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Preface

Heart disease is the leading cause of death worldwide. Arrhythmia plays an essential role in
the final stages of heart disease, such as in circulatory failure due to ventricular arrhythmia and fatal
cerebral infarction associated with atrial arrhythmia. For this reason, research into arrhythmia has
been a priority for several years. To study the mechanisms of arrhythmia, it is first necessary to
understand the complex system of cardiac excitation. Arrhythmia is a breakdown of this controlled
system. Since cardiac excitation is linked to cardiac contraction, it can ultimately lead to fatal
biological problems. There are several classifications of arrhythmia, such as atrial arrhythmia and
ventricular arrhythmia, and in order to elucidate the mechanisms of each type of arrhythmia, there
are various approaches, from basic nanoscale research to clinical and epidemiological research.

This Special Issue, titled “Cardiac Arrhythmia: Molecular Mechanisms and Therapeutic
Strategies” will cover new findings on the molecular mechanisms of arrhythmias based on original
research. The Special Issue includes a wide range of experimental methods, and in it, researchers will
be able to discover the newest findings in the area. As Guest Editors, we thank all the authors who

contributed to this Special Issue.

Yosuke Okamoto and Kunichika Tsumoto
Guest Editors
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Arrhythmias are divided into supraventricular and ventricular, depending on where
they originate. Supraventricular arrhythmias are characterized by the presence of extra-
cardiac complications, while ventricular arrhythmias have a high mortality rate.

In this Special Issue, all of the papers on supraventricular arrhythmias, with the
exception of Dr. Kayser’s paper, are on the theme of atrial fibrillation (AF). AF is the most
frequent of all arrhythmias and can be described as the king of arrhythmias.

In a review article, Iwamiya et al. [1] explain the macroscopic anatomy, histological
findings, and molecular mechanisms of AF, using “heterogeneity” as a keyword, and also
explain the treatment strategies. Most cases of idiopathic AF are caused by electrical re-
entry between the pulmonary veins (PVs) and left atrium and are diagnosed as sustained
arrhythmia [2]. The heterogeneity of thickness of the heart wall and the muscle fiber
arrangement between the PVs and atrium are some of the factors that cause and sustain
AF. In particular, the muscle bundles between same-side PVs are called ‘carina’ and are an
important target for radiofrequency ablation [3]. When AF becomes persistent or chronic,
atrial fibrosis becomes a major factor in the pathological condition [4]. Cultured cell study
suggests that intercellular communication between myofibroblasts and cardiomyocytes is
the cause of electrophysiological heterogeneity inside the atrium [5]. Recent advances in
imaging technology have made it possible to visualize fibrosis using MRI non-invasively [6].
Meanwhile, there has also been progress in evaluating fibrosis using electrophysiology
with catheter electrodes [7]. Interestingly, the evaluation of fibrosis using MRI and elec-
trophysiology does not overlap. There appears to be a mismatch between structural and
functional changes in the extent of fibrosis. Further research is thus necessary for future
therapeutic applications in evaluating fibrosis. In particular, there is hope for developing
drugs that reduce heterogeneity. Twenty-five years have passed since the discovery of
the ‘PV theory’, and the progress of non-drug therapy, percutaneous ablation, is reaching
its limits.

Perhaps it would be a good idea to introduce molecular-targeted therapy for AF,
which is analogous to cancer treatment. The research by Dr. Igarashi and his colleagues [8]
is a comprehensive analysis of gene expression in the pathology of non-paroxysmal AF.
This research shows that the PVs lose their characteristics as cardiac tissue and instead
transform into tissue similar to the cancer-related microenvironment. It is known that the
microenvironment is formed prior to cancer metastasis and invasion [9]. The ectoderm, such
as vascular endothelium and mucosal epithelium in the cancer-related microenvironment,
is converted into mesenchymal tissue, such as fibroblasts [10]. The heart is an organ that
is extremely resistant to cancer, but it is known that severe fibrosis occurs in the atria
and PVs of patients with AF [11,12]. In recent years, the relationship between AF and
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cancer has also been attracting attention [13]. Some reports have already suggested that
endothelial-mesenchymal transition occurs in the atria of patients with AF [14,15]. The
paper by Igarashi et al. was the first to suggest the possibility that a similar endothelial-
mesenchymal transition occurs in the PVs of AF patients.

Dr. Kayser and colleagues [16] studied sinus node dysfunction (SND), namely that of
bradycardia. A known single amino acid mutation in G protein-coupled inward rectify-
ing potassium (GIRK) channel has been reported to cause autosomal dominant familial
SND [17], and the mutation causes bradycardia. The authors used induced pluripotent
stem cell (iPS) technology and gene editing techniques to confirm the phenotype. The
iPS cells were differentiated using a specialized method, applying retinoic acid to induce
atrial-like cells [18,19]. The cause of the bradycardia was that the GIRK channels were not
closing due to a genetic mutation. This discovery is an important report suggesting that
selective inhibitors against the channel could be an effective treatment strategy.

For life-threatening arrhythmias such as ventricular tachycardia (VT) and ventricular
fibrillation (VF), electrical cardioversion is required for immediate life-saving interven-
tion [20]. In the ventricles where VT (or VF) was induced, it is believed to be in a state
in which the excitation wave is circling (or in which the excitation wave is splitting and
fusing irregularly) within the tissue [21-23]. Electrical cardioversion is performed to reset
the ventricles in the VT /VF state. Resetting the cardiac excitable state is a forced switch
that accelerates repolarization from a depolarized state to a quiescent state, and the elec-
trical stimulus delivered by the automated external defibrillator (AED) has to propagate
the repolarization switch throughout the entire ventricles in an avalanche fashion. The
mechanism of successful defibrillation is still unknown, and the study by Himeno et al. [24]
may explain part of this defibrillation mechanism. It has been reported that the inactivation
of Inar and of L-type Ca?* current (Ic,r), the fast component of the delayed rectifier K*
channel current (Ig;), and the activation of the inward rectifier K* channel current (Ig7)
were the key to repolarization propagation.

Besides, the VT/VF is inducible by the cardiotoxicity (pro-arrhythmogenicity) of
drugs [25]. The human ether-a-go-go-related gene (hERG) channel screening is well known
in terms of investigating cardiotoxicity in drug development. Dr. Furutani [26] reviews the
pharmacological actions of hERG channel inhibitors, the underlying molecular mechanisms,
and the clinical implications of these drugs. The hERG channel, which is thought to consti-
tute Iy, controls the action potential of the human heart by balancing voltage-dependent
activation and inactivation. This channel is more active during the repolarization phase
than the depolarization phase [27].

For this reason, suppression of this channel causes an increase in the QT interval on
the electrocardiogram. Since QT prolongation increases the risk of inducing the VI /VEF, un-
expected suppression of the hERG channel can cause medical accidents [28]. Unfortunately,
the hydrophobic space within the hERG channel is large, and many lipophilic drugs act
on it [29].

On the other hand, some Class III antiarrhythmic drugs that inhibit hERG channels
have a “facilitating” effect [30] and are used in clinical practice. The fact that an inhibitor is
also a “facilitator” is difficult to rationalize, but Furutani’s review article approaches the
truth of the molecular mechanism.

As described above, research into arrhythmia is a fascinating field in which basic
medicine and clinical application are closely linked. I hope that you will read the articles in
this Special Issue that interest you and gain a deeper insight into the arrhythmia research.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: As atrial fibrillation (AF) progresses from initial paroxysmal episodes to the persistent
phase, maintaining sinus rhythm for an extended period through pharmacotherapy and catheter
ablation becomes difficult. A major cause of the deteriorated treatment outcome is the atrial structural
and electrophysiological heterogeneity, which AF itself can exacerbate. This heterogeneity exists or
manifests in various dimensions, including anatomically segmental structural features, the distri-
bution of histological fibrosis and the autonomic nervous system, sarcolemmal ion channels, and
electrophysiological properties. All these types of heterogeneity are closely related to the development
of AF. Recognizing the heterogeneity provides a valuable approach to comprehending the underlying
mechanisms in the complex excitatory patterns of AF and the determining factors that govern the
seemingly chaotic propagation. Furthermore, substrate modification based on heterogeneity is a
potential therapeutic strategy. This review aims to consolidate the current knowledge on structural
and electrophysiological atrial heterogeneity and its relation to the pathogenesis of AF, drawing
insights from clinical studies, animal and cell experiments, molecular basis, and computer-based
approaches, to advance our understanding of the pathophysiology and management of AF.

Keywords: atrial fibrillation; heterogeneity; arrhythmogenicity; electrophysiology; atrial remodeling

1. Introduction

Atrial fibrillation (AF), a common arrhythmia, has been associated with increased
risks of heart failure and stroke, consequently exacerbating patient prognoses. Despite
its prevalence, AF treatments have not yet been optimized. Pharmacotherapy for AF
using antiarrhythmic drugs is characterized by limited efficacy, with no substantial ev-
idence indicating improvements in long-term outcomes [1]. Upstream therapies, such
as angiotensin-converting enzyme inhibitors (ACEis) and angiotensin-receptor blockers,
have not been proven to prevent the occurrence of AF [2,3]. Despite the effectiveness of
catheter ablation for paroxysmal AF, it has therapeutic limitations for persistent AF. As AF
progresses from the paroxysmal to the persistent phase, it becomes necessary to focus not
only on the triggers but also the vulnerable substrates that drive fibrillatory activity.

The detailed pathophysiological mechanisms underlying AF remain largely elusive.
In particular, the processes by which the triggers induce electrical fibrillatory activity and
the factors that sustain this abnormal activity remain poorly understood. Furthermore,
the determining factors of the seemingly disorganized propagation pattern during AF
remain unclear. These mechanisms have been investigated from various perspectives,
such as anatomical structure, tissue, sarcolemmal ion currents, and electrophysiology. One
of the contributing factors to the vulnerable substrates for AF, namely arrhythmogenic
substrate, is heterogeneity. The electrical activity in an atrium is believed to repeat even
and synchronous excitement unless heterogeneity exists. When a normal atrial excitation
wave advances evenly and synchronously on a homogeneous substrate but encounters a
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heterogeneous point, it breaks up (wavebreak) and occasionally rotates. If a cascade of
wavebreaks is induced, the wave begins to exhibit chaotic propagation. As the propagating
wave rotates consistently around the point of the wavebreak, if sustained, it is termed a
rotor, which typically has a short cycle length and produces rapid tachycardia. A rotor can
be a driver of AF, which represents a focal source demonstrating repetitive and fast activity
that propagates outward from the source. The process from the inception of a wavebreak
to the sustenance of fibrillation can be attributed to heterogeneity [4]. Many studies have
reported a correlation between atrial heterogeneity and susceptibility to AF; however, how
these atrial heterogeneities correlate with AF remains unclear, resulting in the unaware-
ness that the underlying heterogeneities are a causative factor of AF. Two main types of
heterogeneity exist: structural and electrophysiological. Structural heterogeneity can be
further viewed based on three subcategories: macroscopic (segmental), mesoscopic (tissue),
and microscopic (cellular and molecular) structure. Each level of structural heterogeneity
can affect electrophysiological heterogeneity, contributing to the substrate for AF [5-7]
(Figure 1).
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Figure 1. Macro-, meso-, microscopic structural and electrophysiological heterogeneities. RA: right
atrium, RAA: right atrial appendage, LA: left atrium, PV: pulmonary vein, SVC: superior vena cava,
IVC: inferior vena cava, Macro: macroscopic, Meso: mesoscopic, and Micro: microscopic. Numbers
in parentheses indicate the corresponding section numbers in the text.

Highlighting atrial heterogeneity will help us understand its contribution to AF and
investigate new therapeutic strategies for AF [8]. Herein, we will summarize the atrial
structural and electrophysiological heterogeneities which are incorporated into the patho-
physiology of AF, drawing insights from human clinical studies, animal experiments, cell
experiments, and theoretical models.

2. Macroscopic Heterogeneity

The atria are complex structures composed of various components, including cham-
bers divided by the atrial septum, venous elements, appendages, and vestibules, rather
than a single uniform structure (Figure 2). At the boundaries of these segments or within
each segment, inherent heterogeneities exist, even in the absence of pathophysiological
conditions. In particular, venous components, such as the pulmonary vein (PV), vena cava,
and coronary sinus (CS), have common peculiar features. They have in common myocardial
tissue stretching from the atrium, which is referred to as a myocardial sleeve. The features
of the myocardial sleeve differ from those of the atrial myocardium in terms of myocardial
thickness and arrangement. Around the boundary between the veins and atrium, abrupt
changes in musculature structure may cause electrical divergence or convergence, possibly
resulting in an electrical source—sink mismatch. Meanwhile, the right atrial (RA) appendage
is composed of pectinate muscles, which have an uneven and rough surface characterized
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by the branching and overlapping arrangement of trabeculae. Moreover, the crista termi-
nalis, the connection between pectinate muscles and the relatively smooth muscle region
derived from the sinus venosus, generates an electrical boundary. The complex structure
of pectinate muscles may contribute to the arrhythmogenic substrates [9]. Although these
distinct structural heterogeneities are not arrhythmogenic in most healthy individuals, they
become arrhythmogenic and evoke AF when certain pathophysiological conditions arise.
The causative factors of AF based on anatomical heterogeneity are listed in Table 1.
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Figure 2. Anatomy of human atria in 3D computed tomography. The endocardial aspects of the
atria and surrounding structures above the mitral and tricuspid annulus are cropped using 3D
computed tomography. With the 3D images of contrast-enhanced computed tomography reflecting
the endocardial aspects of the atria, the endocardial structures, crista terminalis, and pectinate
muscles, in particular, are recognizable. Of note, the endocardial aspects of an RAA demonstrate
a rough surface due to pectinate muscles, while the body of an RA has a smooth surface. The
marks of the crista terminalis and pectinate muscles from the endocardial aspect are shown by
the arrows. The images are separated by colors: RA, SVC, and IVC (white); LA, LAA, and PVs
(brown); and CS (yellow). AP view: anterior-posterior view, RL view: right lateral view, PA view:
posterior—anterior view, RA: right atrium, RAA: right atrial appendage, LA: left atrium, LAA: left
atrial appendage, LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, RSPV: right
superior pulmonary vein, RIPV: right inferior pulmonary vein, SVC: superior vena cava, IVC: inferior
vena cava, CS: coronary sinus, MA: mitral annulus, and TA: tricuspid annulus.

2.1. Pulmonary Vein

PVs play prominent roles in AF, and catheter ablation for the electrical isolation
of PVs has become an established treatment because the majority of AF is initiated by
ectopic discharges mostly within the PVs. Abnormal automaticity and triggered activity
have been suggested as the triggers of AF. The architecture of the PV myocardial sleeve
can be a trigger source for AF, and a few mechanisms have been advocated in canine
experiments. Previous anatomic-electrophysiological studies in isolated PV specimens
have demonstrated that PVs contain a mixture of pacemakers and myocardial cells [10].
These pacemaker cells with spontaneous activity have a significantly lower density of
inward rectifier potassium current, leading to less negative diastolic potential, with which
increased automaticity is generally associated [11]. Thus, pacemaker activity from these
cells is thought to result in the formation of the ectopic beats that initiate AF. Several studies
using the atria of autopsy patients support these findings in canine experiments. Light
microscopy with periodic acid-Schiff staining and electron microscopy identified that the
PV has cells that are histologically and morphologically similar to node, transitional, and
Purkinje cells [12]. Not only enhanced automaticity, but also triggered activity is referred
to as impulse initiation in cardiac fibers which is dependent on afterdepolarizations [13].
Animal experiments showed that isolated PV cardiomyocytes (CMs) from healthy dogs and
rabbits manifested arrhythmogenic afterdepolarizations, suggesting that triggered activity
may account for the trigger of AF within the PV [11,14]. In addition, PVs contain enriched
autonomic innervation, and the autonomic nervous system is suggested to enhance ectopic
triggers via sympathetic or vagal activation [15,16]. These findings indicate that the PV
myocardial sleeve may act as a focal trigger. Furthermore, not only do PVs act as a trigger
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of AF, but they also contribute to the initiating and sustaining mechanism of AF [17].
The arrhythmogenicity of PVs can be evidenced in humans by persisting tachyarrhythmia
confined to the PV during sinus rhythm after its isolation, suggesting that the PV myocardial
sleeve is involved in the maintenance mechanism of AF. Furthermore, many of the focal
left atrial (LA) tachycardias after segmental PV isolation have been reported to be caused
by a focal reentrant circuit located at the PV ostium [18]. From a structural perspective, this
is partly attributed to the arrangement and thickness of the myocyte bundles within the
PV myocardial sleeves and at the PV-LA junction. The sleeves are composed of circularly
or spirally oriented bundles of myocytes with additional bundles that are longitudinally
or obliquely oriented [19]. These intricate arrangements of myocardial fibers in the PVs,
which are often diagonal or perpendicular to LA CMs near the PV-LA junction, contribute
to conduction slowing because of the conduction anisotropy, serving as a possible reason
for their complexity within the PV and even at the PV-LA junction [19,20]. According to a
histological study performed on human hearts, the thickness of the sleeves is not uniform.
The myocardial thickness of the PV is almost uniformly thin (0.3-0.8 mm) in contrast to
that of LA (1.1-2.6 mm). An abrupt change in myocardial thickness exists around the
PV-LA junction (mean 1.1 mm), and the sleeve tapers distally [21]. The differential muscle
narrowing and complex conduction patterns at the PV-LA junction can provide a robust
anatomical basis for source-sink mismatch and conduction anisotropy. The arrangement
of muscle bundles between different ipsilateral PVs, the carina, is also convoluted and
interwoven, which may produce non-uniform anisotropic properties [22,23]. The catheter
ablation strategy of PV antrum isolation to encircle ipsilateral PVs by ablating on the atrial
side of the PV-LA junction has been widely accepted. PV antrum isolation has achieved a
higher clinical success rate and a lower incidence of postprocedural atrial arrhythmias [24],
since it can be attributed not only to the isolation of PVs but also to the isolation of the PV-LA
junction and the ipsilateral carina. These structural characteristics of the PV myocardium
potentially represent a primary substrate for AF.

2.2. Vena Cava

Myocardial sleeves within the superior vena cava (SVC) can also serve as the origins
of AF [25], and the SVC accounts for the major portion of non-PV foci [26-28]. Unlike PVs,
limited data regarding the morphology of SVC myocardial sleeves have been published.
However, a previous canine study revealed that half of the isolated CMs from SVC my-
ocardial sleeves have pacemaker activity, showing spontaneous depolarization and less
negative resting membrane potentials [29]. The presence of CMs with pacemaker activity
suggests that automaticity plays a role in the arrhythmogenicity of the SVC. This study also
demonstrated that the infusion of autonomic agents, such as isoproterenol, atropine, and
phenylephrine, into SVC CMs accelerated the spontaneous activity and induced afterdepo-
larizations, indicating that the enhanced automaticity and afterdepolarization are involved
in the arrhythmogenic activity of the SVC [29]. Additionally, a recent study showed that
the muscle fibers of SVC myocardial sleeves exhibit a morphology similar to that of Purk-
inje fibers [30], supporting the indication of possible arrhythmogenicity in the SVC. In
addition to the cell types in SVC myocardial sleeves, the geometric size of SVC myocardial
sleeves can be an important element of SVC arrhythmogenicity. In a clinical study, an SVC
myocardial sleeve longer than 30 mm has been reported as an independent risk factor for
arrhythmogenic trigger sources from the SVC [31]. Long SVC myocardial sleeves were also
reported to be correlated with the SVC potential amplitude, reflecting greater myocardial
volume. Thus, these findings suggest that long myocardial extension and large amounts
of CMs in the SVC can be a source of arrhythmogenicity. SVC myocardial sleeves may
serve not only as a trigger of AF, but also as a perpetuator that initiates and sustains AF.
Similar to PV myocardial sleeves, the arrangement of musculature in myocardial sleeves
within the SVC is intricate. The cardiac fibers are bundled and disposed in longitudinal,
oblique, or circumferential directions in the venous wall, which may cause anisotropic
conduction within the SVC. Based on high-resolution electroanatomic mapping, slow and
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heterogeneous conduction has been observed during sinus rhythm and is exaggerated by
premature stimulation, indicating that SVC myocardial sleeves have the potential for a
reentrant mechanism [32]. Several observations that the SVC acts not only as an AF trigger
but also as a driver have been reported [33,34]. Miyazaki et al. reported that SVC fibrillation
was confined to the SVC after its electrical isolation, indicating the existence of the driver
within the SVC [34]. Therefore, the intricate structure and heterogeneity of the SVC may
be involved in the AF substrate, which could potentially facilitate the heterogeneity of the
underlying electrophysiological property. For non-responders to PV isolation and patients
undergoing repeated ablation, SVC isolation should be considered, as it can separate a
highly heterogeneous region with a possible trigger or an AF perpetuator from the RA [35].

The musculature extension into the inferior vena cava (IVC) is shorter than that into
the SVC, rendering a lower possibility of an AF source [36,37]. However, a few reports
have shown that the IVC serves as a driver for the maintenance of AF in addition to being
a trigger [38,39]. The optimal IVC ablation strategy for AF remains unknown because of
the limited studies, although focal ablation and IVC isolation have been reported [39].

2.3. Coronary Sinus

The CS occupies the atrioventricular groove, and its wall is covered with a myocardial
sleeve. The CS is a remnant of the sinus venosus, and its muscle sleeve can be an extension
of the RA myocardium over the CS. Histological studies have shown that the CS myocardial
sleeve has muscular connections with both RA and LA fibers [40,41]. Muscular fibers of
varying thickness arise from the myocardial sleeve along the inferior mitral annulus,
providing electrical continuity with the LA. Striated myocardial connections exist between
the CS and LA ranging from one to two fascicles surrounded by insulating compartments of
adipose tissue [42]. The CS muscle sleeve and its branching connections to the atrium have
been implicated in the genesis of atrial tachyarrhythmias. Non-PV ectopic beats arising
from the CS have also been reported in clinical studies, suggesting that AF may originate
within the CS [27,43]. Little evidence regarding the abnormal automaticity within the CS
has been reported; however, some previous reports on CMs isolated from canine CS have
confirmed the triggered activity [44,45]. Conversely, several studies have demonstrated
that the CS myocardial sleeve may serve not only as a source generating a focal trigger
but also as a part of a reentrant circuit [46,47]. The complex orientation of muscular fibers
around the CS and their discrete insertion sites within the LA construct a heterogeneous
structure and may facilitate the source-sink mismatch, leading to conduction disturbance
within the connections [48]. These electrical connections between the CS and both atria may
be involved in arrhythmogenesis by forming a part of the reentrant circuit [49]. Optical
mapping in a canine model showed a functional conduction block at the RA-CS junction,
and this site was involved in the rapid pacing-induced reentrant circuit [50]. Activation
maps derived from another canine model demonstrated that the CS musculature developed
unstable reentry and AF, which were prevented by the isolation of CS musculature from
LA tissue [51]. Similarly, in a clinical study;, electrical dissociation of the CS from the LA
led to less inducibility of sustained AF after PV isolation, which suggests that the CS is
involved in perpetuating AF [46].

2.4. Crista Terminalis and Pectinate Muscles

The RA appendage is readily distinguished from the RA because of the crista ter-
minalis and pectinate muscles [52]. The crista terminalis has been demonstrated as a
conduction barrier during typical atrial flutter. The investigations of the conduction prop-
erties within the crista terminalis demonstrated that it has marked anisotropic conduction
with enhanced conduction velocity in the longitudinal direction compared to that in the
transverse direction [53]. Meanwhile, in terms of the genesis of AF, animal experiments
reported that isolated cells from the crista terminalis in rabbits have spontaneous pace-
maker activity, whereas those in dogs showed delayed afterdepolarization induced by
norepinephrine [53-55]. In a clinical study, the non-PV ectopic triggers of paroxysmal AF
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originating from the crista terminalis were observed [27]. These findings endorse the view
that spontaneous activation may be initiated at the crista terminalis. Moreover, the complex
branching structure of the pectinate muscle network has been proposed to provide a sub-
strate for complex patterns of propagation during AF. Pectinate muscles spread throughout
the wall of the atrial appendage with a branching and overlapping arrangement. The pecti-
nate muscles are composed of ridges; however, the wall in the groove between the ridges is
very thin [36]. This complex structure results in a source-sink mismatch at the branching
site of bundles. An electrophysiological study of canine RA tissue showed that a premature
stimulus induced conduction delay along the ridge of large pectinate muscles, leading to a
wavebreak and resulting in the initiation of reentry [56]. The direction of the propagation
in the RA appendage was also demonstrated to be rate-dependent with variability from
beat to beat at the site of pectinate bundles, leading to a transformation of fibrillatory con-
duction [9]. Thus, pectinate muscles may contribute to the vulnerable substrate, allowing
the sustenance of AF. Owing to the recent progress in electrode mapping techniques, AF
rotational drivers were identified and described within the RA appendage [57,58].

Pectinate muscles are much less extensive in the LA appendage, and the LA appendage
lacks a muscular bundle equivalent to the crista terminalis [36]. Despite these anatomical
characteristics of the LA appendage being distinct from the RA appendage, the LA ap-
pendage has been identified as a possible trigger origin and substrate for AF maintenance
after PV isolation [59,60]. Previous studies have demonstrated that LA appendage isolation
in addition to PV isolation by catheter ablation reduced AF recurrence compared with PV
isolation alone [61,62]. However, procedures with LA appendage isolation had higher rates
of thromboembolism compared to those without it [63].

2.5. Left Atrial Posterior Wall

The LA posterior wall is a major non-PV trigger that initiates paroxysmal AF [27].
Previous studies have shown that the shortest AF cycle length and highest dominant
frequency during AF are found in the LA posterior wall in dogs, sheep, and patients with
chronic AF, implying that the LA posterior wall can be a potential source of AF [64-67].
However, to date, the reason why the LA posterior wall is so arrhythmogenic remains
unclear. Of note, the LA posterior wall has a common embryologic origin with PVs, which
may contribute to the factors that make the LA posterior wall distinct from other areas
of the atrial wall [68-72]. However, the way in which the embryologic origin of the LA
posterior wall is associated with the sources of AF remains elusive. On the other hand,
an anatomical factor potentially characterizes the arrhythmogenicity in the LA posterior
wall, despite the lack of evidence regarding the involvement of abnormal automaticity and
triggered activity. The fiber orientation and myocardial thickness of the LA posterior wall
abruptly change with partial involvement of the septopulmonary bundle. This bundle
arises from the anterior interatrial raphe, ascends obliquely, and combines with longitudinal
fibers from the anterior vestibule to run between the left and right PVs on the LA posterior
wall, forming heterogeneous fiber orientation [73]. Furthermore, the LA posterior wall
exhibits varying degrees of thickness, with the largest increase in myocardial thickness
occurring at the border of the septopulmonary bundle [73]. These abrupt changes in fiber
orientation and thickness may characterize the electrophysiological properties within the
LA posterior wall. Markides et al. demonstrated that a line of functional conduction block
in the LA posterior wall exists, running craniocaudally between the PVs during sinus
rhythm and PV ectopy in humans [74]. They also demonstrated that patients with AF
developed this line of conduction delay, corresponding to a change in fiber orientation in
this region. Wavefronts entering the atrium from the PV interact with this functional line of
conduction block, resulting in the reentry formation of daughter wavefronts. In an ovine
study, electric source-sink mismatch and the subsequent wavebreaks mostly appeared at
the septopulmonary bundle near the right superior PV, where the myocardial thickness
dramatically expanded [73]. These findings indicate that the structural peculiarity may
promote arrhythmogenicity in the LA posterior wall.
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To summarize this section, macroscopic views show several common features through-
out the atrial region. The pacemaker activity underlying myocardial sleeves within PV and
SVC, and the arrhythmogenic afterdepolarization in the myocytes of PV, SVC, and CS, are
potential triggers of AF. The intricate and anisotropic arrangement, and varying thickness
of muscle fibers can provide an anatomical basis for source—sink mismatch and anisotropic
conduction, which are causative mechanisms of the reentrant circuit, located in the PV
(including PV-LA junction), SVC, CS-LA junction, crista terminalis, pectinate muscles, and
septopulmonary bundle of the LA posterior wall.

Table 1. Macroscopic heterogeneities predisposing to AF. RA: right atrium, RAA: right atrial ap-
pendage, LA: left atrium, and LAA: left atrial appendage.

Macroscopic Structure
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Arrhythmia
.. arrhythmogenic
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Pulmonary vein (PV) autonomic innervation human [15,16] arrhythmogenic 21
! trigger
varying thickness of human [19], dog [20] reentr
. . muscular fiber v » 408 y
PV-LA junction ——
intricate muscular human [21] reentr
bundle arrangement y
. intricate muscular
carina bundle arrangement human [22,23] reentry
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Superior vena SVC myocardial afterdepolarization dog [29] arrhytbmogemc 29
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intricate muscular
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3. Mesoscopic Heterogeneity

Anatomical structural heterogeneity at the segmental level, as described above, is
inherently present and may become a potential factor of triggers and substrates for AF.
However, most AFs are believed to occur when combined with other atrial pathophysiolog-
ical conditions. Particularly in heart failure, increased atrial volume overload leads to the
elevation of atrial pressure and stretching of atrial muscle, resulting in the reconstruction of
tissue and the alteration of electrophysiological properties, known as atrial remodeling [6].
Atrial remodeling histopathologically involves the activation and proliferation of myofi-
broblasts (MFs), which are responsible for the uncontrolled deposition of the extracellular
matrix. The enhanced fibrosis leads to tissue anisotropy, and obstructs the electrical wave
propagation [75,76]. The pathological sources of AF have been proposed from the view of
tissue-level heterogeneity.

3.1. Myofibroblasts and Fibrosis

Fibrosis refers to an increased deposition of collagen and other extracellular matrix
proteins in the interstitial space. The excessive deposition of collagen enlarges interstitial
spaces and decouples electrical cell-to-cell communication at gap junctions, resulting
in the reduction in inter-myocyte electrical coupling. As described above, PVs are a
major segment that proposes high arrhythmogenicity. An important tissue feature of
PVs is the patchy areas of fibrosis, which can be detected even within healthy PVs [19].
In addition, a higher degree of fibrosis in the atrial myocardium extends to the PVs in
patients with AF [21]. The inherent and acquired fibrosis within PVs is a possible source
of arrhythmogenicity. Furthermore, fibroblast proliferation not only promotes collagen
production which serves as an electrical insulator, but also mediates the electrical coupling
with CMs. MFs are basically unexcitable cells, but they can form hetero-cellular gap
junctions with CMs [77]. Some in vitro experiments using CMs isolated from animal hearts
or in silico experiments demonstrated that the electrical coupling with MFs depolarizes the
resting membrane potential of CMs [77-79]. According to a numerical study, these actions of
MFs alter the electrophysiological characteristics of CMs, such as the shortening of myocyte
action potential duration (APD) and a decrease in myocyte maximum depolarization
velocity, leading to slow conduction velocity [80]. As a result, both the extracellular
matrix and MFs bring about further complex electrophysiological changes, potentially
causing arrhythmogenicity.

3.2. Heterogeneous Distribution of Fibrosis

As atrial remodeling progresses, the heterogeneous distribution of fibrosis is exac-
erbated, which is one of the factors promoting the pathophysiology of AE. To assess the
tissue heterogeneity caused by fibrosis in an entire atrium, one non-invasive method for
visualizing atrial fibrosis is cardiac magnetic resonance (CMR) imaging. Late gadolinium-
enhanced CMR (LGE-CMR) has been recognized as an indicator to quantify the scar areas
in an atrium [81,82], making LGE-CMR a promising tool for visualizing atrial fibrosis.
LGE-CMR in patients with AF showed that the fibrotic area is heterogeneously distributed,
and preferentially located at the LA posterior wall and around the antrum of the left inferior
PV [83-85]. Previous studies have demonstrated that more advanced fibrosis detected
by LGE-CMR is related to the recurrence of AF after PV isolation [86,87]. Therefore, to
investigate the efficacy of catheter ablation targeting atrial fibrosis detected by LGE-CMR,
the DECAAF II trial executed the LGE-CMR-guided strategy of identifying fibrotic regions
compared with conventional methods for persistent AF [88]. However, no significant
difference in the recurrence rate of AF was observed between the two groups. Much debate
remains regarding the therapeutic applications based on the LGE-CMR. Another method
currently used to estimate fibrotic tissue is electroanatomic voltage mapping. Low-voltage
zone (LVZ), defined as an area with less than a certain cutoff using bipolar voltage map-
ping, has been widely used as a surrogate for local fibrotic tissue [89]. Several previous
studies have shown that the most frequent localization of the LVZ tends to be within the LA
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anterior wall, followed by the septum and LA posterior wall [85,90]. Another observational
study suggested that this segmental LVZ distribution pattern advances as AF perpetuates;
initially in the LA anterior wall, followed by the LA posterior wall [91]. The severity
of fibrosis estimated by the LVZ during sinus rhythm is associated with poor outcomes
after PV isolation [92,93]. Several meta-analyses have reported that LVZ-guided ablation
for persistent AF provides a significant reduction in recurrence rates [94-96]. In a study
comparing the fibrotic areas shown by LGE-CMR and LVZ in the LA, LGE-CMR and LVZ
covered 55% and 24% of the LA, respectively, while 61% of the LVZ was co-located with
the LGE area, and only 28% of the LGE area displayed LVZ [85]. A high mismatch was
observed in the distribution and volume of fibrosis detected by the LGE-CMR compared
with that detected by the LVZ. The cause of this significant spatial mismatch is still under
debate. Considering the association of the fibrotic area detected by these modalities and the
electrophysiological properties, both of them correlate with a decrease in atrial conduction
velocity [97-99]. On the other hand, the relationship between the LGE area and local reentry
or rotor remains debated at present. While some reports suggest a higher prevalence of
reentry in areas where enhancement is observed on LGE-CMR, other reports do not support
this correlation [100-103]. Similarly, a wide discrepancy exists in the distribution of the
LVZ and sites of identified rotors [104]. In fact, several studies have reported that reentrant
AF sources were identified at only 8-37% of the LVZ [85,104].

3.3. Fibrosis and Arrhythmogenicity

Although the heterogeneous distribution of fibrosis does not necessarily allow for
identifying the site of AF sources, the factors causing local conduction disturbances are
believed to be partly ascribed to increased fibrosis [105]. Fibrosis has been indicated as the
primary factor causing AF. However, among the fibrotic volume, distribution, or both, the
factor that contributes the most to arrhythmogenesis remains unclear. Previous studies
have implied that the heterogeneity of fibrotic distribution is a more contributive factor to
the development of AF [106,107]. In a recent study with a porcine ischemic model, hetero-
geneous fibrosis in the LA rather than the overall level of fibrosis was associated with an
increased AF susceptibility [108]. Several studies have demonstrated that the areas adjacent
to dense fibrosis, in relatively healthy zones, show high levels of arrhythmogenic activ-
ity [109,110]. Another study also reported that the patchy and heterogeneous distribution
of fibrous tissue can lead to conduction delays and the fragmentation of signals [111]. Jadidi
et al. reported fractionated continuous activity in the vicinity of the border zone within the
patchy fibrotic area, rather than within the dense fibrotic area [109]. However, determining
the exact role of fibrotic tissue in arrhythmogenesis experimentally is difficult; therefore,
experimental studies have been substituted with some numerical studies. A simulation
study demonstrated that an important factor determining the formation and dynamics
of arrhythmia in heterogeneous fibrosis stems from the maximum local fibrosis density
occurring within the heterogeneous tissue [112]. A highly heterogeneous distribution can
induce wavebreaks resulting in the formation of meandering rotors [113]. Other theoretical
studies demonstrated that the degree and distribution of fibrosis had a large effect on rotor
locations [114], and AF can be perpetuated by rotors meandering in the border zones of
patchy fibrosis [115,116]. These numerical findings support the experimental results that
the heterogeneous fibrotic distribution provides a certain mechanism of arrhythmogenesis
and plays a key role in local fibrillatory activity.

3.4. Autonomic Ganglion Plexus

Electrophysiological properties in atria are modified by the autonomic nervous system,
in which AF is often mediated by adrenergic or vagal activation [117]. Autonomic ganglia in
the atrium are heterogeneously distributed, and ganglion plexuses (GPs) are concentrated
at the SVC, CS, PV, and LA posterior wall in humans [118]. Preliminary studies have
shown that GP stimulation induces the shortening of APD observed within PV sleeves in
dogs [119,120]. Additionally, they demonstrated that injecting acetylcholine into the GP

13



Int. J. Mol. Sci. 2024, 25,10193

in adipose tissue next to a PV leads to rapid firing from the ipsilateral PV, transitioning to
AF, followed by the cessation of AF by ablating the GP at the same site [119,121]. Excessive
activity of the autonomic ganglia is now believed to be partially involved in the generation
of AF, at least in cases showing focal firing. In clinical practice, attempts have been made to
achieve catheter ablation for GP denervation [122]. Recent meta-analyses have shown a
reduction in arrhythmia recurrence by adjunctive GP ablation plus PV isolation compared
with PV isolation alone [123,124]. When it comes to autonomic nervous activity and AF,
the oblique ligament of Marshall (LOM) also plays a key role. It is a remnant of the left
SVC and is located between the LA appendage and the left superior/inferior PVs. It runs
inferiorly along the inferior atrial wall, while only its intracardiac portion remains patent
as the vein of Marshall which drains into the CS. The LOM contains fat and fibrotic tissues,
vessels, muscle bundles, nerve fibers, and ganglia. Not only can the LOM’s complex
structure serve as an arrhythmogenic substrate, but also its rich innervation by sympathetic
nerves may serve as a source of catecholamine-sensitive focal automaticity. Ectopic activity
and focal automaticity in the LOM induced by isoproterenol have been demonstrated in
dogs, indicating that it contributes to the breakout of AF [125]. The effectiveness of LOM
ablation has been reported in patients with persistent AF after PV isolation, implying that
enhanced atrial denervation, elimination of AF triggers, or conduction block correlate with
a reduction in the vulnerability to AF [126,127].

4. Microscopic Heterogeneity

Since cardiac action potentials are governed mainly by sarcolemmal ion currents, the
alteration of these ion currents can help understand the arrhythmogenic mechanism. Once
arrhythmogenic substrates result in AF, AF further adversely progresses the arrhythmo-
genic substrates, which is termed “AF begets AF”. In some reports, electrical changes in sar-
colemmal ion currents resulting from AF were investigated using a whole-cell patch-clamp
system with CMs isolated from the appendages of patients with persistent AF [128-132].
Despite the overall changes in ion currents in AF, to the best of our knowledge, the localized
inter- or intra-cellular heterogeneous distribution of ion channels has not been discussed so
far. However, a better understanding of the structural and electrophysiological heterogene-
ity underlying AF at a microscopic level will lead to advancements in treatment strategies.
Regardless of the underlying diverse causes, abnormal discharge and electrical reentry are
the two main determinants of ectopic firing, initiation, and maintenance of AF. Herein, we
will review the microscopic heterogeneities at a cellular level and the molecular basis of
the connexins, the profibrotic process, and genetics in association with their predisposition
to AF.

4.1. Connexin Remodeling and Regulation

As regards the conduction heterogenicity exacerbated by AF, the redistribution of
connexin has been mainly argued. Electrical intercellular conduction is highly dependent
on connexins, which facilitate cell-to-cell connections (gap junctions) and are known to be
involved in the electrochemical coupling to adjacent cells at the intercalated disk [133]. An
action potential in a CM propagates longitudinally into the adjacent CM via gap junctions
localized normally in the intercalated disk. The heterogeneous distribution in a tissue or
lateralization of connexin distribution in a CM has often been discussed. Of note, het-
erogeneous distribution is termed a patchy distribution in a tissue, and lateralization is
termed a lateralized intracellular distribution. Connexin remodeling in a CM, such as
reduced expression and lateralization, can decrease longitudinal cell-to-cell electrical cou-
pling resulting in a change in anisotropic conduction. van der Velden et al. investigated the
role of gap junctions in a goat AF model [134,135]. They found no changes in the overall
gene expression and protein levels of Cx40 and Cx43; however, according to immunohisto-
chemical studies and confocal laser scanning microscopy, a heterogeneous distribution of
Cx40 in tissue was observed in AF. Subsequently, Polontchouk et al. demonstrated that in
atrial CMs obtained from patients with AF, while the protein level of Cx40 increased, its
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lateralization in the CMs also increased [136,137]. In patients with AF undergoing a biopsy
procedure, the reduced expression and lateralized distribution of Cx40 were observed [138].
Overall, these results showed inconsistent expression levels of Cx40, but the intracellular
lateralization of Cx40 was commonly observed. Previous findings on the expression levels
and intercellular lateralization of Cx43 in AF were similar to those of Cx40 [133,139]. van
der Velden et al. also demonstrated that the total levels and localization of Cx43 remained
unchanged in a goat AF model; however, several studies with canine AF models reported
increased Cx43 expression together with increased lateralization [140,141]. In humans, a
study showed that the LA in patients with lone AF exhibited an increase in the protein
expression of Cx43, while another study demonstrated the lateralization of Cx43 in patients
with persistent AF [136]. In summary, the heterogeneous expression level and the heteroge-
neous distribution, including lateralization, of Cx40 and Cx43 may result in heterogeneous
intercellular coupling, leading to conduction defects and anisotropy, which can facilitate
wavebreaks and pathophysiological substrates of AF [142].

Abnormalities in connexin assembly, permeability, or localization impair electrical
propagation and can lead to conduction disturbance which contributes to the development
of AF [143]. Those abnormalities manifest in the form of phosphorylation, Cx40/Cx43 pro-
tein ratios, and lateralization to the surface membrane [143]. Connexin phosphorylation has
been thought to switch on several types of functions. For instance, it regulates gap junctional
protein trafficking and assembly. The increase in lateralized connexins can lead to a reduc-
tion in gap junctional conductance. Cx43 is phosphorylated specifically by various kinases
including protein kinase A (PKA), protein kinase C (PKC), Ca?*/calmodulin-dependent
kinase II (CaMKII), and mitogen-activated protein kinases (MAPKSs) [144]. The sympathetic
and (-adrenergic induction of activated cyclic adenosine monophosphate/PKA promote
the synthesis and the phosphorylation of Cx43 (Ser364) [145]. PKA enhances the assembly
of connexins into the gap junction and suppresses proteolytic degradation. As a result,
PKA increases channel conductance. On the other hand, angiotensin II (Ang II) induces
PKC activation, which augments the phosphorylation of Cx43 (Ser368) [146], inhibits the
assembly of the connexins into the gap junction, and accelerates proteolytic degradation,
followed by the impairment of the gap junctional communication. A remarkable reduction
in connexins in the intercalated disk, together with an increase in the lateralized delocal-
ization, attenuates cell-to-cell coupling. Ca?* is also an important factor that decreases
the gap junctional conductance. Ca?* overload elevated the resistance of gap junctions
by hindering the PKA-mediated phosphorylation of Cx43. In addition, Ca2*/calmodulin
binding activates CaMKII. Not only does CaMKII phosphorylate the ryanodine receptor 2
and increase its Ca?* sensitivity to exhibit Ca?* leak and triggered activity via an increase in
channel open probability, but it also exerts an indirect effect by regulating Cx43 expression
and subcellular localization in the intercalated disk [147]. Furthermore, inflammatory
cytokines activate MAPK to upregulate phosphorylated Cx43 and impair cell-to-cell com-
munication because Cx43 becomes extensively dispersed at the intercalated disks [148,149].
Taken together, the phosphorylation of connexins causes the abnormal distribution and
expression of the gap junction, which promotes conduction heterogeneity. Remodeling of
the gap junction can be an arrhythmogenic substrate.

