic = Isingle channel * n * po, whereas Isingle 
channel describes the single channel conductance, n 
determines the number of active channel, and 
po—the open probability of the channels. 
Compounds that increase currents by augmenting 
Imacroscopic currents are often called pure agonists. 
Increased macroscopic currents Imacroscopic by 
changes in the so-called “micro-gating” describe 
the increase of mean open time p0. Recently, 
studies on pharmacological manipulation of IKr 
channel trafficking suggest that in future 
compounds that facilitate IKr channel exocytosis 
may become available. Compounds acting like 
this will increase the number of functional 
channels in the plasma membrane to increase 
macroscopic channel current Imacroscopic. The dis-
crimination among the exact action of a com-
pound is complex and can be best addressed by 
single-channel analysis in combination with 
measurements of macroscopic currents and sur-
face ion channel protein detection. Indeed, with-
out being able to exclude the possibility that a 
“pure” agonist acts as a gating modifier of the 
micro-gating it may be questioned if it should be 
called a “pure agonist” but rather less-defined 
“agonist.” The situation is even more complicated 
as partial agonists exert both agonism and antag-
onism. The specific context of agonism/antago-
nism varies and can be concentration-dependent 
and/or state-dependent. 

To test the potential clinical benefit  
activating cation channels as clinical approach to 
treat cardiac arrhythmias, specific agonist 
compounds are needed. In many cases, the lack 
of agonist molecules with different modes of 
action has compromised testing this hypothesis.
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Only a limited, but increasing number of highly 
potent and selective cation channel activators are 
known [22]. Several of these activators like 
1-EBIO, stilbenes, rottlerin, and fernemates are 
not specific and of relatively low potency. Com-
monly, these agonist molecules are relatively 
small, hydrophobic and rich in aromatic rings 
(Fig. 29.1). Examples of cation channel 
agonists are:

29 K Channel Openers as New Antiarrhythmic Agents 571

. a variety of KATP-channel agonists 
(BMS-180448, cromakalim, celikalim, 
diazoxide, JTV-506, KR-30450, lemakalim, 
levosimendan, minoxidil sulfate, nicorandil, 
P1075, pinacidil, rilmakalim, SKP-450, 
WAY-133537, Y 26763, ZD6169, and 
ZM-244085); several classes of Ca2+-activated 
K+-channel (BK and SK) activators 
(BMS-204352, chlorzoxazone, zoxazolamine, 
DHS-I, 1-EBIO/DC-EBIO, maxiKdiol, 
NS304/analogs, BRL-55834, and NS11021);

. some KCNQ activator classes (BMS-204352/ 
MaxiPost, retigabine, meclofenamic acid, 
fernemates, R-L3, stilbenes, ICA-27243, 
benzo(d)isoxazole, salicylate analogues, 
3-aminoquinazolin-one, 2-acrylthiazol), 
ML277, quercetin, PBA, gintonin, rottlerin, 
ω6- and ω9–polyunsaturated fatty acids, CP1, 
phosphatidylinositol 4,5-bisphosphate (PI(4,5) 
P2);

. IKr agonists (RPR260243, RD-307243, 
A-935142, NS1643, and NS3623); 
– the KCNK-agonist riluzole, 
– the GIRK channel agonist flupirtine; 
– the Kv4.3 channel agonist NS5806; 

Some cation channel agonists hold the potential 
of clinical applicability: The KATP-channel 
activators are clinically used as antihypertensive 
drugs and to stimulate hair re-growth. KATP-chan-
nel agonists are discussed in context of asthma, 
hyperactive bladder disorder treatment and 
mitochondria-linked arrhythmias. Increasing rest-
ing membrane stabilization by KATP-channel open-
ing was proposed to be beneficial in LQTS 
[23, 24]. The L-type Ca2+ channel opener Bay K 
8644 remained a tool for basic research and has 
been tested for its potential in verapamil intoxica-
tion [25]. The KCNQ channels form the classical 

M-channels and the activators retigabine, R-L3, 
ML277, quercetin, PBA, gintonin, rottlerin, ω6-
and ω9–polyunsaturated fatty acids, CP1, 
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 
and BMS-204352 could become important in the 
treatment of incontinence, high blood pressure, epi-
lepsy or cardiac arrhythmia [26–38]. BK-channel 
activators could be relevant in treatment of stroke, 
hypertension and overactive bladder disorders 
[39]. The activation of KCNK channels by riluzole 
exerts significant anti-seizure properties [40] an  
could be of use as antiarrhythmic drugs as well. 
Other possible indications for specific channe  
openers are reviewed [41, 42]. Thus, cation channel 
activators are still relatively rare but hold a broad 
variety of potential applications including adminis-
tration as antiarrhythmics. 