4.2. Molecular Mechanism of Atrial Fibrosis

Atrial fibrosis is a major factor contributing to atrial structural and electrophysiologi-
cal heterogeneity. The proliferation of the extracellular matrix (ECM) is promoted by the
neurohormonal dysregulation of the renin-angiotensin—aldosterone system (RAAS) and
the activation of fibrotic pathways, mainly initiated by the transforming growth factor
beta (TGFf3), connective tissue growth factor, and platelet-derived growth factor [150].
These profibrotic signaling molecules activate fibroblasts, resulting in proliferation and
differentiation into secretory myofibroblasts, often accompanied by the upregulation of
matrix metalloproteinases (MMPs) and the downregulation of the tissue inhibitors of met-
alloproteinases (TIMPs). AF can activate inflammatory cells, such as macrophages, leading
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to oxidative stress and the production of reactive oxygen species (ROS). Consequently, the
RAAS is activated, and Ang II contributes to a profibrotic process by binding to Ang II type
1 receptor [151], followed by the further stimulation of phospholipase C, which acts through
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 mediates an increase in
Ca?* levels in the cytoplasm. The intracellular Ca®* overload promotes fibroblast prolifera-
tion and differentiation. DAG activates PKC, which activates the downstream signaling of
MAPK. Ang II serves as a potent nicotinamide adenine dinucleotide phosphate oxidase
activator, leading to ROS overproduction, which activates MAPK as well. The activation
of the MAPK signaling pathway promotes the secretion of various transcription factors
such as TGFp and MMP. TGFf binds to serine/threonine kinase receptors, accompanied
by the suppressor of mother against decapentaplegic protein-mediated signal transduction,
thereby further promoting the profibrotic process. These processes in cooperation acceler-
ate the formation of vulnerable substrates for AF. In terms of the association between the
profibrotic molecular process and heterogeneity, AF vulnerability has been demonstrated to
be associated with a segmental heterogeneous pattern of atrial ECM remodeling (molecular
MMP /TIMP profile) in a porcine AF model with myocardial infarction [152]. This result
implied that a substantial regional heterogeneity exists at the molecular level. Furthermore,
atrial inflammation and adipose tissue depots play an important role in AF substrate forma-
tion [153,154]. In particular, many studies have suggested an association between epicardial
adipose tissue (EAT) and the fibrosis of the underlying atrial myocardium [155-157]. EAT
contains various cell types, especially adipocytes and immune cells such as macrophages
and lymphocytes. Both the immune cells and adipocytes within EAT can release various cy-
tokines, contributing to pathogenic inflammation. In patients with coronary artery disease,
EAT has increased levels of inflammatory cytokines [158]. Another study with resected
LA appendage and associated EAT from cardiac surgery patients with AF demonstrated
that the fibrosis of EAT was associated with LA fibrosis [157]. The fibrosis and inflam-
mation of EAT can predispose to the fibrosis of the adjacent atrial myocardium through
the proinflammatory and profibrotic bioactive secretome from EAT [154]. Adipocytes can
also have a remote effect on the myocardium by the secretion of adipokines. Profibrotic
secretome analysis identified an adipokine, activin A, which is a member of the TGFf3
superfamily. Ventedlef et al. demonstrated that atrial fibrosis was promoted with a high
concentration of activin A secreted from adipocytes [155]. Taken together, a great amount
of EAT correlates with the development of AF through the profibrotic secretome. In terms
of the distribution of EAT in the LA, a study evaluating the location of EAT using computed
tomography in patients with AF showed that large clusters of EAT are observed adjacent to
the anterior roof, LA appendage, and lateral mitral isthmus [159]. This result implies that
the heterogeneous distribution of EAT can be a causative factor of the regionally dependent
severity of fibrosis in atria.

4.3. Genetics of Atrial Fibrillation

Many studies have demonstrated that AF has substantial genetic factors predisposing
to the development of AF [160]. The linkage analyses of AF have shown various causative
genes for familial AF. Mutations in the potassium channels were discovered early as causes
of familial AF: KCNQ1, which encodes a subunit of KvLQT1; KCNH2 which encodes
HERG; and KCNJ2 which encodes Kir2.1 [161-163]. An increase in potassium currents
due to a gain of function, which shortens the action potential and refractory period of
atrial CMs, forms a reentry substrate that promotes the occurrence and maintenance of AF.
However, AF is rarely a monogenic disorder; AF is often caused by environmental factors
and multiple common genetic predispositions that affect AF susceptibility. Genome-wide
association studies have clarified the genetic polymorphisms strongly associated with AF.
Multiple variants were found in genes responsible for cardiac development (NKX2-5, TBX5,
and PITX2) and electrophysiology, including the coding genes of potassium ion channels
(KCNH2 and KCNJ2) and connexins (GJA1 and GJA5) [164]. Although the susceptibility to
AF is different across ancestries, some of the variants found across different ancestries are
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concentrated in the 4q25 region of the long arm of chromosome 4, in which the transcription
factor PITX2 is closest [165]. PITX2 is expressed exclusively in the LA and has a critical
function of regulating the left-right differentiation of the embryonic heart [166,167]. The
asymmetrical organ morphogenesis by PITX2 confines the sinoatrial node, pacemaker cells,
to the RA. PITX2C is the major isoform expressed in the heart, particularly in the LA, and
PITX2C expression was significantly downregulated in human patients with AF [168]. Thus,
it is probable that a deficiency in PITX2 causes the incomplete suppression of pacemaker
activity in the LA, resulting in enhanced pacemaker activity in the LA. Furthermore, a
transgenic murine model with a Pitx2c deficiency, which exhibited a decrease in Pitx2c
expression in only the LA compared to the wild-type, showed the shortening of the LA
action potential, and more susceptibility to AF compared to the wild-type [169]. Similarly,
the chamber-specific Pitx2 conditional mutant mice revealed that the LA displayed a more
depolarized resting membrane potential and a smaller action potential amplitude [168].
PITX2 has also been reported to regulate the extension of myocardial sleeves into PVs from
the LA during development [170]. The differentiation of dorsal mesenchymal cells into the
pulmonary myocardium requires PITX2, and transgenic Pitx2-deficient mice were found
to have normally developed PVs, but absent PV myocardial sleeves [170]. In summary,
these findings indicate that genetic predisposition increases susceptibility to AF, either
electrophysiologically or anatomically. The regionally heterogeneous expression patterns
of these genes can facilitate the basis of electrophysiological heterogeneity.

5. Electrophysiological Heterogeneity

The progression of AF is believed to require an ectopic or reentrant basis. When a
focal discharge exceeds the threshold to excite the surrounding muscle, the propagation
from this ectopic focus possibly acts as a trigger. If the electrophysiological heterogeneity
meets the sufficient need for the AF substrate, the wavefront of the propagation wave can
trigger a cascade of wavebreaks, leading to continuous reentry and the initiation of AF. The
maintenance of continuous activity depends on the existing electrophysiological properties
with refractory and excitability determinants; shortened refractory period and reduced
conduction velocity (CV). As described above, segmentally differentiated tissue properties,
fiber arrangements, and redistributed intra- and inter-cellular connexins facilitate the
structural heterogeneities, which in turn connect with electrophysiological heterogeneities
in the refractoriness and conduction of action potential.

5.1. Repolarization Heterogeneity

The heterogeneity of repolarization in the atria has been reported as a source of
AF [171], similar to that in the ventricles where repolarization heterogeneity has been
widely reported to cause ventricular tachycardia and fibrillation [172,173]. The analyses
of atrial action potentials derived from the patch-clamp technique, monophasic action
potential (MAP) method [174], endo- or epicardial electrophysiological studies, or optical
mapping [175] are helpful to assess atrial repolarization. According to studies that used
these methods, the heterogeneity in the APD or effective refractory period (ERP) serves
as a substrate for AF [176-178]. In a study comparing action potential morphology using
isolated CMs from various atrial segments in adult or aged dogs, and with sinus rhythm or
chronic AF, patch-clamp recordings showed a tendency for APD shortening and increased
APD heterogeneity in aged dogs with chronic AF compared to that in adult dogs with sinus
rhythm [179]. Another canine study investigating the specific cellular electrophysiologi-
cal properties using a patch-clamp system showed that resting membrane potential was
more depolarized, and the APD was shorter in PVs than in the LA [180]. MAP studies in
patients with paroxysmal AF showed a significant increase in the segmental dispersion
of APD and ERP compared to those in patients with sinus rhythm [171,181,182]. In a
canine model, an electrophysiological study demonstrated that the regional heterogene-
ity of refractory periods increases in AF [176]. Optical mapping with isolated hearts of
diabetic rats demonstrated that an increase in the spatial dispersion of APD corresponds

17



Int. J. Mol. Sci. 2024, 25,10193

to the vulnerability of atrial arrhythmia [183]. Another optical mapping study in canine
models showed the progressive shortening of APD and the depolarization of the resting
membrane from the LA to the distal PVs [120]. This study also substantiated that the
heterogeneity of the APD in PVs provided a favorable substrate for reentry formation.
Simulation studies have supported these findings that the heterogeneity in refractoriness
can account for the initiation of AF [176,184]. They revealed the presence of segmental
dispersion or heterogeneity of APD in chronic AF and even paroxysmal AF. Further studies
numerically showed that wavebreaks occur at sites with the steepest gradients of APD
dispersion [185-187]. Another computer-based study with a 3D human model, which
incorporated the regional distribution of APD from previous experimental data, showed
that marked regional differences in the APD co-exist with shortened APD, facilitating
the initiation and maintenance of reentrant waves. In particular, reentrant excitation is
stabilized in the presence of pronounced regional differences in APD at the PV-LA junction
and the crista terminalis/pectinate muscle junction in the RA appendage [188].

Many reports have suggested that an increase in inward rectifier potassium current
is crucial in AF by shortening repolarization and causing hyperpolarization [128-132].
Consistent with the dispersion of APD, an in vitro assay with isolated CMs from differ-
ent segments in an atrium showed the heterogeneous expression of the inward rectifier
potassium channel [189,190]. Since the functional effects of structural remodeling induced
by AF on the regional heterogeneity of APD have not yet been elucidated, computational
models have been proposed to characterize these relationships. Several theoretical studies
have compared the remodeled ionic currents with AF-induced reduction in APD in a
human atrium, demonstrating that the up-regulation of inward rectifier potassium current
has a greater influence on APD than any changes in other ion currents [191]. Moreover,
Berenfeld et al. introduced the ionically regional gradient model to investigate the relation
between the distribution of various types of ion channels and rotor stability. Among them,
the gradient of the inward rectifier potassium current had the most significant impact on
rotor stability [192,193]. The variation in the conductance of the inward rectifier potassium
current resulted in gradients of APD, leading to the trapping of rotors at sites with the
steepest gradients of APD [114].

Of note, what complicates the understanding of the reentrant mechanism is that the
determinants of electrophysiological properties may change, not only spatially but also
temporally [194-196]. It is not easy to thoroughly visualize spatio-temporally heteroge-
neous electrophysiological factors. APD is not just a static electrophysiological parameter
but a dynamically changing one that can be influenced by the preceding diastolic interval
(D). If the preceding DI is short, the following APD tends to shorten, whereas if it is long,
the following APD tends to be prolonged. The relationship between APD and DI is defined
as APD restitution [197]. A steep curve in the APD restitution slope can cause oscillations
in APD alternans, a phenomenon in which APD (or repolarization time) alternates between
longer and shorter durations over time. When APD alternans occurs in a spatially inconsis-
tent pattern, it is termed discordant APD alternans. Discordant alternans is a phenomenon
in which two spatially distinct regions exhibit APD alternance of opposite phases. At
the boundaries between the regions in which APD oscillates discordantly, there turns out
to be an increased APD gap. The APD gap can induce the functional conduction block
at the border, and thus yield heterogeneous conduction patterns, resulting in a possible
source of fibrillatory conduction. Previous studies have demonstrated that discordant
alternance is associated with reentrant activation and susceptibility to AF [198-200]. This
substantiates that APD possesses the property of spatio-temporal variability, which can
be a cause of electrophysiological heterogeneity and serve as the substrate for arrhyth-
mogenicity. Taken together, repolarization heterogeneity can be a strong determinant of
arrhythmogenic substrate.
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5.2. Conduction Heterogeneity

Atrial conduction disorder can be decomposed into two elements: altered conduction
propagation (direction) and reduced magnitude (velocity). When longitudinal propagation
along the muscular fiber is disturbed because of the reduced electrical coupling between
myocytes or collagenous obstacles, conduction in the transverse direction through lateral
cell connections gets involved in the propagation. Additionally, tissue discontinuities due
to fibrosis or anisotropic fiber orientation can cause electrical source-sink mismatch along
these pathways, resulting in the local slowing of conduction or conduction block, and
the tortuous conduction pathway. Furthermore, the hetero-cellular electrical coupling
of myofibroblasts and myocytes can increase heterogeneity in excitability, refractoriness,
and electrical load, potentially inducing conduction slowing [201]. This can lead to a
pivoting or zigzag trajectory of activation. Electroanatomic maps during sinus rhythm of
patients with paroxysmal or persistent AF showed that the atrial conduction properties
in persistent AF were characterized by a higher wavefront curvature and a larger number
of pivoting points than those in paroxysmal AF [202]. Several animal studies with optical
mapping recognized zigzag conduction in pathological states such as stretch-induced and
age-related atria [203,204]. Slow conduction with pivoting or zigzag pathways has become
a factor of localized reentrant circuits [204]. Slow conduction or pivoting points can be
viewed as fragmented potential or complex fractionated atrial electrograms (CFAESs) in
the local potentials obtained from the electrode catheter during catheter ablation proce-
dures [205,206]. Ablating the localized regions that represent CFAE in addition to PV
isolation has been advocated to increase the procedural success rate. A meta-analysis
demonstrated that the adjunctive CFAE ablation could provide additional benefits, such
as reducing the recurrence of AF for patients with persistent AF [207]. Of note, a CFAE
during AF is not always an indicator of an abnormal substrate; however, CFAE during
sinus rhythm is a preferential marker of slow conduction, wavefront collision, or pivot-
ing sites. Furthermore, to understand atrial arrhythmogenicity, transmural conduction
should also be considered. de Groot et al. demonstrated the asynchronous activation of the
endo-epicardial wall during AF in humans using simultaneous endo-epicardial mapping,
which was not apparently observed during sinus rhythm [208,209]. These results implied
that the dissociation of endo-epicardial activation may be important in the maintenance
of AF. Optical mapping studies are helpful to assess the localized CV and visualize the
heterogeneity. In animal experiments, atrial heterogeneous CV has been reported using
isolated hearts in models such as pressure-overload mice [210], diabetic rats [183], and
rabbits with atrial stretch stress [211]. These studies substantiated that incremental atrial
heterogeneity in CV is closely related to the increased occurrence of AF. In addition, just as
APD depends on the preceding DI, CV depends on it as well [212]. This dynamic is referred
to as CV restitution, similar to APD restitution. When static conduction abnormalities
are combined with dynamic conduction abnormalities due to CV restitution, conduction
becomes more heterogeneous. In other words, the source of AF is present in regions where
the decrease in atrial CV and the increase in the heterogeneity of CV with rate dependence
are prominent [210,213,214] (Figure 3). To date, while a positive relation between the
severity of the conduction heterogeneity and the susceptibility of AF has been suggested,
how the conduction heterogeneity is linked to the initiation and sustenance of AF and the
propagation pattern during AF remains unclear.

5.3. Ectopic Excitement

Ectopic premature contractions are widely acknowledged to serve as critical triggers
for AF. The underlying mechanism by which these focal discharges act as triggers is
their ability to induce conduction disturbances, thereby manifesting the AF substrate.
Mapping studies have demonstrated that an atrial extrasystole can cause a functional
conduction block [215,216]. Not only can a premature firing with a short-coupling interval
trigger the initiation of AF via heterogenous APD or CV restitution as described in the
previous sections, but conduction-directional effects can also predispose to functional
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conduction block and conduction slowing. In terms of the directional dependence of
conduction, Kumagai et al. showed that the conduction delay from the distal PV to the
PV-LA junction was significantly longer than that from the PV-LA junction to the distal PV,
and a short-coupled extra-stimulus from the PV formed a PV-LA reciprocating reentrant
circuit involving exit and entrance breakthrough points at the PV-LA junction [217]. Spach
et al. demonstrated with human and canine models that premature stimuli resulted in
slower conduction in the transverse direction, leading to anisotropic conduction [218-220].
They showed that ectopic premature excitation provokes more conduction disorders and
reentries. An intra-operative epicardial mapping during 503 premature atrial contractions
revealed that the CV decreases within the PV area, and the local directional conduction
heterogeneity increases [216]. Furthermore, they demonstrated that patients with AF have
a slower CV and more conduction heterogeneity during sinus rhythm, which becomes
more pronounced during premature atrial contractions than in patients without AF.
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Figure 3. Increased heterogeneity with rate dependence in a diseased atrium. (A) Conduction
velocity maps (during sinus rhythm) in a control and a diseased murine atrium with heart failure.
(B) Increase in heterogeneity of conduction velocity dependent on pacing cycle length in a diseased
atrium. The dotted arrow indicates an increase in the heterogeneity of conduction velocity. Taken
from the reference [210] with partial modification.

6. Clinical Applications for Reducing Heterogeneity

Three therapeutic approaches can be considered to alleviate the heterogeneity. The
first approach is to electrically separate the area with severe heterogeneity from the healthy
area (Figure 4A). Isolating not only the trigger source but also regions with significant
heterogeneity that deeply contribute to the initiation and maintenance of AF can be con-
sidered beneficial. In this context, PV isolation, PV antrum isolation, SVC isolation, and
LA posterior wall isolation have been performed, with demonstrated efficacy. To further
improve this approach, developing novel procedural techniques and devices for isolating
anatomically challenging regions and advancing imaging and mapping technologies for
more accurate identification of areas that need isolation is essential. While isolating a larger
area can potentially be more effective by surrounding a greater amount of AF substrate
with a conduction block, the isolated atrial regions lose their physiological contractile
function, which can lead to thrombus formation. Therefore, the isolation should be limited
to a necessary and sufficient extent. The second way is to ablate the individual distinctive
features contributing to triggers, drivers, or other factors that are considered strongly corre-
lated to AF sources using catheter interventions (Figure 4B). To this end, catheter ablation
targeting sites with distinctive local features, such as reentrant circuit with conduction
delay [221,222], fragmented potential [206,207], ganglionated plexi [122], local driver [206],
and rotor [223], have been developed. However, the indicators to be targeted to achieve
optimal electrical modification remain unclear. Particularly in the cases of persistent AF,
where target regions are widely distributed throughout the atria, the complete ablation
of all the target areas is difficult. Furthermore, the ablation process itself can contribute
to myocardial damage and the formation of new conduction disturbances, presenting
numerous challenges that need to be addressed. In this approach, developing new methods
to identify the required and sufficient targeted areas and innovative interventions to mod-
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ify myocardial conduction properties without proposing another source of AF is highly
desired. The third approach is to decrease the heterogeneity or restore it to the original
state with pharmacotherapy (Figure 4C). The development of new pharmacotherapy to
reduce heterogeneity, including the profibrotic process or connexin remodeling, which is
acquired under pathological conditions, is anticipated. To date, several drugs for atrial
arrhythmia and heart failure have been proven to reduce the atrial heterogeneity in animal
experiments: sodium channel blockers [217], calcium channel blockers [224], ACEis [225],
and neprilysin and angiotensin receptor blockers [210]. However, these drugs have not
been proven to reduce the occurrence of AF in clinical settings. While a new treatment is be-
ing strongly anticipated, sodium-glucose cotransporter-2 (SGLI-2) inhibitors are currently
used for heart failure, and their effectiveness on AF has been gradually uncovered [226]. In
short, therapeutic interventions for advanced AF are not established yet since the treatment
outcomes decline as heterogeneity is exacerbated. Thus, finding strategies through catheter-
based procedures or pharmacotherapy to reduce the heterogeneity could potentially lead
to improved treatment outcomes. In addition to elucidating the underlying cause, a new
approach to heterogeneity is anticipated.
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Figure 4. Therapeutic approach of ablation or pharmacotherapy for the heterogeneity. (A) Isolation
strategy by ablation. (B) Ablation strategy for the individual structural and electrophysiological
features. (C) Pharmacotherapy to reduce the overall heterogeneity by inhibiting the progression
of pathophysiology such as profibrotic process or connexin remodeling. RA: right atrium, LA: left
atrium, PV: pulmonary vein, SVC: superior vena cava, and IVC: inferior vena cava.

7. Conclusions

The experimental and clinical evidence that the structural and electrophysiological het-
erogeneity contributes to the substrate for AF is accumulating. Advances in the recognition
of the underlying heterogeneity with mapping technologies have elucidated the substrates
incorporated into the pathophysiology of AF. Further studies on the underlying hetero-
geneity would provide more profound insights into the mechanisms of the sustenance and
dynamics of AF.
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Abstract: The effects of enhanced late Iy, a persistent component of the Na* channel current, on
the intracellular ion dynamics and the automaticity of the pulmonary vein cardiomyocytes were
studied with fluorescent microscopy. Anemonia viridis toxin II (ATX- II), an enhancer of late Iy,
caused increases in the basal Na* and Ca?* concentrations, increases in the number of Ca2* sparks
and CaZ* waves, and the generation of repetitive Ca?* transients. These phenomena were inhibited
by eleclazine, a blocker of the late In,; SEA0400, an inhibitor of the Na*/ CaZ* exchanger (NCX);
H89, a protein kinase A (PKA) inhibitor; and KN-93, a CaZt/ calmodulin-dependent protein kinase
II (CaMKII) inhibitor. These results suggest that enhancement of late Iy, in the pulmonary vein
cardiomyocytes causes disturbance of the intracellular ion environment through activation of the
NCX and Ca?*-dependent enzymes. Such mechanisms are probably involved in the ectopic electrical
activity of the pulmonary vein myocardium.

Keywords: pulmonary vein cardiomyocytes; automaticity; intracellular Na*; Ca?* overload; late INa;
Na*/Ca?* exchanger

1. Introduction

The present study was undertaken to clarify the intracellular mechanisms for the
induction of automaticity in the pulmonary vein myocardium by the persistent component
of the voltage-dependent Na* channel current. The pulmonary vein is the blood vessel for
the blood flow from the lung to the heart. Spontaneous pulsation of the pulmonary vein
independent of the cardiac pacemaker has been repeatedly observed in various animal
species [1-3]. This is due to a myocardial layer in the pulmonary vein wall connected to the
left atrial myocardium capable of generating spontaneous or triggered action potentials.
Since the clinical report that the automatic activity of the pulmonary vein myocardium
plays a central role in the generation and maintenance of atrial fibrillation [4,5], the auto-
maticity of the pulmonary vein myocardium has received attention as a therapeutic target
and has been studied in various animal species [1,2,6,7]. The cardiomyocytes of the pul-
monary vein myocardium have a smaller inward-rectifying K* channel current density and
less repolarizing power than the atrial myocardium [8-10], which allows otherwise masked
depolarizing currents to induce a gradual depolarization of the membrane. The depolariz-
ing membrane currents contributing to the diastolic depolarization of the pulmonary vein
myocardium include the Na*/Ca?* exchanger current [11,12], hyperpolarization-activated
current [7,10], and the voltage-dependent Na* channel current [13,14], which is the main
subject of the present study.

The voltage-dependent Na* channel current (In,) is composed of two components.
The transient component, which is referred to as peak Inj, is activated by rapid depo-
larizations from the resting membrane potential range and rapidly inactivates within a
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few milliseconds. Peak I, has a large current density and is responsible for the rapid
upstroke and conduction of the action potential in the working myocardium [15]. After
the inactivation of the peak Iy, a small fraction of the Iy, flows persistently [16]; such
current is referred to as late Iy, persistent In, or sustained Inj, [17]. Such a persistent Na*
current is also observed during a slow depolarization in the negative voltage range and
has been suggested to contribute to abnormal automaticity underlying cardiac arrhythmia
including atrial fibrillation [18,19]. Although the amplitude of late Iy, is small in the normal
myocardium, it may be enhanced under various acquired and congenital conditions re-
lated to myocardial automaticity such as heart failure, ischemia, and arrhythmia including
atrial fibrillation [20-22]. In the pulmonary vein myocardium, whose resting or maximum
diastolic potential is about —70 mV, less negative than the —80 to —90 mV of the working
myocardium [8,9], the late In, can flow depending on the situation. It was previously
reported in the pulmonary vein myocardium that anemonia viridis toxin II (ATX-1I), an
enhancer of late Iy, increased the pacemaker depolarization slope, as well as the automatic
firing frequency [13,23]. Agents with inhibitory effects on late Iy,, such as G5-458967,
reduced the pacemaker depolarization slope and automatic activity in the pulmonary vein
myocardium [13]. Thus, blockade of late In, appears to be an effective pharmacological
strategy for the treatment of atrial fibrillation.

While late Inj, can directly contribute to depolarization as a depolarizing current, it
may also cause disturbances in intracellular ion homeostasis and consequently lead to
arrhythmic activity. An increase in intracellular Na* concentration through inhibition of
the Na*/K*-ATPase by ouabain induced automatic electrical activity in the pulmonary
vein myocardium, which was accompanied by an increase in the number of Ca?* sparks
and Ca®* waves; these were both inhibited by pretreatment with a selective NCX inhibitor,
SEA0400 [11]. Thus, a probable explanation for the induction of electrical activity by an
increase in intracellular Na* concentration in the pulmonary vein myocardium is the induc-
tion of Ca®* overload through activation of Ca?* influx through NCX [11]. Ca?* overload is
reported to cause hyperactivation of Ca?*-dependent enzymes such as Ca?* /calmodulin -
dependent protein kinase II (CaMKII) and protein kinase A (PKA), and leads to arrhythmias
in ventricular muscle [17,24-26]. If an enhancement of the late I, can induce automatic
activity in the pulmonary vein myocardium through similar mechanisms, their inhibitors
would be promising as drugs for the treatment of atrial fibrillation caused by pulmonary
vein automaticity.

In the present study, fluorescent ion measurements and pharmacological studies
were conducted with isolated pulmonary vein cardiomyocytes to clarify the following
points. Firstly, does enhancement of the late Iy, in isolated pulmonary vein myocytes
induce automatic electrical activity? Secondly, does the enhancement of the late Iy, cause
intracellular Ca?* overload through NCX function? Finally, are Ca?*-dependent enzymes
involved in the induction of automatic activity? Given the positive results obtained, their
implication for drug selection and development was discussed.

2. Results
2.1. The Spontaneous and Evoked Ca®* Transients of Isolated Pulmonary Vein Cardiomyocytes

Pulmonary vein cardiomyocytes isolated from guinea pigs were spindle-shaped and
had transverse striations. (Figure 1A). They were loaded with the Ca**-sensitive fluorescent
probe, Fluo-4, and observed with a confocal microscope. Among the 787 isolated guinea pig
pulmonary vein cardiomyocytes examined, 220 cells showed spontaneous Ca?* transients,
which is a rapid rise in the Ca?* concentration in the entire subsarcolemmal cytoplasm
(Figure 1B); the average firing frequency of the Ca* transient was 1.85 & 0.13 times in
5s. During the early phase of the Ca?* transient, fluorescence intensity increased from the
subsarcolemmal region and then spread to the cell interior (Figure 1B). In the quiescent
pulmonary vein cardiomyocytes, action potentials were elicited by field electrical stimula-
tion, and the resulting Ca?* transients were observed; the rise in Ca%* concentration started
from the subsarcolemmal region and spread to the central region of the cell (Figure 1C).
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Figure 1. Spontaneous and stimulation-evoked Ca®* transients in pulmonary vein myocytes. (A)
A typical differential interference contrast (DIC) image. (B,C) Spontaneous (B) and electrical-
stimulation-evoked (C) Ca?* transients. Typical x—y images of a cell loaded with Fluo—4/AM
(B(a),C(a)). Time course of fluorescence intensity of the whole cell (B(b),C(b)) and quantified in
rectangular (1 x 4 pm) regions located at 0-1 um (1 red) and 4-5 pm (2 green) from the sarcolemma
(B(c),C(c)), as shown in the top panel in (B(a),C(a)).

2.2. Effect of Enhanced Late Iy, on Automatic Activity and Intracellular Ca®* Dynamics

Treatment of quiescent pulmonary vein myocytes with 100 nM ATX-II induced au-
tomatic Ca?* transients. Among the 40 isolated pulmonary vein cardiomyocytes exam-
ined, automatic Ca?* transients were induced in 18 cells. The firing frequency of Ca**
transients increased in a time-dependent manner (Figure 2); the average frequency was
1.25 £ 0.25 times in 5 s at 3 min and 2.25 £ 0.25 times in 5 s at 5 min. Regarding the auto-
matic Ca®* transient induced by ATX-II, the rise in the Ca?* concentration first occurred
at the subsarcolemmal region and spread to the central region of the cell, similarly to
electrical-stimulation-evoked Ca?* transients. Inhibition of late In, by pretreatment with
10 uM eleclazine significantly reduced the incidence of Ca?* transients induced by ATX-II
(Figure 2). Such induction of automatic activity by ATX-II was less frequently observed in
atrial cardiomyocytes. Among the 56 isolated atrial cardiomyocytes examined, automatic
Ca?* transients were induced only in seven cells.
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Figure 2. Induction of Ca?" transients by ATX-II in quiescent pulmonary vein cardiomyocytes.
Typical x—y images (A) and time course (B) of a cell loaded with Fluo—4 before ATX-II treatment
and at 3 and 5 min after treatment with 100 nM ATX-II. Pretreatment of eleclazine (10 uM) inhibited
the induction of automatic activity (C).

The basal Ca?* fluorescence intensity of the cells was increased by ATX-II in a time-
dependent manner, regardless of the induction of automatic Ca?* transients (Figure 3).
Pretreatment of the cells with 10 uM eleclazine for 5 min significantly suppressed the
ATX-TI-induced increase in basal Ca?* concentration (Figure 3).
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Figure 3. ATX-II-induced changes in intracellular Ca®* concentration. (A) Typical x—y images of
pulmonary vein cardiomyocytes loaded with Fluo—4 after treatment with 100 nM ATX-II alone (a)
and in the presence of 10 uM eleclazine (b). (B) Time course of the changes in basal Ca* concentration
induced by 100 nM ATX-II alone (closed circles) and in the presence of 10 uM eleclazine (open circles).
Each point with vertical bars represents the mean & S.E.M of 3040 cells. Asterisks indicate significant
differences (p < 0.05) from the corresponding values in ATX-II-treated cells.
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2.3. Effect of Enhanced Late Iy, on Intracellular Na* Concentration

To measure the intracellular Na* concentration, the pulmonary vein cardiomyocytes
were loaded with SBFI/AM and observed by epifluorescence microscopy. SBFI was ex-
cited at 340 nm when bound to Na* and at 380 nm when unbound, and the ratio of their
fluorescence (Fz40/F3gp) can be taken to quantitatively measure Na* concentration. Fluores-
cence excited at either wavelength was found to be homogeneously distributed in the cell
(Figure 4A). The intracellular Na* concentration could be quantified using a calibration
curve based on a staircase graph of Fz4/Fsgg obtained by adjusting the Na* concentrations
in the extracellular fluid to 0, 5, 10, 15, and 20 mM (Figure 4B). The intracellular Na*
concentration in quiescent pulmonary vein cardiomyocytes was 11.19 & 0.16 mM (n = 23).
Intracellular Na* concentration was increased by 3.91 & 0.7 mM in 5 min by treatment with
100 nM ATX-II (n = 7; Figure 4C,D). This was significantly higher than the 0.73 &+ 0.1 mM
increase in Na* concentration seen in the time control (n = 7). Pretreatment with 10 uM
eleclazine significantly suppressed the ATX-II-induced increase in Na* concentration; the
ATX-II-induced increase in Na* concentration was 0.06 + 0.2 mM (n = 7).
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Figure 4. Quantitative measurement of changes in intracellular Na* concentration in pulmonary vein
myocardium induced by ATX-II. (A) Differential interference contrast (DIC) images and fluorescence
images excited at 340 nm and 380 nm in pulmonary vein cardiomyocytes loaded with SBFI. (B) Deter-
mination of intracellular Na* concentration in pulmonary vein cardiomyocytes. After measuring
the Na* fluorescence ratio, calibration of the fluorescence ratio to Na* concentration was performed
as described in the methods section (B(a)); the calibration curve was prepared by plotting the flu-
orescence intensity ratio of SBFI obtained in (B(a)) for each extracellular Na* concentration (B(b)).
(C) Effect of 100 nM ATX-II on intracellular Na* concentration. Time course of Na* concentration
for time control (C(a)), ATX-II (C(b)), and ATX-II in the presence of 10 uM eleclazine (C(c)). The
solid line and the dashed line represent the Na* concentration obtained every 5 s and its 15-point
moving average, respectively. (D) Intracellular Na* concentration at 5 min after ATX-II treatment.
Each column with vertical bars represents the mean + S.E.M. of 7 cells. Asterisks indicate significant
differences (p < 0.05) from the corresponding values.
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2.4. Contribution of NCX to Automatic Activity

Isolated pulmonary vein cardiomyocytes were loaded with SBFI and Fluo-4, and
intracellular Na* and Ca?* concentrations were simultaneously measured by epifluores-
cence microscopy. ATX-II (100 nM) caused increases in both Na* and Ca?* concentrations,
but it took 1.23 & 0.2 min for the Na* concentration to reach half of its peak value and
3.46 %+ 0.2 min for the Ca®* concentration (1 = 5; Figure 5A). Thus, ATX-II induced increases
in intracellular Na* and Ca?* concentrations sequentially in this order. Furthermore, pre-
treatment with 1 uM of SEA0400, a selective NCX inhibitor, significantly reduced the
ATX-II-induced increase in basal Ca®* concentration (Figure 5B).
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Figure 5. ATX-II-induced changes in intracellular ion concentrations and the involvement of NCX.
(A) Time course of respective fluorescence intensity in cells loaded with SBFI and Fluo—4. The
gray line shows the fluorescence intensity ratio of SBFI, and the black line shows the fluorescence
intensity of Fluo-4. Note that ATX-II (100 nM) induced an increase in the fluorescence intensity
ratio of SBFI, followed by an increase in Fluo-4 fluorescence intensity. (B) Effect of SEA0400 (1 uM)
on the elevation of basal Ca>* concentration induced by ATX-II. Each column with vertical bars
represents the mean £ S.E.M. of 3040 cells. Asterisks indicate significant differences (p < 0.05) from
the corresponding values in ATX-II-treated cells.

2.5. ATX-II-Induced Ca** Oscillation and Involvement of Ca>*-Dependent Enzymes

The effect of ATX-II on intracellular Ca?* dynamics appeared in the form of an in-
crease in basal Ca%* concentration, CaZ* sparks, and Ca?* waves as well as Ca?* transients
(Figure 6A). These Ca®* oscillations often occurred after 3 min of ATX-II treatment. The
increase in basal Ca?* concentration by 100 nM ATX-II occurred in all cells examined;
it was suppressed by pretreatment with 5 uM H89 (n = 30), a PKA inhibitor, and 3 uM
KN-93 (n = 30), a CaMKII inhibitor (Figure 6B). Such suppression was not observed with
3 uM KN-92 (n = 20), an inert analog of KN-93. The percentage of cells in which these Ca®*
oscillations were induced by ATX-II was significantly higher than the time control, and Ca?*
transients were observed in approximately half of the cells (Figure 6C). Pretreatment with
eleclazine, SEA0400, H89, and KN-93 reduced the incidence of Ca?* oscillations induced by
ATX-II (Figure 6C).
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Figure 6. Induction of intracellular Ca?* oscillation by ATX-II and the effects of pharmacological
agents. (A) Typical x—y images of a Fluo-4-loaded pulmonary vein cardiomyocyte after ATX-II
treatment (100 nM) showing Ca?* sparks (arrows; (a)), a Ca?* wave (arrows indicate wavefront of
Ca?* wave; (b)), and a Ca?* transient (c). The images in ((a—c)) were obtained in this order in the
same cell. (B) The effects of H89 (5 uM), KN-93 (3 uM), and KN-92 (3 uM) on the ATX-II-induced
increase in basal Ca%* concentration. Asterisks indicate significant differences (p < 0.05) from the
corresponding control values. (C) The effects of eleclazine (10 uM), H89 (5 uM), KN-93 (3 uM), and
KN-92 (3 uM) on the incidence of ATX-II-induced Ca%* oscillations. Each column with vertical bars
in (B,C) represents the mean 4 S.E.M of 2040 cells.

3. Discussion
3.1. ATX-II-Induced Changes in Intracellular Ca>* Concentration

The present study was undertaken to examine whether a pharmacological enhance-
ment of the late Iy, can induce automatic activity in the pulmonary vein cardiomyocytes
and to clarify the intracellular mechanisms involved. We first confirmed the relationship
between action potential generation and the Ca?* transient, a temporal increase in Ca®*
concentration throughout the cell. Both in the spontaneous Ca?* transients and action-
potential evoked Ca?* transients, the rise in Ca?* concentration occurred initially in the
subsarcolemmal region and then spread to the cell center (Figure 1). This is a characteristic
feature of Ca®* transients in cardiomyocytes lacking T-tubules, including the atrial and
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pulmonary vein cardiomyocytes [27]. In cells lacking T-tubules, the trans-sarcolemmal
Ca?* influx elicited by an action potential first triggers Ca’* release from the Ca®* release
channel (ryanodine receptor) in the sarcoplasmic reticulum (SR) in the subsarcolemmal
region [27-29]. Next, in the central region lacking T-tubules, a propagated Ca®*-induced
Ca?* release mechanism in the SR activates the Ca®* release from SR [28,29]. This pattern
of rise in Ca®* indicates the firing of action potentials. The same pattern was observed
in ATX-II-induced Ca?* transients (Figure 2), indicating that they were accompanied by
action potentials. A characteristic feature of ATX-II-induced Ca?* transients is that they
were preceded by a gradual rise in basal Ca?* concentration (Figure 3). This suggests that
the rise in Ca* concentration is a cause of action potential generation. The rise in basal
CaZ* concentration, as well as the CaZ* transient, was inhibited by eleclazine, confirming
that both phenomena were caused by enhancement of late In, (Figures 2 and 3).

3.2. NCX Is Involved in ATX-II-Induced Increases in Intracellular Nat and Ca?* Concentrations

ATX-II caused an increase in intracellular Na* concentration in quiescent pulmonary
vein cardiomyocytes, which was inhibited by eleclazine (Figure 4). These results also
indicated that late I, could be activated at negative membrane potentials near the resting
potential. This is consistent with our previous results with voltage-clamped pulmonary vein
cardiomyocytes that the late In, can flow at membrane potentials near the resting potential
of about —70 mV [13,30]. On the other hand, in the ventricular cardiomyocytes, ATX-
IT increased the Na* concentration in electrically stimulated cardiomyocytes but had no
effects on Na* concentration in quiescent cardiomyocytes [31]. Our results also showed that
ATX-II tended not to induce automatic activity in atrial cardiomyocytes. This is probably
because the resting membrane potential of the atrial and ventricular myocardium of about
—80 to —90 mV is more negative than that of the pulmonary vein myocardium [8,9]; the late
INa is unlikely to flow near the resting membrane potential in the working myocardium.
The pulmonary vein myocardium has a smaller inward rectifying K* channel current
density and less repolarizing power than the working myocardium [8-10]; this allows the
membrane potential to stay in a less negative voltage range in which the late Inj, can flow.

Simultaneous measurement of intracellular Na* and Ca?* concentrations revealed
that the ATX-II-induced increase in intracellular Na* concentration was followed by an
increase in Ca?* concentration (Figure 5A); this order suggested the involvement of the
reverse-mode NCX. The NCX has two modes of action: the forward mode, in which Na™ is
taken into the cell and Ca?* is excreted, and the reverse mode, in which Na* is excreted
from the cell and Ca?* is taken into the cell. The forward mode is dominant in normal
cardiomyocytes, but under conditions with elevated intracellular Na* concentration such
as ischemia-reperfusion or cardiac glycoside treatment, the NCX can function in the reverse
mode and cause an increase in intracellular Ca?* concentration [32]. In the present study, the
treatment of quiescent cardiomyocytes with ATX-II increased the Na™ concentration from
11 to 15 mM, and, as mentioned above, the resting membrane potential of the pulmonary
vein myocardium is less negative than that of the working myocardium [8,9]; these are
conditions which favor Ca?* entry through the reverse-mode NCX. Some reports suggested
that the reverse-mode NCX may be more dominant at intracellular Na* concentrations
above 12 mM [33,34]. The result that SEA0400, a selective inhibitor of NCX, inhibited the
increase in basal Ca?* concentration by ATX-II (Figure 5B) also confirmed the involvement
of NCX. Among the three known types of NCX, the expression of the SEA0400-sensitive
NCX1 was reported in the pulmonary vein myocardium of rats [12].

3.3. ATX-II Ca?* Overload Triggers Further Spontaneous Activity

ATX-II induced not only an increase in basal Ca?* concentration but also Ca®* oscil-
lations such as Ca®* sparks and Ca?* waves, which are local non-propagating increases
in Ca?* concentration that occur independently of action potentials [28,29]. Ca?* sparks,
which are the unit of CaZ* release from the SR Ca?* release channel, occur in a small area of 1
to 2 um in diameter, while on Ca* waves, the Ca?* release propagates within the cell at a ve-
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locity of about 100 pm/s [27]. Confocal imaging in pulmonary vein tissue showed that Ca?*
waves, as well as Ca?* sparks, do not propagate between connected cells, which confirms
that they occur independently of action potential firing [35]. Ca** waves and Ca?* sparks
are considered to reflect spontaneous Ca?* leaks from the sarcoplasmic reticulum which are
enhanced in Ca?* overload myocytes [36-38]. The increase in cytoplasmic Ca2* concentra-
tion not only stimulates the SR Ca®* release channel from the cytoplasmic side through the
Ca®*-induced Ca?* release mechanism but also causes an increase in Ca>* concentration in
the lumen of the SR, which affects the Ca?* release channel and increases the Ca* sparks
and Ca2* waves. The abnormal increase in cytoplasmic Ca®* causes hyperactivation of
voltage-dependent ion channels, Ca?*-activated channels, and Ca?*-driven transporters,
which leads to spontaneous electrical activity and arrhythmias [39]. The induction of Ca?*
sparks, Ca?* waves, and Ca?* transients in the pulmonary vein myocardium was also
observed with ouabain, which increases intracellular Na* concentration through inhibition
of the Na*/K* ATPase [11]. We also observed that the Ca?* waves and Ca?* transients
were suppressed by carbachol, which hyperpolarized the resting membrane potential of the
pulmonary vein myocardium to the same level as the working myocardium [8]. Thus, less
repolarizing power of the pulmonary vein cardiomyocytes appears to play a permissive
role in the generation of Ca?* overload and the subsequent induction of automatic activity.

Intracellular Ca?* overload in cardiomyocytes not only causes alterations in ion chan-
nels and transporters but also causes activation of various Ca?*-dependent enzymes [40].
The ATX-II-induced increase in basal Ca?* concentration and generation of Ca?* oscillation
was suppressed in the presence of H89, a PKA inhibitor, and KN-93, a CaMKII inhibitor
(Figure 6). A similar suppression of automatic activity after inhibition of CaMKII and
PKA has been reported in rabbit pulmonary vein myocardium [41]. The activation of
adenylate cyclase (AC) and PKA was reported in cardiomyocytes from the rat pulmonary
vein [42] and guinea pig atria [43]. CaMKII, a multifunctional serine/threonine protein
kinase is activated by the Ca?*/calmodulin complex when intracellular Ca?* levels are
increased [44,45]. CaMKII could phosphorylate the Na* channels and Ca?* channels [46],
which could cause membrane depolarization. The hyperphosphorylation of the respective
target sites on ryanodine receptors and phospholamban by CaMKII and PKA triggered
a significant increase in Ca?* leaks from SR [43]. Thus, enhancement of late In, and the
resulting intracellular Ca?* overload causes hyperactivation of various Ca?*-dependent
ion channels, transporters, and enzymes, which in turn causes further accumulation of
intracellular Ca?* (Figure 7).

| pathological conditions | | pharmacological agents (ATX-1I) |
_’| increase in late INa | |— Eleclazine
// ________________________________ B

I |

|
| activation of reverse-mode NCX | SEA0400

intracellular
vicious cycle

_>| increase in cytoplasmic Ga?* concentration |
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Figure 7. Intracellular mechanism for the induction of automatic activity by enhanced late Iny,.
Arrows denote stimulation and T-shaped lines indicate inhibition.
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3.4. Clinical Implications of This Study

The present study showed that induction of pulmonary vein automaticity by enhance-
ment of the late Iy, is partly mediated by mechanisms including the NCX and enzymes
such as CaMKII and PKA. This implies that inhibitors of these mechanisms may be promis-
ing as drugs for the treatment of atrial fibrillation caused by pulmonary vein automaticity.
Ranolazine, which selectively blocks the late Iy,, was shown to be anti-arrhythmic in
human patients in some situations such as post-operative atrial fibrillation [47]; the mech-
anisms of action still remain to be clarified because the drug also has effects on many
other ion channels and the x-adrenoceptor. Agents with higher selectivity towards late Inj,
such as G5-458967 [13] and NCC-3902 [30] have been shown to inhibit pulmonary vein
automaticity and to be effective against animal models of atrial fibrillation but have not
been applied to human patients at present. Some of the class I antiarrhythmic drugs were
shown to have inhibitory effects on the late Iy, and reduce the diastolic depolarization
slope of the isolated guinea pig pulmonary vein myocardium [48]; whether such effects
contribute to the antiarrhythmic effect of these drugs in human patients is unknown at
present. A novel inhibitor of the NCX, SAR296968, was reported to reduce the frequency of
Ca?* sparks in isolated human atrial cardiomyocytes [49]; whether such effects can lead
to antiarrhythmic effects in vivo awaits further investigation because the effect of NCX
inhibitors appears to largely vary depending on the experimental condition [50,51]. Some
of the class I antiarrhythmic drugs were reported to have inhibitory effects on the NCX,
but only at concentrations higher than the therapeutic blood concentration [52]. A CaMKII
inhibitor, AS105, which is more potent and selective than KN-93, was reported to inhibit SR
Ca?* leaks in human atrial cardiomyocytes [53,54]. Whether the mechanisms clarified in
this study are involved in the pulmonary vein automaticity of human patients and whether
these inhibitors are effective in clinical practice await further investigation.

3.5. Conclusions

The present results suggested that enhancement of late Iy, in pulmonary vein car-
diomyocytes causes Ca>* overload through the reverse-mode NCX and induces auto-
matic activity. Such mechanisms are particularly likely to occur in the pulmonary vein
myocardium, whose repolarizing membrane current density is lower than the working
myocardium.

4. Materials and Methods
4.1. General

All experiments were performed in compliance with the Guiding Principles for the
Care and Use of Laboratory Animals of the Japanese Pharmacological Society and were
approved by the Toho University Animal Care and User Committee (21-41-507, 7 May 2022).

4.2. Isolation of Pulmonary Vein Cardiomyocytes

Pulmonary vein cardiomyocytes were obtained according to the methods described
in our previous study [13,27,30]. Male Hartley guinea pigs (weight, 300450 g) were
anesthetized with isoflurane, and the hearts with lungs were isolated and perfused via the
aorta with a Tyrode’s solution of the following composition (mM concentration): NaCl 143,
KCl 4, MgCl, 0.5, CaCl, 1.8, NaH,PO4 0.33, glucose 5.5, and HEPES 5 (pH 7.4, gassed with
100% Oy, and warmed to 36 °C). The heart was further perfused successively with nominally
Ca?*-free Tyrode’s solution and the same solution containing 0.1 mg/mL protease (type
XIV; Sigma-Aldrich, St. Louis, MO, USA) and 0.5 mg/mL collagenase (YK-102; Yakult,
Tokyo, Japan) for about 20 min. After the washout of the enzymes, the cardiomyocytes
were isolated by gentle disruption of the pulmonary vein.
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4.3. Measurement of Intracellular Ca’* Dynamics

For the measurement of intracellular Ca?* dynamics, the isolated pulmonary vein
cardiomyocytes were loaded with 5 uM Fluo-4/AM (Dojindo, Kumamoto, Japan) for
about 30 min and superfused with the Tyrode’s solution described above at room tempera-
ture. The cardiomyocytes were observed with a rapid-scanning laser confocal microscope
(A1R; Nikon Corporation, Tokyo, Japan) so that the Ca?* sparks and Ca?* waves could
be detected. The objective lens was Apochromat x40, 1.15 numerical aperture (water
immersion). The excitation wavelength was 488 nm, and the emission in the wavelength
range of 500 to 550 nm was detected. The data were analyzed with computer software,
NIS elements (Nikon Corporation). The fluorescence intensity of Fluo-4 at each time point
was normalized against the basal intensity. The scanning was performed every 4.4 ms at
1024 x 64 pixels or every 8.8 ms at 1024 x 128 pixels. For the triggering of action potentials,
field electrical stimulation by a rectangle voltage pulse of 3 ms duration was applied to cells
through a platinum wire electrode paired with an electric stimulator (SEN-3303; Nihon
Kohden Corporation, Tokyo, Japan).

4.4. Measurement of Intracellular Na* Concentration

Isolated cardiomyocytes were loaded with SBFI (5 uM SBFI/AM) and 0.05% pluronic
F-127 at 36 °C (Invitrogen, Carlsbad, CA, USA), and the total Na* fluorescence from single
cardiomyocytes was measured with epifluorescence microscopy. The cells were excited
at 340 and 380 nm from a xenon lamp, and the emission (>500 nm) was separated with a
dichroic mirror, detected by a cooled CCD camera (C6790, Hamamatsu Photonics, Shizuoka,
Japan) at a time resolution of 5 s, and ratioed after correction of background fluorescence
(Aquacosmos software, version 2.52, Hamamatsu Photonics, Shizuoka, Japan). A cooled
CCD camera was used because a rapid-scanning laser confocal microscope is not suitable
for excitation using two wavelengths. In situ calibration of SBFI was performed by exposing
the myocytes to various extracellular Na* solutions in the presence of 10 tM ouabain, 2 uM
gramicidin, and 40 uM monensin. The Na* concentration was increased from 0 mM to
20 mM in 5 mM steps.

4.5. Simultaneous Measurement of Intracellular Ca®* and Na* Concentrations

For the simultaneous measurement of intracellular Ca%* and Na* concentration, the
isolated pulmonary vein cardiomyocytes were loaded with Fluo-4/AM and SBFI/AM (see
above). The cells were excited at 480 nm for Fluo-4 from an LED lamp (COLIBRI, Carl Zeiss,
Oberkochen, Germany), and 340 and 380 nm for SBFI from a mercury lamp (HXP120V,
Zeiss, Oberkochen, Germany), and the emission (>500 nm) was separated with a dichroic
mirror, detected by a digital camera (AxioCam MRm, Carl Zeiss, Oberkochen, Germany) at
a time resolution of 10 s, and ratioed after correction of background fluorescence (Zen Pro,
Carl Zeiss).

4.6. Chemicals

ATX-II and H89 were purchased from Alomone Labs (Jerusalem, Israel); gramicidin,
monensin, ouabain, and SEA0400 were purchased from Sigma-Aldrich (St. Louis, USA);
eleclazine was purchased from Cosmo Bio (Tokyo, Japan); and KN-93 and KN-92 were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). ATX-II was dissolved
in distilled water, and monensin was dissolved in ethanol. All other chemicals were
dissolved in dimethyl sulfoxide.

4.7. Data Analytics and Statistics

All data were expressed as the mean =+ standard error of the mean (S.E.M.). Statistical
significance between means was evaluated by Welch’s ¢-test, or one-way repeated-measures
ANOVA followed by Tukey’s or Dunnett’s multiple comparisons. A p-value less than 0.05
was considered statistically significant.
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Abstract: Dietary intake of omega-3 polyunsaturated fatty acids (eicosapentaenoic acid, EPA) exerts
antiarrhythmic effects, although the mechanisms are poorly understood. Here, we investigated
the possible beneficial actions of EPA on saturated fatty acid-induced changes in the L-type Ca®*
channel in cardiomyocytes. Cardiomyocytes were cultured with an oleic acid/palmitic acid mixture
(OAPA) in the presence or absence of EPA. Beating rate reduction in cardiomyocytes caused by OAPA
were reversed by EPA. EPA also retrieved a reduction in Cav1.2 L-type Ca?* current, mRNA, and
protein caused by OAPA. Immunocytochemical analysis revealed a distinct downregulation of the
Cav1.2 channel caused by OAPA with a concomitant decrease in the phosphorylated component of a
transcription factor adenosine-3',5’-cyclic monophosphate (CAMP) response element binding protein
(CREB) in the nucleus, which were rescued by EPA. A free fatty acid receptor 4 (FFAR4) agonist TUG-
891 reversed expression of Cavl.2 and CREB mRNA caused by OAPA, whereas an FFAR4 antagonist
AH-7614 abolished the effects of EPA. Excessive reactive oxygen species (ROS) accumulation caused
by OAPA decreased Cavl.2 and CREB mRNA expressions, which was reversed by an ROS scavenger.
Our data suggest that EPA rescues cellular Cav1.2-Ca?* channel decline caused by OAPA lipotoxicity
and oxidative stresses via both free fatty acid receptor 4-dependent and -independent pathways.

Keywords: eicosapentaenoic acid; oleic acid; palmitic acid; omega-3 polyunsaturated fatty acid;
PUFA; FFAR4; CREB; Cav1.2; L-type Ca?* channel

1. Introduction

A large number of epidemiologic studies demonstrate that higher saturated fat intake
is associated with an increased risk of sudden cardiac death, suggesting that the effects
of dietary saturated fat may be sufficient to cause heart diseases [1-4]. High levels of
circulating saturated fatty acids are also associated with diabetes, obesity, and hyperlipi-
demia [5,6]. In the heart, the accumulation of saturated fatty acids has been proposed
to play a role in the development of heart failure and arrhythmias [6-8]. The two major
circulating fatty acids are saturated palmitic acid (C16:0) and monounsaturated oleic acid
(C18:1) [9,10]. Palmitic acid is one of the most abundant fatty acids in human/animals
and its overload induces lipotoxicity, resulting in apoptosis, endoplasmic reticulum stress,
and reactive oxygen species production [11,12]. In addition, several recent studies have

Int. . Mol. Sci. 2024, 25, 7570. https:/ /doi.org/10.3390/ijms25147570 46

https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 7570

reported that plasma concentrations of palmitic acid were increased in a high-fat diet-
induced obesity mouse model which has been used in a large number of publications
to demonstrate lifestyle-related diseases in animals [7-10,13]. Exposure of high levels of
palmitic acid to isolated cardiomyocytes is known to result in contractile dysfunction and
apoptosis [7,14]. It is also recognized that palmitic acid-induced ROS production impairs
cellular Ca®* handling possibly through the decrease in L-type Ca?* currents, increase
in the open probability of SR Ca?* release channels, slowing SR Ca?* reuptake, and the
activation of sarcolemmal Na*/Ca?* exchange activity, ultimately leading to reduced SR
Ca?* content [7,15-17]. In contrast, numerous animal experiments and human epidemi-
ological studies [18-21] have shown that omega-3 polyunsaturated fatty acids (PUFAs)
exert beneficial effects on physical health. The strongest evidence for a valuable action of
PUFAs has to do with cardiovascular diseases, causing a number of physiological changes
such as decreasing heart rate and lowering blood pressure [22]. Interestingly, accumulating
evidence from in vitro experiments has demonstrated that omega-3 PUFAs exert antiar-
rhythmic effects [23-26]. Eicosapentaenoic acid (EPA) has been shown to affect sodium
channels [23] to protect cardiomyocytes against arrhythmias induced by high extracellular
calcium, ouabain, isoproterenol, or lysophosphatidylcholine [24]. EPA and docosahex-
aenoic acid (DHA) are also known to regulate the activity of L-type Ca®* channels, which
plays an important role in reducing excessive excitability and increasing refractoriness
of cardiac myocytes [25,26]. Thus, inhibition of Na* and/or Ca?" currents may account
for the acute antiarrhythmic effects of omega-3 PUFA [23-26]. However, the underlying
mechanisms associated with saturated fatty acid-induced long-term electrical changes of
cardiomyocyte remain unclear [27-29].

Recently, the molecular targets for PUFAs were elucidated [30,31]. The free fatty acid
receptor 4 (FFAR4) is a G protein-coupled receptor for endogenous medium- or long-chain
fatty acids that attenuates metabolic diseases and inflammation. PUFAs are generally full
agonists for FFAR4 [30,31] that are expressed in various cell types including cardiomy-
ocytes [28,29]. It has been reported that high-fat diet-induced obesity and liver steatosis
were more severe in FFAR4-deficient mouse than in wild-type mouse [32], suggesting the
functional importance of this receptor in lipid pathology. Of note, Murphy et al. showed
that FFAR4 in cardiac myocytes responds to endogenous fatty acids, reduces oxidative
damage, and protects the heart from pathological stress. This could provide important
translational implications for targeting FFAR4 in cardiovascular disease [33]. Further-
more, EPA was more effective than DHA at preventing lethal arrhythmias by inhibiting
inflammasome and sympathetic innervation through activation of peroxisome proliferator-
activated (PPAR) y-mediated FFAR4-dependent and -independent signaling pathways
after injury [34]. These results suggest that FFAR4 becomes an important site of action for
EPA in the regulation of cardiac electrical activity. However, the role of EPA on cardiac
electrical changes and transcriptional regulation of ion channels in the modification of
these FFAR4-mediated signaling pathways has not been elucidated. Thus, the aim of this
study was to investigate the possible beneficial effects of EPA and FFAR4 on saturated fatty
acid-induced electrical changes in cardiac myocytes, focusing on the voltage-gated L-type
Ca?* channel.

2. Results
2.1. Actions of Saturated Fatty Acid on the L-Type Ca’* Channel and the Cellular Excitability

To determine whether cardiomyocyte excitability and automaticity can be affected by
a high level of saturated fatty acid, we examined the effects of OAPA (100 to 500 M) on
neonatal mouse cardiomyocytes for 24 h. Since cardiomyocytes’ beating or automaticity
was strongly influenced by the function of pacemaker ion channels, we first measured the
mRNAs of these pacemaker ion channels in cardiomyocytes with OAPA by use of real-
time PCR. In preliminary studies, OAPA significantly reduced the expression of HCN4 and
KCNJ3 mRNAs. Interestingly, at the same time, the expression of Cav1.2 L-type Ca?* channel
mRNAs were drastically reduced by OAPA. The expression of Cav1.3 L-type Ca* channel
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mRNAs was also reduced by OAPA. Because the Cavl.3 mRNA was expressed at much
lower levels than that of Cav1.2, approximately ~3% of Cav1.2 in neonatal cardiomyocytes,
we only focused on the Cav1.2 L-type Ca®* channel in this study. To investigate the possible
effect of saturated fatty acid on cardiac automaticity in neonatal mouse cardiomyocytes, the
spontaneous beating rate of cardiomyocyte was measured by live cell imaging system. As
shown in Figure 1B, OAPA treatment significantly decreased the spontaneous beating rate
in a dose-dependent manner. Interestingly, polyunsaturated fatty acid EPA also affected
the expression of Cavl.2 mRNA (Figure 1C). Although a 50 uM or higher concentration of
EPA significantly decreased Cavl.2 mRNA expression, lower concentration of EPA (1 uM
or 10 pM) had a negligible effect on Cav1.2 expression (Figure 1C). Given these results, we
conclude that OAPA, and EPA with very high concentration, reduce the beating rate of
cardiomyocytes in a concentration-dependent manner concomitant with the reduction in
Cavl.2 L-type Ca®* channel expression in cardiomyocytes.
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Figure 1. Long-term effects of fatty acid (OAPA) and EPA on the Ca?* channel expression and cardiac
automaticity. (A,B) Effects of OAPA on the expression of L-type Ca?* channel isoforms (Cav1.2)
mRNA and mean spontaneous beating rate (not normalized) of cardiomyocytes after application for
24 h. Cardiomyocytes were cultured with 100-500 uM palmitic/oleic acid (OAPA: 2:1) for 24 h. (C).
Effects of EPA on the expression of Cavl.2 mRNA. (D,E) Effects of 10 uM EPA on the expression of
Cav1.2 mRNA and mean spontaneous beating rate in combined with 100-500 uM OAPA. Data were
normalized to Cavl.2 mRNA expression in non-treated cardiomyocytes, which was designated as 100.
Data are expressed as the means & SE (n = 8). * p < 0.05 compared with the control group (EPA 0 uM
or OAPA 0 uM). “ns” indicates statistical non-significance (p > 0.05) compared to EPA (-) or OAPA (-).

2.2. EPA Rescued OAPA-Induced Reduction in L-Type Ca** Channel

The combined actions of OAPA and EPA on Cav1.2 expression and beating rate were
then examined based on the results in Figure 1B,E. Interestingly, the reduction in Cav1.2
mRNA expression caused by OAPA was all rescued by the presence of EPA (Figure 1A,D).
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Of note, even the highest concentration of OAPA (500 pM) was without effect on Cav1.2
mRNA expression when 10 pM EPA was applied together (Figure 1D). These results suggest
the rescue effect of EPA on the OAPA-mediated decline of the L-type Ca* channel when
applied for 24 h. Consistent with these results, a decrease in the beating rate caused by
OAPA was canceled in the presence of EPA (Figure 1E). In addition, a significant reduction
in the protein expression levels of Cav1l.2 caused by OAPA was completely rescued by
EPA verified by Western blotting (Figure 2A), while EPA had an unchanged Cav1.2 protein
level when OAPA was absent (p = 0.514). Furthermore, immunocytochemical analysis
revealed that OAPA suppressed the expression of the Cavl.2 channel protein, which
was completely rescued by EPA (Figure 2B,C). These results were all consistent with the
changes in Cavl.2 mRNA as shown in Figure 1. Functional modification of Cav1.2 was
then confirmed by the electrophysiological method to explore the changes in the L-type
Ca?* channel current (Ic,1). Since the saturated fatty acid OAPA strongly decreased the
expression level of Cav1.2, which was blocked by EPA, a rescue of L-type Ca?* channel
current by EPA was expected. In conventional whole-cell patch clamp experiments using
neonatal rat cardiomyocytes, Ic, was recorded. Results in Figure 3 demonstrate that
OAPA significantly reduced Ic, 1 when applied for 24 h, which was completely rescued
by 10 uM EPA. Importantly, the current (I)-voltage (V) relationship was unchanged in the
presence of OAPA and EPA, suggesting that the gating properties of the Cav1.2 channel
was not modified by OAPA and/or EPA (Figure 3B).
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Figure 2. Effect of OAPA and EPA on the expression of Cav1.2 protein in neonatal mouse cardiomy-
ocytes. (A) Representative Western blot and summary graph of Cav1.2 level after application with
OAPA (200 uM) in the presence or absence of EPA (10 uM) for 24 h. (B) Expression and distribution of
Cav1.2 and p-CREB as assessed by immunocytochemistry procedure. Cardiomyocytes were exposed
to OAPA (200 uM) with or without EPA (10 uM) for 24 h. Cav1.2 for stained in green, p-CREB in
red, and DAPI staining to visualize nuclei in blue. Scale bar = 20 um. (C) The percentage of Cav1.2
fluorescence intensity was calculated. The signal intensity of Cav1.2 in non-treated myocytes (OAPA
(-), EPA (-)) was set as 100%. Data are expressed as mean + SE (n = 4). Asterisks indicate significant
differences (* p < 0.05, ** p < 0.01).
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Figure 3. Effects of OAPA and EPA on Ic, 1, in rat neonatal cardiomyocytes. Cardiomyocytes were
cultured with OAPA (200 uM) in the presence or absence of EPA (10 pM) for 24 h. Representative
Ica 1 traces in the vehicle and OAPA with or without EPA applied for 24 h (A), and their group data
of current (I)-voltage (V) relationship (B). Current traces were obtained from a holding potential of

—40 mV to test potentials up to 50 mV with 10 mV increments. Data are expressed as mean & SD
n=7).

Activation of the transcription factor adenosine-3',5'-cyclic monophosphate (cAMP)
response element binding protein (CREB) as detected by phosphorylation of CREB has
been recognized as an index of the initiation of Cav1.2 transcription [35]. Accordingly, the
expression and the changes in CREB mRNA by OAPA were explored in the presence or
absence of EPA. Importantly, CREB mRNA was reduced by OAPA in a dose-dependent
manner, which was highly consistent with the changes in Cav1.2 mRNA (Figure 1A) and
Cav1.2 protein (Figure 2A). In accordance with the regulation of Cavl.2 mRNA, EPA rescued
the changes in CREB mRNA. A reduction in the phosphorylated component of CREB in
the nucleus was also rescued by EPA, strongly suggesting that EPA rescues Cav1.2 protein
through a transcriptional pathway involving CREB (Figure 4B).
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Figure 4. Long-term effect of OAPA and EPA on CREB mRNA expression and CREB phosphorylation
in neonatal mouse cardiomyocyte. (A) Cardiomyocytes were cultured with 100-500 pM OAPA in the
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presence or absence of EPA (10 uM) for 24 h to assess the expression of CREB mRNA. (B) Changes in
phosphorylated CREB (p-CREB) protein level in the nucleus of cardiomyocytes. Relative levels of
proteins were determined by densitometry of the immunoblots. Data were normalized by taking the
value of the control groups as 1.0. Data are expressed as mean + SE (n = 5). * p < 0.05, vs. non-treated
cardiomyocytes (OAPA (-), EPA (-)). # p < 0.05, vs. cardiomyocytes (OAPA (200 uM), EPA (-)) or
(OAPA (500 uM), EPA (-)). “ns” indicates statistical non-significance vs. (EPA (-), OAPA (100 uM).

2.3. Actions of FEAR4 in Cardiomyocytes

Although the downregulation of Cav1.2 and CREB mRNA expression caused by OAPA
and the rescue by EPA were confirmed, their signal pathways are largely unknown. To
clarify the intracellular signal pathway responsible for the action of EPA, the functional
role of the EPA receptor FFAR4 was examined. To our knowledge, the function of FFAR4 is
poorly known in cardiac tissue and/or cardiomyocytes. We investigated whether FFAR4
could be detected in the adult mouse heart and neonatal mouse ventricular cardiomyocytes
by using real-time PCR analysis. Figure 5A clearly demonstrates that FFAR4 is detectably
expressed in adult and neonatal hearts. Notably, there was an approximately 25-fold
difference in FFAR4 mRNA expression between the atrium and the ventricle in the adult
mouse heart; surprisingly, FFAR4 was highly expressed in the atrium. Based on the result
that FEAR4 was appreciably expressed in neonatal ventricular cardiomyocytes, FFAR4-
mediated signal pathways to regulate Cav1l.2 and CREB were examined by use of neonatal
mouse ventricular cardiomyocytes; an FFAR4 antagonist AH7614 and an FFAR4 agonist
TUG-891 were applied [36]. It is worthy of note that the actions of EPA to rescue Cavl.2
and CREB were blocked by an FFRA4 antagonist AH-7614 (Figure 5B,C). Even more,
the reduction in Cavl.2 and CREB mRNA caused by OAPA was rescued by an FFAR4
agonist TUG-891 mimicking the effect of EPA (Figure 6B,C). These results firmly suggest
the mechanism of FFAR4-mediated L-type Ca®* channel regulation pathway led by EPA
in cardiomyocytes.

A 004 - B 15 e C 15, "
b b b % % %
=% 003 5 - r 5
o T ) °
EE Cj8)"<(10- l l §’<ZE10_ l
T35 Eé o X l
X & S g < E
23 £3 S i
58 88 LS
23 205 - & 05
3 001 - s 5
gE & 3
Neo A V OAPA(200 uM) -+ o+ OAPAQOOUM) - + - + + o+
EPA(1OuM) - -+ + - EPA(IOuM) - - + + + -
AHTB14 (1yM) - - - -+ AHT614 (1uM) - - +
) - ) -

TUG-891(30 uM - - - -+ TUG-891(30 uM

Figure 5. FFAR4 actions on Cav1.2 and CREB expression. (A) FFAR4 mRNA expression levels in
cardiomyocytes from neonatal mouse ventricle, adult mouse atrium, and adult mouse ventricle.

51



Int. J. Mol. Sci. 2024, 25, 7570

(B,C) Cardiomyocytes were cultured with OAPA, EPA, a selective FFAR4 antagonist AH7614, and an
FFAR4 agonist TUG-891 for 24 h. Data were normalized to Cav1.2 mRNA expression in non-treated
cardiomyocytes, which was designated as 100. Data are expressed as mean =+ SE (n = 6). Asterisks
indicate significant differences (* p < 0.05).
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Figure 6. Demonstration of actions of ROS for the expression of Cavl.2 and CREB. Cardiomyocytes
were incubated with OAPA (200 uM) in the presence or absence of EPA (10 uM) for 24 h and stained
with CMH,;DCFDA. Representative images (A) and quantitative results are shown (B). Fluorescence
intensity of non-treated myocytes (OAPA (-), EPA (-)) was set as 100%., and data are expressed as
mean =+ SE. Scale bar = 50 um. (C,D) Regulation of Cav1.2 and CREB mRNA expression by oxidative
stresses using HyO; (25 uM) applied for 24 h. (E,F) Effects of ROS scavenger on Cavl.2 and CREB
mRNA expressions. Cardiomyocytes were exposed to OAPA (200 uM) for 24 h in the presence
or absence of EPA (10 pM) with/without an ROS scavenger NAC (1 mM). Data are expressed as
mean + SE (n = 6). * p < 0.05, vs. non-treated cardiomyocytes (OAPA (-), EPA (-)) (B), (H,O; (-), EPA
(-)) (C,D) or (OAPA (-), EPA (-), NAC (-)) (E,F). # p < 0.05, vs. cardiomyocytes (OAPA (+), EPA (-)) (B),
(HyO; (+), EPA (-)) (C,D) or (OAPA (+), EPA (-), NAC (-)) (EF).
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2.4. Actions of ROS for Cavl.2 Expression

To investigate the effect of OAPA treatment on the level of oxidative stress, the amount
of reactive oxygen species (ROS) accumulation was measured in cardiomyocytes. As
shown in Figure 6A,B, the level of ROS was relatively low in cardiomyocytes exposed to the
normal culture medium. On the other hand, OAPA treatment caused ROS accumulation
in cardiomyocytes, which was rescued by EPA co-treatment. Intriguingly, EPA alone
increased the ROS accumulation to a certain degree, although we did not examine the
action any further in this study. Based on these results, it is suggested that EPA may act
as a scavenger to remove ROS in cardiomyocytes. Roles of ROS for the modulation of
Cav1.2 and CREB expression were further examined by use of hydrogen peroxide (H,O,)
which induces oxidative stress in cardiomyocytes (Figure 6C,D). When cardiomyocytes
were loaded with H,O, for 24 h, the expression of Cav1.2 and CREB mRNA was markedly
suppressed. However, the simultaneous administration of EPA nearly completely rescued
the reduction in Cavl.2 and CREB mRNA. The ROS scavenging effects on OAPA insults
for expression of Cavl.2 and CREB mRNA were examined by use of an ROS scavenger
N-acetylcysteine (NAC) in comparison with EPA. NAC distinctly rescued expression of
Cavl.2 and CREB mRNA, suggesting that OAPA downregulates Cav1.2 and CREB via
the mechanism associated with ROS accumulation. Taken together, it is concluded that
OAPA-induced ROS accumulation modulates Cav1.2-L-type Ca?* channel transcription
through an FFAR4-independent pathway.

3. Discussion

The major findings of this study were that (1) the long-term application of OAPA
decreased Cavl.2 mRNA /protein, Ic, 1 and the spontaneous beating of cardiomyocyte,
(2) EPA application reversed the decline of Cav1.2 channel caused by OAPA, (3) an FFAR4
agonist TUG-891 reversed expression of Cavl.2 and CREB mRNA caused by OAPA, (4) an
FFAR4 antagonist AH-7614 abolished the effects of EPA on Cav1.2 and CREB mRNA caused
by OAPA, (5) OAPA increased ROS production, while the action was eliminated by EPA,
(6) an ROS generator HyO, decreased the expression of Cavl.2 and CREB, which was
prevented EPA, and (7) suppressions of Cav1.2 and CREB mRNA by OAPA was prevented
by an ROS scavenger NAC.

Intracellular Ca%?* homeostasis is a critical determinant of cardiac function, and the
levels of intracellular Ca®* are cooperatively regulated by the sarcolemmal Ca?*-ATPase,
several types of the Ca?* channels, the sodium—calcium exchanger, and other regulatory
proteins. At the same time, intracellular Ca?* signaling plays an essential role in cardiac
gene expression and cardiogenesis [37,38]. In this context, it is not surprising that EPA
modifies the expression of Cav1.2 through the intracellular Ca?* regulatory pathway
(Figure 7). We believe that the present study reveals the novel mechanism via which EPA
administration rescues the downregulation of voltage-gated L-type Ca?* channels caused
by excessive amounts of saturated fatty acids and/or ROS in cardiomyocytes. In recent
years, although little is known about the intracellular molecular mechanisms by which
EPA exerts cardioprotective effects in cardiomyocytes, there has been increasing interest
in FFAR4, a selective receptor for EPA [33]. Because EPA-induced FFAR4 activation is
known to signal through modulation of Gq/11 proteins to stimulate CaMK activity in
various cell types [33,36], and because CREB-dependent regulation of Cav1.2 channel
transcription has been reported in cardiomyocytes [35], it is proposed that EPA regulates
Cav1.2 channel expression possibly through the FFAR4-CaMK-CREB signaling pathway
(Figure 7). Of note, FFAR4-independent signal pathway of EPA for the regulation of
Cav1.2 expression is also proposed in this study. Since EPA has many double bonds and
long-chain carbons, the incorporation of EPA into the plasma lipids within the plasma
membrane can alter its properties and influence the function of various membrane proteins
including ion channels and receptors [27]. Furthermore, the intracellular concentration of
EPA can easily be upregulated following extracellular EPA treatment [39]. Taken together,
the ROS-scavenging effects of EPA to upregulate CREB and Cav1.2 could be attributed
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to its FFAR4-independent pathway at the same time. Interestingly, ROS generation by
OAPA and ROS scavenging effect of PUFA are well recognized in various types of cells
including cardiomyocytes [40,41]; PUFAs are known to activate antioxidant enzymes such
as catalase and superoxide dismutase [41]. Although the cardioprotection effect of PUFAs
are documented by their antioxidant mechanism [41], the mechanism of their regulatory
actions on ion channel transcription is largely unknown, which obviously needs to be
further elucidated.
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Figure 7. The proposed molecular mechanism of EPA and OAPA on the Cav1.2-L-type Ca* channel
expression. EPA modulates Cav1.2 expression via FFAR4-depenent and -independent signal path-
ways apart from the acute inhibitory action on the L-type Ca?* channel [26]. Postulated actions of
an ROS scavenger NAC, a selective FFAR4 antagonist AH7614, and an FFAR4 agonist TUG-891 on
CREB-associated pathways are also shown.

Several studies have revealed an association between omega-3 PUFA intake and a
lower risk of cardiovascular events including arrhythmias. More specifically, omega-3
PUFA is known to modify cardiac excitability by regulating ion channel functions in
cardiomyocytes [42,43]. EPA is believed to prevent atrial and ventricular arrhythmias
in animal experiments by inhibiting voltage-gated ion channels such as the Na* chan-
nel [43,44], the Ca?* channels [45], and some types of the K* channels [46]. These findings
suggest that the antiarrhythmic actions of EPA are mediated by direct interaction with
membrane ion channels. On the contrary, long-term beneficial actions of PUFAs were to
limit atrial remodeling that predispose patients to develop atrial fibrillation [47]. These
observations suggest that PUFAs may act as antiarrhythmic nutrients to modify cardiac
excitability when applied for long-term periods as well. Several independent studies have
reported the effects of PUFAs to modulate expressions of ion channels in the heart; EPA
suppressed expression levels of K* channels and their related genes, Kir6.2, Kcnab, Kend2,
KChIP2 [48,49], and Na* channel mRNA [50]. Interestingly, in partially agreement with our
findings, Xu at al. recently demonstrated that long-term application of fish oil upregulated
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the expression of Cav1.2 channel protein in the rabbit heart [46], which is in the sharp
contrast to the previous studies reporting an antagonistic action of EPA to the voltage-gated
Ca?* channel [51]. A potentiation of the Ca?* channel by long-term application of EPA
could be accordingly considered as a compensatory action that maintains intracellular Ca?*
concentration reduction caused by the short-term effect. However, the long-term effect of
EPA on the Ca?* channel may be more complicated than the above postulation. It is known
that ingested EPA is present in the blood in the form of phospholipids. PUFAs bind to
and are incorporated into phospholipids in cell membranes because they are structurally
unsaturated. EPA may affect membrane fluidity, lipid microdomain formation, and trans-
membrane signaling. Consistently, an animal study demonstrated a significant increase
in EPA and DHA concentrations in the ventricular myocardium of mouse supporting the
notion that EPA acts, at least in part, directly on cardiomyocytes to maintain the electrical
properties of ion channels present on the cell membrane [46]. Although this study did not
assess the mechanism further, a high concentration of EPA can reduce the expression of the
Ca?* channel by itself (Figure 1C). Considering that the human serum concentration of EPA
approximately ranges from 14 uM to 100 uM [52], it is assumed that the long-term action
of EPA on the Ca?* channel ex pression could be affected by various factors including
concentrations of EPA and co-existence of other saturated /unsaturated fatty acids, FFAR4
density on the plasma membrane, endogenous intensity of CaMK signals, and the mag-
nitude of CREB-dependent transcription in cells. Although several publications describe
that omega-3 fatty acids prevent ventricular arrhythmias [53], a much larger number of
studies document that EPA prevents atrial fibrillation in animal studies and clinical ob-
servation [53,54]. It is crucial to note that the expression level of FFAR4 in the atrium was
25 times larger than that in the ventricle (Figure 5A). Although electrophysiological actions
of EPA on cardiomyocytes appear not only via FFAR4, a dense distribution of FFAR4 in
the atrium suggests that actions of EPA on the Ca®* channel are highly expected in the
atrium. A negative chronotropic effect of EPA [55] may also be associated with the FFAR4
expression distinction in the heart. Relatively high concentrations of EPA by itself reduced
expression of Cavl.2 mRNA (Figure 1C), in spite of the fact that EPA rescued the reduction
in them caused by OAPA. Taken together, it is suggested that EPA is able to decrease
automaticity or responsiveness of the sinus node. Because the sinus node is located within
the atrial tissue and is functionally connected to the atrial cardiomyocytes, the impact of
FFAR4 activation in the atrium could influence pacemaker rhythm accordingly. In humans,
the expression of FFAR4 decreases in cardiomyocytes with heart failure [33]. Thus, it is
likely that expression of FFAR4 in the atrium may change in the pathological conditions
such as in atrial fibrillation, suggesting the importance of FFAR4 density in the evaluation
of EPA action on the pathological condition of the heart.

Limitations of this study include uncertainty about whether these results are directly
applicable to humans with dyslipidemia. Results in this study were obtained from animal
experiments with isolated mouse/rat cardiomyocytes and in vitro analysis that used real-
time PCR and patch clamp analysis but was not applied to human body. Although the
impact of an FFR4 agonist TUG-891 on the expression of Cav1.2 and CREB was robust,
it is uncertain whether the FFAR4-dependent effect of EPA is more dominant than the
FFAR4-independent effect to rescue the L-type Ca2+ channel, which needs further studies.
Also, the underlying mechanisms that connect FFAR4 and Cav1.2 remain largely unclear
and require further investigation.

4. Materials and Methods
4.1. Chemicals

Reagents were obtained from Sigma Aldrich (St. Louis, MO, USA) or WAKO (Osaka,
Japan) unless otherwise indicated. Triton X-100 was purchased from MP Biomedicals
(Aurora, OH, USA). Fetal bovine serum was obtained from Biosera (Biosera, Nuaillé, Chile).
Collagenase type IV was purchased from Worthington (Lakewood, NJ, USA). H,DCF-
DA (2/,7'-dichlorodihydrofluorescein diacetate), ProLong Diamond Antifade Mountant
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with 4/,6-diamidino-2-phenylindole dihydrochloride (DAPI) were from Molecular Probes
(Eugene, OR, USA). Anti-CREB antibody (1:1000, Cell Signaling, Beverly, MA, USA), phos-
phospecific antibody against anti-pCREB (Ser 133), and Alexa Fluor 488 and 594-conjugated
secondary antibodies were from Cell Signaling (Danvers, MA, USA). All reagents from
commercial sources were of analytical grade.

4.2. Isolation of Neonatal Mouse Cardiomyocytes

C57BL/6 mouse and Wistar rats (Japan SLC, Inc., Shizuoka, Japan) were provided
with food and water ad libitum and the room temperature was maintained at 25 £ 1 °C in
a 12 h light/12 h dark cycle. Neonatal mouse or rat cardiomyocytes were enzymatically
isolated and cultured as previously described [56,57]. The cardiomyocytes were maintained
at 37 °C under 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum for 24 h. After 24 h of culture, >70% of the cells adhered to the
substrates and started to exhibit spontaneous beating. For electrophysiological experiments,
we used isolated neonatal rat cardiomyocytes.

4.3. Preparation of OAPA and Cell Culture

Oleic acid (OA) was solubilized in anhydrous methanol, and then 100 mM stock
solution was prepared. Palmitic acid (PA) bovine serum albumin (BSA) conjugate was
prepared through soaping PA with 0.5 N sodium hydroxide (NaOH) and mixing with
BSA. Briefly, 100 mM stock solution of PA in 0.5 N NaOH was incubated at 70 °C for
30 min. Then, we prepared a mixture in OA at a concentration of 500 uM and PA at a
concentration of 250 uM. Both fatty acids were complexed to BSA in a ratio of 2:1 (OA:PA)
and total concentration of 100-500 uM. Because in vitro studies have shown that the PA
at physiological concentrations exhibits a dose-dependent cytotoxic effect associated with
ROS production and apoptosis or necrosis in neonatal cardiomyocytes [9], we tried to
examine a combination of OA with PA, which is more suitable for simulation of simple
electrical changes than PA alone. Medium supplementation with OA (500 uM)/PA (250 uM)
mixture (OAPA) in the presence or absence of EPA (10 uM) for 24 h. To investigate the
effect of removing accumulated ROS, cardiomyocytes were exposed to an OAPA for 24 h in
the presence or absence of 1 mM NAC, an ROS scavenger.

4.4. Measurement of Intracellular ROS Accumulation

Intracellular ROS accumulation was detected using HyDCFDA, whose green fluo-
rescence signal is increased by its oxidation by ROS. Cells were incubated with 2 uM
H,DCFDA for 50 min at 37 °C and rinsed with HEPES buffer twice before observation.
Images were acquired and digitized on a BIOLEVO BZ-9000 epifluorescence microscope
(Keyence, Osaka, Japan), and analyzed at 200 x magnification using the associated soft-
ware (Keyence).

4.5. Electrophysiological Measurements

Whole-cell voltage clamp experiments were performed as described previously [58].
L-type Ca?* channel current (Ic, 1) was recorded from a holding potential (Vi) of —50 mV
followed by various test potentials. Ic,1, density was obtained by normalizing Ic,1, to
the cell capacitance. All experiments were conducted at 37 °C. For measuring Ic,, the
bath solution was composed by Na*- and K*-free solution contained (mM): Tetraethy-
lammonium chloride (TEA-CI) 120, CsCl 6, 4-aminopyridine (4-AP) 5, MgCl, 0.5, 4,4P-
diisothiocyanostilbene-2,2P-disulfonic acid (DIDS) 0.1, HEPES 10, CaCl; 1.8, and glucose
10 (pH of 7.4 adjusted with TEA-OH). The pipette solution contained (mM): CsCl 130,
Mg-ATP 2, EGTA 5, and HEPES 10 (pH of 7.2 adjusted with 1 M CsOH).

4.6. Quantitative Real-Time PCR

Total RNA was extracted from rat neonatal ventricular cardiomyocytes using TRIzol
(Invitrogen, Carlsbad, CA, USA) 24 h after the treatment with agents described above. The
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single-stranded cDNA was synthesized from 1 ug of total RNA using Transcriptor First
Strand cDNA Synthesis Kit (Roche Molecular System Inc., Alameda, CA, USA). Real-time
PCR was performed on Light Cycler (Roche) using the FastStart DNA Master SYBR Green
I (Roche) as a detection reagent. Forward and reverse primer sequences, respectively, for
mouse L-type Ca?* channel isoforms and transcription factor were designed from their
sequence in the GeneBank database as follows (accession numbers are indicated in parenthe-
ses): CACNA1C (NM_001255999), forward 5-ACATCTTCGTGGGTTTCGTC-3/, reverse 5'-
TGTTGAGCAGGATGAGAACG-3'; CACNA1D (NM_028981), 5'-CTTTTGGAGCCTTCTT
GCAC-3, reverse 5'-CTGGACTGAATCCCAAAGGA-3'; FFAR4 (NM_181748), forward 5'-
GCCCAACCGCATAGGAGAAA-3, reverse 5'-GTCTTGTTGGGACACTCGGA-3'; CREB
(NM_133828), forward 5-TGGAGTTGTTATGGCGTCCT-3/, and reverse 5-CGACATTCTC
TTGCTGCCTC-3'. Glyceraldehydes-3-phosphate dehydrogenase (GAPDH; GU214026)
mRNA was used as an internal control. Data were calculated by 2744¢T and presented
as fold change in transcripts for Cav1l.2 genes in myocytes and normalized to GAPDH
(defined as 1.0 fold).

4.7. Western Blot Analysis

Cultured neonatal mouse cardiomyocytes were treated with OAPA in the presence or
absence of EPA for 24 h in DMEM. After the treatments, cardiomyocytes were washed twice
with ice cold PBS and harvested using cell scraper, and then lysed in RIPA buffer containing
protease inhibitor mixture and phosphatase inhibitors on ice for 1 h. The extracted protein
concentration was determined by the BCA protein assay kit (Pierce). Samples containing
40 pg were denatured at 95 °C for 5 min in loading buffer [Tris-HCl (pH 6.8) 250 mM, 4%
SDS, 1% [-mercaptoethanol, 1% bromophenol blue, and 20% glycerol], separated by SDS
polyacrylamide gel electrophoresis using 10% polyacrylamide gel, and then transferred
from the gel to a PVDF membrane (Hybond-P; GE Healthcare Bio-Sciences, Piscataway, NJ,
USA). To prevent nonspecific binding, the blotted membranes were blocked with 5% skim
milk in tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) for 1 h at room temperature and
then probed overnight at 4 °C with an anti-CREB antibody (1:1000, Cell Signaling, Beverly,
MA, USA), phosphospecific antibody against anti-pCREB (Ser 133) (1:1000, Cell Signaling),
and Cav1.2 (1:200, Alomone Labs, Jerusalem, Israel). The blot was visualized with anti-
rabbit IgG horseradish peroxidaseconjugated secondary antibodies (1:2000, American
Qualex, San Clemente, CA, USA) and an ECL prime Western Blotting Detection System
(GE Healthcare Bio-Sciences). GAPDH antibody (1:1000, Proteintech, Wuhan, China) was
used as loading control. The relative target protein levels were quantified by densitometry
normalized to GAPDH on the same membrane. Band density was measured using Image J
1.51 software (National Institute of Health, Bethesda, MD, USA).

4.8. Immunocytochemistry

The details of the experiments protocol were performed as described previously [56].
Primary antibodies against Phospho-CREB (1:200, Cell Signaling, Beverly, MA, USA) and
Cav1.2 (1:200, Alomone Labs Ltd., Jerusalem, Israel) were applied following incubation
with the appropriate fluorescence-labeled secondary antibodies (Cell Signaling) for 1 h at
room temperature. After several washes, the samples were air-dried, mounted with a drop
of ProLong Diamond Antifade Mountant with DAPI (Molecular Probes) and subjected to
microscopy. Images were obtained with a confocal microscope system (A1R, Nikon, Tokyo,
Japan) equipped with a PlanFluor 60X objective lens and excitation lasers (488 and 561 nm,
Melles Griot, New York, NY, USA). Images were saved in TIFF format and analyzed by
Image] software (Wayne Rasband, National Institutes of Health).

4.9. Statistical Analysis

Statistical analysis was conducted using SigmaPlot 14.0 (SigmaPlot version 14.0-Systat
Software, Inc., London, UK). All data are expressed as mean + SE. The significance of
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differences was determined by one-way ANOVA followed by Tukey’s test. Values of
p < 0.05 were considered statistically significant.
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Abstract: Cardiac arrhythmias remain a significant concern with Ibrutinib (IBR), a first-generation
Bruton’s tyrosine kinase inhibitor (BTKi). Acalabrutinib (ABR), a next-generation BTKij, is associated
with reduced atrial arrhythmia events. However, the role of ABR in ventricular arrthythmia (VA) has
not been adequately evaluated. Our study aimed to investigate VA vulnerability and ventricular
electrophysiology following chronic ABR therapy in male Sprague-Dawley rats utilizing epicar-
dial optical mapping for ventricular voltage and Ca** dynamics and VA induction by electrical
stimulation in ex-vivo perfused hearts. Ventricular tissues were snap-frozen for protein analysis

check for

updates for sarcoplasmic Ca?* and metabolic regulatory proteins. The results show that both ABR and IBR
Citation: Zhao, Y.; Chakraborty, P.; treatments increased VA vulnerability, with ABR showing higher VA regularity index (RI). IBR, but
Tomassetti, J.; Subha, T.; Massé, S.; not ABR, is associated with the abbreviation of action potential duration (APD) and APD alternans.
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Nanthakumar, K. Arrhythmogenic

Both IBR and ABR increased diastolic CaZ* leak and Ca?* alternans, reduced conduction velocity
(CV), and increased CV dispersion. Decreased SERCA2a expression and AMPK phosphorylation

were observed with both treatments. Our results suggest that ABR treatment also increases the risk
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_ . of VA by inducing proarrhythmic changes in Ca“" signaling and membrane electrophysiology, as
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may contribute to differences in VA vulnerability and distinct VA characteristics.
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The introduction of Bruton’s tyrosine kinase inhibitors (BTKi) is an important thera-
peutic advance in the management of B-cell lymphocyte malignancies [1]. This targeted
therapeutic strategy avoids the cytotoxic side effects of conventional cancer chemothera-

peutics. However, Ibrutinib (IBR)-associated cardiotoxicity is a significant concern, with
cardiac arrhythmias being the most common cardiotoxic side effect [2,3]. Although atrial
fibrillation (AF) is the most common cardiotoxicity associated with IBR, often prompting
This article is an open access article  treatment cessation [3,4], ventricular arrhythmia (VA) also presents a substantial burden
distributed under the terms and  and is potentially fatal [5,6]. Off-target inhibition of other cellular kinases by IBR, a covalent
conditions of the Creative Commons ~ B1Ki, is thought to be responsible for cardiovascular side effects, including arrhythmias [7].
Attribution (CC BY) license (https://  Acalabrutinib (ABR) is a next-generation selective BTKi with reduced off-target kinase

creativecommons.org/ licenses /by / inhibition [8]. In a head-to-head comparison of clinical efficacy in chronic lymphocytic
40/). leukemia, ABR was found to be non-inferior to IBR in progression-free survival, with a

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.