29.6 In Vitro and In Vivo Effects 
of Potassium Channel 
Activators 

In 1998 the first highly potent selective KCNQ1/ 
KCNE1 activator R-L3 was published [35]. R-L3 
acts as a gating modifier by mildly slowing chan-
nel activation but dramatically decreasing the rate 
of channel deactivation. In addition, the com-
pound increases macroscopic current amplitudes 
by a mechanism independent of the kinetic effects 
[43]. R-L3 shortens action potential duration, 
suppresses early afterdepolarisations in ventricu-
lar myocytes isolated from hypertrophied rabbit 
hearts. In addition, R-L3 reverses action potential 
lengthening and therewith suppresses early 
afterdepolarizations in myocytes treated with the 
IKr blocker dofetilide [44] (Fig. 29.2). The IKr 
inhibition by dofetilide mimicks iLQTS and thus 
these experiments suggests that R-L3 may be 
beneficial in some forms of iLQT and aLQTS. 
In 2004 Kang et al. [45] characterized the first 
known IKr channel activator, RPR260243. The 
compound markedly slows IKr channel deactiva-
tion thereby enhancing net IKr currents. 
RPR260243 increases the energy barrier for 
open state to closed state transitions. The slowing 
of deactivation identifies this compound as a gat-
ing modifier similar to R-L3. RPR260243



functionally counteracts blockade by dofetilide in 
the Langendorff heart model. Therefore, these 
experiments strongly suggest that both, activation 
of cardiac IKr and/or IKs may act as QT interval 
shortening mechanisms suited for the normaliza-
tion of QT in forms of iLQT and the 17 aLQTS. 
R-L3 has the potential to activate most of the 
LQTS associated mutant channels. However, 
one mutation disrupted the activating effect prob-
ably by disrupting the R-L3 binding site 
[43]. These data provided proof of principle of 

the concept that the combined knowledge of an 
inherited gene variant in an ion channel gene and 
the binding site of a drug in the respective channel 
could be used to predict a possible drug resistance 
by mutational disruption of the molecular binding 
site in the ion channel protein. 
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Fig. 29.1 Structures of 
exemplary potassium 
channel agonists 

The first Ito agonist published was NS5806 
[46]. However, the compound recapitulated the 
electrocardiographic and proarrhythmic 
manifestations of Brugada syndrome in isolated 
canine ventricular myocytes. In canine ventricular



wedge preparations, NS5806 increased epicardial 
phase 1 and notch amplitude of the action poten-
tial and led to the development of phase 2 re-entry 
and polymorphic ventricular tachycardia. These 
data suggested that Ito activation is not suited for 
the development of an antiarrhythmic agent. 
Rather, these data might strengthen the arguments 
for a pharmacological Ito inhibition as an antiar-
rhythmic approach. Indeed, pharmaceutical 
companies aim to identify and test Ito inhibitors. 
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Fig. 29.2 Dofetilide inhibition of IKr channels induced action potential lengthening, which can be reversed by activation 
of IKs by R-L3 

29.7 The Structural Basis of Channel 
Activation 

The pharmaceutical industry searches for ion 
channel modulators using high throughput 
screening methods and huge compound libraries. 
Robust assays can easily screen 10,000–100,000 
compounds per day on a single target. However, 
only a limited set of cation channel activators lead 
scaffolds have been reported so far. Why is it 
more difficult to discover activators? A glimpse 
of an idea arises when studying data on 
interactions of cation channel agonists with their 
specific binding site(s) on the respective cation 
channel. In the last 20 years the data available on 
ion channel modulator binding sites has grown so 
that such study is now feasible. The variety of 
KATP-channel activators might arise from the fact 

that all KATP-channel activators bind to one of 
two binding sites in the sulfonylurea subunit of 
the channel and that this subunit provides a rela-
tively easily accessible drug target. Thus, these 
compounds do not bind to the pore-forming sub-
unit Kir6.1/2 which is homologous in cation 
channels. BK channel agonists mostly bind to 
calmodulin in the BK channel protein complex 
to increase the calcium sensitivity of the channels. 
Thus, also these agonists do not bind to the chan-
nel forming subunit. However, as calmodulin is 
an integral part in several multi-protein 
complexes drugs acting like the BK agonists 
could be expected to exert pharmacological side 
effects when systemically administered. There-
fore, compounds binding to the channel forming 
subunit promise greater selectivity. (S)-(-)Bay K 
8644 binds to and interacts with the S5-S6 pore 
module of L-type Ca channels [47–49]. 

The identification of the binding site of an 
agonist for a cardiac voltage-dependent potas-
sium channel with relative high resolution was a 
pioneering step into understanding agonist-pore 
interactions. Alanine-scanning methods com-
bined with 3D-modelling techniques were used 
to determine the putative binding site of the ben-
zodiazepine R-L3 that activates KCNQ1 channels 
[43]. The binding site is located deep in the potas-
sium channel protein among pore helix, S5, S6 
and possibly S4. Theoretically, this position and