Int. . Mol. Sci. 2024, 25, 6207. https:/ /doi.org/10.3390/ijms25116207 61 https:/ /www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 6207

significantly lower incidence of AF [9]. A higher selectivity for BTK inhibition with a lesser
degree of inhibition of off-target C-terminal Src Kinase (CSK), PI3K-Akt signaling, and
Ca?*/Calmodulin-dependent protein kinase IT (CaMKII) may explain a lower incidence of
AF with ABR [7,10-12].

Despite the small number of investigations that have drawn attention to VAs associated
with ABR [13,14], its impact on VA remains inadequately assessed and the underlying
mechanisms of ABR-induced VAs remain unclear. Our group has demonstrated that
acute as well as chronic IBR treatments are associated with the aberration of membrane
voltage and intracellular calcium (Ca?*) dynamics in the heart, with a subsequent increase
in VA vulnerability [15,16]. We hypothesized that ABR and IBR have distinct effects on
membrane electrophysiology and calcium signaling, resulting in different levels of VA
vulnerability and characteristics. We evaluated the effects of chronic ABR treatment on
ventricular electrophysiology, Ca?* dynamics, and arrhythmia susceptibility in a rodent
model. We also compared the arrhythmogenic alteration in ventricular electrophysiology,
VA susceptibility, VA characteristics, Ca>* handling, and metabolic regulatory proteins
between IBR and ABR treatments. This comparison may shed light on the differing clinical
outcomes observed between IBR and ABR.

2. Results
2.1. Effects of IBR and ABR Treatment on VA Vulnerability and Characteristics

The effect of burst pacing is shown in Figure 1A. IBR treatment markedly increased
VA vulnerability (62.0 £ 10.1% in IBR vs. 16.0 & 6.5% in control; p = 0.007) and VA burden
(148.7 £ 30.0 s in IBR vs. 47.6 &= 19.4 s in control; p = 0.017), compared to control hearts.
The trends for VA vulnerability and VA burden with ABR treatment were higher than
those of the control (52.0 &= 10.4% in ABR vs. 16.0 & 6.5% in control for VA vulnerability;
110.5 + 25.4 s in ABR vs. 47.6 &+ 19.4 s in control for VA burden) but lower than seen
with IBR treatment (52.0 & 10.4% in ABR vs. 62.0 £ 10.1% in IBR for VA vulnerability;
110.5 £ 25.4 s in ABR vs. 148.7 £ 30.0 s IBR for VA burden). Although the ABR-treated
hearts showed a tendency to higher VA vulnerability, as compared to control (p = 0.056), this
did not achieve statistical significance. Similarly, statistical analysis did not demonstrate
a significant difference in VA vulnerability between ABR-treated hearts and IBR-treated
hearts (p > 0.99), and the VA burden was not statistically significant in ABR-treated hearts as
compared to control (p = 0.35), or as compared to IBR-treated hearts (p = 0.71) (Figure 1B,C).
Dominant frequency (DF) during induced VA was similar following IBR and ABR treat-
ments (15.02 £ 0.55 Hz in ABR vs. 14.27 &+ 0.74 Hz in IBR for VA; p = 0.42) (Figure 1D).
However, ABR treatment was associated with a higher regularity index (RI) of VA com-
pared to VAs in IBR-treated hearts (0.56 &+ 0.03 in ABR vs. 0.41 + 0.03 in IBR; p = 0.002)
(Figure 1E), suggesting a more organized VA pattern with ABR treatment. Figure 1F shows
voltage and calcium phase maps of the epicardial surface of rat hearts in the IBR and ABR
groups, suggesting that hearts from IBR-treated rats exhibit a more spatiotemporal disor-
ganized phase map during VA than those from ABR-treated rats (Videos S1 and S2). The
number of voltage and calcium wavefronts for the first and last ten seconds during VA were
measured. Both the mean numbers of voltage (3.47 £ 0.29/frame vs. 2.41 £ 0.31/frame
in ABR, p = 0.03) and Ca®* (2.93 £ 0.18/frame vs. 2.33 4 0.19/frame in ABR, p = 0.03)
wavefronts were higher in the IBR group (Figure 1G). The pseudo-electrogram (pseudo-
ECQG) also showed results consistent with the above observation; the VAs in the ABR group
were primarily monomorphic, and this was significantly different from the predominant
polymorphic VT of the IBR group (p = 0.015) (Figure S1).
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Figure 1. Effects of Ibrutinib (IBR) and Acalabrutinib (ABR) on ventricular arrhythmia (VA) vulnera-
bility and characteristics. (A) Representative pseudo-electrogram (pseudo-ECGs) after VA inductions
in the heart of control (Ctrl) and IBR- and ABR-treated rats. (B) VA inducibility and (C) VA burden
in the ABR-treated group were higher compared to control but lower than those in the IBR-treated
group (n = 10 in each group; p-value: Kruskal-Wallis test). (D) Dominant Frequencies (DF) of in-
duced VA were similar in the IBR- and ABR-treated groups (n = 7 in each group; p-value: t-test).
(E) The Regularity Index (RI) of induced VA was higher in the ABR-treated group compared to the
IBR-treated group. Representative (a) IBR and (b) ABR frequency distribution during VA (n =7 in
each group; p-value: t-test). (F) Illustrative voltage and calcium phase mapping during VA in the
hearts from IBR- and ABR-treated rats. Scale bar: 20 mm. (G) Number of membrane voltage and
calcium wavefronts per frame during early (10 s) and late (10 s) VAs in IBR and ABR groups (n = 7-8
in each group; p-value: Kruskal-Wallis test or ¢-test).
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2.2. Effects of IBR and ABR on Ventricular Electrophysiology

As shown in Figure 2, IBR treatment was associated with the shortening of the dura-
tions, from time 0 to 80%, relative to repolarization of action potential duration (APDg)
(p = 0.008) (Figure 2A,B), potentiated action potential duration (APD) alternans (p = 0.046),
(Figure 2C,D) and significant APD spatially discordant alternans (p = 0.026) (Figure 2E,F).
In contrast, ABR did not change the APDgj (p = 0.71), APD alternans (p = 0.25), or APD spa-
tially discordant alternans (p = 0.09), compared to the control. Interestingly, both IBR and
ABR treatments were associated with a significant reduction of conduction velocity (CV)
(p = 0.002 for IBR and p = 0.026 for ABR) (Figure 2G,H) and an increase in CV dispersion
(p = 0.001 for IBR and p = 0.047 for ABR) (Figure 2L]), compared to controls.

A B
80
— Ctrl
0.71
0.008 0.051 — IBR
60
= —— — ABR
H —
1]
E
o
a 404
o
<
20 g
iy
3
20ms
0
ctrl IBR ABR
c D
201 Action potential
- IBR
:|p=0,046
~e- Ctrl
154 = Pacing | | | | | | | 1 | I
- p=0.25
g - ABR:|
E
@ ) )
g 101 Action potential
2
®
o SYLVSYLVSVLVS\ LVSY L
< Pacing —L 1 1 1 1 1 1 1 1 |
% 1
Action potential
T T T T
10Hz 11Hz 12Hz 13Hz
Pacing 1 | 1 | I 1 | 1 | ] 100ms
E F
60 - IBR
]p=0.026 N Ctrl
- CTL b
- =0.09 <
] - ABR :lp %
g 2
o 40 £
=c o
g8 %
g2 J
(-3
[
<§ 20 - o <:
° g_ w " =
"5 w ') 0
5 . "
Ll 1 1 T g ot
10Hz 11Hz 12Hz 13Hz z

0 o
D E R E E T o)

A APD(msec) /A APD(msec) /AAPD(msec)

Figure 2. Cont.

64



Int. J. Mol. Sci. 2024, 25, 6207

Conduction velocity (cm/sec)

Conduction velocity dispersion

100+

60+

40mm —°

T T T T T
11Hz 12Hz 13Hz

0.6 - IBR
| p=0.001 ctrd IBR ABR
- CTL ; .
|p=0.047
- ABR N
£
0.4 £
— 5
g
| ]
0.2 E
0.0 1 T L) L] 1
11Hz 12Hz 13Hz

Figure 2. Effects of IBR and ABR on ventricular electrophysiology. (A) IBR, but not ABR, treatment
was associated with reduced action potential duration (APD) at 80% repolarization (APDgg) (n = 10 at
each group; p-value: t-test). (B) Representative traces of action potential at 10 Hz. (C) APD alternans
was higher with IBR therapy, but not with ABR therapy. (D) Representative tracings with increased
APD alternans from an IBR-treated heart and reduced APD alternans from Ctrl and ABR hearts at a
pacing rate of 11.0 Hz. (E) IBR increased APD spatial discordance alternans. (F) Representative maps
showing dispersion of APDyg, with color code, at 12 Hz. Histograms showing the distributions of
AAPD across the LV epicardial mapping area, 12 Hz pacing (x-axis: AAPD [ms]; y-axis: the number of
points from the AAPD map) (n = 8-10; p-value: two-way repeated ANOVA). (G)Epicardial conduction
velocity (CV) was lower with IBR and ABR treatments. (H) Representative successive isochronal
conduction maps with 10 Hz pacing. Red arrows show the pacing location. (I) CV dispersion was
higher with IBR and ABR therapies. (J) Representative color maps showing CV dispersion in different
groups during 10 Hz pacing. The arrows indicates the conduction direction. (C-J: n = 8-10 in each
group; p-value: two-way repeated ANOVA).

2.3. Effects of IBR and ABR on Ventricular Calcium Dynamics

The effects of IBR and ABR treatments are shown in Figure 3. Neither IBR nor ABR
treatment demonstrated a change in calcium transient (CaT) rise time compared to the
control (p = 0.97 for IBR and p = 0.31 for ABR) (Figure 3A,B). However, CaT decay time (Tau
value) was prolonged by IBR (p = 0.014) and ABR (p = 0.046), suggesting impaired diastolic
Ca?* clearance by both agents (Figure 3C,D). Spontaneous calcium elevation (SCaE), a
marker of diastolic CaZ* leak, was induced by IBR (p = 0.044), but not ABR (p = 0.31),
treatment, and SCaE-induced spontaneous diastolic depolarization in IBR treated left
ventricles (Figure 3E,F). CaT amplitude ratio was significantly reduced in IBR- (p = 0.005)
and ABR-treated (p = 0.039) hearts, indicating potentiation of CaT alternans by these agents
(Figure 3G,H).
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Figure 3. Effects of IBR and ABR on ventricular calcium cycling. (A) There were no differences in
calcium transient (CaT) upstroke rise with IBR and ABR treatments. (B) Representative traces of CaT
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A

(SCaE). (F) Representative traces of SCaE during 11 Hz pacing. (a—c) Indications of optical tracing
and color maps of intracellular calcium (Ca;) and membrane voltage (Vim), respectively. (b) SCaE (red
arrows) and delayed after—depolarization (DAD) (black arrowhead) were elicited at the cessation of
rapid pacing in the heart of IBR-treated rats. Optical images were captured from the sites labeled by
asterisks in Cai and Vi, maps. (G) More calcium alternans is observed with IBR and ABR treatments.
(H) Color maps of calcium alternans and corresponding CaT traces at 12 Hz, a,b represent different
heart regions of interest. (A-H: n = 9-10 in each group; p—value: two—-way repeated ANOVA).
VEB—ventricular escape beat.

2.4. Effects of IBR and ABR on Calcium-Handling and Metabolic Regulatory Proteins

To understand the mechanisms of abnormal calcium and voltage dynamics, we evalu-
ate the abundance and phosphorylation of sarcoplasmic calcium-handling proteins and the
metabolic regulator 5'-adenosine monophosphate-activated protein kinase (AMPK). There
were no changes in the protein abundance of ryanodine receptor type 2 (RyR2) or Na*-Ca?*
exchanger (NCX) with either IBR or ABR (Figure 4A). However, sarcoplasmic reticulum
Ca?*-ATPase 2a (SERCA2a) protein abundance was reduced by both agents (p = 0.003 for
IBR and p = 0.004 for ABR) (Figure 4B). Protein abundance of phospholamban (PLB) was
reduced by ABR (p = 0.006) and calcium/calmodulin-dependent kinase, type II (CaMKII)
was reduced by IBR (p = 0.025) and ABR (p = 0.021); the degree of phosphorylation of these
molecules was not altered by either of these agents (Figure 4C,D). Similarly, Ser 2814 and
Ser 2808 phosphorylation of RyR2 were not changed by IBR (p = 0.97 for ser 2814; p = 0.15
for ser 2808) or ABR (p = 0.80 for ser 2814; p = 0.089 for ser 2808) (Figure 4E). IBR decreased
AMPK phosphorylation (p = 0.007), whereas ABR reduced the protein ex abundance of
AMPK (p < 0.001) and phosphorylated AMPK (p < 0.001). Hence, the p-AMPK/AMPK
ratio was reduced by both IBR (p = 0.007) and ABR (p = 0.002) (Figure 4F).
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Figure 4. Effects of IBR and ABR on calcium-handling and metabolic regulatory proteins. Representa-
tive gel blots and normalized expression of (A) Na*-Ca?* exchanger (NCX) and total RyR2; 1 = 6-9 in
each. (B) Sarcoplasmic reticulum Ca2*-ATPase 2a (SERCA2a); n = 9-10 in each. (C)Phospholamban
(PLB), and phosphorylation of PLB at Threonine-17 and Serine-16. (D) Calcium/calmodulin-
dependent kinase, type II (CaMKII); phosphorylation of CaMKII at Thr 286 or 287. C,D: n =9
in each. (E) Ryanodine receptor type 2 (RyR2) and phosphorylation of RyR2 at Ser2814 and Ser2808;
n=6in Ctrl and 7 = 8 in IBR and ABR groups. (F) 5'-adenosine monophosphate-activated protein
kinase (AMPK), phosphorylation of AMPK at Thr 172; n = 9 in each, between IBR, ABR, and Ctrl
groups. The p value for (A-F): one-way ANOVA or Kruskal-Wallis test. GAPDH—glyceraldehyde
3-phosphate dehydrogenase.

We further explored the impacts of ABR on the levels of C-terminal Src kinase (CSK)
and the phosphoinositol-3 kinase (PI3K)-Akt signaling pathway. Our analysis demonstrated
no significant differences in CSK expression (p = 0.98; Figure S2A) or PI3K expression
(p = 0.59; Figure 52B) between the control and ABR-treated groups. Additionally, there
were no significant differences in Akt phosphorylation between the control and ABR groups
(p = 0.70; Figure S2B).

3. Discussion

In our study, IBR treatment was associated with increased VA vulnerability and VA
burden. The trend of VA vulnerability in ABR-treated hearts was higher than in controls but
lower than in IBR-treated hearts, although the results did not reach statistical significance.
Notably, the ABR-induced VAs were more spatially organized, compared to those with
IBR. IBR treatment resulted in abnormalities in ventricular repolarization, as indicated
by abbreviated APD and increased APD dispersion, as well as conduction abnormalities
characterized by decreased CV and higher CV dispersion. In contrast, ABR treatment
was associated only with abnormal ventricular conduction properties, including reduced
ventricular CV and higher CV dispersion, albeit with a lower magnitude of CV dispersion
abnormalities compared to IBR treatment. Both IBR and ABR treatments were associated
with pro-arrhythmic calcium cycling abnormalities, including diastolic Ca?* clearance and
Ca?* alternans.

3.1. Acalabrutinib and Ventricular Arrhythmia

Abnormal ventricular electrophysiology and increased VA risk caused by IBR have
been demonstrated by experimental and clinical studies [6,17,18]. As a more selective BTKi,
ABR is supposed to be less arrhythmogenic. However, there are reports of symptomatic
VAs associated with next-generation BTKi [19]. Additionally, a follow-up study has demon-
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strated that while the VA risk with ABR is higher than that of the control, it remains lower
than rates observed with IBR therapy [13]. Our study also suggests that although ABR
treatment is associated with a higher risk of inducible VA and VA burden, the risk is lower
compared to that with IBR. Furthermore, our study showed that induced VA in the heart
of IBR-treated rats exhibited greater spatial disorganization than seen in hearts from the
ABR group, making them more likely to cause insurmountable hemodynamic instabil-
ity [20]. This finding aligns with the existing published literature on the characteristics
of VA in patients treated with IBR and ABR [13,21-23]. The different impacts of IBR and
ABR on ventricular membrane voltage, as demonstrated in our study, may underlie the
varying vulnerability to VA and the distinct VA characteristics observed between these two
agents [9].

3.2. Acalabrutinib and Ventricular Membrane Voltage

In our study, IBR, but not ABR, was associated with the abbreviation of APD, increased
beat-to-beat APD alternans and seriously spatially discordant APD alternans. An abbre-
viated APD correlates with a shortened ventricular refractory period. On the other hand,
spatial dispersion of APD (APD alternans) is known to be arrhythmogenic, and the risk
is more with spatially discordant APD alternans [24,25]. The spatial dispersion of APD,
especially the plateau phase, produces dynamic areas of unidirectional conduction block,
facilitating the formation of functional reentry substrate [26-28]. On top of that, the dias-
tolic Ca?* overload generates the early after-depolarizations which trigger the induction of
circus movement reentry and polymorphic ventricular tachycardia (PVT)/VF [26]. Depo-
larization heterogeneity from increased CV dispersion potentiates the functional reentry
substrate of VA's incremental effect in creating the lines of block [29]. Both decreased CV
and the reduced refractory period from abbreviated APD further promote the propagation
of the reentrant PVT/VF by reducing the wavelength of the circuit [27].

ABR treatment was associated with impaired conduction properties, including de-
creased CV and increased CV dispersion without any repolarization abnormalities, com-
pared to IBR. Isolated regional CV heterogeneity produces areas of functional unidirectional
block, especially in presence of a premature ventricular beat [30]. The unidirectional block
created by conduction heterogeneity, along with slow conduction, creates functional re-
entry circuits for VA, leading to the generation of monomorphic ventricular tachycardia
(VT) [29,30]. The reentry circuits, in this setting, are commonly stable and fixed, leading to
the generation of more organized VA [30,31].

3.3. Acalabrutinib and Ventricular Calcium Cycling

Both IBR and ABR therapies resulted in impaired diastolic Ca?* clearance, as evi-
denced by an increase in diastolic Ca?* decay time. Additionally, IBR treatment induced
SCaE, which reflects a diastolic Ca?* leak. These findings suggest that both IBR and ABR
may elevate intracellular Ca?* levels during diastole (1 [Ca2*];). Abnormal ventricular Ca2*
signaling was previously reported following administration of IBR [15,16]. In the presence
of higher diastolic [Ca2*];, excess Ca%* is extruded out of the cell in the exchange due to
the intrusion of 3 sodium ions (Na*) by electrogenic sodium-calcium exchange protein
(NCX), leading to diastolic depolarization [32]. The diastolic depolarization subsequently
produces a premature ventricular beat, which acts as a trigger for VA. Higher intracellular
Ca?* may also contribute to IBR- and ABR-induced reduction in CV [33]. In our study,
CaT alternans was potentiated by both IBR and ABR. CaT alternans, the beat-to-beat al-
teration of CaT amplitude, is another manifestation of malfunction in sarcoplasmic Ca?*
handling. Enhanced CaT alternans is linked to ventricular arrhythmogenesis. Intracellular
Ca?* is shown to modulate APD by electrogenic feedback, and increased CaT alternans
is associated with arrhythmogenic APD alternans [34]. To understand the mechanisms
of aberrant Ca®* signaling, we evaluated the expression and phosphorylation status of
important Ca?* handling proteins. Increased phosphorylation and activity of RyR2 is an
important mechanism of abnormal Ca?* signaling in a variety of cardiac conditions [32].
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IBR, as well as ABR, did not modify the phosphorylation of Ser2808 and Ser2814 of RyR2 or
CaMKI]J, ruling out CaMKII activation by both agents [32]. SERCAZ2a is largely responsible
for sarcoplasmic Ca®* uptake during diastole [32]. PLB, when associated with SERCA2a,
inhibits SERCA?2a activity. However, phosphorylation of PLB by protein kinase A (PKA)
and CaMKII promotes dissociation of PLB from SERCA2a and increases SERCA2a activity.
PLB phosphorylation was also not modified by IBR or ABR. Interestingly, SERCA2a expres-
sion was reduced by IBR and ABR. Importantly, reduced SERCA2a expression is associated
with reduced SR Ca?* load, diastolic Ca?* overload, Ca?* leak, and CaT alternans [35].
Overexpression of SERCA2a by genetic manipulation has been reported to improve cytoso-
lic CaZ* dynamics and attenuate VA [35,36]. Hence, BTKi-induced reduction in SERCA2a
expression may be responsible for proarrhythmic remodeling of intracellular Ca?* signaling
in our study.

3.4. Acalabrutinib and Cardiac Metabolic Regulation

In our study, both steady-state protein levels and phosphorylation of AMPK were
reduced by ABR, whereas IBR reduced AMPK phosphorylation. This finding aligns with
observations in the context of the tyrosine kinase inhibitor sunitinib [37], suggesting a
plausible class effect of constrained AMPK activation attributable to these two covalent
BTKis [9]. AMPK is an important cellular-stress-sensing molecule that is activated by
phosphorylation during metabolic challenges and helps to maintain cellular energy home-
ostasis by promoting catabolic pathways and improving mitochondrial biogenesis and
function [38]. Other than metabolic control, AMPK also plays an important role in sarcoplas-
mic Ca?* handling and membrane ion homeostasis, and reduced AMPK activity is linked
to atrial and ventricular arrhythmias [38,39]. The reduced expression and phosphorylation
of AMPK are associated with decreased AMPK activity and abnormal Ca?* dynamics by
BTKi molecules in our study, which may have resulted from decreased AMPK activity.
The AMPK reserve is diminished with aging, and further AMPK inhibition is reported
to exacerbate the aging-associated impairment of diastolic Ca®* clearance [40]. Similarly
to our study, Turdi et al. also demonstrated that decreased AMPK function is primarily
associated with reduced SERCA2a expression without any modification of RyR2, PLB
phosphorylation, or NCX, Voltage-Dependent Calcium Channel (VDCC) expression [40].
In our previous study, VA vulnerability following IBR exposure demonstrated a strong
correlation with reduced AMPK phosphorylation. Importantly, concurrent treatment with
5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), an AMPK activator, was asso-
ciated with improvement of ventricular Ca?* and voltage parameters as well as mitigation
of VA vulnerability [16].

3.5. Possible Mechanisms Contributing to the Different Arrhythmogenic Effects of IBR and ABR

It can be speculated that the inhibition of sodium current (In,), as well as the cytosolic
Ca?* overload, associated with BTKi may be responsible for reduced CV [33,41]. Moreover,
the differential impacts of IBR and ABR as to depolarizing Na* and repolarizing K* cur-
rent may explain the neutral effect of ABR on APD, as well as the reduced magnitude of
changes in CV dispersion by ABR, as compared to IBR [41]. Although previous studies
demonstrated inhibition of the PI3K-Akt pathway [11] and alterations in CSK activity [7]
by IBR treatment, the above pathways were not influenced by ABR in our study. ABR, a
next-generation BTKi with higher selectivity through binding to Cys-481, exhibits fewer
off-target effects on other kinases and pathways than does IBR [8,42,43]. Coupled with our
experimental findings, the reduced abundance of PLB in ABR-treated hearts diminishes
the inhibition of SERCA2a activity [44]. These factors may underlie the distinct effects on
ventricular electrophysiology and arrhythmogenesis observed between IBR and ABR. Nev-
ertheless, further direct head-to-head clinical trials and precise mechanistic explorations,
particularly those focusing on ventricular myocytes, are warranted.
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3.6. Study Limitations

Although we have investigated the effects of IBR and ABR on ventricular conduction,
repolarization, and Ca?* cycling, the impacts of these agents on the individual membrane
currents responsible for changes in action-potential characteristics have yet to be evaluated
in our current study. However, we have summarized potential mechanisms of IBR’s
association with AF based on previous experiments, which may aid in predicting the
proarrhythmic potency of BTKi in the ventricle (Table S1). Nonetheless, our study provides
an important insight into the electrophysiological and metabolic mechanisms behind
increased VA risk associated with second-generation BTKi therapy. We acknowledge that
pathophysiology is more complicated in cancer patients with co-morbidities, and our model
is a healthy rodent model. Furthermore, considering the differences in ventricular ion
homeostasis between species, the results from this rodent model should be translated with
caution to humans, although several studies have been conducted on murine and rodent
models to evaluate the cardiac electrophysiological effects of BTKi [7,12,15,16,41]. Our
study used only male rats, and it is important to address sex dimorphisms in BTKi research.
Our recent data suggest repolarization shortening as one of IBR’s major electrophysiological
effects, and this may translate into QT shortening in a patient’s electrocardiogram (EKG).
Men are associated with shorter QTc than are women, and this, we believe, contributes to
sexual dimorphism in IBR-induced VA. Consistent with this concept, male patients have
been shown to be more susceptible to IBR-induced cardiotoxicities, including VA [17]. In
a follow-up study by Bhat et al., all of the patients with ABR-induced VA were male [13].
Both action-potential characteristics and cardiac metabolism are subjected to modulation
by sex hormones. Hence, the effects may be different in male and female rats; thus, we
acknowledge the limitation of including only male rats. However, given male sex as a risk
factor of BTKi-induced VA, we used that fact to maximize our understanding here, and
we plan to study the mechanism of the impact of sex on the arrhythmia burden in future
experiments, as it is very relevant to our experiments.

4. Materials and Methods

The experimental protocol was approved by the University Health Network Animal
Care Committee, in accordance with the rules and regulations of the Canadian Council of
Animal Care (Animal Use Protocol #5969).

4.1. Animal Model

A total of 30 male Sprague-Dawley (SD) rats aged 10-14 months (450 £ 50 g) were
treated with an oral gavage of Ibrutinib (10 mg/day) (IBR group, n = 10), acalabrutinib
(10 mg/day) (ABR group, n = 10), or an equal volume of vehicle (5% dimethyl sulfoxide)
(Ctrl group, n = 10) for 4 weeks. Animal group sizes were as low as possible and empirically
chosen. The dose of IBR was chosen based on our previous study on IBR-induced ventric-
ular arrhythmia [16]. The dose of Acalabrutinib was primarily determined based on the
dosing regimen used to evaluate its BTK inhibitory effect in two murine models of chronic
lymphocytic leukemia (CLL) [45]. Subsequently, the rodent-appropriate dose was calcu-
lated using the dosage conversion relationship between rats and mice, with adjustments
made for weight. Throughout the study period, the body weight of all rats was monitored
every week, with any rats experiencing weight loss exceeding 10% being excluded from the
follow-up experiment. There were no exclusions of animals attributed to illness/excessive
weight loss during the experiments. The experimental protocol is described in Figure 5.
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Figure 5. Experimental protocol and setup. Schematic diagram of the rat study protocol, groupings,
treatment, and electrophysiology measurements at different steps.

4.2. Langendorff-Perfused Rat Hearts

After 4 weeks, each rat was anesthetized with isoflurane (2-5%), and the explanted
heart, after harvesting through midline thoracotomy, was cannulated and mounted to a
Langendorff apparatus for retrograde perfusion with perfusate containing NaCl (130 mM),
NaHCO; (24 mM), KCl (4.4 mM), MgSOy (0.3 mM), CaCl; (2.2 mM), KH,POy4 (1.2 mM),
and glucose (6 mM), and equilibrated with carbogen gas (95% O, and 5% CO;), maintained
at 37 °C, and kept under constant pressure (~70 mmHg). A pair of silver electrodes were
mounted on a custom-made chair, positioned behind the heart from the camera perspective,
to record pseudo-ECG.

4.3. Epicardial Optical Imaging

Fluorescence-based intracellular Ca?* and membrane voltage dynamics were recorded
simultaneously from the epicardial surface of the left ventricle with a dual optical camera. A
detailed protocol for optical mapping has been previously published [15]. In brief, voltage-
sensitive dye RH237 (0.25 pmol, Biotium, Inc., Fremont, CA, USA) and CaZ*-sensitive dye
Rhod-2 AM (0.1 pmol, Biotium, Inc., Fremont, CA, USA) were slowly infused into the
perfusate. Blebbistatin (6 pmol, Enzo Life Sciences, Inc., Farmingdale, NY, USA) was also
added to the perfusate to suppress motion artifacts from cardiac contractions. For epicardial
fluorescence recording, a xenon light source (Moritek, Saitama, Japan) and a 530 nm green
filter (Semrock, Rochester, NY, USA) were utilized to illuminate the left ventricle and excite
dye fluorescence. A dichroic mirror at 665 nm divided the emission light beam. Light
wavelengths above 665 nm were filtered through a pass with a length of 715 nm for action
potential (AP) measurement, while those below 665 nm were filtered through a 585/40 nm
bandpass filter for the measurement of Ca?* transients. Voltage and Ca®* signals were
simultaneously recorded using different high-speed CMOS cameras (Ultima-L, Scimedia,
Costa Mesa, CA, USA), each equipped with 10,000 pixels arranged in a 100 x 100 matrix
on a 1-cm? sensor, and operating at a frequency of 500 frames per second. The optical
arrangement included a Leica Plan APO 0.63x lens at the objective and a 1.0x on the
condensing side, resulting in a spatial resolution of 160 um/pixel. Electrical stimulation of
the ventricle was delivered by a Grass Instruments S88X pulse stimulator through a pair
of silver electrodes 1 mm apart connected to the epicardial surface of the ventricle; the
electrodes were mounted on a homemade support made of syringe needles. Voltage and
Ca?* parameters were recorded with incremental pacing according to a “pace-&-pause”
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protocol [15]. Hearts were paced for 30 s with burst pacing in a frequency range from
10.0 to 13.0 Hz to achieve a steady-state (6 V output, pulse width of 4 ms), and AP and
Ca?* signals were recorded during the last 2 s of pacing and the first 2 s of post-pacing
intrinsic rthythm.

Voltage and Ca®* signals obtained from optical mapping were imported into MATLAB
for subsequent signal processing and calculation of AP and CaT parameters. APD was
measured from the onset of AP to 80% of repolarization (APDgg). Beat-to-beat variation of
APDgj (APD alternans) was used as a measure of the dispersion of repolarization. APD
spatially discordant alternans was quantified as the width of the half-peak value of the
APD alternations distribution histogram. The AAPD represented the average APD from
even and odd beats. CaT rise time was calculated as the time required for fluorescence
to rise from 10% to 90% during systolic release [46]. CaT decay time and spontaneous
calcium elevation (SCaE) were assessed as markers of the diastolic Ca?* load [46,47]. CaT
amplitude ratio was calculated by dividing the smallest Ca?* signals by the largest Ca?*
signals. A smaller ratio represents higher Ca?* alternans, and vice versa [47].

Other than AP and CaT parameters, CV and CV dispersion were also measured.
CV was determined by analyzing the propagation of the voltage signal during electrical
stimulation using optical mapping data, and isochrone maps were constructed for each
stimulated heartbeat, with the maximum positive time derivative serving as the reference
point for activation time. Each map was divided into a 10 x 10 grid, and CV estimation was
computed in the middle of each of the 81 squares constituting this grid. For each square,
the activation time measured at the 4 corners was fitted into a polynomial surface, and CV
was computed using a method similar to that used by Bayly and colleagues [48], giving,
for each map, a9 x 9 CV vector field. The CV dispersion at each stimulation frequency
was calculated by dividing the standard deviation of CV at each point in the mapping area
by the mean CV [30].

4.4. Determination of Ventricular Arrhythmia Vulnerability and Characteristics

At the end of optical mapping, hearts were subjected five episodes of VA induction
by direct electrical stimulation with burst-pacing at 50 Hz and 12 V for 10 sec, with an
interval of 2-3 min for recovery between inductions [15]. All VA episodes induced by
electrical stimulation and persisting for >10 s were considered to be successfully induced
VA and were included in the analyses of VA vulnerability and VA burden, as well as
the calculation of VA dominant frequency (DF) and the regularity index (RI). Successful
induction of VA was calculated from the percentage of successfully induced VF episodes
in each heart during five inductions and was used as a measure of VF inducibility [15].
The mean duration of successfully induced VA (in seconds) for each heart was used as a
parameter to assess the VA burden. The ECG signals of all VAs > 10 s were subjected to
power spectral density (PSD) analysis between 0-20 Hz. The frequency associated with
the highest energy component was extracted as the DF [49,50]. The VA phenotypes were
classified according to methods described in the previous literature [20]. The ratio of the
power at the DF and the adjacent 1 Hz width to the total power (the sums over the range
of 0-20 Hz) was defined as RI, an effective method used to directly quantify temporal
organization [49,50]. The RI values range from 0 to 1, where higher values denote organized
VA and lower values signify disorganized VA. We also performed optical mapping during
the sustained VAs (VA > 60 s). An analysis of the phase mapping of voltage recordings
was conducted as a surrogate for VA spatial organization, similarly to that described in
our previously published methodology. The analysis was performed on the total count of
waves from voltage and calcium data observed during the two 10 s segments of VA [51,52].

4.5. Immunoblotting

Proteins extracted from the stored LV tissue were analyzed with standard Western
blot protocols [15]. Equal amounts of proteins were separated on SDS-PAGE, trans-
ferred to PVDF membranes, and probed with the following primary antibodies: total
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and phospho-PLB (Badrilla), SERCA2a (Badrilla), NCX (biorbyt), phospho-RyR2 (Badrilla),
total RyR2 (Thermo Fisher), CaMKII (pThr286 or 287) (Badrilla), CaMKII delta (abcam),
total and phospho-AMPK(pThr172) (Cell signaling), GAPDH (Fitzgerald), and horseradish
peroxidase-conjugated goat anti-rabbit or rabbit anti-mouse secondary antibodies. The pro-
teins were detected with Image Lab Touch Software (version 2.4.0.03, Chemidoc Imaging
System from Bio-Rad, Hercules, CA, USA), and Western blot bands were quantified by
Image J (version 2.1.0); the results are presented in bar graphs.

4.6. Statistical Analysis

Experimental data are expressed as mean+ standard error of the mean. Data distri-
bution was evaluated by the Shapiro-Wilk normality test. Student’s t-test was performed
to compare VA dominant frequency and VA regularity index between the IBR and ABR
groups. Arrhythmia morphologies (monomorphic vs. polymorphic) were analyzed by X?
test. Two-way repeated-measures ANOVA was performed for continuous variables in the
analysis of APDgy, APD alternans, CV, CV dispersion, CaT rise time, CaT decay time, SCaE,
and CaT ratio. One-way ANOVA (for normally distributed data with equal variance) or
the Kruskal-Wallis test (for non-normally distributed data) were performed to compare the
differences between the three groups. Statistical significance was defined as p < 0.05. Data
analysis was performed using the Prism 9.00 (GraphPad, San Diego, CA, USA) software.

5. Conclusions

As previously observed with Ibrutinib, chronic Acalabrutinib treatment also resulted
in increased risk of ventricular arrhythmia in our rodent model. Although reduced AMPK
phosphorylation and abnormal Ca?* dynamics are common to both generations of BTKi,
the differential impacts of these agents on membrane electrophysiology may explain the
relatively lower risk and more spatially organized ventricular arrhythmia following Acal-
abrutinib treatment, compared to Ibrutinib. In our model, a more organized ventricular
arrhythmia with Acalabrutinib may particularly result from its neutral effect on repolar-
ization and repolarization alternans. However, further clinical studies are necessary to
determine whether Acalabrutinib will lead to more monomorphic ventricular tachycardia
in humans. Additionally, there might be differences in responses to various therapies
associated with Acalabrutinib-induced and Ibrutinib-induced ventricular arrhythmias.
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Abstract: Modulation of the human Ether-a-go-go-Related Gene (hERG) channel, a crucial voltage-
gated potassium channel in the repolarization of action potentials in ventricular myocytes of the
heart, has significant implications on cardiac electrophysiology and can be either antiarrhythmic
or proarrhythmic. For example, hRERG channel blockade is a leading cause of long QT syndrome
and potentially life-threatening arrhythmias, such as torsades de pointes. Conversely, hERG channel
blockade is the mechanism of action of Class III antiarrhythmic agents in terminating ventricular
tachycardia and fibrillation. In recent years, it has been recognized that less proarrhythmic hERG
blockers with clinical potential or Class III antiarrhythmic agents exhibit, in addition to their hERG-
blocking activity, a second action that facilitates the voltage-dependent activation of the hERG
channel. This facilitation is believed to reduce the proarrhythmic potential by supporting the final
repolarizing of action potentials. This review covers the pharmacological characteristics of hRERG
blockers/facilitators, the molecular mechanisms underlying facilitation, and their clinical significance,
as well as unresolved issues and requirements for research in the fields of ion channel pharmacology
and drug-induced arrhythmias.

Keywords: hERG channel; Ik, ; drug-induced arrhythmias; molecular pharmacology; structural model

1. Introduction

The human Ether-a-go-go-Related Gene (hERG or KCNHZ2) encodes the alpha subunit of
a time- and voltage-dependent potassium channel [1-4]. Its function is best understood in
the heart, where it plays a crucial role in the robust repolarization of the cardiac action po-
tential by mediating the Ik, current [1-6]. The pharmacological blockade of hERG channels
results in reduced Ik, currents in ventricular myocytes, leading to delayed repolarization
and prolonged action potential duration. This manifests as QT interval prolongation on
electrocardiography, which is known as drug-induced long QT syndrome (LQT), poten-
tially increasing the risk of life-threatening ventricular fibrillation and tachycardia, such as
torsades de pointes [1,2,7-13].

Drug-induced LQT results from off-target inhibition of the hERG channel by struc-
turally varied cardiac and non-cardiac drugs, and can pose a high risk of life-threatening
arrhythmias [1,4,12]. Several drugs, including terfenadine, astemizole (antihistamine),
sertindole (antipsychotics), grepafloxacin (antibacterial), cisapride (gastroprokinetic agents),
and levomethadyl (opioid), have been withdrawn from the market due to this problem.
However, assessing the risk of drug-induced lethal arrhythmias in humans before drug ap-
proval is ethically difficult. Therefore, the in vitro inhibition of hERG channels by drugs in
cell cultures is considered a surrogate marker for drug-induced arrhythmias. In accordance
with the drug safety guidelines developed by the International Council for Harmonization
of Technical Requirements for Pharmaceuticals for Human Use (ICH), ICH S7B [14], all
pharmaceutical companies currently conduct in vitro testing, known as the hERG test, to
determine whether their drug candidates exhibit inhibitory activity on hERG channels.
If a drug inhibits the hERG channels, it carries the risk of proarrhythmia. Notably, since
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the release of the ICH S7B guidelines in 2005, no approved drugs have been withdrawn
from the market owing to hazardous arrhythmia risks, indicating that early testing of
hERG channel block is extremely effective in eliminating the risk of approving potentially
torsadogenic drugs.

However, the hERG test is an inadequate marker of true proarrhythmic risk, as several
studies have demonstrated low proarrhythmic proclivities for hERG blockers [15-18]. Ad-
ditionally, the hERG block in cell culture does not always correlate with arrhythmogenicity
in humans, which may be attributed to the difference between the free therapeutic plasma
concentration of drugs and the concentration of the hERG block [19]. Even if a drug exhibits
hERG channel inhibitory activity, it may not pose a clinical problem if inhibition does not
occur at the concentrations used for the treatment. Another reason is the absence of action
potential duration or QT interval prolongation, which is typically expected with hERG
block. This may be due to other effects of the drug, particularly on cardiac ion channels
or transporters [20,21]. A good example is when a drug inhibits both hERG and calcium
channels, resulting in no prolongation of the action potential. Considering these factors,
the hERG test is not sufficiently selective for the assessment of life-threatening arrhythmias
and may produce false positives [15,16].

Another concern is the high sensitivity of the hERG test. Reports indicate that 50-70%
of the structurally diverse drugs tested exhibit some degree of hERG inhibitory activ-
ity [22-24]. The high sensitivity of the hERG test poses a challenge during drug develop-
ment, as it complicates risk assessment.

Consequently, the identification of hazardous drugs that block the hERG channel
remains an ongoing challenge and requires continued effort [15,16]. Addressing this
challenge has the potential to enhance drug development efficiency, remove significant
impediments to the approval of new drugs, and may incentivize the development and
clinical application of safe hERG blockers for various diseases. Reports have also suggested
the potential therapeutic utilization of hERG channel blockade or chaperone modulation in
the treatment of cancer [25-29] and mental disorders [30], respectively, further underscoring
the importance of improving our understanding of the function of this channel.

hERG blockers, such as amiodarone and nifekalant, are Class III antiarrhythmic
agents that are used in clinical practice to terminate ventricular tachycardia and fibrilla-
tion [31-35]. These drugs are considered a last resort for patients who are unresponsive
to other antiarrhythmic drugs; despite their proarrhythmic risks, their effectiveness and
importance in clinical practice outweigh these risks. Intense pharmacological experiments
have been conducted to understand the efficacy and safety of Class III antiarrhythmic
agents. Notably, these studies have revealed that their effects on hERG channels are not
solely blocking [31-37], but instead, they can facilitate the voltage-dependent activation of
hERG channels, thus enhancing their activity near the membrane potential threshold for
channel activation [36-38]. This increase in hERG current is achieved through a mechanism
distinct from that of hERG channel activators [39—42]. This agonistic effect of hERG block-
ers, known as facilitation, has been observed not only in Class III antiarrhythmic agents but
also in various non-cardiac drugs with hERG channel inhibitory activity used in clinical
practice [43]. Importantly, recent studies have suggested that this drug action contributes
to reducing the proarrhythmic risk associated with hERG blockers [44].

This review article seeks to offer a thorough examination of the present knowledge re-
garding the effects and underlying mechanisms of hERG channel facilitation by “blockers”,
and to summarize the consequences of these effects on cardiac arrhythmias.
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2. Facilitation of hERG Activation by Its Blocker

In response to membrane depolarization, hERG channels undergo slow activation
followed by much more rapid inactivation [1,4], resulting in inward rectification in the
current—voltage (IV) relationship with a maximal outward current at voltages between —10
and 0 mV. This gating property of hERG channels also results in a decreasing current with
further depolarization, e.g., during the plateau phase of the ventricular myocyte action
potential. The maintenance of this plateau is crucial for ensuring sufficient time for the entry
of extracellular Ca?* into the myocyte and Ca®* release from the sarcoplasmic reticulum to
enable cardiac contraction [1,4]. As the myocyte repolarizes, hRERG channel conductance
increases due to recovering from inactivation and deactivation. The Ik, current during
phase 3 repolarization of the ventricular action potential accelerates the repolarization and
terminates the action potential. In experimental studies, the sigmoidal conductance-voltage
(GV) relationship was analyzed by measuring tail currents at a negative voltage, where
inactivation was weak. Many drugs interact with hERG channels and influence cardiac
electrophysiology. Some drugs, known as blockers, reduce both the IV and GV relationships.
Additionally, some hERG blockers not only reduce the IV and GV relationships but also
shift them to the left, as shown in Figure 1 [36-38,43,45-47]. This leftward shift in the GV
relationship is referred to as the “facilitation” of voltage-dependent activation by the drug.
In cases where the leftward shift was significant, the IV relationships of the control and drug-
treated conditions may intersect, resulting in an increase in drug-induced hERG currents
from the control at membrane voltages near the activation threshold. However, hRERG
channel activators increase hERG channel currents through a mechanism different from that
of hERG blockers/facilitators (referred to as “hERG facilitators” in this review). Specifically,
known activators enhance hERG channel activity by inhibiting inactivation [39,41,48-50],
whereas the mechanism of hERG facilitation, which does not affect the inactivation process,
differs from that of its activation. Perry had effectively summarized the pharmacological
differences between the drugs in their review article [42].

Numerous reports on hERG facilitators have been published [36-38,43,45-47]. Among
these hERG facilitators, our group focused on Class III antiarrhythmic agents such as
amiodarone and nifekalant [36,37,44,51]. These agents are highly effective in terminating
refractory ventricular tachycardia and fibrillation and can induce voltage-dependent facili-
tation, as shown in Figure 1. After treatment with nifekalant, the hERG currents induced
by the test pulses decreased at —50 mV, which is considered a block and is thought to
be the antiarrhythmic mechanism of Class III antiarrhythmic agents by prolonging the
action potential duration and relative refractory period of ventricular myocytes. However,
when strong depolarization to +60 mV was applied, the subsequent test pulse to —50 mV
induced a large hERG current. This large hERG current was only observed in the presence
of nifekalant, indicating that the drug (nifekalant) is necessary to increase the current. As
shown in Figure 1A;, the effect of a single strong depolarization was transient. The response
to the test pulses gradually decreased and eventually returned to the response observed
before the application of strong depolarization. These transient changes in hERG currents
were caused by a leftward shift in the GV relationship (Figure 1B). A detailed biophysical
assessment of this drug-induced leftward shift of the GV relationship revealed that both
block and facilitation occurred with similar concentration dependence (Figure 2). Addition-
ally, the extent to which a drug shifts its GV relationship to the left is inherent in the drug
itself. Notably, amiodarone shifted the curve by approximately 30 mV, whereas nifekalant
shifted it by approximately 25 mV to the left (Figure 2C). Although experiments are usually
conducted using cells solely expressing hERG channels, a shift in the GV relationship also
occurs when co-expressing the auxiliary subunit KCNE1 [44,52]. The expression system
used did not significantly affect facilitation, even when recordings were carried out at
different extracellular K* concentrations. Unlike activators, facilitators had little effect on
inactivation.
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Figure 1. Nifekalant-induced facilitation of hERG activation. hERG channels were ectopically
expressed in Xenopus oocytes, and the currents were recorded using a two-electrode voltage clamp
method. (A) Depolarization-induced induction of facilitation. (A;) Time course of changes in hERG
tail current (recorded at —80 mV) evoked by repetitive test pulses to —50 mV every 15 s. Conditioning
pulses (+60 mV, 4 s) were applied twice in this experiment (black arrowheads), first in the absence and
then in the presence of nifekalant. (A;;) Superimposed cell currents recorded in the same oocyte before
(Time (a) in (A;)) and after perfusion with 10 uM nifekalant, with (c) or without a conditioning pulse
(b). Increased hERG current after the induction of facilitation effect by nifekalant is highlighted with
red (red circle and trace in (A;) and (Aj;), respectively). (B) Nifekalant plus conditioning pulse induced
a shift in hERG activation curves. (B;) Representative traces of hERG currents in the control (left),
block (center), and block/facilitation (right) conditions. (Bj;) IV relationship, (Bj;;) GV relationship,
and (B;y) normalized GV relationship. Open, filled black, and filled red circles represent the control,
10 uM nifekalant without a conditioned pulse (block), and 10 uM nifekalant with conditioned pulse
(block/facilitation) conditions, respectively. Panel (A) was adapted with permission from Ref. [37].

Certain voltage-dependent properties of the drug-induced facilitation aid the inves-
tigation of the mechanisms by which a drug can exert both hERG block and facilitation.
Recently, the mechanism by which depolarization induces hERG facilitation was revealed.
The voltage dependency of the induction of facilitation is associated with the voltage
dependency of the hERG channel activation, specifically the opening of the activation gate
in the pore [51]. In this study, the D540K hERG mutant was utilized, which can be acti-
vated by both depolarization and hyperpolarization [53]. In the wild-type hERG channel,
facilitation is induced only by depolarization, whereas in the D540K hERG channel, it is
induced by both depolarization and hyperpolarization stimuli [51]. Furthermore, this study
demonstrated that drugs can facilitate activation through hyperpolarization in the D540K
hERG mutant [51]. While the GV relationship of depolarization-induced activation shifted
leftward, the GV relationship of hyperpolarization-induced activation shifted rightward.
Considering the difference in structural changes in the voltage sensor domain caused by

82



Int. J. Mol. Sci. 2023, 24, 16261

membrane depolarization and hyperpolarization, it is anticipated that drugs affect struc-
tural changes in the pore domain, facilitating the opening of the hERG channel pore when
structural changes occur in the voltage sensor.
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Figure 2. Drug-dependent negative shift in the hERG activation curve. (A) Voltage dependence of the
hERG activation curves in the presence of 10 uM nifekalant. The tail currents of hERG in the absence
(open circles) and presence of nifekalant with (filled circles) or without (open squares) the conditioning
pulse were measured during the repolarizing pulse to —80 mV. The data were normalized to the
current amplitude recorded following a voltage step of +10 mV in the absence of nifekalant. The model
assumed two populations of channels with or without the facilitation effect of nifekalant (10 uM). The
V2 of activation for the facilitated fraction (orange dashed line) of channel was —50.7 mV, almost
28 mV negative to that of control channel (blue dashed lines). The red lines represent the double
Boltzmann function (the sum of the Boltzmann functions for the facilitated fraction (orange dashed
line) and the unaffected fraction (blue dashed lines)). (B) Concentration-response relationships for
compound-induced block and facilitation by nifekalant. (C) Drug-dependent GV relationship in the
facilitated fraction of hERG channels. Panel A was adopted with permission from Ref. [37].

Nifekalant and other facilitators act as open-channel blockers for hERG. It is important
to note that despite this, some readers may still question why depolarization (channel
opening) only affects facilitation and not inhibition. The experimental protocol illustrated
in Figure 1A utilizes 4 s long test pulses that are commonly used to stimulate slow-activating
hERG channels. While the block also requires pore opening, this is not evident in the steady
state following the channel opening. Furthermore, the blocking effect of the drugs was
assessed by comparing the magnitude of inhibition with the current in the absence of
drugs, which essentially evaluates the effect of the drug solely on the opened channels.
This evaluation method makes it challenging to discern differences in inhibition at different
membrane potentials. Conversely, the facilitation induced by the pre-pulse was evaluated,
and the subsequent reopening by the test pulse did not typically cause significant pore
opening. This double-pulse protocol enables clear observation of the voltage-dependent
induction of facilitation.

3. Structural Basis of hERG Facilitation

These studies have fielded our current understanding of the structural basis of facil-
itation. As previously mentioned, the facilitation effect is not limited to antiarrhythmic
drugs, but can also be observed with non-cardiac hERG-blocking drugs [43]. The structural
basis of hERG facilitators has been studied in detail. A three-dimensional quantitative
structure—activity relationship (3D-QSAR) model was developed using EC50 values for
facilitation and drug structures, consisting of one positively ionizable feature and three
hydrophobic features [43]. The 3D-QSAR model was experimentally validated using test
compounds, confirming the existence of common mechanisms among drugs for facilitation.
Although this pharmacophore model of facilitation shares the same types and number
of features as the block pharmacophore, their spatial arrangements differ slightly [43,54].
From this comparison, it was observed that there are drugs that satisfy both pharmacophore
models for hERG channel block and facilitation, but the interaction with the channel may
differ between block and facilitation.
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The initial structure of the hERG channel was provided by the MacKinnon lab using
single-particle cryo-electron microscopy [55]. The voltage sensor in this hERG structure
had a non-domain-swapped architecture and appeared to be in a depolarized, activated
conformation. The pores of the structure apparently opened. Subsequently, Asai et al.
reported the structure of hERG complexed with astemizole, a representative hERG-blocking
drug [56]. This structure clearly demonstrates that the drug interacts with several amino
acids, including S624 and Y652 on the S6 helix, forming the central cavity of the hERG pore,
thus supporting previous studies [1,57-66]. The involvement of F656 in direct interactions
remains unclear, and it may play a role in mediating the access of the drug to the binding
site [56,67]. Notably, astemizole is a classical hRERG blocker. Therefore, these structures do
not reveal the structural basis of the facilitation.

Hosaka et al. conducted alanine scanning of the pore and S6 helices of the hERG
channel and analyzed the impact of mutations on both blockade and facilitation [36].
This study revealed that several mutants failed to exhibit both block and facilitation. For
instance, substitutions of Y652 or F656 with alanine, which have been known to be crucial
residues for the block, abolished the facilitation by nifekalant. Y652 is also crucial for the
facilitation of phenanthrene [47]. These findings suggest that facilitation, similar to the
block, occurs through interactions within residues that form the central cavity of the hERG
pore. Importantly, mutants that had no effect on the block but affected facilitation were
also identified. Some mutants, such as S624A, L646A, M651A, S654A, G657A, V659A, and
L666A, inhibited facilitation, whereas others, such as 1647A, S649A, S660A, 1663A, R665A,
and Y667A, enhanced it. It appears that residues around the central cavity of the hERG are
specifically involved in facilitation and play a distinct role from that of the block. Structural
models of open- and closed-state hERG channels were built to illustrate the amino acid
residues associated with facilitation and putative drug interaction (Figure 3) [36]. We
conducted a study using Rosetta to investigate hERG channel-drug interactions and found
that certain drugs, known as hERG facilitators, are positioned in the hydrophobic pocket of
the hERG central cavity [68]. This pocket is thought to play a role in drug interactions and
is located in the open-state hERG channels, as identified by Wang and MacKinnon [55]. Our
modeling study also suggested four potential fenestration regions in the pore, but hRERG
facilitators, including nifekalant and amiodarone, were not positioned in these fenestration
regions [68]. In combination, these findings suggest that the hydrophobic pocket may be
involved in the facilitation of hERG channels by these drugs. This intriguing possibility
requires further validation and study.

Our working hypothesis for drug-induced facilitation (Figure 4) can be summarized
as follows. Drugs enter the channel and inhibit channel function when the activation
gate of the channel opens due to depolarization. It is then possible that drugs become
trapped within the channel when the channel closes [69-72]. Drug interactions within
the hydrophobic pocket may affect the closure of the 56 helix bundle, thereby altering the
channel gating. Consistent with our results, experimental data suggest that facilitating
drugs may act as a wedge to bias the hERG channel gating equilibrium toward an open state
conformation. This can increase the hERG current amplitude in response to low-voltage
depolarization [37,51]. Additional experimental measurements and molecular dynamics
simulations are required to test structural model-based hypotheses.
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Figure 3. A possible hERG facilitator interaction site. Open hERG channel model (green). The side
chains of Y652 and F656, crucial for the block, are shown as sticks. Magenta and orange indicate
residues revealed experimentally by point mutagenesis influential for nifekalant’s facilitation but
not block. Magenta residues (L646, 1647, 5649, and M651) form hydrophobic pockets. In contrast,
orange residues (G657, V659, S660, 1663, and R665) may be located on the activation gate. The drug
(nifekalant) may be positioned deep within the hydrophobic pocket [68]. The image was kindly
provided by Dr. Igor Vorobyov (University of California, Davis).

Closed Open/Inactivated

Unblock v

Figure 4. Schematic model of the mechanism underlying facilitation. (1) The hERG facilitator (red
triangle) accesses the receptor site within the pore of the open or inactivated channels at depolarized
potentials and “blocks” the channel. (2) Upon return to the resting potentials, channels close and
trap the drug inside. (3) Trapped, the drug biases the open—closed equilibrium towards the open
state and “facilitates”. (4) The drug can escape from the re-opened hERG channels, creating open
channels. Drug translocations to block and unblock are from red dotted to solid triangles. The cartoon
of structural changes during hERG channel gating draws on the graphical abstract of Wang and
MacKinnon’s cell article [55].
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4. A Possible Role of hERG Facilitation in hERG Block-Associated Arrhythmia

Yamakawa et al. investigated the facilitation effects of various non-cardiac drugs
that block hERG channels [43]. The results revealed that drugs such as fluoxetine (an
antidepressant), haloperidol (an antipsychotic), and chlorpheniramine (an antihistamine)
exhibit both conventional blocking effects on hERG channels as well as facilitation effects
similar to antiarrhythmic agents, such as amiodarone and nifekalant. This suggests that
the facilitation effect is not exclusive to antiarrhythmic agents and may be commonly
observed among clinically used hERG blockers. This study also reported that some classical
hERG blockers, including atenolol, terfenadine, and sotalol, did not exhibit facilitation [43].
Terfenadine is an antihistamine that has been withdrawn from the market owing to its
high risk of life-threatening arrhythmias. These findings suggest that the facilitation effect
of hERG blockers may help reduce the risk of arrhythmias through their hRERG-blocking
mechanism. However, assessing the occurrence of facilitation in vivo presents technical
challenges. In terms of the drug’s concentration, nifekalant can exert block and facilitate
hERG channels in almost the same concentration-dependent manner [37]. In addition,
the repetitive excitation of ventricular myocytes may trigger facilitation. Experimental
evidence has demonstrated that repeated stimulation with a voltage-clamp waveform that
resembles action potentials can induce maximal facilitation [44]. This may suggest that
facilitation occurs in living hearts.

An in vitro validation was performed to examine the effects of nifekalant, a hRERG
blocker with facilitation, and dofetilide, a hERG blocker without facilitation, on rat ventric-
ular myocyte action potentials. Even at concentrations that inhibited Ik, to a similar extent,
dofetilide was more likely to induce early afterdepolarizations (EADs) than nifekalant, as
shown in Figure 5A,B [44]. This suggests that facilitation may reduce the risk of arrhythmia.
To further explore this concept, a theoretical study was conducted. We developed a mathe-
matical model to simulate facilitation and its impact on action potential waveforms [44].
The facilitation model was formulated as a drug-induced shift in the GV relationship. By
incorporating hERG block and facilitation models into a human ventricular myocyte action
potential model (ORd human ventricular AP model [73]), we examined the influence of
facilitation. Without a facilitation mechanism, increasing the concentration of a classical
hERG blocker resulted in action potential prolongation and the development of EADs
(Figure 5C,D). However, in the presence of a facilitation mechanism, the prolongation of
the action potential was suppressed, and a higher concentration was required to induce
EADs (Figure 5C,D). These observations theoretically illustrate that facilitation can lower
the proarrhythmic risk associated with a drug.

Class III antiarrhythmic agents are hERG blockers used clinically to suppress ventricu-
lar tachyarrhythmias [1,31,32]. To suppress tachyarrhythmias without provoking torsades
de pointes, the Ix; block would ideally be use-dependent and prolong APD only in response
to high-frequency stimulation [7,74]. However, reverse frequency-dependent action on
APs is a property common to Class Il antiarrhythmic agents [33,45,46,74-77], and the
associated proarrhythmic risk limits their clinical usefulness [74,78]. The reverse frequency
dependence of I, block was first explained by an increase in the slowly activated delayed-
rectifier K* current with rapid heart rate [75]. Thus, we theoretically tested whether the
presence or absence of facilitation also influences the reverse frequency-dependent effect
and suggested that facilitation reduces this dependence [44]. These effects are particularly
prominent in models of heart failure [44], in which functional remodeling predisposes
patients to arrhythmias [79].
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Figure 5. Facilitation suppresses the development of early afterdepolarization related to Ik, blockade
in ventricular cardiac myocytes. (A,B) Experimental study: Rabbit ventricular myocyte APs are more
stable in nifekalant (B) than in dofetilide (A). AP responses in isolated rabbit ventricular myocytes
were stimulated by minimal current injection (0.5 Hz) in whole-cell current clamp mode at 37 °C.
Black line in (A,B) are control AP responses before the treatment. (A) Representative AP responses
without (left) or with (right) EAD in 1 uM dofetilide. Of the 19 cells treated with 1 uM dofetilide
(magenta), five showed EAD responses (26%). Fourteen cells showed prolonged APD at 1 uM but did
not show EAD responses. (B) Representative AP responses to 10 uM nifekalant. All cells treated with
10 uM nifekalant (green) showed prolongation of APD upon treatment with 10 uM nifekalant but did
not show EAD responses. (C,D) Simulation study: The effect of Ik, facilitation on APD prolongation
and EAD development by Ik, block. (C) Steady-state AP trains with 40% (C;), 50% (C;j;), and 55%
(Gjii) Ixr block in a heart failure model with and without facilitation. (D) Effect of Ik, blockade
and facilitation on APD and development of EADs in the heart failure model. Green and magenta
lines indicate APD90 of AP (without EAD) for block with and without facilitation, respectively. The
asterisk, dagger, and double-dagger indicate the conditions in (C), respectively. The sections and
pipes indicate the upper limits of the Ik, block, where APs are normally terminated. When EAD
was observed, it was classified as either alternating or periodic EAD. In the bottom panel of D, red
and deep purple dots indicate APD90 of AP with EAD for the block without facilitation, while light
and deep green dots indicate APD90 of AP with EAD for the block with facilitation. Horizontal bars
above the dots indicate alternating EAD, AL, periodic EAD, or EAD. This figure has been adapted
with permission from Ref. [44].

The mechanisms underlying these effects have also been analyzed [44]. It is important
to recall that the presence of blockers, such as nifekalant, can result in the crossing of the GV
and IV relationships compared to their absence (Figures 1 and 2) [36,37]. When considering
the trajectory of the ventricular action potential, depolarization occurs during phase 0 of
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the action potential, and this moves the myocyte membrane potential through the range
of membrane potentials where facilitation increases the I, /hERG current. Consequently,
the effects of facilitation were minimal during phases 0 and 2. As the action potential
repolarization begins and the myocyte voltage returns to the range of membrane potentials
where facilitation occurs, facilitation increases the Ik, /hERG currents. As a consequence, in
this time- and voltage-window, the repolarizing currents are larger than in the absence of
the drug. During a single ventricular action potential, hERG channel facilitators change
their attributes to Ix;. It decreases the current first and then increases it later, which prevents
excessive prolongation of the action potential and repolarization impairments (Figure 6).
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Figure 6. Block and facilitation impact on cardiac electrophysiology. (A) GV relationships of the
control (open circles) and drug-treated conditions (red circles) intersect, resulting in drug-induced
hERG/ Ik, currents decreasing at depolarized voltages and hERG/ Ik, currents increasing from the
control at membrane voltages near the activation threshold. (B) The hERG channel blocker with a
facilitation effect changes the attribute to Ix, during the ventricular action potential. It decreases the
current first and then increases it later, preventing excessive prolongation of the action potential and
repolarization impairments. The different phases of the ventricular action potential (phases 0—4) are
labeled. Green and red arrow indicate the dual drug actions on AP duration; I, decrease by block
prolongs (green), whereas Ik, increase by facilitation prevents the prolongation of AP duration (red).

This facilitation-induced increase in the Ik, /hERG current during phase 3 can become
even more pronounced when repolarization is delayed [44]. This can be explained by
the fact that, as the action potential duration is prolonged, the duration of the membrane
potential within the range where facilitation occurs is also prolonged. This property can
significantly affect the concentration-dependent and reverse frequency-dependent effects
of hERG-blocking drugs on action potential duration. At low concentrations of these drugs,
which only slightly prolong the action potential, the facilitation effect has a minimal impact.
However, at higher concentrations, the action potential duration is further prolonged
and the impact of facilitation can become more significant. Similarly, at high excitation
frequencies, where the action potential is relatively short, the facilitation effect is less
influential. However, at low excitation frequencies, where the action potential is relatively
longer, it becomes more susceptible to facilitation. This mechanism allows the facilitation
effect to prevent further prolongation of the action potential when it has already been
extended by a drug-induced blockade.

Class III antiarrhythmic drugs are believed to exert their antiarrhythmic effects by
extending the refractory period through hERG blockade, thereby prolonging the duration
of action potential. There is some concern that the facilitation effect of hRERG blockade on I,
current might also affect the antiarrhythmic effects of Class III antiarrhythmics. However,
simulations have indicated that this impact is minimal. The increase in Ix; current during
phase 3 reduces excitability, offsetting the shortening effect on action potential duration.
In simulations, prolongation of the relative refractory period by a hERG blocker with a
facilitation effect was comparable to that of a classical hERG blocker [44].
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Additionally, there is no report demonstrating that the facilitation effect in other Kv
channels, such as Ik channels, contributes to repolarization in myocytes.

Further experimental validation is required; however, the notion that the proarrhyth-
mic risk of hERG-blocking drugs may be mitigated by the facilitation effect is worth
pursuing. In addition, to fully evaluate the risks associated with hERG-blocking drugs
accurately, the presence or absence of facilitation effects must be considered.

5. Conclusions and Future Direction

In this review, we present an overview of the properties of hERG channel facilitation,
its critical role in pharmacotherapy, and the current understanding of its functional and
structural aspects. This material serves as the initial basis for the mechanism by which
drugs facilitate hERG channel activation and suggests its clinical implications.

Important remaining questions include the following.

(i) How do drugs facilitate hERG activation? Which process(es) of hERG open-
ing/closing are affected by the drug? It is highly likely that the drug is located within the
central cavity of the hERG pore when it exerts facilitation [36,47,51]. By further investigat-
ing hERG channel gating and modulation, we can acquire a more profound understanding
of its behavior. Advanced methods, such as single-channel recording and (single) molecular
imaging, can be used to detect precise modifications in the hERG gating process triggered
by the drug.

(ii) Where do the drugs bind exactly? To ascertain the structural location of the
drug at the binding site for hRERG activation, is it the hydrophobic pocket, or are other
sites responsible for facilitation? Additionally, can the binding sites vary in size or shape
between the closed and open states? If so, this may explain why certain drugs are capable
of facilitating channel activation. Furthermore, it is conceivable that drugs within the
channel pore can obstruct or eliminate hERG channel inactivation. Molecular dynamics
simulations [80-86] would be particularly useful in revealing any modifications in the
binding site resulting from drug binding in both closed and open states.

(iii) What are the structural differences between a hERG blocker/facilitator and a
classical hERG blocker? A wide range of structurally diverse compounds interact with the
hERG channel and inhibit its function. Is it possible to predict the facilitation effects of
drugs based on their structures without experimental data? Although previous attempts
have been made, the predictive capability of these methods has been limited to only a
few selected drugs [43]. The facilitation effect, characterized by a leftward shift in the GV
relationship, is unique to each drug. As such, the structure of the drug is likely related not
only to its affinity but also to the strength of facilitation (modulation of hERG activation).
Detailed exploration of pure hERG facilitators has not yet been conducted, and further
research is necessary to understand the structural basis of the facilitation effect of drugs.
Ultimately, this knowledge is crucial for the rational control and design of the facilitation
effect of drugs.

(iv) How can we apply our understanding of the hERG facilitation to advance drug
discovery and treatment? In the field of medical healthcare, improving the effectiveness
and safety of pharmacotherapy remains an ongoing goal, requiring collaboration between
industry, government, and academia. The hERG channel has garnered significant attention
because of its association with arrhythmias, and an integrated approach incorporating
multiscale, multiphysics biological simulations is essential to comprehensively understand
and predict complex phenomena such as cardiac arrhythmias. To advance drug discovery
and treatment, further testing of the hypothesis that “facilitation reduces the proarrhythmic
risk of hERG blockers” [44] through theoretical research and proof-of-concept experiments
is crucial. In principle, this knowledge could then be utilized to inform decision-making
regarding drug therapy. Understanding the structure-activity relationship of drugs also
opens up possibilities for theoretical drug design and modification, contributing to drug
discovery. Although caution must continue to be exerted in the targeting of the hERG
channel in drug discovery, if safety is confirmed, the conventional belief that “hERG
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blockers are dangerous” may evolve, possibly allowing vast resources of hERG-active
compounds to be utilized for drug development.
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Abstract: Although repolarization has been suggested to propagate in cardiac tissue both theoretically
and experimentally, it has been challenging to estimate how and to what extent the propagation of
repolarization contributes to relaxation because repolarization only occurs in the course of membrane
excitation in normal hearts. We established a mathematical model of a 1D strand of 600 myocytes
stabilized at an equilibrium potential near the plateau potential level by introducing a sustained
component of the late sodium current (In,r). By applying a hyperpolarizing stimulus to a small
part of the strand, we succeeded in inducing repolarization which propagated along the strand at
a velocity of 1~2 cm/s. The ionic mechanisms responsible for repolarization at the myocyte level,
i.e., the deactivation of both the In,1 and the L-type calcium current (Ic,), and the activation of
the rapid component of delayed rectifier potassium current (Ix;) and the inward rectifier potassium
channel (Ix1), were found to be important for the propagation of repolarization in the myocyte strand.
Using an analogy with progressive activation of the sodium current (Inj,) in the propagation of
excitation, regenerative activation of the predominant magnitude of Ix; makes the myocytes at the
wave front start repolarization in succession through the electrical coupling via gap junction channels.

Keywords: repolarization propagation; mathematical 1D strand model; human ventricular myocyte;
early afterdepolarization; late sodium current

1. Introduction

It has long been recognized that the repolarization of cardiac action potential (AP) can
be regulated by both intrinsic ion channel properties, as well as cable properties conferred
by the three-dimensional syncytium of cardiac myocytes [1-4]. However, the mechanisms
of the propagation of repolarization in multicellular preparations of the cardiac muscle
remain to be clarified based on ionic current systems. Initially, Weidman (1951) [5] observed
all-or-none repolarizations in sheep’s Purkinje fiber when he applied a hyperpolarizing
current beyond a certain strength during the plateau phase. He observed that there was
a definite ‘threshold’ for the all-or-none repolarization, and suggested that the wave of
repolarization could propagate without decrement as in the case of excitation. Essentially
the same threshold phenomenon was observed by Cranefield and Hoffman (1958) [6]
when inducing repolarization in the papillary muscle preparation. However, attempts to
determine the velocity of the propagation of repolarization were not entirely successful.
In part, this were due to the fact that the velocity of the repolarization wave was much
slower than that of the excitation, so the propagation of repolarization was expected to be
overtaken by the normal process of repolarization after the beginning of the AP.

The first theoretical study of cardiac electrophysiology using detailed mathematical
descriptors was presented by Noble in 1962 [1]. He modified the Hodgkin—-Huxley equa-
tions of squid giant axon and combined these with the cable theory to quite accurately
reproduce many of the electrical properties of Purkinje fiber APs and pacemaker potentials.
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Purkinje fiber taken from the conduction system of juvenile sheep hearts had an exception-
ally large diameter and length, which allowed extrapolation of the theory developed for
the squid nerve to the cardiac muscle preparation after some modifications on parameters.
After the epoch-making experimental milestones of the introduction of both dissociated
cardiomyocyte preparations [7-9] and the patch clamp technique [10] in the next decades,
the characteristics of ion channels and transporters were extensively clarified in the isolated
cardiac myocytes from various cardiac tissues. These milestones made possible the develop-
ment of various cardiac myocyte models based on the experimental data on isolated single
myocytes [11]. Since then, cardiac myocyte models have become increasingly detailed and
have been validated based on experimental data (for human ventricular myocyte models,
ORd model [12], GPB model [13], Asakura et al., [14], Himeno et al. [15], etc.).

The aims of the present simulation study were (1) to clarify the ionic mechanisms of
induced regenerative repolarization and the threshold phenomenon for the all-or-none re-
polarization in dissociated ventricular myocytes, (2) to evaluate the impacts of intercellular
currents on the propagation of repolarization induced in the myocyte strand, and (3) to
determine the velocity of the propagation of the repolarization wave. Accordingly, we first
determined whether our comprehensive human ventricular myocyte (hVC) model [15]
could reproduce the all-or-none repolarization as demonstrated by Trenor et al. (2017) [2]
using the ORd model [12]. After confirming the fundamental behavior of all-or-none repo-
larization in the hVC model, we developed an in silico 1D strand of myocytes to analyze
the effects of the intercellular currents on the regenerative repolarization as well as on the
propagation of the repolarization wave. The clinical implications for the antiarrhythmic
treatment of the present study will be described in the Section 3.

2. Results
2.1. Threshold Potentials for the All-or-None Repolarization in the hVC Model

Before examining the propagation of repolarization, we examined whether the all-
or-none repolarization, i.e., the key experimental basis for suggesting the propagation of
repolarization, can be observed in a single hVC model as has been proved in the ORd
model by Trenor et al. (2017) [2]. In the simulation in Figure 1, the membrane potential
(Vm) was clamped at various test potential (V) levels with 0.5 mV intervals for a duration
of 5 ms.

pulse onset = 50 ms B
k 60 threshold (mV)
; 40
. [\ 20
i 0
Vtest -20
-53.5mV -
N -54.0 40
f -54.5 -60
i -55.0 80
—
0 100 200 300 400 500 1000 100 200 300
time[ms] time[ms]

Figure 1. Threshold potentials detected by applying Vi of 5 ms in duration to different levels in the
hVC model. (A) The application of Vi to —53.5, —54, —54.5, and —55 mV induced dynamic changes
in the time course of plateau potential as displayed from top to bottom (four traces), respectively.
The black vertical line in panel A indicates the off time (t = 55 ms) of the 5 ms clamp pulse. (B) The
threshold potentials at which the given clamp pulse induced abolition of the plateau potential (red)
were plotted against the off time of various test pulses. Green dots indicated there were no threshold
potential. In this range colored in green, V; did not induce all-or-none repolarization but led to
monotonic repolarization.
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After the membrane was released from the temporal voltage clamp, Vi, changed
automatically before progressive depolarization or hyperpolarization became obvious as
seen in Figure 1A. The slope of this change reversed between —55 and —53.5 mV of the
clamp pulse applied at 50 ms. By adjusting the V' bit-by-bit, a relatively flat phase of V,
change, reflecting an unstable equilibrium, was obtained at around —50 mV. Above that
level, delayed activation of an early after-depolarization (EAD)-like event started after
the release time. A V; far more positive than this threshold potential level induced the
rising foot of an EAD-like event directly, while a more negative V; induced monotonic
repolarization. The threshold potentials, determined at an interval of 2 ms during the
plateau phase, were plotted in Figure 1B (red dots). The threshold potential was time- and
Vm-dependent; it shifted to more negative levels when the clamp pulse was applied earlier
during the AP plateau. There were two apparent ‘jumps’ in the traces of the thresholds: at
Vi = —42 and —23 mV. The green dots on the control time course of AP (black trace) indi-
cated that the hyperpolarizing clamp pulse only accelerated the monotonic repolarization.
All these findings were very similar to those reported in previous studies [2,3].

2.2. Ionic Mechanisms Responsible for Determining the Threshold Potentials for
All-or-None Repolarization

As demonstrated in Figure 1A, the fate of all-or-none repolarization was determined
by the initial slow V1, changes after switching off the clamp pulse (Figure 1A). To clarify
the ionic mechanisms underlying the initial slow change, the changes in p(O) were plotted
in Figure 2B. In both columns I and II, hyperpolarizing clamp pulses were applied at
50 ms. When the pulse induced repolarization to —55 mV, the p(O) of inward-going late
sodium current (Inar), p(O)NnaL, gradually decreased, and p(O) of the rapid component
of delayed rectifier potassium current (Ix;), p(O)kr, also decreased. The magnitude of
p(O) of the inward rectifier potassium channel (Ix1), p(O)rx1, was slightly but significantly
increased to enlarge Ix; (Figure 2C) by the negative jump in V1, from the plateau potential to
—55 mV. The sum of the K* currents was larger, by about 0.3 pA/pEF, than the sum of the
major inward currents, which were mainly given by In,1, and the background non-selective
cation current, IyNsc, to drive the gradual repolarization (sum of major Iy and total Ii,
were represented by gray lines in Figure 2C and D, respectively). Finally, the membrane
quickly hyperpolarized to the resting potential via a positive feedback cycle; the rapid
increase in p(O)jx; drives repolarization and more repolarization induces an increase
in p(O);x1. Through this cycle, the amplitude of Ix; showed a sharp peak as large as
1.5 pA/pF at about —70 mV. From this fact, it may be concluded that the Ix; takes the
central role in inducing regenerative repolarization toward the resting potential.

When the hyperpolarization from the plateau potential was increased only by
1 mV (to —54 mV), the slope of the slow depolarization was inverted from a negative (at
—55 mV) to a positive direction (column II). As expected, no significant changes were obvi-
ous in the initial levels of p(O) or the amplitudes of Inar, Ikr, Ibnsc, and Ix; immediately
after the break in the voltage clamp pulse in comparison to the pulse to —54 mV. However,
an evident exponential rise in the L-type calcium current (Ic,;) amplitude was observed
200 ms after the pulse (Figure 3D); the more the p(O);c,1, increased, the more depolarized
the membrane became, and vice versa. The accompanying changes in Inar, Ik, Ibnsc, and
Ix1 may occur secondarily due to the membrane depolarization caused by Ic,1.. The final
discharge of an EAD-like event is caused by the much-enhanced positive feedback cycle of
Icar activation.
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Figure 2. Jonic mechanisms underlying changes in V, induced by applying 5 ms hyperpolarizing
clamp pulses. Each time and voltage of the brief hyperpolarizing voltage clamp pulse applied were
indicated at the top of each column. (A) indicates Vr,, (B) indicates the open probabilities p(O) of
currents, Ik (red), Ik, (steel blue), Ikto (black), Ic,, multiplied by 2 (chocolate), and In,p, multiplied
by 100 (blue), (C,D) indicate amplitudes of outward (Iout) and inward (i) currents, respectively. The
same colors were used as in (B). The sum of major outward and inward currents was calculated and
illustrated in gray. The amplitude of Inax (pink) and Iynsc (black) are also shown in (C) and (D),
respectively. The vertical lines indicate the end of the clamp pulse.
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Figure 3. The N-shaped I-V curve with two stable equilibrium potentials and one unstable equi-
librium potential of the hVC model. The I-V curves in (A,C1,C2) were measured by applying
the voltage clamp test pulses of 4.9 s in duration given every 2 mV step from the holding potential of
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—80 mV. Current magnitudes saturated within the duration of test pulses at the end of individual
test pulses, and were plotted in these figures. Additionally, (A) shows total whole cell current
(black) and current components Ik, Ikr, INaL, and Ic,1. depicted in different colors as indicated. The
steady-state p(O)s of major ion channels were plotted in (B). Note that p(O)naL and p(O)jcaL were
plotted after multiplication by 100 and 10, respectively. (C1,C2) shows the influence of increasing the
amplitude of Iy, on the appearance of equilibrium points in the presence and the absence of Ic,y,
respectively. Increasing the amplitude of Iy, shifted the N-shaped I-V curve negatively. All I-V and
p(O)-V relationships share the same abscissa of V. In (D), the state of slow inactivation, Is and the
transitional inactivated state, I, of In,1, were shaded by gray color to indicate that these states were
frozen, namely, the state transition from other states was totally prevented as indicated by cross marks.
Thereby, repetitive state transitions between I; and O produce continuous bursts of brief openings of
the channel, and ‘late scattered mode’ of Na channel [16] (ky;0 is close to koj1) during a clamp pulse
to depolarized potentials. If integrated over bursts with numerous numbers of brief openings, the
whole-cell In,1. maintains a significant amplitude during depolarization. With an intact transition
scheme, IN,1. gradually decreases in amplitude through the state transition from O to (Is + I;) when
the membrane is depolarized. The state transition between the two closed states (C1,C2) was assumed
to be instantaneous on the Vi, jump; the probability of (C2) increases with membrane depolarization.
In the state transition of transient sodium current (InaT) (See Supplementary Materials) the I; state
is absent, and the inactivation occurs through a state transition from O to I, at transition rate kopp,
which has the same magnitude as ko1

In column III, the V' was —19 mV, which gave a stable p(O);c,1., of about 0.02 to supply
an Ic,1, amplitude comparable to In,y, at Vi = —54 mV (column II). On the other hand, the
INaL amplitude was smaller if compared with that obtained by V; at —54 mV because of
Vm-dependent inactivation and the smaller driving force for the carrier ion Na*. The Ic,y.
was also partially inactivated to give the decelerated rising phase of the EAD-like event.
In column IV, the V; (at 6 mV) was very close to the intrinsic plateau potential at 170 ms,
and thereby the time courses of each current were almost the same as in the natural time
course of final repolarization of the plateau. There was no threshold potential observed
thereafter. It is important to note that the Ik, is activated by the rapid depolarization, but
is almost instantaneously deactivated by the hyperpolarization induced by the temporal
voltage clamp pulse, thereby, Ik, plays little role in initiating the full repolarization of the
plateau (see Nabauer et al., 1996 [17]).

In summary, the Ix; takes the primary role in generating regenerative repolarization
and the Ic,1, plays a role in regenerative depolarization. Both Ing,, and Ic,r, play modulatory
roles in determining the threshold potential of repolarization.

2.3. Induction of a Stable Equilibrium Potential in the Current-Voltage Relationship of the
hVC Model

In principle, if there is a second stable equilibrium potential in a more positive potential
range than a resting membrane potential, as well as a negative conductance region in the
steady-state [-V curve of a single myocyte model, it would be possible to induce a wave
of repolarization in a multicellular preparation of myocyte model as predicted in the
previous studies [1-4]. It is expected that the propagation of repolarization might be
simply visualized in a 1D strand of such myocyte models whose V, is set to another stable
equilibrium potential. In brief, graded hyperpolarizing stimulus, which is strong enough to
induce an all-or-none repolarization, is applied, it is expected that the repolarization would
propagate as a wave based on the ionic mechanisms revealed for the threshold phenomenon
at the single myocyte level (Figure 2): progressive increase in p(O);x; supplemented by
deactivation of Inj,r, and Ic,p, and activation of Iy;.

A study by Chandler and Meves (1970) [18] used sodium fluoride to generate a long-
lasting plateau in the AP of squid axons and reproduced the prolonged plateau potential
mathematically by modifying the inactivation parameter of the sodium current (In,). In
human ventricular myocytes, a slow inactivating sodium current component (In,1.) has been
described [16]. This In,r, component in the human ventricle inactivates with a sufficiently
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fast time course to shape APD normally. However, it has been reported that the rate of slow
inactivation of I, is further delayed in heart failure, or by modulation of phospholipid
associated with cardiovascular disease, to prolong the AP duration [19]. Based on these
findings, we removed the inactivation of Inj,1. to obtain a stable equilibrium potential near
the plateau potential [14]. Figure 3D shows the removal of the slow inactivation steps to
states (Is + 1), namely ki, kisp, and kpjpp were all set to zero. The fast inactivated state
I; allows flickering openings of the channel to reconstruct the repetitive brief openings
demonstrated in the single channel recordings [16] because the magnitude of kj;o was set
close to koyy.

The whole-cell current-voltage (I-V) relationships in Figure 3A were obtained by using
the full set of current systems (Equation (3)) except for the slow inactivated states of InaL
fixed at 0.45 for I and 0.001 for I, respectively. The I-V curve represented by black points
connected by lines clearly demonstrated the stable equilibrium (zero-current) potential at
approximately —5 mV. Indeed, the slope of the whole-cell I-V curve was positive on both
sides of the stable equilibrium potential. It should be noted that a similar positive slope was
also evident around the stable equilibrium (resting) potential at —90.5 mV. In contrast, the
slope of the steady-state I-V curve is negative around the unstable zero-current potential at
—59 mV (vertical line).

To get deeper insights into the ionic mechanisms of the abolition of the AP plateau
phase as well as the propagation of repolarization, we examined the composition of the
whole-cell I-V relationship. In Figure 3A, the major determinants of I-V relations, such as
Ixq (red), Ik, (steel blue), INar. (blue), and Ic,1, (chocolate) were superimposed on the whole-
cell current. Toward the negative potential side of the threshold potential (vertical line),
a sharp voltage-dependent increase in both p(O)x; and a decrease in p(O);Nar (blue dots
in Figure 3B) were evident, indicating that resultant increase in outward Ix; and decrease
in inward In,, were mainly responsible for the acceleration of repolarization. On the
positive side of the threshold potential, the sharp Vi-dependent increase in p(O)jcar, and
the resultant increase in Ic,;, amplitude with depolarization promotes the depolarization.
This influence of Ic,, activation was antagonized by the voltage-dependent increase in
p(O)rk: to give the stable equilibrium potential at about —5 mV.

The INa1 took a key role in inducing the second stable equilibrium potential at the
voltage range of AP plateau as demonstrated in Figure 3C1,C2, where the amplitude of In,1.
was decreased from one to zero in steps of 0.2. In Figure 3C1, it is evident that the unstable
equilibrium potential was largely shifted toward negative potentials from —40 mV to
—60 mV with increasing magnitude of Injy.. If the limiting conductance of Ix; was increased
or decreased by +20%, the unstable equilibrium potential was shifted only by +2 mV or
—3 mV, respectively (not shown). In Figure 3C2, the ‘window component” of Ic,;, was
removed to reveal the role of Inj,1, in inducing the unstable equilibrium potential. In the
absence of Ic,1, two intersections of the I-V relation with the zero-current level disappeared
when Inj,1, was intact, shown in in Figure 3C2, leaving the stable equilibrium potential at
the resting potential intact. The addition of Ic,], scarcely affected the location of unstable
equilibrium potential when the relative magnitude of In,, remained in the physiological
range (>0.2). If the gating kinetics of In,r (illustrated in Figure 3D) are intact under the
physiological condition, the time-dependent slow inactivation accumulates the p(Is)inar to
promote membrane repolarization to the resting potential.

2.4. Propagation of Repolarization from the Second Stable Equilibrium Potential at Around 0 mV

To separate the propagation of repolarization from the natural time course of AP
repolarization, the Vi, of the myocyte strand was stabilized to the equilibrium potential
near the plateau potential by fixing 45.1% of In,r, channels to the inactivated states (Is and
I). The stimulus current pulse (—45 pA/pF, 30 ms in duration) was applied to cell No. 1
(Figure 4A) at 10 ms after starting the Vy, recording. The first AP of cell No. 1 (blue trace)
was conducted sequentially from myocyte to myocyte in the 1D strand model of hVCs
(the AP depicted in red is recorded from cell No. 17). With the modified In,, (shown in
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40

Figure 3A,D), a train of EADs was initiated spontaneously during the repolarizing phase of
the AP, but the EAD subsequently transformed into decremental oscillations in the myocyte
strand to level off at a stable depolarization (Figure 4A) as predicted by the steady-state
I-V curve.
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Figure 4. Propagated repolarization in a linear strand of the EAD-prone myocytes in comparison to
that of excitation. Panel A shows the time course of V,, moving from the resting membrane potential
(=91 mV) to the second stable equilibrium potential (—2 mV) in the myocyte strand, in which the
deeply inactivated states (Is + I) of In,r. were removed. Panel (A) indicates Vi, recordings in cell
No. 1 (blue) and 17 (red). The AP was evoked by applying a depolarizing pulse to cell No. 1 in
the 1D strand of the hVC model. The V,, stabilized at about —3 mV at the end of the record in all
myocytes within the strand. Panel (B) indicates the propagation of the O/I pattern (propagation
of excitation) along the myocyte strand. The inset shows the stable O/I pattern of V,; positive V,
evoked by outward whole-cell current, I, (red), or negative V, due to inward I, (blue). Note, that the
cell number on the abscissa of the inset is the same as in panel B, but the scale of the V,, is reduced
by 100 times. Panels (B,C) indicate the movement of O/I patterns (propagation of repolarization)
along the myocyte strand by using the color code of V, shown at the bottom of panel (C). The O/I
patterns illustrated in (C1,C2) were obtained at different recording times. See text for the explanation
of panels (D1-D5). Note that p(O);nar and p(O)jcar. were plotted after multiplication by 100 and 10,
respectively, in panel (D5). The time scale shown in (D5) is common for all (D1-D5). The arrow head
in (D1) indicates the direction of the propagation of repolarization. The scaling factor of Ix; = 1.2 was
used in this simulation. Note that the scale of the V,, is reduced by 100 times in panel (C) if compared
to that in panel (B).
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The rate of AP conduction was measured from the slope of the profile of V,, along the
1D strand of in silico myocytes (Figure 4B). An example snapshot of the original V, profile
along cell No. on the x axis from cell No. 300~330 is demonstrated in the inset of Figure 4B.
The V, of a given myocyte within the myocyte strand is positive (here depicted in red)
when the whole-cell membrane current is outward and vice versa (depicted in blue). It was
evident that the direction of I,, which corresponded to the sign of V,, was inverted from
negative to positive between cell No. 317 and 318. The wavefront of excitation propagation
(in the right-ward direction) was defined by the location of this inversion of the sign of the
I, (defined as O/I center). In Figure 4B, the V,, of an individual myocyte was represented
by the color code indicated at the bottom of Figure 4C, in which the ordinate is time, and
the abscissa represents cell No. of the myocyte strand. The propagation rate of membrane
excitation was determined to be 48.0 cm/s from the slope of the linear relationship between
the propagation time and the number of the myocytes, whose length was 120 mm in the
hVC model (Figure 4B).