the small size of the binding pocket might allow 
only closely related chemicals to enter and bind to 
this position. This may be a desired prerequisite 
for the generation of selective drug candidates. If 
substances have to bind to sites deep inside chan-
nel proteins as recently shown by Sun and 
MacKinnon for BAY K 8644 [36] and R-L3, 
then even minor structural changes in the agonist 
scaffold could disrupt correct binding and the 
chemical optimization process might be relatively 
challenging. However, the chemical optimization 
process should generate sufficient selectivity 
towards closely related ion channel proteins. In 
line with this idea, retigabine, a first-generation 
drug candidate as an anti-epileptic, does not target 
cardiac IKs channels (KCNQ1) but the closely 
related neuronal homologous (KCNQ2–5) 
channels [50–55]. On the other hand R-L3 
activates the cardiac IKs channels (KCNQ1) but 
not the neuronal KCNQ2/3 channels [35]. The 
binding site of retigabine could be localized to 
the lower S5-S6 region below the pore helix and 
adjacent to the neighboring channel subunit 
[50, 53, 55, 56]. Finally, the compound CP1 has 
been described to overlap with its binding site 
with that of PI(4,5)P2 and to mimic the action of 
the native lipid PI(4,5)P2 [29]. Comparing the 
binding sites of the described activators it 
becomes obvious that there exist several interac-
tion sites for KCNQ channel agonists (Fig. 29.3). 
These putative binding sites suggest strict molec-
ular requirements for the compounds to be 
ligands for the specific agonist binding pocket. 
These molecular constraints determine size (vol-
ume), geometry, chemical nature 
(hydrophobicity, aromaticity) and dynamics of 
the compound. Meanwhile, several KCNQ chan-
nel agonists have been reported. Based on func-
tional and structural data on compounds like CP1, 
R-L3, polyunsaturated fatty acids, PI(4,5)P2, and 
retigabine the binding sites of these compounds 
could be assessed at reasonable to good resolution 
[26, 29, 36]. 
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The size and chemical nature of the agonists 
suggest a scheme in which MaxiPost and Benzo 
(d)isoxazole may bind to the R-L3 site and 
retigabine analogues, 2-arythiazole and 
3-aminoquinazoline-one may target the retigabine 

binding site. CP1 might bind to a site close to PI 
(4,5)P2, and polyunsaturated fatty acids bind in 
the region of the outer leaflet region (Fig. 29.3). 
Common to these compounds is that they bind to 
and stabilize the open channel structure kineti-
cally favoring open channel function. This feature 
might prove helpful when in silico screening is 
applied. Compounds that virtually bind to binding 
pockets existing only in the open state, structural 
models but not closed-state target models might 
represent potential gating modulators with 
activating profile. 

29.8 The Quest for Potassium 
Channel Activators 

Often agonists are identified by accident when 
screening for compounds intended for other 
targets. Possibly, there is a technical problem 
not addressed by modern screening techniques: 
Pharmaceutical companies screen for lead 
structures. Then they modify these leads to 
explore the structure in detail to find the molecule 
with the best combination of EC50, bioavailabil-
ity, selectivity and drug stability. This concept 
works well for binding sites on the surface or in 
relatively large cavities. An example is the search 
for small molecule cation channel blockers for 
which the preferential binding site is the large 
central cavity of cation channels (Fig. 29.4). 
Thus, in the conventional screen lead structures 
and analogs binding to surface accessible binding 
sites are preferentially identified. Therefore, it is 
not surprising that agonists are often found ran-
domly when working with compounds intended 
for distinct targets but not by systematic screens 
for channel activators. For example, IKs 
antagonists with a lead benzodiazepine scaffold 
were searched for by MSD and by accident the IKs 
agonist R-L7 was identified. More recently, novel 
screening approaches have been used to identify 
channel activators. Often automated patch-clamp 
techniques have been used to identify ion channel 
activators rather than commonly voltage 
dependent-fluorescence in cell-based assays that 
are well suited to screen for identification of 
channel blockers. A combination of in silico



screening methods combined with automated 
patch clamp or automated TEVC proved effec-
tive. The electrophysiological methods used to be 
relatively slow [57], but recent technical advances 

increased the throughput dramatically. This is the 
basis for more direct assays with sufficiently high 
sensitivity. Gathering of structural data and func-
tional modification of channel features by drugs
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Fig. 29.3 Structure and putative discrete binding sites of four classes of KCNQ channel agonists. The binding sites have 
been shown in silico, indirectly experimentally or via Cryo-EM 

Fig. 29.4 Structure and 
putative binding site in the 
central cavity of IKs 
(KCNQ1/KCNE1) channel 
inhibitors. The binding sites 
of 293B and L7 have been 
shown experimentally



will allow us to use computer-aided approaches 
for putative channel activators in future. Such in 
silico approaches could be combined with high-
resolution electrophysiological screening 
methods.
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29.9 Conclusion 

In summary, activators of cation channels are 
promising candidates to regain channel function 
in acquired or inherited cardiac channelopathies 
like LQTS. Novel drug screening methods have 
provided activators with varying functional activ-
ity. Functional testing as pharmacological agents 
in clinical context is now within reach. An 
extended knowledge about cation channel activa-
tor binding and action might enable us to apply in 
silico guided drug design of cation channel 
agonists. The new potent cation channel 
activators will enable us to test the concept of 
ion channel activation as a clinically relevant 
principle in cardiac arrhythmias disorders. 
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