The propagation of repolarization could be evoked in the 1D strand model with
600 hVCs which was depolarized continuously, as in Figure 4A. If compared with the
propagation of excitation in panel B, the propagation of repolarization was characterized
by a much smaller current density (by two orders of magnitude) of the major repolarizing
current Ik than that of the major excitatory current In,. To trigger the propagation of
repolarization in the myocyte strand, the hyperpolarizing current should be applied either
to a large fraction of myocytes within the strand, or at a large amplitude, or for a longer
duration of current pulse to overcome the buffering action of the rest fraction of myocytes
in the strand. This was indicated by the findings demonstrated in Figure 4C1, where a
trigger current pulse of 400 pA/pF and 40 ms in duration was applied simultaneously
to 100 myocytes (cell No. 50~150). Immediately after switching off the test pulse, the
distance between the two O/I centers on the left and right sides at the borders of stimulated
and unstimulated myocytes slightly decreased for ~10 ms before starting the propagation
of repolarization. If the triggering pulse was smaller (<310 pA/pF), and/or shorter in
duration, or applied to a smaller number of myocytes, the distance between the two O/1
centers was shortened to push back the repolarization, which is consistent with the presence
of a threshold phenomenon observed in the multicellular preparations.

The repolarizing electric stimulus applied to the 1D strand model of myocytes could be
replaced by increasing the Gk, for example. Increasing the p(O);k1 beyond 0.03 for 40 ms in
the central 100-myocyte segment successfully triggered the propagation of repolarization.
Similarly, the propagation of repolarization could be evoked by activation of the ATP-
sensitive K* channel (Ixarp), which has a large maximum conductance (Gxarp). Since
the maximum conductance of Ix; (Gkr) is much smaller than that of Ikj, increasing the
p(O)1k;, failed to evoke hyperpolarization to trigger the propagation of repolarization.
Hyperpolarizing stimulus applied by nullifying the p(O) of the major inward currents,
INaL and Ic,, during the AP plateau phase, was not effective in inducing propagation
of repolarization.

The rate of the propagation of repolarization (the slope of the movement of the O/1
center) slightly decreased with time and reached a steady rate of 1.7 cm/s after ~400 ms.
The ionic mechanisms of repolarization propagation were analyzed in panels D1-D5 in
Figure 4, which shows snapshots taken 800 ms after the initiation of the triggering pulse.
Surprisingly, the V,, profiles in Figure 4D2 were distributed over a much wider range
of ~100 myocytes, in which V, continues to repolarize (Figure 4D1), in contrast to the
narrower width of V, profile over 10 myocytes in the case of propagation of membrane
excitation (inset in Figure 4B). The location of the O/I center is indicated by the vertical line
in Figure 4D1-D5. On the left side of the O/I center, the p(O)x; increased and p(O)naL
decreased with a steep slope (Figure 4D5), and the amplitude of Ix; increased while the
amplitude of In,;, decreased (Figure 4D4). The profile of all variables shown in panels
D1-D5 remained the same as far as the rate of propagation was constant, indicating that
the propagation proceeded without decrement.
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To compare the contribution of membrane ionic currents (I;,) and extracellular current
(Io) to varying Vi of individual myocytes during the propagation of repolarization, profiles
of all related parameters are illustrated on a common x-axis of cell No. in the strand.

Ic = Io - Im (1)

where I (or Icap in Figure 4D3) is the current through the membrane capacitor to determine
dVm/dt, and I, represents the sum of whole-cell ionic currents. Major ionic currents, such
as Ix1, Ixr, INaL, and Ic,r, and transporter currents In,x and Incx are depicted in different
colors in Figure 4D4. It is evident that the peak amplitudes of these major currents are
roughly in the same order of magnitude, indicating that each one of these major currents
has the potential to affect the rate of propagation of+ repolarization. However, if the
current amplitudes in Figure 4D4 were compared to the V, or I, profiles in Figure 4D2
or Figure 4D3, it would seem to indicate that Ix; and Inj,1, took the central role in driving
repolarization over a potential range more negative than —60 mV. On the right side of the
O/I center, the increase in p(O)k: and decrease in p(O);car. over the segment of myocytes
from No. 365 to 420 were mainly responsible for the initial repolarization over the Vy,
range from 0 to —60 mV. The currents generated by the Na/K pump (pink) and Na/Ca
exchange (green) were relatively small and were mainly determined by the Vy, change.

It is of note that the large increasing outward current component of Ix; and decreasing
INaL in the myocytes on the left side of the O/I center with Vi, below —60 mV (red and blue
in Figure 4D4) not only contribute to repolarize themselves but also repolarize the myocytes
on the right side of the O/I center (see Icap in Figure 4D3) through gap junction channels
(see I, in Figure 4D3). The area of the positive and negative I, in Figure 4D3 was always
equal and was distributed electrotonically along the strand. This electrotonic current started
to repolarize the myocytes at the propagation wavefront where the inward and outward
currents were still almost balanced at the potential near the quasi-equilibrium around
0 mV. These findings on current dynamics observed near the unstable equilibrium point
around —60 mV were quite comparable, in qualitative aspects, with the ionic mechanisms
observed in both the steady-state I-V curve (Figure 3) and the abolition experiment of the
AP plateau (Figures 1 and 2).

2.5. Effects of Varying the Conductance of Inar, Ix1, and Gap Junction Channel (Gg) on the Rate of
Propagation of Repolarization

The velocities of propagation for the repolarization were measured at various con-
ductances of Inar, and Ik as listed in Table 1. The limiting conductance of Inar (GNaL)
was increased by decreasing the magnitude of fixed (p(I) + p(Is)), and vice versa when
decreasing Gn,L. The rate of propagation of repolarization increased with decreasing
GNaL, suggesting that the influence of In,|, to interfere with the hyperpolarizing influence
of Iy (= Icap + Im) in myocytes located in front of the O/I center is greater than the ac-
celerating influence of In,1, deactivation in myocytes located behind the O/I center. As
expected, an increase in the conductance of outward Ix; (Gk1) increased the propagation of
repolarization to support the central role of Ix; in promoting the propagation.

Table 1. The rate of propagation of repolarization in the strand model. The sign ‘F’ indicates that the
stimulus failed to evoke the propagation of repolarization. Note that increasing the fraction of I in
(I + Is) by 10 or 20% decreases G-

Relative Gn,1. 0.549 after

0.639 (—20%) 0.594 (—10%) Fixing (I + L) 0.504 (+10%) 0.459 (+20%)
—10% F F F F F
control Gg;  F F F 1.69 2.11
+10% F 1.52 1.94 2.38 2.94
+20% 1.79 2.114 2.40 2.69 3.04
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In Table 1, the letter ‘F” indicates that the triggering hyperpolarizing pulse failed to
evoke the propagation of repolarization because of smaller Gk; and/or larger Gnja1.. Under
these conditions, EAD-like events occurred in myocytes located before the wavefront after
switching off the hyperpolarizing pulse. Then, the EAD-like event subsequently triggered
an AP in myocytes behind the wavefront that stayed at the resting potential, resulting in a
retrograde propagation of AP in the 1D strand.

These findings, obtained by varying the gap junction conductance (Gg), are consistent
with the theory that the magnitude of the intercellular current is one of the determinants
for promoting the rate of AP propagation (Table 2).

Table 2. The rate of propagation of excitation and repolarization calculated by varying gap junction
conductances (Gg) in the strand model.

Gg (nS) 1000 1500 2000 2500
rate excitation propagation (cm/s) 36.5 48.0 51.79 58.5
rate repolarization propagation (cm/s)  1.93 2.43 2.60 2.94

3. Discussion
3.1. Brief Summary of the Results

(1) The ionic mechanisms underlying the induced all-or-none repolarization at the my-
ocyte level (Figure 2), and the propagation of repolarization in a 1D linear strand of
myocytes (Figure 4), were examined. Unambiguous propagation of repolarization
that did not overlap with the natural time course of the AP plateau was observed only
when the 1D strand of myocytes was depolarized at the second stable equilibrium
potential, which was introduced by freezing the fraction of slow inactivation of I,
to 0.451 in Figure 4.

(2) The key ionic currents were Ixq, Ixr, INaL, and Ic,p in both the abolition of the AP
plateau in a single ventricular myocyte and the propagation of repolarization in the in
silico 1D strand of the myocyte model. Since the voltage range of the kinetic dynamics
for Ixj and In,1, are more negative compared to that for Ik, and Ic,1, as demonstrated
in Figure 3A, Ix; and Ina play their role during the late phase of repolarization,
while Ik, and Ic,;, work in the early phase of repolarization. The positive feedback
mechanisms accelerate the rate of V, change caused by the kinetics dynamics of
these currents.

(3) In the abolition experiments in Figures 1 and 2, the triggering pulse of hyperpo-
larization was supplied by the external current source, while the propagation of
repolarization in the 1D strand was initiated by local current I, and evoked by
the myocytes located behind the wavefront of repolarization before the O/I center
(Figure 4D2).

(4) The kinetic mechanisms of the four currents were most probably responsible for the
stable propagation of repolarization.

(5) The O/I profile of V, around the O/I center (Figure 4D2) is a mirror image of that
in the propagation of excitation (Figure 4B, inset). The width of the O/I profile was
much more elongated in the propagation of repolarization (Figure 4D1-D5) compared
with that for the propagation of AP (Figure 4B), reflecting the relatively small current
amplitude of Ixy, INaL, Ikr, and Ic,p, in repolarization. The merit of using multiple
channel species may be attributed to its flexibility in adjusting the configuration of
the AP plateau phase more precisely and stably.

(6) The rate of propagation of repolarization was dependent mainly on the amplitude
of Ix1 and INaL (Table 1). The rate increased with increasing the Gg within a limited
range of Gg.
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3.2. Clinical Implications

Noble et al. [1,3] demonstrated, for the first time, the principal ionic mechanisms
underlying the induction of repolarization as well as the propagation of repolarization
in cardiac myocytes, based on the computer model of cardiac membrane excitation. The
present study used one of the detailed contemporary computer models (human ventricular
myocyte models [12-15]) to clarify the ionic mechanisms of the propagation of repolar-
ization in terms of individual ion channels as well as ion transporters to reconstruct the
key experimental findings. The model was modified only by removing the very slow
inactivation of Inj,r, leaving other fast mechanisms of In,t, IcaL, Ikr, the transient outward
potassium current (Iky), the slow component of delayed rectifier potassium current (Ixs),
and Ik intact to create the stable equilibrium potential near 0 mV. Since the kinetic time
constant of the slow inactivation of Inj, is in the order of several hundreds ms, fixing
the Ina1, slow inactivation hardly interferes with the repolarizing process from the stable
equilibrium potential. Thus, the ionic mechanisms of the repolarization demonstrated
in the present study are all relevant to repolarization mechanisms under physiological
conditions.

The ionic mechanisms underlying the propagation of repolarization might be exam-
ined using an in silico model of a simple 1D strand, in which hVCs were connected by
gap junctions. Here, let us assume that the 1D strand is depolarized by preventing its
repolarization by removing the slow inactivation step from the state transition scheme of
INaL (Figure 3D). This strand will be connected to an intact 1D strand of a similar size. At
the junction of the two strands, the Ix; channel in the latter strand will provide a hyperpo-
larizing current through gap junctions to the depolarized myocytes to repolarize toward the
resting potential. This repolarization through the cell-to-cell interaction should propagate
into the depolarized strand as demonstrated in Figure 4. Through this propagation of repo-
larization, the whole strand will recover to its resting potential. Thus, the propagation of
repolarization might be relevant in clinical anti-arrhythmic treatment. Indeed, the present
study found that the propagation of repolarization could be initiated by amplifying Gk
above 0.03, which is at the same level of Gk; at the resting potential, in a fraction of the in
silico 1D strand of hVC model. As expected, it was found in our preliminary study that
magnifying Gxatp was also useful in initiating the propagation of repolarization.

For the relevance of the present study on cardiac AP repolarization as well as
the influences of these theoretical studies on clinical sciences, see the excellent review
by Trenor et al. (2017) [2].

3.3. Ionic Mechanisms of Propagation of Repolarization in Comparison to the Propagation
of Excitation

Here, a comprehensive view of the propagation of repolarization is discussed in com-
parison to that of excitation, including the threshold phenomena for the abolition of the
AP plateau phase, the steady-state I-V relations, and positive feedback mechanisms. The
mechanisms of the propagation of membrane excitation in the cardiac tissue were well
established, as described in many textbooks. In essence, the depolarization-dependent
activation of Iy, and the In,-dependent membrane depolarization cause the positive feed-
back cycle to promote the rapidly rising phase of AP. Depolarization of a myocyte within
the 1D strand generates outward-going I, in neighbor myocytes through gap junctions
to cause the positive cycle of In, activation in the next myocyte. In contrast, the prop-
agation of membrane repolarization takes place through the positive feedback cycle of
repolarization-dependent activation of Ix; and Ix;-dependent repolarization in the pres-
ence of supplemental ionic currents. Repolarization of myocytes in the strand induces
inward-going I, to repolarize myocytes which are still depolarized at the repolarization
wavefront of the strand through gap junctions.

In the intact hVC model, all the parameters of Inj,1,, including the slow inactivation
states (I and Is) of the model, continuously change throughout the time course of the AP
plateau phase driven by the time- and voltage-dependent gating parameters to promote
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the membrane repolarization. On the other hand, the state transitions among the C, O, and
I; states of Inq1, are much faster than the Vi, change during the relatively slow AP plateau,
and thereby these fast parameters roughly follow the steady-state values during the time
course of the AP plateau phase. Thus, it is quite possible that the model may take nearly
the same parameter set as that used in the steady-state I-V curve (Figure 3A) at an instant
during the natural time course of the plateau phase.

It seems difficult to find any ionic current that can substitute the role of Iy in the
simulation of propagated repolarization in the multicellular preparations. Especially as the
unstable equilibrium (threshold) potential at around —60 mV allowed the sharp inversion
of I, from inward to outward current at the O/I center, as demonstrated in Figure 4D1-D5.
Note that these equilibrium potentials are common for both excitation and repolarization
under physiological conditions (Figure 3). The window current of Ic,,, which was depicted
in chocolate in Figure 3A, can also provide the unstable equilibrium potential at about
—40 mV in addition to the inducible stable equilibrium potential at —8.5 mV, even in the
absence of Ing (Figure 3C1). However, around this threshold potential (—40 mV), the
amplitude of the outward current (Ix;) is much smaller than that at —60 mV, so the rate
of repolarization may be too slow to evoke the regenerative propagation of repolarization
against the buffering effect of the multicellular strand. In contrast, the threshold potential
at ~—60 mV allowed the smooth and swift transition from the initial half of repolarization
(ahead of the O/I center) to the final (behind the O/I center) repolarization due to the
massive magnification of Ix; as shown in Figure 4D1-D5. The rapid upstroke of AP also
starts at about —60 mV when the AP is triggered from the resting potential.

Qu et al. [20] in their review paper, introduced a general framework to explain the
mechanisms of EADs using the quasi-stable I-V relationships. The same framework is also
useful in understanding how the second stable equilibrium potential was introduced in the
present study. The description of a given current, Ix, is described using three parameters;
the limiting conductance Gy, the open probability of the channel (p(O)x), and the driving
force (Vin — Ex), where Ex is the reversal potential of the ionic species of the current X.

Ix = Gx'p(O)x*(Vm — Ex) 2)

The steady-state I-V curve is measured in experiments (or is computed in simulation
in Figure 4) by clamping Vi, until the I, reaches a stable level at different voltages along
the Vi, axis. While the quasi-steady-state I-V curve in the present study was obtained
by the same protocol, the magnitude p(O) of a selected slow parameter was fixed during
the natural time course of the AP plateau; for example, the p(O)naL in the present study
(Figure 4C). Thus, at a depolarized Vi, during AP plateau, the quasi-steady-state whole-
cell I-V relationship shown in Figure 4C moves upward smoothly with the continuous
reduction of p(O)nar accompanied by increasing inactivated fraction (p(Is)Nar. + P(I2)1NaL)-
At the plateau potential of the AP, the V,, traces the negative shift of the second stable
equilibrium potential. Finally, the quasi-steady-state I-V relation fails to cross the X-axis
over the depolarized potential range, and the membrane quickly repolarizes to the resting
potential. Thus, the stable equilibrium potential could be induced in the 1D myocyte strand
when the decrease of the inactivated fraction of In,1, was frozen at an optimum level during
the progress of the AP plateau with all the other kinetic parameters left intact.

Lastly, some of the reported values of the velocity of repolarization in previous studies
are compared. In the classic study of Cranefield and Hoffmann [6], using papillary muscle
fiber, they stated, “no value was given for conduction velocity under Results because of
the uncertainty of measurement” and described a velocity of 20 cm/s estimated from
the records of a propagated repolarization wave in their Discussion. In addition, they
commented on the value as “this value may not be correct, but it is certain that the velocity is
low compared with that of propagated depolarization” and referred to the original study of
Weidemann [5]. Our simulation using a strand composed of intact hVC demonstrated that
it was impossible to determine a unique value for the velocity of propagated repolarization
because the velocity increased continuously and approached infinity as the repolarization
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propagated [21]. If the slope of the O/I center was roughly calculated to be t = 205~255 ms
after the hyperpolarizing stimulation, a value of 17 cm/s was obtained, which was in the
same order of magnitude as that reported by Cranefield and Hoffmann. However, it should
be noted that this velocity is not a pure rate of the propagation of repolarization, instead
it is a rate of the propagation of repolarization overlapping the intrinsic spontaneous
repolarization of each myocyte. Previous work in this area is of interest. There has been
a study on the conduction across the interface between two different cell groups using
micropatterned cocultures of genetically engineered (GE) excitable cells and neonatal rat
ventricular myocytes (NRVMs) [22]. The GE cell was a monoclonal HEK293 cell line stably
expressing human In, (Nay 1.5), Ix; (Kir2.1), and rat connexin-43 (Cx43) gap junctions
and had shorter APD (31.9 ms) than NRVMs (153.2 ms). They stimulated the co-cultured
strand from the GE cell side and mapped the conduction of activation and repolarization
using voltage-sensitive dye optically. In this strand, intrinsic repolarization occurred
spontaneously in individual cells, but the GE cells of the former half triggered repolarization
of the NRVMs composing the latter half of the strand because the APD of the GE cells
was much shorter than NRVMs. If we calculate the rate of propagation of repolarization
focusing on the donor-host interface from their result, the rate was about 1.8 cm/s which
was much slower than that of activation (22 cm/s). In addition, Sperelakis et al. [23]
measured the propagation of repolarization by inducing repolarization from another stable
potential level to a resting potential as we did in the present study. They use a five-cell array
of an extremely simplified model of electrical activity (2005). They reported that the rate
of repolarization propagation is considerably (2.3~15 times) slower than that of excitation
propagation, and that it varies with the number of gap junction channels (50~200 cm/s for
repolarization propagation compared to 115~3000 cm/s for excitation propagation in the
strand with 100~10,000 gap junction channels of 100 pS). Although the values previously
reported in various experimental settings varied widely, the conclusion that the velocity of
propagation of repolarization was much smaller than that of excitation was consistent in
the present study.

4. Materials and Methods
4.1. The hVC Model

A single ventricular myocyte having a cuboid shape (120 um on the longitudinal
axis, 37.6 um on the transverse axis, and 8.4 um in depth) was assumed to calculate the
propagation rate of excitation and repolarization. The membrane ionic current (In) was
given as a sum of 15 components as described in Equation (3).

Im = INaT + INaL + Icar + Ikto + Ikr + Iks + Ik1 + Ikp1 + Ionsc + Icab + I (ca) + IkaTp + INak + INaca + Ipmca  (3)

As will be described in the present study, the Ix; takes a pivotal role in both the
repolarization of the AP plateau as well as in the propagation of repolarization. In
this simulation study, we used the Ix; model developed by the Ishihara group [24,25].
Fabbri et al. (2019) [26] compared six computer formulations of Ixj to overcome the de-
ficiency of Ix; conductance in the human-induced pluripotent stem cells (hiPSC-CMs)
through the dynamic clamp (DC) technique. They found that the optimum compensation
of the AP waveform was satisfactory when the Ishihara Ix; model was used. The suben-
docardial type of Ixi, was used (I, in Ndbauer et al., 1996 [17]). The open probabilities
of individual currents are plotted in Figures 2—4. The open probability of whole cell Ic,1.
(p(O)1car,x) was a weighted sum of those distributed in three Ca?* spaces (Xs) in jnc, iz,
and blk in the hVC model (Equation (4)).

p(O)ICaL = frccaL]'nC'p(O)ICaL,an + frccaLiZ'p(O)ICaL,l‘Z + frccaLblk.p<O)ICaL,hlk (4)

where frcCaLy represents the fraction of Ic,1, channel distribution in X space (X: jnc, iz,
and blk).
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For calculating each current component in the hVC, abbreviations, physical constants,
ionic composition of external solution, parameters, and initial values of the model com-
ponents, see model equations in Supporting Materials and Himeno et al. (2015) [15] or
Asakura et al. (2014) [14]. The dimensions of variables in the model equation were usually
given as time ms, length um, concentration mM (except [Ca?*]; uM for contraction), electric
potential mV, conductance nS, and current pA, unless otherwise described. In the figures
for membrane ionic currents in the present paper, the standard pA/pF is used.

The ordinary differential equations (ODE) of the hVC model [15] were time-integrated
using the Heun method or Euler method. Computer programs were coded in Visual Basic
and run on Visual studio. The time step of integration was set at 0.01 ms, approximately half
of the maximum interval, which gives results consistent with those obtained using smaller
step sizes. In some preliminary simulations, the Adams—Bashforth and Adams-Moulton
integration methods were used to validate the numerical integration using simple methods.

4.2. One-Dimensional Strand of the hVC Model

Figure 5 shows the electrical coupling between two neighboring electric circuits in
the myocyte model in a one-dimensional strand of N, (=400) myocytes. The intracellular
potential (V;) was defined as the sum of the extracellular potential (V,,) and the membrane
potential (Vi) of each myocyte (Equation (5)).

Vi,n = Vo,n + Vm,n (5)

The velocity of propagation along the fiber orientation was determined from the
slope of the relationship between time and location of the point where the sign of the V|,
was inverted.

Lo T G, G, Lon T G, ]0.11+IT G, In.NcT G,
Vu. 1 Vu.n Vo_n+1 Vn.Nc
1:.1 Ic n Icn+l Ic.Nc T
T T T[m-“ 1 L T Innn T Loxe
Vm. 1 Vm n Vnm+1 V,

- ] m.Nc
Gg Gg Gg Gg Gg
— aea L &'L ' ‘:'J

[sﬁm Vi.l ——— Vi.n»l Vi,n Vi.n+1 —_> Vi.Nc
I L Lia Tign Tine

Figure 5. The electrically equivalent circuit of the myocyte strand. Go; the extracellular conductance
of 10 uS, V,; extracellular potential near the cell surface, Cn; membrane capacitance of 192.5 pE, Viy;
membrane potential, Vj; intracellular potential, I,; extracellular current, I.; capacitor current, I;
membrane current, [;; gap junction current, Gg; the gap junction conductance of 1.5 uS assumed for
the end-to-end junction along the longitudinal axis of the cuboid shape myocyte.

4.3. Calculating V, Outside the Myocyte Membrane in the Strand

The equivalent electric circuit of the myocyte strand is shown in Figure 5. The electri-
cally equivalent circuit of the myocyte. Note that this myocyte strand model is different
from the bidomain model because all myocytes within the strand have direct contact with
the ground through an extracellular medium that has high conductance. This circuit rep-
resented experimental conditions of small multicellular preparations soaked in the bath
solution, as in the classical experimental studies [5], rather than myocyte sheets tightly
packed in the intact heart. In the presented model of the myocyte strand, the V,, of indi-
vidual myocyte models was determined from individual Vi, Go, and Gg according to the
algorithm as described in Algorithm 1.
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Algorithm 1. Summary of the calculation for the 1D myocyte strand model.

Step1: Calculate conductance matrix of A, B, C in Equation (9);
Step2: Calculate the inverse matrix of the conductance matrix of A, B, C;
Step3: Calculate the right-hand side of Equation (9) from VY, .;
Step4: Calculate V! | in Equation (9) by using the inverse matrix obtained in Step 2;
Step5: Calculate Vltn from V/} , and V}, , using Equation (5);
Step6: Calculate I}, from V/ and V{ | using Equation (6);
Step?7: Calculate I}, from I lt gand [ it,n—l using Equation (7);
av,

t
m,n

Step8: Determine —* using total membrane current I}, , and I} ,
dVr{r,n _ Ié,n _ 7(1;111715,;1) .
dt - Cfm - CNZ 4
Step9: Integration of parameters for the next time step
t
V;iz-ﬁth = VTil,Vl + d‘;"t"n -dt;
Step10: Go to Step3.

The current along the longitudinal axis (across the gap junction, I; ,) was determined
by Equation (6), which deals with the Gg and the voltage difference across the Gg.

Ii,n = Gg'(Vi,n - Vi,n+1) = Gg'((vo,n + Vm,n) - (Vo,n+1 + Vm,n+1)) (6)

The intercellular current along the transverse axis (I,) is driven by the difference
between I; 1 and [; , through G,.

Io,n = 4n-1— Ii,n = Go'Vo,n (7)

Replacing I in Equation (7) with the potentials (V,, Vim) provides an equation com-
posed of V and G,

—Gg~V0,n,1 + (Go + 2'Gg) 'Vo,n - Gg'Vo,n+1 = Gg'((Vm,nfl - Vm,n) - (Vm,n - Vm,nJrl)) (8)

which is then rearranged for V,, of three sequential myocyte models (Von—1, Von, and
Von+1) as a function of voltages (V, and V1) as follows;

A'Vo,nfl + B'Vo,n + C'Vo,nJrl = D'Vm,nfl + E'Vm,n + F'Vm,nJrl (9)

here, the Vi, of each unit is obtained beforehand by integrating the whole family of
membrane currents to calculate the charge across the membrane capacitance. In brief,
values of V,, for all myocytes are calculated by the parallel linear relations of all myocytes
using a homemade solver every time after the numerical integration of the variables of
individual myocytes. V, was assigned a positive sign when I, was outward whereas V,
was assigned a negative sign when I, was inward and vice versa. As the G, (= 10 uS) was
larger than the Gg (= 1.5 uS), the conduction velocity was largely dependent on Gg. The
G, should be a scalable parameter, adjusted to the real size and dimension of the external
electrode used for measurements. For a tentative G, magnitude, the recordings of the QRS
complex using the epicardial electrogram [27] were referred to. With a G, of 5 uS, full-sized
experimental V,, deflections of 5~10 mV were obtained with a standard maximum rate of
rise of 250 V/s.
The gap junction current (Igap) was calculated on the right side of the nth equiva-
lent circuit.
Igap =lin= Gg'[(Vi,n - Vi,n+1) + EK,n] (10)

To calculate changes in [K*];, Igap was assumed to be carried purely by K*. Thus, the
Nernst equilibrium potential Ex was determined across the gap junction.

K+
Exn = m"~ln<[1[<ﬂ]j‘rl> (11)
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4.4. Electrical Stimulation to the Myocyte Model and the Myocyte Strand Model

The conditioning AP was evoked by applying a 5 ms current pulse of —12 pA/pF (K*-
mediated current) in the single myocyte experiment. In the 1D strand model experiment,
the stimulus current was magnified to —35 pA/pF in amplitude and 30 ms in duration
to evoke the conditioning AP, which propagated throughout the axis to the right end of
the strand.

To confirm whether the threshold phenomenon is observed in the single hVC model,
hyperpolarizing voltage clamp pulses of 5 ms in duration at various test potential (V)
levels in hyperpolarization were applied during the AP plateau phase. The compensation
current given by Equation (12) was applied at various selected time points during the AP

plateau phase.

1
Icompensation = _(Vt - Vm)fT (12)
gain

where fbgain was 1/(10 x dt), dt = 0.01 ms.

To trigger the propagation of repolarization in the 1D strand of myocytes, a trig-
ger current pulse of 400 pA/pF and 40 ms in duration was applied simultaneously to
100 myocytes (cell No. 50~150).

These stimulus currents as well as Icompensation Were added to the total membrane
current Iy n of the myocyte model, which is used to calculate dVy, /dt in each myocyte. The
propagation of repolarization started from the border of the segment of the 100 myocytes.
The movement of the wave of propagation was monitored by plotting the V,, in the 2D
display (the myocyte number abscissa and the time ordinate).

4.5. Induction of the Second Stable Equilibrium V, in Myocyte Model within the In Silico
1D Strand

The propagation of repolarization could be observed in a straightforward manner if the
myocyte strand was depolarized to a stable equilibrium potential near the plateau potential
around —5 mV. This was achieved by removing the slow V-dependent inactivation of Inar
from the state transition scheme, described later in Figure 3D. The equilibrium potential
was examined by recording the steady-state current-voltage relationship (I-V relationship)
by applying long voltage clamp pulses of 4.9 s in duration. After confirming that the
time-dependent changes were virtually saturated near the end of clamp pulses, the current
amplitude was measured. Influences of varying the In,1, were examined by changing the
fractional amplitude of the fixed I; state of InjL..

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/1jms242015378 /s1. Supplementary materials include model
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Abstract: Mutations in the KCNJ5 gene, encoding one of the major subunits of cardiac G-protein-
gated inwardly rectifying K* (GIRK) channels, have been recently linked to inherited forms of sinus
node dysfunction. Here, the pathogenic mechanism of the W101C KCNJ5 mutation underlying
sinus bradycardia in a patient-derived cellular disease model of sinus node dysfunction (SND)
was investigated. A human-induced pluripotent stem cell (hiPSCs) line of a mutation carrier was
generated, and CRISPR/Cas9-based gene targeting was used to correct the familial mutation as
a control line. Both cell lines were further differentiated into cardiomyocytes (hiPSC-CMs) that
robustly expressed GIRK channels which underly the acetylcholine-regulated K* current (Ix acp)-
hiPSC-CMs with the W101C KCNJ5 mutation (hiPSCW101C-CM) had a constitutively active I acp
under baseline conditions; the application of carbachol was able to increase Ix ach, further indicating
that not all available cardiac GIRK channels were open at baseline. Additionally, hiPSCW101-CM
had a more negative maximal diastolic potential (MDP) and a slower pacing frequency confirming
the bradycardic phenotype. Of note, the blockade of the constitutively active GIRK channel with
XAF-1407 rescued the phenotype. These results provide further mechanistic insights and may pave
the way for the treatment of SND patients with GIRK channel dysfunction.

Keywords: KCNJ5; sinus node dysfunction; hiPSC; cardiomyocytes; disease model; Ix ach blocker
XAF-1407

1. Introduction

Sinus node dysfunction (SND) is clinically manifested in sinus bradycardia, chronotropic
incompetence or sinus arrest as a cause of disturbed cardiac impulse generation, delayed
or absent cardiac conduction between sinoatrial node (SAN) and atria [1]. Depending on
the pathogenesis, SND can classified into primary or secondary SND [2]. Patients with
SND show a broad range of clinical symptoms, e.g., dizziness, syncope, fall [3], and it
may increase the risk of cardiac arrhythmias [4]. SND may be due to extrinsic or intrinsic
factors and both exhibit variable manifestations, as recently reviewed by Sathnur and
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colleagues [5]. It was increasingly recognized that ion channel dysfunction and inherited
forms of so-called channelopathies are an important cause for intrinsic and familial SND
resulting in an upcoming list of ion-channel genes being involved in SND (for reviews,
see [4,6-8]). Among them, the p.Trp101Cys (short: W101C) mutation in the KCNJ5 gene
has recently been identified in a family with SND [9]. KCNJ5 encodes the G-protein-gated
inwardly rectifying K* channel Kir3.4 (GIRK4), which is mainly expressed in the heart,
pancreas, and in parts of the adrenal gland [10-12]. Kir3.4 forms heterotetramers with Kir3.1
(GIRK1, encoded by KCNJ3), which results in the acetylcholine-activated G-protein-gated
inwardly rectifying K* (GIRK) channels which underly the K* current, Ix ocp [4,13], that
is present in the human SAN and atria. The activation of GIRK channels, resulting in an
increased Ix scp, elongates the intrinsic cycle length of SAN cells and hyperpolarizes the
maximal diastolic membrane potential (MDP) in SAN and atrial cardiomyocytes [14-18].
In addition to the high-level protein expression of GIRK4 subunits in atrium, a higher
expression was also detected in the hypothalamus [19]. Here, it was especially found in the
paraventricular nucleus of the cardiac vagal neurons, which may play an additional role in
heart-rate control and cardiac function [20].

Currently, 31 disease-causing variants in the KCNJ5 gene are known to date. Potential
heart disease variants in KCNJ5 have been described and may be causative for long QT
syndrome, Andersen-Tawil syndrome, atrial fibrillation, short QT syndrome, or unspecified
events like sudden cardiac arrest or sudden unexpected death [21-29]. However, due to
the small number of cases and mostly missing functional data, KCNJ5 is not a proven gene
for the respective diseases. In addition, mainly somatic variants have been associated with
primary aldosteronism and hypertension. The KCNJ5 variant W101C has been reported
as a gain-of-function variant in familial SND [9]; functional data in heterologous systems,
e.g., CHO cells and Xenopus oocytes, demonstrated a constitutively active Ix scp [9]; thus
far, data in human-derived cardiomyocytes disease models are lacking. Here, we gener-
ated patient-specific (from a KCNJ5 W101C mutation carrier) induced pluripotent stem
cells (hiPSC) and an isogenic control cell line via CRISPR/Cas9. Cardiomyocytes derived
from these hiPSC lines (hiPSC-CMs) were electrophysiologically analyzed by patch-clamp
techniques. We found that hiPSC-CMs with the mutant GIRK channel had a slowed pace-
making activity due to a constitutive channel activation and that Ix scp channel inhibition
might pave a way for potential targets for SND treatment.

2. Results
2.1. Generation and Genetic Correction of hiPSCs from a Patient with the W101C KCNJ5 Variant

For characterization of mutant and isogenic corrected Ix och channels, first patient-
specific peripheral blood mononuclear cells (PBMCs) were isolated via density gradient
centrifugation with Ficoll™ and frozen at —80 °C until further use. The reprogramming of
these PBMCs into stem cells was carried out via Sendai-virus-based vectors, as set out in
detail in Section 4.1. The cell clone KCNJ5 K8 was used for this study and registered in the
Human Pluripotent Stem Cell Registry (hPSCreg® number: UKMi005-A). In addition, an
isogenic control hiPSC line (hiPSC°™) was generated with CRISPR/Cas9-mediated genome
editing, as described in Section 4.3. Figure 1A shows a brightfield microscopy image
of the control KCNJ5 hiPSC line (hiPSC®'™), and Figure 1B demonstrates the successful
correction of the pathogenic KCNJ5 W101C variant as addressed by Sanger sequencing.
The hiPSC™ line maintained expression of NANOG, SOX2, and OCT4 on the RNA
level and protein level (Figure 1C-H), and CRISPR/Cas9-mediated genome editing
had no effect on the karyotype (Figure 11). This cell line is also registered at hPSCreg®
(number: UKMi006-A).
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Figure 1. Characterization of the hiPSC®™ line. (A) Brightfield microscopy picture of a cor-
rected KCNJ5 W101C hiPSC clone (hiPSC®'™). (B) Sanger sequencing results after correction of
the pathogenic KCNJ5 W101C variant. The nucleotide exchange at position ¢.303 was success-
fully corrected and a silent mutation for protection of the HDR-repair template (c.300C>G) was
inserted. (C-E) NANOG, SOX2, and OCT#4 as pluripotency markers on RNA level via RT-qPCR.
##* = p < 0.0001. (F-H) Immunofluorescence staining of NANOG (green), SOX2 (green), and OCT4
(green). The nucleus is stained with DAPI (blue). (I), Molecular karyogram of corrected KCNJ5
W101C hiPSC (hiPSC*°™). No chromosomal abrasions were detected.
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2.2. Variant W101C KCNJ5 Results in a Constitutively Active Ix ac, Current after Retinoic Acid
(RA)-Based Differentiation into Atrial-like hiPSCV101C-CMs

To study the effect of the W101C variant on Ix acp, isogenic hiPSC®™ and hiPSCW101C
lines were next differentiated into cardiomyocyte-like cells (hiPSC-CMs). Hence, a retinoic
acid (RA)-based differentiation protocol was used, from which it is well-known that they
promote the acquisition of atrial-like features and with robust expression of KCNJ3 as an
atrial marker (Supplement Figure S1C) [30-36]. Such hiPSC-CMs further enable electro-
physiological studies of mutations involved in Ix aoch channel activation [32].

First, it was tested whether the W101C KCNJ5 variant results in constitutively acti-
vated Ix scn channels, similarly as previously shown in a heterologous cell expression
system [9]. Therefore, we tested if the new developed highly-selective Ix scp current
inhibitor XAF-1407 [37-39] reduces Ix acp currents under baseline conditions during a de-
scending voltage-clamp ramp (see Section 4.9). Figure 2A,B shows typical recordings and
average current-voltage (I-V) relationships, respectively, in hiPSC®™™-CMs and hiPSCV101¢-
CMs. The results show that XAF-sensitive currents were virtually absent in hiPSC®™-CMs
(Figure 2A,B). However, in hiPSCW101C_.CMs, an XAF-sensitive current was clearly present
at baseline conditions (Figure 2A,B). For example, the average current density of the XAF-
sensitive current in hiPSCW101C-CMs at —120 mV was —1.2 + 0.2 pA/pF (n = 8), which is
significantly larger than in hiPSC®™-CMs (Figure 2B). Thus, the W101C KCNJ5 mutation
results in a constitutively active Ix ocp current in hiPSC-CMs.
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Figure 2. Ix acn densities in isogenic RA-treated hiPSC®™-CMs and hiPSCWI0IC_.CMs. (A) Typi-
cal ramp traces in the absence and presence of XAF-1407 (XAF), a selective Ix pocn channel locker,
in hiPSC-CMs and hiPSCW101C_.CMs. (B) Current-voltage (I-V) relationships of XAF-sensitive
currents in hiPSC"-CMs (black) and hiPSCW101C_CMs (red) under baseline conditions (left panel)
and dot plots of the XAF-sensitive currents at —120 mV (right panel). * = p < 0.05. (C) I-V rela-
tionships of CCh-sensitive currents (left panel) and dot plots of CCh-sensitive currents at —120 mV
(right panel). ns = not significant. (D) I-V relationships of XAF-sensitive currents in the presence
of CCh (left panel) and dot plots of XAF-sensitive currents in the presence of CCh at —120 mV
(right panel). ns = not significant.

Secondly, it was analyzed whether all mutant GIRK channels were constitutively
open due to the presence of the W101C mutation under baseline conditions and whether
carbachol (CCh), a structure analog of acetylcholine and agonist of the muscarinic receptor,
could open additional channels. By applying 10 uM CCh, a robust Ix cp, current could be
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evoked in both hiPSC®"-CMs and hiPSCW191C_CMs (Figure 2C). There was a tendency
of larger CCh-activated Ix aoch in hiPSC®™-CMs (Figure 2C), but this was finally not
significant (p = 0.08; unpaired t-test). In a third voltage clamp experiment, the total Ix acp
density, i.e., constitutively active Ix oc plus CCh-activated Ix ocn, was tested between
hiPSCe"-CMs and hiPSCW!0IC_.CMs. Therefore, we measured the XAF-sensitive current in
the presence of CCh. The XAF-sensitive current densities in the presence of CCh were not
significantly different between both hiPSC-CMs groups (Figure 2D). In addition, the I-V
relationships of XAF-sensitive current densities in the presence of CCh in hiPSC*""-CMs
and hiPSCWI0IC_CMs were virtually overlapping, indicating similar reversal potentials
(Erev; —77.3 4+ 5.0 mV for hiPSCW10IC.CMs (n = 7) and —74.2 + 4.1 mV for hiPSCC°""-CMs
(n = 6)) and amounts of rectification. Thus far, these series of voltage clamp experiments
showed that the W101C KCNJ5 mutation does not affect the total amount of Ix scp channels
or its I-V relationship in hiPSC-CMs but resulted in a more constitutively active Ix ach.

2.3. W101C KCNJ5 Results in a Lower Pacemaking Frequency in RA-Treated hiPSC-CMs

Subsequently, the effects of the W101C KCNJ5 variant on spontaneous activity were
evaluated. Figure 3A shows typical action potentials (APs) of a spontaneously beating
RA-treated hiPSC®™-CM and hiPSCW!9'C-CM under baseline conditions. The average
AP parameters are summarized in Figure 3B-F. hiPSCW1?1C.CMs had a slower sponta-
neous beating activity as indicated by the significant lower frequency of spontaneous
APs (Figure 3B). On average, the frequency in hiPSC®"-CM and hiPSCWV!"1C-CM was
2.0+ 0.2Hz and 1.5 + 0.1 Hz (p < 0.05, unpaired t-test), respectively. In addition, the
maximal diastolic potential (MDP) was about &6 mV more negative in hiPSCW101C.CMs
(=75.1 £ 0.6 mV) compared to the hiPSC®™-CMs (—69.3 £ 0.7 mV) (Figure 3C). Further-
more, the diastolic depolarization rate (DDR) was significantly slower in hiPSCV191¢-CMs
(19.3 £ 2.9 mV/s) compared to the hiPSC®™-CMs (49.6 &+ 6.3 mV/s) (Figure 3D). Other AP
parameters were unaffected by the W101C KCNJ5 variant, except for a lower AP plateau
amplitude in hiPSCV!91€-CMs (Figure 3E-G).
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Figure 3. Action potential (AP) parameters under baseline conditions in RA-treated hiPSC®“""-CMs
and hiPSCWI0I€.CMs. (A) Typical APs of a hiPSC"-CM and hiPSCW!91€.CM. (B-F) Dot plots of
spontaneous activity frequency: (B) maximal diastolic potential (MDP), (C) diastolic depolarization rate
(DDR), (D) maximal AP upstroke velocity, (E) AP amplitudes, (F) and AP durations at 20, 50 and 90% of
repolarization (APDyg, APDsp, and APDgg; (G)). * = p < 0.05; *** = p < 0.0001; ns = not significant.
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2.4. I acy Inhibition Restores Spontaneous Activity in RA-Treated hiPSCWI0IC_CMs

Since hiPSCW191€.CMs were shown to have a lower spontaneous beat frequency
and a more hyperpolarized MDPs (Figure 3), it was tested whether this was due to the
constitutively active channel as observed in hiPSCW1?1C.CMs (Figure 2). Therefore, the
effects of the Ix acp blocker XAF-1407 on spontaneous activity in RA-treated hiPSC®™"-CMs
and hiPSCW10IC.CMs were measured. Figure 4A shows typical APs in the absence and
presence of XAF-1407 and the average AP parameters in hiPSCW101C.CMs and hiPSC<"-
CMs are summarized in Supplemental Tables S1 and S2. XAF-1407 resulted in a faster
spontaneous or pacemaking activity in hiPSCV191€.CMs as indicated by the increased
frequency of the spontaneous APs (1.2 £ 0.1 Hz (baseline) vs. 1.7 &= 0.1 Hz (XAF-1407);
p <0.001, paired t-test; Supplemental Table S1), while it did not affect the pacemaking
activity of the isogenic control line hiPSC®™-CMs (Figure 4A, Supplemental Table S2). In
fact, the frequency of hiPSCW101C.CMs in the presence of the channel blocker (1.7 + 0.1 Hz,
n = 9) is now similar to the frequency of the hiPSC®"-CMs in the presence of XAF-1407
(1.7 & 0.3 Hz, n = 3). This indicates that Ix ocp current inhibition in hiPSCW10IC_CMs re-
stores the frequency of pacemaking. In addition, XAF-1407 also resulted in the depolar-
ization of the MDP in hiPSCW101C.CMs (—74.0 & 0.9 mV (baseline) vs. —72.3 + 1.0 mV
(XAF); p < 0.001, paired t-test; Supplemental Table S1), without a significant effect on the
MDP in hiPSC*-CMs (Figure 4A, Supplemental Table 52). XAF-1407 also significantly
decreased the Viax in hiPSCW191€-CMs (Supplemental Table S1), consistent with the re-
duced availability of sodium channels in response to MDP depolarization [40]. Other
AP parameters were not affected by XAF-1407 in hiPSCV19€.CMs and hiPSC®™-CMs
(Supplemental Tables S1 and S2). Thus, while AP parameters under baseline conditions
showed a clear phenotype in hiPSCW101C-CMs, this was absent in response to the XAF-
1407-induced blockade of the Ix ocp current. Thus, the slow-pacemaking phenotype with
hyperpolarized MDPs in RA-treated hiPSCW!91€-CMs under baseline conditions is impor-
tant due to the constitutively active GIRK channels.

In voltage clamp measurements (Figure 2), the acetylcholine analog CCh activated a
robust Ix aoch current in RA-treated hiPSC®"*-CMs and hiPSCW10IC_.CMs, but CCh had a
tendency to lower Ix ach density in hiPSCW10IC_.CMs. Next, the effect of 10 uM CCh on
spontaneous APs in both hiPSC-CMs groups was tested. In the RA-treated hiPSC“"*-CMs,
CCh caused a significant slowing of spontaneous activity and MDP hyperpolarization
(Figure 4B, Supplemental Table S2), consistent with previous findings in RA-treated control
lines of hiPSC-CMs findings [32,33]. On average, CCh decreased the frequency of sponta-
neous activity by approx. 47.6% from 2.1 £0.2 Hz to 1.1 + 0.1 Hz (n = 8, p < 0.001 (paired
t-test)), while the MDP increased by about 3.1% from —68.8 & 0.8 mV to —71.0 £ 0.6 mV
(n=8, p <0.01 (paired t-test)) in hiPSC®“°""-CMs (Supplemental Table S2). The AP upstroke
velocity (vmax) and AP amplitude (APA) increased significantly due to CCh application,
which both well reflect the increased availability of the cardiac sodium channels [40,41]
due to the MDP hyperpolarization. CCh did not affect AP durations (APDs) in hiPSC°""-
CMs (Supplemental Table S2). In the RA-treated hiPSCV19€-CMs, CCh induced a small,
but significant, slowing of spontaneous activity and MDP hyperpolarization (Figure 4B,
Supplemental Table S1). The frequency decreased by approx. 23.5% and the MDP increased
by 1.0 & 0.4%. Other AP parameters were unaffected, likely because the CCh-induced
changes in frequency and MDP are rather limited. The application of XAF-1407 in the
continued presence of CCh completely abolished the CCh-induced effects in both the
hiPSC°-CMs and hiPSCW!1€-CMs (Figure 4C, Supplemental Tables S1 and S2), indicat-
ing that they were mainly due to the activation of Ix ach-
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Figure 4. Effects of AP modulating substances in RA-treated hiPSC"-CMs and hiPSCW101C-CMs.
(A) Typical APs of a hiPSC®"-CM and hiPSCW!IC_.CM in the absence and presence of XAF.
(B) Typical APs of a hiPSC®®"-CM and hiPSCW!9I-CM in the absence and presence of CCh.
(C) Typical APs of a hiPSC®™-CM and hiPSCW101€.CM in the presence of CCh and after additional
application of XAF.

2.5. hiPSCW191C_Derived Ventricular-like Cardiomyocytes Do Not Show an Electrophysiological
Phenotype in Comparison with Controls (hiPSC®""-CMs)

Although Ix ach, is not functionally present in control ventricular-like hiPSC-CMs [32,42],
it could not be excluded that this is also the case in untreated, ventricular-like hiPSC-
CMs with the W101C KCNJ5 variant. Repeating the experiments of Figure 2, but now in
ventricular-like hiPSC-CMs, demonstrated that Ix ocp, was not present in both ventricular-
like hiPSCW101C.CMs and hiPSC'"-CMs (Figure 5A—~C). Consequently, the AP parameters
did not differ under baseline conditions, except for a lower Vpay in hiPSCWI0IC_CMs
(Supplemental Tables S3 and S4). Neither XAF, nor CCh and XAF in the presence of
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CCh altered the AP properties in ventricular-like hiPSCW10'C.CMs and hiPSC"-CMs
(Figure 5D-F, Supplemental Tables S3 and S4). Thus, the W101C KCNJ5 variant did not
induce an altered phenotype in ventricular-like hiPSC-CMs. In addition, because the
electrophysiological properties were largely similar in ventricular-like hiPSCW101C.CMs
and hiPSC™-CMs, additional side effects on other ion channels can be excluded.
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Figure 5. Electrophysiological properties in isogenic untreated, ventricular-like hiPSC®™-CMs and
hiPSCW10IC.CMs. (A) I-V relationships of XAF-sensitive currents under baseline conditions and dot
plots of the XAF-sensitive currents at —120 mV (right panel). ns = not significant. (B) CCh-sensitive
currents and dot plots of CCh-sensitive currents at —120 mV (right panel). ns = not significant.
(C) I-V relationships of XAF-sensitive currents in the presence of CCh and dot plots of XAF-sensitive
currents in the presence of CCh at —120 mV (right panel). ns = not significant. (D) Typical APs of
hiPSC-CM and hiPSCW!01C_CM in the absence and presence of XAF. (E) Typical APs of a hiPSC"*-
CM and hiPSCW101C_CM in the absence and presence of CCh. (F) Typical APs of a hiPSC®"-CM and
hiPSCW10IC.CM in the presence of CCh and after additional application of XAF-1407.

3. Discussion

As set out in the introduction, the W101C KCNJ5 variant is associated with brady-
cardia [9]. To study the exact electrophysiological mechanism underlying the slower
pacemaking activity in a human cardiomyocytes model, a patient-derived hiPSC line of a
patient carrying the familial pathogenic variant and having corrected the mutation were
generated, using CRISPR/Cas9-based gene editing, to create an isogenic control hiPSC
line. The hiPSC lines were differentiated into ventricular-like hiPSC-CMs, as well as into
atrial-like hiPSC-CMs that robustly expressed GIRK channels using RA-treatment dur-
ing differentiation (atrial-like CMs). In this study, the focus was on the phenotype of
hiPSC-CMs with the W101C KCNJ5, and the potential pharmacological rescue by XAF-1407,
rather than studying the mechanisms and/or modulation of the constitutively active GIRK
due to the W101C KCNJ5 mutation. However, the studied mutation is located in the first
transmembrane domain of GIRK4 [9], which is outside the GIRK4 channels regions such as
the N and C terminal known for activation and modulatory binding sites [43,44] or outside
the pore region of the GIRK4 channel which is important for selectivity changes [45]. This
suggests that the basic modulation of the W101C KCNJ5 mutant channel will not be affected.
Although further studies are required, at least Kir3.1 + Kir3.4W101C complexes in oocytes
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are still able to respond to M2 receptor stimulation [9] and selectivity is not affected as
demonstrated in the present study (Figure 2) and in the work of [9]. Constitutive agonist-
independent Ix sch is also observed in response to atrial fibrillation (AF) [46], and these
basal active channels has been extensively studies in the last two decades, as reviewed in
detail by Voigt and colleagues [44]. Among others, the novel PKC isoform, PKCe, which is
enhanced by AF [47], may cause an increased open channel probability of cardiac GIRK
channels by phosphorylation of the channel. The cytosolic C-terminal end of the GIRK4
channel, and especially Ser418, is critical for basal activity and the PKCe-mediated augmen-
tation, as recently demonstrated by Gada et al. [48], thus excluding such a mechanism for
the constitutively active GIRK due to the W101C KCNJ5 mutation. In addition, Logothetis
and colleagues created various other mutations in GIRK4 [49,50] and they demonstrated
that S143T GIRK4, which is within the pore region of the channel, gives rise to highly
active homomeric channels. Although this mutation was used to investigate the individual
properties of each subunit of the GIRK4 channel in detail [51,52], the mechanisms of the
constitutive active current due to S143T GIRK4 alone were not studied. Kuss et al., [9],
however, suggests that the constitutively active GIRK due to the W101C KCNJ5 have an
alteration of the spermidine binding site for W101 KCNJ5 as cause for the increased Ix ach.

The main findings of the present study are as follows: (1) in RA-treated hiPSC-CMs,
the W101C KCNJ5 variant resulted in a constitutively active Ix aocp current under baseline
conditions; (2) CCh application activated Ix acp in both RA-treated hiPSC®"*-CMs and
hiPSCW10IC_CMs; (3) the total Ix Ach density was similar in RA-treated hiPSC*™-CMs and
hiPSCWI0IC_CMs; (4) RA-treated hiPSCW101C_CMs had a lower spontaneous (pacemaking)
activity due to a more hyperpolarized MDP at baseline conditions; (5) Ix acn inhibition
rescued the spontaneous beating rate in hiPSCW10IC_CMs; (6) the W101C KCNJ5 variant
did not result in electrical abnormalities in untreated ventricular-like hiPSCW101C-CMs.
Thus, the present study demonstrates that the familial W101C KCNJ5 variant results in a
slowed pacemaking activity caused by constitutively active GIRK channels. Importantly,
the inhibiting of the constitutively active Ix ocp rescues the bradycardic phenotype which
is of importance for clinical applications.

Of note, in RA-treated hiPSC-CMs, no significant changes were found in AP repo-
larization as indicated by the lack of APD changes in response to CCh, although there
is a substantial Ix och present at positive potentials due to relatively weak inward recti-
fication (Figure 2). The absence of AP repolarization changes is in line with the work of
Veerman et al. [22] and Li et al. [23], who found that CCh did not lead to major alterations
in APD in RA-treated hiPSC-CMs, except when I ocy, is largely increased by a GNB5
variant [32,33]. In contrast, muscarinic receptor activation in human atrial tissue [53,54]
and freshly isolated human isolated cardiomyocytes [55] results in an AP shortening. The
exact reason for this discrepancy is unknown, but it may be related to the still somewhat
immature electrophysiological properties of hiPSC-CMs [56] and potential differences in
Ix ach density between hiPSC-CMs (Figure 2) and human atrial cells [55]. Early- and
late-stage development differences in Ix Ac are known due to differences in Kir3.1 and
Kir3.4 expression, but our Ig ocp, I-V relationship better matches the late-stage than the
early-stage development, due to the weaker inward rectification. Further studies using
identical experimental protocols are required to solve this issue in detail. Nevertheless,
muscarinic receptor activation in freshly isolated rabbit SAN cells does not affect the
APD [15], indicating that our used cells’ response is closer to SAN cells than human atrial
myocytes. This is supported by the slowing of spontaneously activity in our hiPSC-CMs
due to muscarinic receptor activation, which is a hallmark for cardiac pacemaker cells [57].

CCh neither induced an Ix scp nor affected the pacemaker frequency or MDP in our
ventricular-like hiPSC-CMs. These findings are in line with previous studies [32,33,42].
In addition, we found no effects on APD in response to CCh, although it is known that
muscarinic cholinergic agonists result in a significant decrease in L-type Ca?* currents
Ica 1 in ventricular-like hiPSC-CMs [54]. Consequently, an AP shortening may be assumed;
however, it was not present here. The lack of major APD changes is in agreement with
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other studies [32,33,42,54] and is likely due to the muscarinic-agonists-induced decrease in
Ixy [54] and Ikg [58], which limits major changes in the net repolarizing current [54].

In the present study, a limited number of cells was used in some phases of the study,
especially when the effects of the Ix scn blockade and CCh were tested. However, we
have performed paired experiments, thus considerably raising the power of statistics at
these small numbers of experiments. In addition, the principal findings of the voltage
clamp experiments were confirmed by our AP measurements. Furthermore, we found
that the Erey of Ix Ach is slightly more positive than the calculated E, in agreement with
previous findings in RA-treated hiPSC-CMs [42] and human embryonic stem cell-derived
cardiomyocytes [30]. The exact reason is speculative but may be related to a slightly reduced
K* selectivity of GRIK channels in hiPSC-CMs. We exclude the immature phenotype of
hiPSC-CMs as the reason. Although the ratio between Kir3.1 and 3.4 differs between
early- and late-stage development, with consequent differences in rectification, the reversal
potential is not different between early- and late-stage development [59]. Nevertheless,
because the Eyey is similar in RA-treated hiPSC®"-CMs and hiPSCW101C.CMs (Figure 2D),
we exclude mutation-induced loss of ion selectivity, as is shown for some other KCNJ5
mutations [45]. In addition, RA-treated hiPSC-CMs were used as a surrogate for SAN cells,
similar to those employed by Veerman et al. [22]. Very recently, however, differentiation
protocols have been developed to create SAN-like hiPSC-CMs [33], but this protocol
is not yet commonly used in pacemaker research and was not available at the start of
our study. Nevertheless, RA-treated hiPSC-CMs exhibit HCN4 and spontaneous activity
that is sensitive for the pacemaker current (If) blocker, ivabradine [33], and they display
Ix Ach suggesting that they are suitable to study pacemaker-related changes [32]. In fact,
spontaneous activity changes in response of CCh and I blockade are largely similar in
SAN-like and RA-treated hiPSC-CMs [33], suggesting that our results are not hampered by
our used differentiation protocol.

In conclusion, our study shows that the W101C KCNJ5 mutant—when analyzed in a
patient-derived disease model—results in slowed pacemaking by a constitutively active
Ix Ach and that Ix Acp, inhibition may be useful for clinical applications.

4. Materials and Methods
4.1. Human iPSC (hiPSC) Generation

The study was approved by the Ethics Committee of the Westfdlische Wilhelms
University (file number 2010-048-f-s, 2020-302-f-S, 2022-103-{-S). Written informed consent
was obtained from the patient.

For the generation of the KCN/5-hiPSC line, PBMCs with the W101C KCNJ5 mutation
were isolated from the patient’s EDTA blood via density gradient centrifugation with
Ficoll™ (Sigma-Aldrich, Taufkirchen, Germany). Therefore, the blood plasma was removed
by centrifuging the EDTA blood (1000x g, 10 min) and the cell pellet was washed with a
PBS-buffer mix (DPBS, 2 mM ETDA; 1% BSA) and frozen at —80 °C with Cryo-SFM media
until reprogramming.

The Cytotune™-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific, Carls-
bad, CA, USA) was used for the hiPSC generation process. Cells were seeded for trans-
duction with three Sendai-virus-based vectors (KLF4, SOX2, OCT3/4, c-MYC) as stated
in manufacture’s advice. After low-density seeding, clones were picked and cultivated
until checking for virus clearance by immunocytochemistry staining (anti-Sendai Rabbit
polyclonal antibody; MBL International, Woburn, MA, USA).

4.2. Human iPSC Culture

hiPSCs with W101C KCNJ5 variant were cultured in FTDA medium (DMEM /F12
(Gibco, Life Technologies, Paisley, UK) with 2 mM L-Glutamine (ThermoFisher), 1x ITS
(Corning, Bedford, MA, USA), 0.1% HSA (Lucerna-Chem, Lucerne, Switzerland), CD lipid

concentrate (Gibco, Life Technologies, Paisley, UK), 50 nM Dorsomorphin (Santa Cruz
Biotechnology, Heidelberg, Germany), 2.5 ng/mL Activin A (STEMCELL Technologies,
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Vancouver, BC, Canada), 0.5 ng/mL TGF{31 (ThermoFisher), 30 ng/mL FGF2 (PeproTech,
Cranbury, NJ, USA)) on Matrigel (Corning)- or Geltrex (Thermo Fisher Scientific)-coated
plates [60,61]. Cells were examined daily under a light microscope for differentiated sites,
density, and morphology.

At 90-100% confluence of the monolayer, hiPSC were passaged with Accutase (Sigma-
Aldrich, Taufkirchen, Germany) and 10 pM Y-27632 (Abcam, Amsterdam, Netherlands).
For maintenance, 500,000 to 600,000 cells per 6-well plate were laid out in new FTDA
medium with ROCK-inhibitor.

4.3. hiPSC Editing Using CRISPR/Cas9 (hiPSC®'" Generation)

For the in silico design of the crRNA, the Custom Alt-R® CRISP/Cas9 guide RNA
design tool was used and the HDR-repair template was designed with the Custom Alt-R®
CRISPR-Cas9 guide RNA Design-Tool (https://eu.idtdna.com/site/order/designtool/
index/CRISPR_CUSTOM,; accessed on 10 August 2019) from Integrated DNA Technologies
(IDT, Leuven, Belgium). Additionally, we used CRISPOR (http:/ /crispor.tefor.net/, version
4.95). CRISPOR is a web-based tool which helps to design, evaluate, clone and select guide
sequences for the CRISPR/Cas9 system [62,63]. ctRNA with a low off-target and high on-
target score and specificity towards the mutant allele were used for CRISPR/Cas9-mediated
HDR repair (Supplemental Table S5).

First, a duplex with the designed crRNA and tracrRNA was formed and mixed with
a ratio of 1:1.2 ALT-R Cas9 enzyme (IDT) for RNP-complex formation according to the
manufacturer’s advice. For RNP delivery to the KCNJ5 W101C variant-hiPSC (hiPSCW101C)
the P4 Primary Cell 4D-Nucleofector™ Kit (Lonza, Cologne, Germany) was used. Therefore,
800,000 hiPSC were harvested with Accutase (Sigma-Aldrich) and 10 uM Y-27632 (Abcam),
transferred to a sterile centrifugation tube, centrifuged at 200x g (2 min), and the cell pellet
resolved in 100 pL of nucleofector solution (Kit P4 Primary Cell 4D-Nucleofector™). Then,
1 uL of ssODN and 1 uL of Alt-R® Cas9 Electroporation Enhancer (IDT) was added to
the cells. In total, 4 pL of the previously formed RNP complex was added and the cell
suspension was transferred to the nucleofection cuvette. On the 4D nucleofector system
(Lonza), the CA-137 program was used. After nucleofection was complete, cells were
incubated at 37 °C for 5 min in an incubator, 500 puL of the mTESR plus (STEMCELL
Technologies) with Clone R (STEMCELL Technologies) was added, and another 500 pL of
medium was laid out on a 12-well plate. After 48 h, cells were detached using Accutase
(Sigma-Aldrich) + 10 uM Y-27632 (Abcam) and separated via low-density seeding on a
6-well plate to allow clonal growth. When sufficient cell growth had occurred, the cells
were split. Here, one part was laid out on a 24-well plate and the other part was used for
DNA isolation and mutation analysis.

4.4. Sequencing Analysis

DNA isolation of the young CRISPR/Cas9 clones was carried out based on the protocol
of Li et al. [64]. For this purpose, 10 uL of the cell suspension was taken during splitting,
centrifuged at 200x g for 2 min, and the supernatant was discarded. The cell pellet was
resuspended in 5 uL. 1x PCR buffer (Thermo Fischer Scientific) containing 1 pL protease K
solution [20 png/uL] (Qiagen, Hilden, Germany) and incubated for 5 h at 56 °C. To inactivate
the protease K, the preparation was heated for 15 min at 95 °C in a thermal cycler. The
DNA concentration obtained was determined and diluted to approx. 30 ng/uL with AE
buffer for subsequent sequencing.

The sequencing reaction was performed using the BigDye® Terminator v3.1. cycle
sequencing kit (Applied Biosystems, Life Technologies, Waltham, MA, USA) and specific
primer pairs for KCNJ5 (Supplemental Table S5).

4.5. Karyotype Analysis

Karyotypes of hiPSC lines were tested with the NanoString nCounter Elements tech-
nology with a customized NanoString Probe Set based on nCounter® Human Karyotype
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Panel following the manufacturer’s advice. In short, 200 ng gDNA was fragmented by
Alul digestion. After hybridization with the Capture and Reporter Probe Set at 65 °C,
the samples were analyzed on the nCounter® Sprint Profiler (NanoString Technologies,
Seattle, WA, USA) and evaluated based on the manufacturer’s protocol for copy number
variation (CNV).

4.6. Cardiac Differentiation of hiPSC

On the day of differentiation, the confluent monolayer was detached with
Accutase + 10 uM Y-27632 and the remaining cell suspension was centrifuged (200x g,
2 min). The cell pellet was resuspended in differentiation medium (KO-DMEM (Gibco),
1x Penicillin/Streptomycin/Glutamine (Thermo Fisher Scientific), 5 ug/mL ITS (Corning),
10 uM Y-27632 (Abcam), 200 ng/mL FGF2 (PeproTech), 1 nM CHIR-99021 (STEMCELL
Technologies), and 0.75 to 1.0 nM BMP-4 (tested before) (STEMCELL Technologies) [61],
and the cell number determined. For KCNJ5-hiPSC lines, 550,000 cells were transferred
to a new tube, filled with differentiation medium and mixed with the optimal amount of
BMP-4 (tested before) (STEMCELL Technologies), and laid out on matrigel-coated 24-well
plates. After 24 h, the differentiation medium was replaced with TS-ASC (KO-DMEM
(Gibco), 5.5 mg/L Transferrin (Sigma-Aldrich), 6.75 ug/L Selenium (Sigma-Aldrich),
1x Penicillin/Streptomycin/Glutamine (Thermo Fisher Scientific), and 250 uM ascor-
bate (Sigma-Aldrich)) [61]. On Day 2 and 3, TS-ASC was supplemented with 0.5 mM
C59 (R&D Systems, Minneapolis, MN, USA) for inhibition of the Wnt signaling pathway.
Subsequently, the cells were supplied with TS-ASC until the onset of cell contraction.

For atrial cardiac-like cells, 0.5 uM all-trans-retinoic acid (RA; Sigma-Aldrich) was
applied during Day 3 and 4 of differentiation to promote the acquisition of atrial-like fate
and expression of the GIRK channels [30-32]. To exclude the effect of the RA solvent, an
equal amount of DMSO was added to the ventricular-like hiPSC-CM during differentiation.

For electrophysiological experiments, hiPSC-CM cultures were enzymatically disso-
ciated into single cells and plated at a low density on glass slides coated with 0.1% gela-
tine/Matrigel in KO-THAI media (KO-DMEM (Gibco), 1 x Penicillin/Streptomycin/Glutamine
(Thermo Fisher Scientific), 0.2% human serum albumin (Lucerna-Chem), 250 uM ascorbate
(Sigma-Aldrich), 5 pg/mL ITS (Corning), and 0.004% (v/v) Thioglycerol (Sigma-Aldrich)).
All experiments were performed on cells from at least 3 independent differentiation replicates.

4.7. Immunofluorescence Staining and Imaging

For the detection of OCT3/4, NANOG, the cells were stained using the Human
Pluripotent Stem Cell Marker Antibody Panel Plus from R&D Systems. For the immunoflu-
orescence detection of SOX2, an antibody from Abcam (ab137385) was used.

4.8. RT-gPCR

Total RNA was prepared using the Quick-RNA Miniprep- Kit (Zymo Research Corp.,
Irvine, CA, USA) according to the manufacturer’s instructions. Reverse transcription was
performed using the QuantiTect Reverse Transcription Kit from Qiagen according to the
manufacturer’s recommendation. The cDNA obtained was stored at —20 °C until use.

For the RT-qPCR, the QuantiTect SYBR Green PCR Kit (Qiagen) or the Luna Universal
qPCR Master Mix (NEB, Ipswich, MA, USA) was used according to the manufacturer’s
protocol and primers (Supplemental Table S5).

4.9. Cellular Electrophysiology in hiPSC-CMs
4.9.1. Data Acquisition

Spontaneously beating hiPSC-CMs showing regular, synchronous contractions were
selected for patch-clamp recordings. Membrane currents and APs were recorded with
the amphotericin-perforated patch-clamp technique using an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA, USA). Signals were low-pass filtered with a cut-off
of 5 kHz and digitized at 5 kHz. Voltage control and data acquisition were realized with
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custom-made software Scope (version 04.04.27; kindly provided by ]. Zegers) and analysis
was performed with the custom-made software, MacDaq (version 8.0; kindly provided
by A. van Ginneken). The experiments were performed at 36 &+ 0.2 °C and the potentials
were corrected for the calculated liquid junction potential [65]. Cells were superfused with
modified Tyrode’s solution containing (in mM): NaCl 140, KCl1 5.4, CaCl, 1.8, MgCl; 1.0,
glucose 5.5, and HEPES 5.0; pH was set to 7.4 with NaOH. Patch pipettes were pulled
from borosilicate glass (Harvard apparatus, UK) and had resistances of 2.0-3.0 MQ) after
filling with the pipette solution containing (in mM): K-gluconate 125, KCl 20, NaCl 5,
amphotericin-B 0.44, and HEPES 10; pH was set to 7.2 with KOH. Cell membrane capac-
itance (C) was estimated by dividing the time constant of the decay of the capacitive
transient in response to 5 mV hyperpolarizing voltage clamp steps from —40 mV by the
series resistance. For membrane current measurements, series resistance was compensated
by >70%.

4.9.2. Voltage Clamp Experiments

Membrane currents were measured in voltage clamp mode during a descending
RAMP protocol from 20 to —120 mV from a holding potential of —40 mV [30,66]. We
measured membrane currents sensitive to 100 nM XAF-1407 and 10 uM CCh. Current
densities were calculated at a fixed potential during the RAMP, i.e,, —120 mV, —110 mV,
—100 mV, etc., (Figure 2B) by dividing the current amplitudes by Cp,.

4.9.3. Current Clamp Experiments

APs were recorded in current clamp mode from spontaneously beating single hiPSC-
CMs. APs were recorded under baseline conditions and after 4-5 min of application of the
various drugs, including 10 uM CCh to activate Ix ocn [30,32] and/or 100 nM XAF-1407
to block Ix ach [37,38]. APs were characterized by maximal diastolic potential (MDP),
maximum upstroke velocity (Vmax), maximum AP amplitude (APA), AP plateau amplitude
(APAp] -defined as the potential difference between MDP and potential at 20 ms after the
upstroke), and the duration at 20, 50, and 90% repolarization (APD;y, APDsp, and APDyy,
respectively). The diastolic depolarization rate (DDR) was measured over the 50 ms time
interval starting at MDP + 1 mV. MDP + 1 mV was used rather than MDP because the time
at which the MDP + 1 mV was reached could be determined more reliably than the time at
which the MDP was reached [67]. The parameter values obtained from 10 consecutive APs
were averaged.

4.10. Statistics

Data are presented as the mean £+ SEM. Statistical analysis was carried out with
GraphPad Prism 6 software (GraphPad Software, Inc., Boston, MA, USA). Normality and
equal variance assumptions were tested with the Kolmogorov-Smirnov, D’ Agostino and
Pearson omnibus, or the Shapiro-Wilk test, respectively. For normally distributed data,
the (un)paired t-test was used and for non-normally distributed data, we used the Mann—
Whitney-Rank sum test or the Wilcoxon test. p < 0.05 was considered statistically significant.
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Abstract: Pulmonary veins (PV) are the main source of ectopy, triggering atrial fibrillation. This study
investigated the roles of G protein-coupled inwardly rectifying potassium (GIRK) channels in the
PV and the left atrium (LA) of the rat. Simultaneous intracellular microelectrode recording from the
LA and the PV of the rat found that in the presence or absence of acetylcholine, the GIRK channel
blocker tertiapin-Q induced AP duration elongation in the LA and the loss of over-shooting AP in
the PV, suggesting the presence of constitutively active GIRK channels in these tissues. Patch-clamp
recordings from isolated myocytes showed that tertiapin-Q inhibited a basal inwardly rectified
background current in PV cells with little effect in LA cells. Experiments with ROMKI1 and KCal.1
channel blockers ruled out the possibility of an off-target effect. Western blot showed that GIRK4
subunit expression was greater in PV cardiomyocytes, which may explain the differences observed
between PV and LA in response to tertiapin-Q. In conclusion, GIRK channels blockade abolishes AP
only in the PV, providing a molecular target to induce electrical disconnection of the PV from the LA.

Keywords: rat; cardiomyocytes; pulmonary veins; left atria; GIRK channels; tertiapin-Q; constitutive
activity; electrophysiology

1. Introduction

Ectopic activities arising from the cardiac sleeves of the human pulmonary vein (PV)
are responsible for triggering atrial fibrillation [1]. Over the past few years, numerous
studies have been conducted to characterize differences in the physiology of atrial and
PV cardiomyocytes in an attempt to understand this phenomena (For review, [2]). In a
rat PV-Left atria (LA) preparation, we showed that selective activation of «l-adrenergic
receptors resulted in the abolition of electrical conduction within the PV, whereas electrical
activity was maintained in the LA of the rat [3]. This effect was reversed by adenosine,
which activates the G protein-coupled inwardly rectifying potassium (GIRK) channels [4,5],
suggesting a role of these channels in PV electrical conduction.

Cardiac GIRK channels are composed of four subunits which are associated to form
hetero-(Kir3.1/3.4) or homotetramers (Kir3.4/3.4) involved in the response of the atria to
the vagal/parasympathetic nervous system activation [6]. Remodeling of atrial electrophys-
iology during the development of cardiac pathologies such as tachycardia and fibrillation
have been found to include the development of constitutively active GIRK channels in
man and a number of animal models [7-10]. The mechanisms leading to the conversion
from GIRK activation by the 3y subunits of G-protein coupled receptors into spontaneous
opening are still unclear [11-14].

In the atria, the peptide toxin tertiapin-Q (TQ), which selectively blocks the GIRK/Kir3.n
channels family [15-17], reverses action potential (AP) shortening induced by acetylcholine
(ACh). TQ induces also by itself atrial AP elongation in pathological [8,10,18] as well as
in young and healthy animal models [19-21]. In consequence, GIRK channels could also
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provide a constitutively active background K* conductance in the atria under physiological
conditions.

This study was undertaken to compare the contribution of GIRK channels on AP in
PV and LA cardiomyocytes. We found that TQ increased action potential duration (APD)
in the LA, whereas a depolarization of the membrane inducing AP abolition was observed
in the PV. Taken as a whole, these results suggest that GIRK channels may contribute
more significantly to the regulation of constitutively active background K* conductance
in PV than in LA cardiomyocytes, offering a new pharmacological approach to inhibit the
conduction of PV ectopic activity to the LA, triggering atrial fibrillation.

2. Results
2.1. Differential Effects of Tertiapin-Q upon the PV and the LA in Presence of Acetylcholine

The contribution of GIRK channels was investigated by studying the effect of TQ in
presence of ACh on AP, simultaneously recorded at the frequency of 5 Hz in the PV and
the LA of the same preparation (n = 5).

In the PV, 1077 M ACh induced a slight but not statistically significant hyperpo-
larization (p = 0.071) with a significant (p = 0.025) increase in AP peak (Figure 1a,b,e).
Unexpectedly, in the continued presence of Ach, the addition of 150 nM TQ led to a signifi-
cant depolarization of PV from —76.6 & 1.1 mV to —57.8 £ 1.2 mV (p < 0.001) and to the
suppression of AP, which are replaced by small electrotonic waves (Figure 1c,e). In the LA,
neither 10~7 M ACh alone nor ACh and 150 nM TQ had any significant effect upon DMP or
AP peaks (Figure 1la—d). ACh alone reduced LA APDyg from 43.8 + 1.4 ms to 35.9 &= 1.0 ms
(p = 0.002). The addition of TQ then increased LA APDqg; to 57.2 & 3.0 ms (p < 0.001). This
latter value was also significantly greater than the APDyj, which had been recorded under
basal conditions (p = 0.004).
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Figure 1. Effects of 1077 M acetylcholine (ACh) and 150 nM tertiapin-Q (TQ) on electrically evoked
(5 Hz) action potentials recorded simultaneously in the LA wall (LA) and the pulmonary vein
(PV) of the same preparation. Pairs of individual traces (a—c) are from a continuous recording
obtained under basal conditions (a), then during ACh superfusion (b), and finally in the presence
of ACh with the addition of tertiapin-Q (c). (d,e) represent the results obtained from individual
microelectrode penetrations in the LA and PV of five preparations, respectively. Squares represent
diastolic membrane potential (DMP); circles represent action potential peak values (AP peak). Open
symbols represent mean values. SEM are not visible on the figure because they are smaller than
the symbols.
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These results indicate that 150 nM TQ had effects over and above the simple reversal
of the effects of 10~7 M ACh. Traces in Figure 1c clearly show that, in the same preparation,
TQ abolished AP in the PV, whereas they were still recorded in the LA.

2.2. Direct Effects of Tertiapin-Q upon the PV and the LA

We then examined the effects of TQ upon AP recorded simultaneously in the PV and
LA of the same preparations in the absence of ACh (Figure 2, n = 10).

T
Basal TQ

Figure 2. Effects of 150 nM tertiapin-Q (TQ) on electrically evoked (5 Hz) action potentials recorded
simultaneously by intracellular microelectrodes placed in the LA wall (LA) and the pulmonary
vein (PV) of the same preparation. Pairs of individual traces (a,b) are from a continuous recording
obtained from one preparation under basal conditions (a), then during the superfusion of tertiapin-Q
(b). (c,d) represent the results obtained from individual microelectrode penetrations in the PV and
LA of ten preparations, respectively. Squares represent diastolic membrane potential (DMP); circles
represent action potential peak values (AP peak). Open symbols represent mean values. SEM are not
visible on the figure because they are smaller than the symbols.

In these conditions, 150 nM TQ evoked a significant depolarization of PV from
—741£08mV to —57.4 £ 1.7 mV (p < 0.001) associated with the replacement of AP
by small electrotonic waves (Figure 2a—c). In the LA of the same preparations, TQ had no
significant effect upon either the DMP (p = 0.173) or AP peak (p = 0.077) (Figure 2a,b,d), but
it significantly increased LA APDg( from 45.7 & 1.5 ms to 58.1 = 1.3 ms (p < 0.001).

To investigate if TQ had direct effect upon the whole rat heart in our experimental
conditions, its effect on sino-atrial node AP was studied. The application of 150 nM TQ
alone had no effect upon spontaneous AP frequency (4.5 & 0.01 Hz in basal condition
versus 4.5 £ 0.1 Hz in TQ; p = 0.876), phase 4 duration (93.6 £ 6 ms in basal condition
versus 90.4 + 6 ms in TQ; p = 0.72), and APDgg (72.9 £ 2.9 ms versus 75.5 &+ 3.6 ms in
TQ; p= 0.636) recorded in 5 different preparations. On the other hand, TQ was able to
significantly reverse the effects of 107® M of the muscarinic receptor agonist carbachol
upon these parameters (Table S1).

2.3. Reversal of Tertiapin-Q Effects upon the PV and the LA
2.3.1. Reversal of Tertiapin-Q Effects by Acetylcholine

In the continuous presence of 150 nM TQ, we showed that 10~7 M ACh had no signifi-
cant effect upon PV DMP or AP peak (Figure 3a,c; Table 1). Increasing the concentration of
ACh to 107° M led to a significant hyperpolarization of PV (Table 1) and the restoration of
over-shooting AP in 4 of the 7 preparations (Figure 3a,c). However, both PV DMP and AP
peak were significantly less than those recorded in 10~ M ACh under control conditions

131



Int. J. Mol. Sci. 2023, 24, 13629

(Table 1). In the LA of the same preparations, while the different concentrations of ACh had
no significant effect upon either DMP or AP peak (Figure 3b,d; Table 1), a concentration-
dependent decrease of LA APDyy was observed (Figure 3b; Table 2), though LA APDgy was
significantly greater than equivalent data obtained from control experiments in ACh alone
(Table 2).
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Figure 3. Concentration-dependent effects of acetylcholine (ACh) upon electrically evoked (5 Hz)
action potentials in the PV and LA in the continuous presence of 150 nM tertiapin-Q (TQ). Traces are
from a continuous recording obtained from one preparation in the PV (a) and LA (b). Data points
linked by lines represent the results obtained from individual microelectrode penetrations in the PV
(c) and LA (d) of 7 different preparations. Squares represent diastolic membrane potential (DMP);
circles represent action potential peak values (AP peak). The mean and SEM values of the data are
shown in Table 1.

Table 1. Effects of acetylcholine (ACh) upon the PV and LA of the rat in the presence (n = 7) and the
absence (n = 10) of 150 nM tertiapin-Q (TQ). Each preparation was stimulated electrically at 5 Hz.
The data shown for tertiapin-Q represent the means + SEM of the individual data points shown in
Figure 3. p values in italics are given for statistical comparisons between data for diastolic membrane
potential (DMP, in mV) and action potential peak values (AP peak, in mV) recorded under TQ and
TQ +10~7 M ACh, TQ + 107 M Ach, and TQ + 10~® M ACh and TQ + 107® M ACh and 10~® M
ACh alone. The data for the effects of 107® M ACh alone were obtained from a separate series of

experiments.
TOQ+ TOQ+ _6
TQ 107 M ACh 106 M ACh 107° M ACh

PV

DMP -5563+£18 p =0.145 -587+13 p <0.001 —-709+£23 p=0.012 —-772+£10
AP peak —492+13 p=0.988 —492 +£25 p <0.001 56 4.0 p <0.001 234+1.3

LA

DMP —-727+£13 p =0.895 -729+11 p =0.959 —-728+£1.6 p =0.042 —-76.3 £ 0.7
AP peak 19012 p=0417 177 £ 1.0 p =0.401 189 £ 0.9 p=0471 177 £ 1.1
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Table 2. Concentration-effect of acetylcholine (ACh) under control conditions or in the presence
of 150 nM tertiapin-Q upon action potential duration (APDgg, in ms) of the left atria electrically
stimulated at 5 Hz. p values in italics are given for statistical comparisons of the basal, 1077 M
and 107® M ACh values are recorded under their respective experimental condition (control or
tertiapin-Q). p values in bold are given for statistical comparisons between data obtained under
control and tertiapin-Q condition in the absence or presence of ACh. APDg values were obtained

from experiments shown in Figure 3.

Basal 10-7 M ACh 10-¢ M ACh
Control (n = 10) 384109 p <0.001 299 +1.2 p <0.001 193+1.3
p < 0.001 p < 0.001 p < 0.001
Tertiapin-Q (n =9) 528 £ 1.6 p =0.002 45.0£1.0 p =0.001 39.6 £1.0

2.3.2. Reversal of Tertiapin-Q Effects through Kir6.2 Channel Activation

We used the pinacidil analog P1075 to activate Kir6.2 (KATP) channels that are unaf-
fected by TQ [17]. In PV, in the presence of 150 nM TQ, P1075 evoked a strong hyperpolar-
ization from —56.8 &= 1.7 to —78.3 &= 1.0 mV (p < 0.001), and the recovery of over-shooting
AP from the electrotonic waves at —54.0 = 1.9 to0 19.3 £ 0.4 mV (p < 0.001) in each of the
7 different preparations (Figure 4a,c). In the same preparations, P1075 had no effect upon
either DMP (—74.7 &+ 1.3 versus —76.3 = 1.2 mV: p = 0.383) or AP peak (16.5 + 1.2 versus
19.5 £ 0.8 mV: p = 0.063) in the LA (Figure 4b,d). P1075 significantly reduced LA APD
under control conditions and in the presence of 150 nM TQ (Figure 4b; Table 3). In contrast
to the results obtained with ACh (Table 2), there was only a slight difference between LA
APD recorded in P1075 in the presence and the absence of TQ (Table 3).

Taken as a whole, these results show that TQ had a direct effect upon both the PV and
LA of the rat, suggesting the existence of a constitutively active GIRK channels population
in these tissues.

TQ +P1075

TQ +P1075

20 ms 20 ms

T
TQ TQ TQ T-Q
P1075 P1075

Figure 4. Recovery of over-shooting action potentials in the pulmonary vein (PV) by activation of
Kir6.2 (KATP) channels with the pinacidil analog P1075 in the presence of tertiapin-Q (TQ). Electrically
evoked (5 Hz) action potentials simultaneously recorded by intracellular microelectrodes placed
in the LA wall (LA) and the PV. The pairs of individual traces are from a continuous recording in
the PV (a) and the LA (b) in the presence of first 150 nM tertiapin-Q, then following the addition
of 30 uM P1075. (c,d). Data points linked by lines represent the results obtained from individual
microelectrode penetrations in the PV (c) and LA (d) of seven different preparations, respectively.
Squares represent diastolic membrane potential (DMP); circles represent action potential peak values
(AP peak). Open symbols represent mean values. SEM are not visible on the figure because they are
smaller than the symbols.
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Table 3. Effects 30 uM P1075 under control conditions or in the presence of 150 nM tertiapin-Q
upon action potential duration (APDg, values in ms) of the left atria electrically stimulated at 5 Hz.
p values in italics are given for statistical comparisons between data obtained with P1075 and the
basal values recorded under their respective experimental condition (control or tertiapin-Q). p values
in bold are given for statistical comparisons between data obtained under control and tertiapin-Q
condition in the absence or presence P0175. APDyg values were obtained from experiments shown in

Figure 4.
Basal P1075
Control (n=9) 425421 p <0.001 11.5+1.2
p <0.001 p =0.020
Tertiapin-Q (n =7) 56.4 £ 2.1 p <0.001 16.3+1.5

2.4. Selectivity of Tertiapin-Q against GIRK Channels in PV and LA Cardiomyocytes

The initial study describing the synthesis of TQ demonstrated that it had a high
affinity for GIRK channels, whereas IRK1 (Kir2.1) channels were essentially insensitive
to this molecule [22]. However, TQ was also shown to be effective against the Maxi-K*
(KCal.1) channels [23] and ROMK1 (Kirl.1) [15], the latter being expressed in rat PV
cardiomyocytes [24]. The Maxi-K* channel blocker iberiotoxin [25] and the Kirl.1 channel
blocker VU591 [26] were therefore tested upon the quiescent membrane potential of rat PV
cardiomyocytes [27] and compared with a subsequent exposure to TQ (Figure 5a). Neither
iberiotoxin (Figure 5b: p = 0.974) nor VU591 (Figure 5c: p = 0.698) had any significant
effect. In both cases the subsequent application of TQ evoked a significant depolarization
(p <0.001 and p = 0.022, respectively). We conclude that, in the rat PV, the effects of TQ
were not due to an action of the toxin on its other known molecular targets.
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Figure 5. Comparison of the effects of iberiotoxin (IBTX), VU591, and tertiapin-Q (TQ) upon the
quiescent membrane potential of cardiac muscle in the pulmonary vein (PV) of the rat. (a) Repre-
sentative experiment comparing the effects of first iberiotoxin and then tertiapin-Q on the quiescent
membrane potential (QMP). Data values for QMP were obtained by analyzing the otherwise continu-
ous recording every second. The protocol consisted of that developed by Doisne et al. [27], where
penetration of cardiac muscle in the PV was performed during 5 Hz electrical stimulation showing
over-shooting action potentials. Electrical stimulation then ceased, and the preparation was allowed
10-15 min to establish an approximately steady-state QMP. In this example 10 min of superfusion of
iberiotoxin was followed by 10 min superfusion of tertiapin-Q, as indicated by the bars above the
recording. Columns and bars graphs represent mean and SEM values of QMP from 5 experiments
comparing the effects of iberiotoxin and tertiapin-Q (b) and from 4 experiments comparing the effect
of VU591 and tertiapin-Q (c).
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2.5. Constitutively Active GIRK Channels in PV and LA Cardiomyocytes

Finally the existence of a constitutively active ACh-activated K* current (IK ) was
studied in PV and LA using the whole-cell patch clamp technique on enzymatically isolated
cardiomyocytes. The voltage clamp protocol consisted of a pre-pulse to —40 mV from the
holding potential of —70 mV to inactivate the Na* current. Then a voltage ramp from —120
to +60 mV at a rate of 18 mV /s which inactivated the Ca* current. I/V ramps were recorded
in the absence of ACh, first under control conditions and then in the presence of 300 nM
TQ. The currents blocked by TQ obtained by the subtraction I ontroi—ITq in PV (red trace)
and LA (black trace) in absence of ACh are illustrated Figure 6. In the PV cardiomyocytes,
the TQ sensitive basal current showed an I/V curve with the characteristics of an IK ¢y, [7]-
It has a large inward component for membrane potentials below the potassium equilibrium
potential (p = 0.029 versus LA at —100 mV). At potentials positive to Ek, there is a clear
outgoing current (p = 0.023 versus LA at —40 mV) which shows inward rectification. On
the other hand, there was little or no TQ sensitive current in the cardiomyocytes of the LA

Vm (mV)

N
h
PA/pF

Figure 6. Tertiapin-Q (300 nM) sensitive currents in isolated left atria (black trace) and pulmonary
vein cardiomyocytes (red trace) recorded under control condition in the absence of acetylcholine.
Data are expressed as the means of voltage ramp obtained from 8 LA and 10 PV cardiomyocytes. For
clarity, vertical bars representing SEM are not included for all data points.

In an attempt to explain this difference between PV and LA cardiomyocytes, the
expression of the GIRK1 (Kir3.1) and GIRK4 (Kir3.4) subunits of the cardiac GIRK channel
were examined with the western blot technique (Figure 7). Both proteins responsible for
the IKscp current are expressed in both PV and LA cardiomyocytes (Figure 7a). However,
while the GIRK1 protein expression did not differ between the 2 tissues (p = 0.273 vs.
LA, Figure 7b), the GIRK4 protein expression is 1.73 times greater in PV cardiomyocytes
(p =0.014 vs. LA, Figure 7c). This suggests the expression of GIRK channels composed of
GIRK4 homo-tetramers in the PV as well as GIRK1/4 hetero-tetramers.
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Figure 7. GIRK1 and GIRK4 subunits expression in the left atria (LA) and pulmonary vein (PV)
cardiomyocytes. (a) Representative western blots of GIRK1 and GIRK4 in LA and PV cardiomyocytes.
Bar graphs represent GIRK1 (b) and GIRK4 expression (c) in the PV relative to that in the LA. Data
expressed as mean values + SEM (n = 3, 2 rats/sample).
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3. Discussion

The main finding of this study is that blocking constitutively active GIRK channels
selectively abolishes excitability in the rat PV.

We found that TQ was able to reverse the effect of ACh upon LA APD and PV diastolic
membrane potential beyond the values recorded in basal conditions, suggesting that it
might have effects of its own in LA, but more particularly in PV cardiomyocytes. This was
confirmed when we observed that TQ in the absence of ACh blocked an IK ¢y, current and
provoked a depolarization, leading to the reduction of AP to small electrotonic waves in
PV cardiomyocytes, whereas it only induced an elongation of APDgj in LA, and had no
effect on spontaneous AP of the sino-atrial node.

The fact that TQ was not having a generalized effect upon the heart is sustained
by different studies. An APD elongation in the absence of ACh has been reported in
dog [8,19] and guinea pig [20] LA and PV cardiomyocytes, whereas no effect was observed
in ventricular APD [20] and the standard ECG parameters [16] in isolated guinea pig hearts.
ACh and tertiapin were also devoid of effect in canine ventricular and purkinje cells [28].
In rat ventricles, TQ had no effect at the physiological stimulation frequency of 5 Hz but
rather, prolonged APD and provoked a slight depolarization when the hearts were paced at
1 Hz [29]. Although functional, GIRK channels do not appear to have a significant impact
on ventricular physiology or arrythmogenesis in mice [30]. In PV cardiomyocytes, TQ was
reported to induce spontaneous AP in both the quiescent guinea pig PV [31] and the PV of
rats with abdominal aorto-venocaval shunt [32]. These data, combined with the fact that we
showed that TQ caused depolarization in quiescent rat PV without inducing spontaneous
AP, support a selective loss of excitability in the cardiac muscle of the PV.

We interpret our results as arising from the inhibition of constitutively active GIRK
channels by TQ, since they were obtained in the absence of Ach, partially reversed by the
application of 107® M Ach, and fully reversed by the activation of Kir6.2 ATP-sensitive
channels that are unaffected by TQ [17]. This suggests that they results from the selective
blockade of GIRK channels and not from a non-selective blockade of multiple K* channels,
especially as TQ also has no significant affinity for Kir2.1 channels [17,22,33,34]. This
was confirmed in control experiments with iberiotoxin and VU591, which ruled out the
possibility that these results were due to the action of TQ on its other known targets i.e.,
Kirl.1 and KCal.l. Finally, TQ in the absence of ACh reduced an IKcy-like current in PV
cardiomyocytes.

The differences observed in response to TQ between LA and PV cardiac muscle could
be explained at least in part by the fact that the expression of GIRK4 is greater in PV than
in LA cardiomyocytes, suggesting that GIRK4 homo-tetramers formation is more likely
in PV than in LA cardiomyocytes. The absence of a differential reaction to TQ in the dog
might then result from the equivalent distribution of GIRK1 and GIRK4 in the LA and
PV [19,35]. While GIRK1/4 hetero-tetramers are also unaffected by intracellular Na*, the
spontaneous activity of GIRK4 homo-tetramer channels increases with the intracellular Na*
concentration [12,36]. However, the link between the enhanced basal Na*™ permeability of
rat PV myocytes [37] and the effects of TQ upon PV membrane potential requires further
investigation.

Another mechanism with similar electrophysiological effects as TQ upon the rat PV
has been found to be a1-adrenergic receptor activation. Doisne et al. [27] first demonstrated
a clear physiological distinction between the cardiac muscle of the LA and the PV of the
rat. They showed that a combination of x1- and 31-adrenergic receptor stimulation evoked
automatic electrical activity in the PV while having only a minor effect upon the membrane
potential in the LA. They demonstrated that the biphasic response of the PV membrane
potential to norepinephrine resulted from hyperpolarization associated with 1-adrenergic
receptor stimulation and depolarization associated with «1-adrenergic receptor activation.
Then, Bredeloux et al. [3] demonstrated that the depolarization induced by x-adrenergic
receptor stimulation reduced PV AP peak to electrotonic waves, leading to the loss of
electrical conduction from the LA along the PV. The GIRK channel agonist adenosine [5]
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induced PV membrane hyperpolarization and reversed these phenomena. A number of
studies have demonstrated inhibition of GIRK channels with the x-adrenergic receptor
agonist phenylephrine by means of PIP2 depletion in atrial cardiomyocytes [38—41]. In
the same way, Deng et al. [42] showed that the chloride current blocker DCPIB reduced
the activity of a number of the members of the Kir channel family, including GIRK1/4
hetero- and GIRK4 homo-tetramers, by interfering with PIP2 binding sites. Thus inhibition
of constitutively active GIRK channels might explain the depolarization induced by o1-
adrenergic receptors in rat PV cardiomyocytes [3,27] and the depolarization of the PV
induced by DCPIB (Figure S3). TQ would evoke the same effects by direct block of the
GIRK channel pore [34,43].

Application of longitudinal stretch to the rat PV also causes depolarization and a
significant reduction of AP amplitude [44]. This phenomenon could be reversed by the
chloride current blockers 4AC, DIDS, and DCPIB and has been linked to the activation of
an Igyen chloride current in isolated myocytes from the rat PV. Since stretch was not applied
to the atrium in those experiments, we do not know if this was specific to the PV, as it is
the case for x-adrenergic stimulation [3,27] and here with TQ. We questioned whether PV
depolarization induced by longitudinal stretch [44] and x-adrenergic stimulation [3,27]
shared a common mechanism. Although ACh could reverse depolarization induced by
stretch [45], neither DIDS nor DCPIB reversed depolarization induced by the x-adrenergic
agonist cirazoline (Figures S1 and S2). Thus, we cannot explain the depolarization of the
rat PV induced by a-adrenergic stimulation as resulting from the activation of an anionic
current, while there are arguments in favor of GIRK channel inhibition.

In conclusion, all these data suggest that it is possible to induce electrical disconnection
of the PV from the LA by one or more approaches such as x-adrenergic receptors stimula-
tion [3,45], GIRK channel block with TQ, and activation of the L, anion conductance [44].
The common factor is the PV depolarization that leads to the reduction of AP peak and
concurrent reduction of AP dV/dtmax. This suggests a graded voltage-dependent inactiva-
tion of INa* rather than direct block of conduction between LA and PV. The recovery of
over-shooting AP in the PV by activation of GIRK (Figure 3) [3,45] and IKstp or block of
Lswen [44] is associated with PV hyperpolarization that leads to the increase in AP amplitude
and dV/dtmax, suggesting recovery from inactivation of INa*.

Nevertheless, whatever the process, little effect is found upon the membrane potential
of the LA wall. Since a significant difference in the quiescent membrane potentials of the
PV and LA has been found [27], it may be proposed, therefore, that it is the regulation of
the cardiac muscle membrane potential that underlies the responses of the PV and the lack
of response of the LA wall. The regulation of membrane potential in the LA and the PV
requires further investigation to identify molecular targets allowing the future development
of more specific pharmacological treatments of AF. These could include constitutively active
GIRK channels, whose blockade would prevent the conduction of ectopic electrical activity
from the PV to the LA, as well as its remodelling and progression of the disease from
paroxysmal to persistent form of AF. This could offer new therapeutic prospects for patients
with paroxysmal AF who would not benefit from surgical pulmonary veins isolation (PVI)
due to certain contraindications. Moreover, despite the high success rate of surgical PVI,
arrhythmia recurrence related to PV reconnections are commonly observed [46,47] and
require additional interventions. Thus, constitutively active GIRK blockade could also be
an interesting adjunctive therapy by preventing functional electrical PV reconnection and
arrhythmia recurrence, thus avoiding the need for new invasive procedures.

4. Materials and Methods

The protocols used in this study had been approved by the local Animal Care and Use
Committee (Comité d’Ethique en Expérimentation Animale Val de Loire, Tours, France.
Permit number 2022032119225830).

Male Wistar rats (CER Janvier, Le Genest-St Isle, France) were anaesthetized by in-
traperitoneal injection of pentobarbital (60 mg kg~!). After intravenous injection of heparin
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(500 IU kg~ 1), the heart and lung block was rapidly removed and placed in a dissecting
dish that contained cold (+4 °C) cardioplegic solution (110 mM NaCl, 10 mM NaHCO3,
16 mM KCl, 16 mM MgCl,, 1.2 mM CaClp, and 10 mM glucose).

4.1. Intracellular Microelectrode Recordings

The preparations used in this study consisted of either the LA and the superior PV, as
previously described [3], or the right atrium and the superior vena cava. These were pinned
out endocardial side up to the floor of an organ bath through which flowed Krebs-Henseleit
solution (119 mM NaCl, 25 mM NaHCOj3, 4.7 mM KCl, 1.18 mM KH,POy, 1.17 mM MgSQOy,
1.36 mM CaCly, and 5.5 mM glucose; pH 7.4 equilibrated with 95% O, and 5% CO;) at
5 mL/min and maintained between 35-36 °C.

Electrically evoked action potentials were recorded with either one or two glass capil-
lary microelectrodes filled with 3 M KCl (20-30 MQ}) connected to a Duo 773 Electrometer
amplifier (World Precision Instruments, Aston, UK). Voltage was filtered at 10 kHz low
pass, displayed on an oscilloscope, and transferred at 40 kHz A /D via a PowerLab 4/25 in-
terface (ADInstruments, Chalgrove, UK) to a PC computer running Chart 5.0 software.
Electrical stimuli consisted of 2 ms duration square wave pulses generated by a Master-9
programmable stimulator (AMP], Jerusalem, Israel) through a WPI A360 stimulus isolation
unit and delivered to the left atrial wall of the preparation via two fine shielded Ag/AgCl
wires. Depending on the preparations, evoked action potentials were recorded in either of
the superior PV, as previously described [3].

Analysis of action potential parameters was performed with the Peak Parameters
Module of Chart 5 software. The threshold for the action potential was set at >2 mV from
the diastolic membrane potential.

4.2. Whole Cell Patch Clamp Experiments

Cardiomyocytes were enzymatically isolated as previously described [37,48].

Background potassium currents were recorded from PV and LA cardiomyocytes plated
onto glass coverslips and maintained at room temperature (22-25 °C). During the patch
clamp experiments, the cells were locally superfused by gravity with a Tyrode solution
containing (in mM): NaCl 140; KC1 5.37; CaCl, 1.36; MgCl, 1; NaH;PO4 0.33; HEPES 10;
Glucose 10 (pH 7.4 with NaOH). The recording pipettes were pulled from borosilicate
glass capillaries (Clark Electromedical Instruments, Edenbridge, UK) to a tip resistance of
2-4 MQ). The pipette solution contained (in mM): DL-Aspartic acid K* salt 115; KCI 25;
MgCl, 1; ATP-Mg 5; GTP Tris 0.1; NaH, PO, 5; EGTA 10; HEPES 10 (pH 7.3 with KOH).
An Axopatch 200 A amplifier connected to a PC computer, running Clampex (pClamp 9
software, Axon Instruments, Union City, CA, USA) through a Digidata 1200 A interface
was used to control voltage and record currents from a holding potential (HP) of —70 mV.
Data were acquired at a sampling frequency of 10 kHz and 2 kHz low-pass filtered with
an 8-pole Bessel filter. Membrane capacitance (Cm) was measured by integration of the
capacitive currents in response to a series of 10 hyperpolarizing pulses applied from the
HP (amplitude and duration: 10 mV, 10 ms) and then averaged. The pipette and cell
capacitances were compensated by 80%.

4.3. Preparation of Tissue Homogenates and Western Blotting

Tissue lysates were prepared from flash-frozen two pooled rat PV and LA. Samples
were homogenized in lysis buffer (in mM: 30 histidine, 250 sucrose, 1x protease inhibitor
cocktail cOmplete ULTRA (Roche Diagnostics, Singapore), 0.6 PMSF and 1 DTT) on ice.
Insoluble material was removed by centrifugation at 11,000 x g for 15 min, and the protein
concentration of the supernatants was quantified according to the Bradford protein assay.

Proteins (30 nug) were then separated by SDS-PAGE on 9% tris-glycine gels and trans-
ferred to PVDF membrane (0.45 pm; Millipore, Burlington, MA, USA) using a wet transfer
unit. After blocking of the membrane with 7.5% BSA in 0.1% TBS-Tween for 1 h at room
temperature, the proteins of interest were labeled by the primary antibodies anti-GIRK1
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and anti-GIRK4 (rabbit polyclonals, Alomone Labs, Jerusalem, Israel) overnight at 4 °C.
The membranes were then incubated 1 h at room temperature with anti-rabbit HRP con-
jugated (Jackson ImmunoResearch, Ely, Cambridgeshire, UK) secondary antibody. The
immunoblots were developed with Luminata Forte substrate (Millipore) and G: Box Chemi
XR5 chemiluminescence imaging system (Syngene, Bengaluru, India). The protein-signal
densities were normalized to the corresponding 3-actin-signal densities. The analysis of
the western blotting images was performed using Image]J software 1.53f.

4.4. Statistical Analysis

Statistical analysis was performed by one way ANOVA, Student’s t-test, or Mann-
Whitney test. Mood’s median test was used for western blot experiments. p values are
given except for values less than 0.001 which are assigned a value < 0.001.

4.5. Chemicals

Chemicals were of reagent grade and obtained from either Merck KG (Darmstadt,
Germany) or Sigma-Aldrich (Saint Quentin Fallavier, France). TQ and P1075 were obtained
from Tocris Bioscience (Bristol, UK).

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The transient receptor potential melastatin 4 (TRPM4) channel is a non-selective cation
channel that activates in response to increased intracellular Ca?* levels but does not allow Ca”* to
pass through directly. It plays a crucial role in regulating diverse cellular functions associated with
intracellular Ca?* homeostasis/dynamics. TRPM4 is widely expressed in the heart and is involved in
various physiological and pathological processes therein. Specifically, it has a significant impact on the
electrical activity of cardiomyocytes by depolarizing the membrane, presumably via Na* loading. The
TRPM4 channel likely contributes to the development of cardiac arrhythmias associated with specific
genetic backgrounds and cardiac remodeling. This short review aims to overview what is known so
far about the TRPM4 channel in cardiac electrophysiology and arrhythmogenesis, highlighting its
potential as a novel therapeutic target to effectively prevent and treat cardiac arrhythmias.

Keywords: TRPM4 channel; Ca>* homeostasis; cardiac electrophysiology; arrhythmogenesis

1. Introduction

The transient receptor potential melastatin 4 (TRPM4) channel is a Ca?*-activated non-
selective cationic (NSca) channel, with a unitary conductance of approximately 20pS [1].
The TRPM4 channel protein is ubiquitously expressed in many kinds of cells, where it
participates in intracellular Ca?* homeostasis and modify excitability by influencing the
membrane potential. Among the widespread expressed tissues, TRPM4 protein is also
abundant in the heart [2]. Several lines of evidence suggest that TRPM4 channels may
be involved in arrhythmogenicity in the heart, with both inherited and acquired traits.
For example, a gain-of-function mutation (GOF) on its distal N-terminal domain has been
reported to produce degenerative changes in the cardiac Purkinje system, and has been
identified in a few pedigrees of Jewish and French families that manifest progressive con-
duction blocks and associated sudden death [3]. In spontaneously hypertensive rats (SHRs),
long-term pressure overload produces hypertrophic changes in the heart accompanied by
upregulation of TRPM4 channel proteins and their excessive activities [4]. These changes
are further associated with the prolongation of QT interval in electrocardiogram, which is a
risk factor for lethal arrhythmias. In murine hearts exposed to acute anoxic insults, early
afterdepolarization (EAD)-like oscillations in the repolarization phase of action potential
(AP) occur, which are selectively inhibited by a TRPM4 channel blocker, 9-phenathrol [5].
All these observations are consistent with the idea that the TRPM4 channel may play
non-trivial roles in arrhythmogenesis.

This review succinctly summarizes the characteristic properties of the TRPM4 channel
and discusses its implications in cardiac arrhythmogenicity.

2. Biophysical Properties of TRPM4

The TRPM4 channel has a large cytosolic domain. Until 2017, the structure of the
TRPM4 channel remained unknown. However, since then, several TRPM4 structures
have been resolved in different ligand-bound states using single-particle cryo-electron
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microscopy (EM). All of these structures were determined for the closed state of the TRPM4
channel, while its open-state conformation is still elusive [6-9].

Like many other TRPM subfamily members, TRPM4 has an N-terminal TRPM ho-
mology region (MHR) domain, a transmembrane domain (TMD) that includes six trans-
membrane helices, a C-terminal coiled-coil domain, a TRP helix, and a C-terminal domain
(CTD). The ion-conducting pore domain is formed by the transmembrane S5 and S6 helices
and surrounded by the S1-54 domain. These two crucial domains are connected through
the 54-55 linker, forming a domain-swapped conformation that may play an important role
in the gating of the TRPM4 channel [6]. The 51-54 domain of the TRPM4 channel contains
binding sites for Ca?* and other ligands [8], as well as a voltage sensor-like domain (VSLD)
reminiscent of the counterpart of classical voltage-gated ion channels [10]. However, the
VSLD of TRP channels shows a small number of gating charges; in TRPM4, it is only
—0.7e [11], which may be mediated by polar residues in and around the putative fourth
transmembrane domain. Nonetheless, this charge appears important for the channel’s
voltage dependence, though more compelling evidence such as from mutagenesis studies
is necessary.

While not primary itself, the membrane depolarization strongly modulates the TRPM4
channel’s activity; hence, the TRPM4 channel shows a prominent dependence on the physio-
logical range of membrane potentials, once activated by an increase in the intracellular Ca®*
level ([Ca%*];). This is similar to other types of Ca?*-activated channels, such as BK¢, [12].
The voltage dependence of the TRPM4 channel is an important feature in cardiac tissues,
where it affects the membrane potential over a wide range. Incorporation of this property
into simulation models shows that the TRPM4 channel is most prominently activated at
the late repolarization phase of action potentials (APs) and when the resting [Ca%*]; is high
(in the high submicromolar and micromolar ranges), and is substantially active even near
the maximum diastolic potential (MDP) [13]. Therefore, TRPM4 may contribute primarily
to the prolongation of APs and, to a lesser extent, to the generation of abnormal diastolic
depolarizations that can occur after complete termination of APs. While TRPM4 may not be
a major contributor to pace-making potentials, it can still play a role in modulating cardiac
excitability and arrhythmogenesis.

The Ca?* binding sites of the TRPM4 channel are thought to exist within a hydrophilic
pocket (Glu®?8, GIn83!, Asn®) of the cytosolic parts of S2 and S3 transmembrane helices.
Beneath these binding sites is a very narrow space that allows cytosolic Ca?* to pass
through, between the 52-53 linker and the TRP domain. One of the only two positively
charged amino acid residues of the S4 domain (Arg®®) is located just above the S2-S3
linker [6]. This positioning may facilitate coordination and priming effects for voltage-
dependent opening. It has also been reported that phosphatidylinositol bisphosphate (PIP;)
binding as well as calmodulin interaction are involved in maintaining and enhancing the
Ca?* sensitivity of the TRPM4 channel [14]. Therefore, understanding and evaluating the
Ca?* sensitivity of the TRPM4 channel at physiological or submicromolar Ca?* levels is
very important in elucidating its exact roles in arrhythmogenicity [13].

3. Physiological Roles of TRPM4 in the Heart
(1) Contribution of TRPM4 to sinoatrial (SA) nodal and other cardiac automaticity

In the SA node (SAN), intracellular Ca?* oscillations generated by the Ca?* clock play
a critical role in regulating cardiac automaticity. During the diastolic depolarization phase,
the voltage-dependent Cav1.3 L-type Ca?* channels (LTCC) activate, then Ca?* influx into
the SAN cell triggers Ca* release from the sarcoplasmic reticulum (SR) via the ryanodine
receptors (RyR) [15]. A subsequent rise in [Ca?*]; activates the Na*-Ca?* exchange (NCX),
which in turn extrudes Ca®* from the cell in exchange for Na*. This generates an inward
Na* current that contributes to the depolarization of the membrane potential and increases
the rate of pace-making diastolic depolarization (DD) [16].

TRPM4 channels possibly contribute to the regulation of cardiac automaticity by
modulating both the Ca?* clock and membrane clock in the SAN [17]. It has been suggested
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that the TRPM4 channel may contribute to the inward Na* current during the DD phase [18].
The TRPM4 channel may also have additional effects on the cardiac automaticity, such as
modulating the inward driving force for Ca?* and [CaZ*]; [19]. It has been reported that
inhibition of TRPM4 channels by 9-phenanthrol reduces the heart rate in mice, rats and
rabbits, suggesting that the TRPM4 channel may act as an accelerator of DD when the heart
rate is decreased, to avoid bradycardia [18,20].

Overall, the TRPM4 channel plays a critical role in regulating cardiac automaticity by
modulating the DD slope and [Ca?*]; in the SAN, and its precise contribution to the inward
Na™* current and the DD phase is still an ongoing focus of investigation.

(2) Role of TRPM4 channel in the atrial myocardium

The TRPM4 channel has been shown to be involved in atrial electrophysiology [21].
It is expressed in mice, rats, and human atrial cardiomyocytes [21-23]. The electrophys-
iological function of the TRPM4 channel in atrial APs was evaluated in isolated atrial
cardiomyocytes by using TRPM4 knockout (Trpm4 KO) mice and a selective inhibitor,
9-phenanthrol. Inhibition of the TRPM4 channel shortened the AP duration of isolated
atrial cardiomyocytes compared to those in wild-type (WT), but not knockout animals. The
duration of atrial APs was also shorter in Trpm4 KO compared to WT animals [21].

The TRPM4 channel is reported to be responsive to shear stress induced by IP3 receptor-
mediated Ca®* releases in rat atrial cardiomyocytes [23]. TRPM4 has also been implicated
in aldosterone-induced atrial arrhythmias [24]. In the same study, disorganization of
connexin-43 (Cx43) in atria was observed in Trpm4 KO mice, more than in WT mice.
This phenomenon may be involved in the occurrence of atrial electrical disturbances.
Additionally, TRPM4 channel may contribute to the growth of human and mice atrial
fibroblasts; both expression and functional currents of TRPM4 has been shown to increase
under cultured conditions [25]. Presumably, the TRPM4 channel may be engaged in some
way commit to the process of atrial fibrosis [25,26].

In summary, the physiological role of TRPM4 in the atrial myocardium appears to be
complex and context-dependent, with a variety of consequences observed under different
conditions. It may thus be reasonable to speculate a nontrivial role(s) of TRPM4 in the
pathogenesis of atrial fibrillation (AF), through alterations of both atrial electrophysiology
and remodeling.

(3) Role of TRPM4 channel in the ventricular myocardium and Purkinje conduction system

The physiological role of the TRPM4 channel in the ventricular myocardium remains
controversial. Discrepancies in the contribution of the TRPM4 channel between the atrium
and ventricle has been reported, following comparisons of both the transcript level and
functional current. Although highly detected in the atrium, the TRPM4 channel is much
less expressed in the ventricular myocardium [27]. The definitive contribution of the
TRPM4 channel to the AP duration of canine ventricular cardiomyocytes has been con-
firmed in the latest study by using a potent and highly selective inhibitor, 4-chloro-2-[[2-
(2-chlorophenoxy) acetyl] amino] benzoic acid (CBA) [28]. In contrast, the Trpm4 mRNA
detection and functional Ca?*-activated nonselective cation current were greatly enhanced
in the ventricular cardiomyocytes of SHRs compared to those in the Wistar-Kyoto (WKY)
rat [4]. The same study observed QT prolongation in SHRs, which is accompanied by an
increased TRPM4 channel activity. Furthermore, the TRPM4 channel was involved in the
positive inotropic effect of 3-adrenergic stimulation in the ventricular myocardium [29].

The network of terminal Purkinje fibers (PFs) carries electrical impulses to the ven-
tricular myocardium, playing a central role in the excitation-contraction cycle of the ven-
tricle. PFs demonstrate a unique electrophysiology with complicated intracellular Ca®*
cycling [30]. The TRPM4 channel is most abundantly expressed in PFs, compared to the
other human heart tissues [31], suggesting its significant contribution to the electrical prop-
erties of PFs [32]. The propagation failure of PFs caused by TRPM4 channel overexpression
has been observed in silico [33]. More intriguingly, optical mapping of ectopic activation
induced by mechanical stimulation in PFs demonstrated a clear link with the activation of
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TRPM4 channels [34]. The involvement of the TRPM4 channel in the electrophysiology of
PFs suggests its potential role in cardiac conduction and ventricular arrhythmias.

4. Involvement of TRPM4 in Cardiac Arrhythmias under Pathophysiological Conditions
(1) Pathophysiology of the TRPM4 channel under hypertrophic and remodeling conditions

Both Trpm4 mRNA expression and TRPM4-like currents were found to be increased in
hypertrophied ventricular cardiomyocytes from SHRs, compared to normotensive WKY
rats [4]. These changes were also accompanied by abnormal prolongation of QT inter-
vals. Thus, the authors speculated that, in hypertrophied hearts, overactivation of TRPM4
channels may act as a proarrhythmic substrate for early and delayed depolarizations.
Subsequent studies employing genetically engineered TRPM4-transgenic mice and nu-
merical simulations confirmed this possibility [13,35-37]. Intriguingly, using the same
cardiomyocyte-specific Trpm4 KO mice [29], TRPM4 channels were shown to act differently
as either negative or positive regulators for angiotensin II-induced cardiac hypertrophy [29]
and pressure overload-induced cardiac hypertrophy [38]. At present, the reason for this
discrepancy is unclear and awaits further investigation. It is likely that compromised Ca?*
homeostasis and Ca?* overload, two prominent features of remodeling and stressed hearts,
facilitate TRPM4 overactivation and concurrent arrhythmias (Figure 1). The TRPM4 chan-
nel specifically contributes to Ca?* overload-induced background current that enhances
ectopic excitability, and its nonspecific blocker, meclofenamate, significantly suppresses
catecholaminergic polymorphic ventricular tachycardia (CPVT)-associated arrhythmias at
doses appropriate for TRPM4 channel inhibition [39].

@ i APD prolongation

Nav1.5
channel

TRPM4

L channel Cell membrane

EADs

Ca* overload
Conduction block

e

Figure 1. Ca* overloading conditions lead to TRPM4 overactivation inducing pleiotropic electrical

abnormalities in cardiomyocytes. Under pathological conditions such as ischemia and heart failure,
Ca?* overload occurs with spontaneous Ca?* release events [40], leading to the overactivation of
TRPM4 channels. This may result in increased Na™* influx through TRPM4 channels particularly
during the late phase of AP or even after AP termination, which in turn causes AP prolongation as
well as a depolarizing shift of the resting membrane potential. When this is combined with genetic
mutations and/or tissue remodeling, both of which could facilitate TRPM4 overactivation, early
after-depolarizations (EADs) can be triggered, or reduction of the conduction velocity or conduction
block can ensue, due to substantial inactivation of Nav1.5 channels. Moreover, there is evidence for a
functional coupling between TRPM4 and Nav1.5 channels [41], which may further complicate the
consequences of TRPM4 overactivation. (More details are provided in the text).

Increased expression and activation of the TRPM4 channel could lead to higher sus-
ceptibility to hypertrophy- and stress-induced ventricular arrhythmias in association with
aberrant Ca?* homeostasis [42]. TRPM7, albeit much less abundant in the atrium than
TRPM4, is significantly upregulated in human atrial myocytes isolated from the patients
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with atrial fibrillation [43]. Mice subjected to subcutaneous aldosterone infusion and high-
salt diet underwent proarrhythmic changes in the atrium, such as enhanced triggered
arrhythmias (EAD, DAD) and shortened AP, both of which were eliminated by ablation
of the Trpm4 gene. In contrast, complex morphologic changes occurred due to the Trpm4
gene ablation, specifically, dilation of the left atrium and thickening of the septum and
ventricular posterior wall. Intriguingly, only the latter two of these changes were abolished
by aldosterone and high-salt treatment. The basal heart rate was insensitive to aldosterone
and high salt in normal mice, but was responsive to it in the Trpm4 KO mice [24]. Although
the mechanisms underlying remain unclear, the above findings strongly favor the vital
participation of TRPM4 channels in electrical and remodeling.

(2) Role of TRPM4 in ischemia-reperfusion-related arrhythmias

Reperfusion of an ischemic heart could cause severe additional damage to the my-
ocardium and induce lethal arrhythmias [44]. Excessive production of reactive oxygen
species (ROS) and intracellular Ca?* overload during ischemia-reperfusion play crucial
roles in the genesis of both tissue injury and arrhythmias [45]. It has been reported that
in the Langendorff ischemia-reperfusion model of rat hearts pretreated with the TRPM4
channel blocker 9-phenanthrol significantly improved contractile function and limited the
infarcted area [46]. Furthermore, TRPM4 channel inhibition and silencing greatly sup-
pressed ROS-induced injury on H9C2 cardiomyocytes [47]. The destructive contribution of
TRPM4 to ROS-induced cardiac injury is potentially linked to the reduction of mitochon-
drial membrane potential and intracellular ATP level [48]. During ischemia-reperfusion, the
electrical disturbances from PFs, where the TRPM4 channel is most abundantly and func-
tionally expressed [32], account for the occurrence of ventricular arrhythmias [49]. The first
report on the anti-arrhythmic effect of the TRPM4 channel-selective blocker 9-phenanthrol
was from the treatment of arrhythmias induced by hypoxia and re-oxygenation in murine
ventricles: perfusion with 9-phenanthrol demonstrated a spectacular dose-dependent
abolishment of EADs [5]. Interestingly, an in vivo study of a mouse model, where acute
ischemia was induced by ligation of the left anterior descending (LAD) coronary artery
for 30 min, showed that Trpm4 KO mice are much less likely to develop ischemia-induced
arrhythmias. In contrast, no significant difference in arrhythmic responses between Trpm4
KO mice and WT mice was observed after effective reperfusion [39].

5. TRPM4 Channelopathy in Inherited Cardiac Arrhythmias

Inherited cardiac arrhythmias are a group of genetic disorders that affect the electrical
activity of the heart, to cause abnormal heart rhythms and potentially life-threatening
arrhythmias. These disorders could be caused by mutations in the genes encoding ion
channels that are responsible for controlling the flow of ions across the cell membrane
and maintaining the normal rhythm of the heart [50]. Different kinds of inherited cardiac
arrhythmias, including conduction blocks, Brugada syndrome (BrS), and long QT syndrome
(LQTS), have been linked to dozens of Trpm4 gene mutations, as evidenced by genetic
linkage analyses and subsequent cohort studies (Table 1) [2,51,52]. It was often found that
the same genotype variant of TRPM4 produces multiple phenotypes of arrhythmias while
its multiple genotype mutations cause an arrhythmia with similar clinical features. The
exact mechanism(s) underlying this redundancy is not yet fully understood.
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Table 1. TRPM4 channelopathy associated with cardiac arrhythmias.

A:; :;:;;? ocrlld Effect ?,ﬁ:gg;yn;!a Underlying Mechanism Reference
Impaired SUMOylation and increased surface
pE7K GOF PFHBL expression/altered PIP, interaction [31,53-55]
p-C20S LOF SUD Decreased protein expression [56]
p-A101T LOF CHB Increased degradation rate/decreased protein expression [57]
p-A101T/P1204L LOF IVF Increased degradation rate/decreased protein expression [57]
p-Q131H Not determined RBBB Not determined [58]
p-R144W Not determined BrS Not determined [52]
p-T160M Not determined LQTS Involved with KCNQ1 mutation [59]
p-R164W GOF RBBB Impaired SUMOylation and increased surface expression [3]
p-D198G No effect AVB Not determined [55]
p-T286T LOF PFHBI Failure to produce functional protein [60]
p-Q293R Not determined AVB Not determined [58]
p1376T GOF PFHBI Increased surface expression [61]
p-A380V LOF SUD Decreased surface expression/rapid desensitization [56]
Decreased surface expression or impaired SUMOylation
p-A432T GOF/LOF AVB/RBBB/BrS and increased surfacf expression/ dilayed deacti\}/,ation [3,52,55,58]
p-A432T/G582S LOF AVB Decreased surface expression [55]
p-V441M LOF LQTS Not determined [51]
p-R499W LOF LQTS Not determined [51]
p-R499P Not determined LQTS Not determined [51]
p-W525X LOF BrS absence of functional protein [62]
p-G555R Not determined BrS Not determined [52]
p-G582S GOF AVB/RBBB/BrS increased surface expression [52,55,58]
p-L595V LOF SUD Decreased surface expression [56]
p-T6771 No effect AVB Not determined [55]
p-G737R Not determined BrS Not determined [52]
p.F7731 Not determined BrS Not determined [52]
p-P779R LOF BrS Decreased protein expression [52]
p-Y790H Not determined AVB Not determined [58]
p.G844D GOF LQTS/RBBB/BrS Impaired SUMOylation and increased surface expression [3,51,52]
p-Q854R GOF RBBB/BrS Reduced degradation rate/increased protein expression [52,57,58]
p-T8731 No effect BrS increased surface expression [52]
p-K914R GOF AVB Delayed deactivation [58,63]
pK914X LOF BrS Decreas.ed protein expression/decreased surface 52]
expression
p-V9211 No effect AVB Not determined [55]
p-P970S Not determined RBBB Not determined [58]
p-51044C LOF CHB Increased degradation rate/decreased protein expression [57]
p-L1075P No effect BrS Increased surface expression [52]
p- 110825 LOF SUD Not determined [56]
p-P1204L Not determined BrS Not determined [58]

PFHBI1: progressive familial heart block type I; SUD: sudden unexpected death; CHB: complete heart block; IVF:
idiopathic ventricular fibrillation; RBBB: right bundle branch block; BrS: Brugada syndrome; LQTS: long QT
syndrome; AVB: atrioventricular block.

(1) TRPM4 variants in cardiac conduction block

The TRPM4-p.E7K mutant was the first to be identified as a point mutation of the
TRPM4 channel in a few pedigrees of patient families that manifest progressive familial
conduction block type I (PFHB I) [31]. Due to impaired deregulation of the small ubiquitin
modifier conjunction (SUMOylation), the TRPM4-p.E7K mutant exhibited a GOF effect,
associated with greater current density and increased protein expression at the plasma
membrane [31]. It has also been reported that enhanced PIP, affinity and altered channel
kinetics can facilitate its activation, especially around the resting membrane potential,
presumably contributive to brady-arrhythmogenicity [53,54]. Several other GOF mutations
of the TRM4 channel (p.R164W, p.A432T, and p.G844D) have been discovered in patient
families suffering from heart block, which also involves with the same mechanism of
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reduced SUMOylation [3]. In contrast, electrophysiological kinetic analysis of the TRPM4-
p-A432T mutant suggested that a four-fold slower deactivation, rather than excessive
cell surface expression, accounted for the augmented membrane current [64]. Using a
combination of electrophysiology, rapid treatments of intracellular Ca?* with UV-flash
photolysis, and molecular docking analysis, this research group further investigated another
GOF mutant, TRPM4-p.K914R, identified from two patients with heart disease in the same
family [63]. TRPM4-p.K914R demonstrated slower activation and deactivation kinetics
leading to increased membrane currents. Furthermore, the 914th lysine residue was crucial
as the nanoscopic interface between the 54-S5 linker, the MHR, and TRP-domain, which
determines TRPM4’s functional behavior [63].

The majority of TRPM4 variations related to familial conduction block are, thus far,
GOF phenotypes. However, several loss-of-function (LOF) mutations of TRPM4 are also
identified in inherited cardiac conduction defects [57,60]. The mechanism underlying such
complex genotype-to-phenotype relationships is unclear. For instance, a LOF mutation,
TRPM4-p.T286T, was found in patients with ventricular noncompaction and cardiac con-
duction disease, which eventually requires implantation of a permanent pacemaker [60].
This study revealed that inhibition of TRPM4 channel activity by its selective blocker 9-
phenanthrol in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
resulted in decreased mRNA levels of HEY2, TBX5, and NKX2-5, transcription factors that
play important roles in postnatal conduction system maturation [60,65]. This result is consis-
tent with that of a gene invalidation study: Trpm4 KO mice displayed Luciani-Wenckebach
atrioventricular blocks [66]. Taken together, the above lines of evidence support the view
that downregulated function of the TRPM4 channel in immature hearts could influence the
development of the conduction system and myocardial structures.

(2) TRPM4 variants in BrS

BrS is an inherited cardiac disease associated with a significant risk of lethal arrhyth-
mias that lead to sudden death [67]. About 25% of BrS patients have the LOF mutations
in the SCN5A gene that encode the x-subunit of the cardiac voltage-dependent sodium
channel (Nav1.5) [68]. Among the other genes, TRPM4 variants explain 2.7% to 6% of total
BrS cases [52,62]. However, the exact pathogenic mechanism by which both LOF and GOF
mutations of TRPM4 can lead to BrS remain elusive [52].

By systematically analyzing the genotype-to-phenotype relationship of TRPM4 mu-
tation for BrS, new evidence was found of LOF mutations of TRPM4, especially in a
heterozygous status, that may not be sufficient to generate BrS [62]. However, an important
physical interaction between TRPM4 and Nav1.5 was revealed: a significant decrease in the
Nav1.5 current was observed in cardiomyocytes from Trpm4 KO mice [41]. Further studies
are needed to understand how such interactions modulate cardiac electrical activity and
the significance of the interactions in the pathogenesis of BrS.

(3) TRPM4 variants in LQTS

LQTS is a congenital and arrhythmogenic ion channel disorder characterized by QT
prolongation in the electrocardiogram (ECG) [69]. It is potentially life-threatening because
of delayed ventricular repolarization. Mutations in three major LQTS genes (KCNQ1,
KCNH2, and SCN5A) were shown to impair the AP repolarization and contribute to
approximately 75% of the disorder [70]. TRPM4 variants were also found to be involved in
approximately 2% of LQTS cases [51], and two of these variants, p.R499W and p.V441M,
were shown to display smaller TRPM4-mediated currents compared to those in wild
type [51]. There is however a caveat against simply interpreting this result as the direct
cause for abnormal delayed AP repolarization. It is suggested that the role of TRPM4
variants on QT interval might be multifactorial [51], as they may modulate other membrane
currents as well. It is also possible that the impact of TRPM4 mutations may only become
apparent in concert with the dysfunction of other AP formation channels such as KCNQ1,
KCNJ2, and CACNAIC. These channels are known to alter the QT interval via a more
complex mechanism than directly affecting the AP duration. For instance, a heterozygous
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KCNQ1/TRPM4 dual mutation has been found in a LQTS patient, in whom verapamil
treatment successfully reduced defibrillator discharge frequency by shortening the QT
interval [71]. However, the underlying mechanism in the contribution of TRPM4 variants
to LQTS still remains unclear.

6. Conclusions and Perspective

TRPM4 has recently emerged as a new factor in cardiac arrhythmogenesis of both
acquired and inherited types. More than thirty single mutations in the TRPM4 gene are now
connected to risky arrhythmic manifestations, and functional upregulation/dysregulation
of TRPM4 channels with ECG abnormalities is reported to be involved in pathological
cardiac remodeling (in heart failure and other hypertrophic cardiomyopathies). To fully
understand such multiplicity and complexity and to develop effective therapeutic inter-
ventions against them, mechanistically focused studies, that delve deeper than studies of
genotype-phenotype associations, are needed. In this regard, there are several challenging
but promising directions. For example, transgenic animal models can be more avidly
combined with optogenetic approaches to deepen our tissue-level knowledge, in vivo or ex
vivo [72,73]. The single nuclei RNA sequencing can be utilized to acquire more direct infor-
mation about the geometrical heterogeneity of TRPM4 and the other arrhythmic substrates
across the whole heart tissue [74], in which, appropriate heterocellular cardiac organoid
models could be fabricated to disentangle the tissue-level complexity in more depth [75].
Continuous monitoring of genetically at-risk individuals, using wearable detection devices,
may facilitate the uncovering of otherwise unknown triggers for TRPM4-associated ar-
rhythmias [76]. Atomic-level structural analysis will also increase detailed knowledge of
processes involved in the altered gating of the TRPM4 channel which predisposes individ-
uals to arrhythmias [77]. All these lines of quantitative information could be integrated
into multi-scale, multi-hierarchical numerical models to simulate the 2- or 3-dimensional
propagation of excitation waves and their disturbances (reentries, blocks) in a more pre-
cise fashion, ultimately providing a useful tool for risk evaluation and in silico design
of treatments.

The pathophysiological impact of TRPM4 dysfunction is further complicated by its
tight link with [Ca2*]; dynamics and possible modification of the other types of cardiac ion
channels. Although the primary consequence of TRPM4 channel activation is presumed to
prolong AP duration or QT intervals, it is also known that genetic deletion of this channel
induces pleiotropic changes in the ECG [66]. In this respect, the latest finding that TRPM4
interacts with Nav1.5 [41] might offer an additional clue to deciphering why a single
mutation of the TRPM4 gene results in multiple phenotypes and vice versa, as observed in
LQTS and BrS.

In preclinical studies using transgenic mice, a number of selective TRPM4 block-
ers have been shown to suppress arrhythmias [5,13,39,78], suggesting that targeting this
channel may serve as a new therapeutic strategy. In most investigations, however, only
low concentrations of 9-phenanthrol inhibited TRPM4 channels relatively selectively. In-
triguingly, recent investigations identified two promising aryloxyacyl-anthranilic acid
compounds, NBA and CBA, as novel TRPM4 antagonists. In particular, CBA exhibited a
greater potency than 9-phenanthrol in inhibiting human TRPM4; however, had no effect
on its mouse homologue [79]. These unique features may serve as a good starting point to
design a new generation of TRPM4 blockers with better pharmacological profiles.

In future studies, advancements in gene editing technologies like CRISPR-Cas9 may
enable direct modification of the TRPM4 gene in cells, tissues or organs. Gene editing could
be utilized to correct deleterious mutations associated with TRPM4-related arrhythmias or
to prevent the overactivation of TRPM4 channels in cardiac tissues undergoing pathological
remodeling, which would otherwise increase the arrhythmogenicity.

Obviously, further detailed investigations about TRPM4 physiology and pathophysi-
ology are needed to substantiate the utility of the above-mentioned therapeutic means and
elucidate their true clinical benefits for arrhythmia treatments.
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Abstract: Atrial fibrillation (AF) is the most frequent persistent arrhythmia. Many genes have been
reported as a genetic background for AF. However, most transcriptome analyses of AF are limited
to the atrial samples and have not been evaluated by multiple cardiac regions. In this study, we
analyzed the expression levels of protein-coding and long noncoding RNAs (IncRNAs) in six cardiac
regions by RNA-seq. Samples were donated from six subjects with or without persistent AF for
left atria, left atrial appendages, right atria, sinoatrial nodes, left ventricles, right ventricles, and
pulmonary veins (PVs), and additional four right atrial appendages samples were collected from
patients undergoing mitral valve replacement. In total, 23 AF samples were compared to 23 non-AF
samples. Surprisingly, the most influenced heart region in gene expression by AF was the PV, not the
atria. The ion channel-related gene set was significantly enriched upon analysis of these significant
genes. In addition, some significant genes are cancer-related IncRNAs in PV in AF. A co-expression
network analysis could detect the functional gene clusters. In particular, the cancer-related IncRNA,
such as SAMMSON and FOXCUT, belong to the gene network with the cancer-related transcription
factor FOXC1. Thus, they may also play an aggravating role in the pathogenesis of AF, similar to
carcinogenesis. In the least, this study suggests that (1) RNA alteration is most intense in PVs and
(2) post-transcriptional gene regulation by IncRNA may contribute to the progression of AF. Through
the screening analysis across the six cardiac regions, the possibility that the PV region can play a
role other than paroxysmal triggering in the pathogenesis of AF was demonstrated for the first time.
Future research with an increase in the number of PV samples will lead to a novel understanding of
the pathophysiology of AF.

Keywords: atrial fibrillation; pulmonary vein; co-expression network analysis; long non-coding
RNA; ion channels; inflammatory cytokines

1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia. Researchers worldwide
have devoted much effort to finding its etiology. Although we currently know that AF has a
complex pathology, investigation of the specific molecular mechanisms of atrial fibrillation
began with identifying the causative gene for familial atrial fibrillation in the last century.
From the ancestry of familial AF, linkage analysis identified causal loci on the genetic
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map [1]. In 2003, it was reported that one of the causal genes in familial AF was due to
mutations in the K* channel KCNQ1 [2]. KCNQ1 abnormality was known to cause long
QT syndrome [3], so this finding attracted much interest. Subsequently, many mutations
in ion channel genes causing familial AF have been reported, and the genetic mutations
leading to familial AF are well summarized in the review by Ragab et al. [4]. However,
familial AF is a rare genetic disorder that hardly explains the pathogenesis of common AF.

For this reason, genome-wide association analysis (GWAS), a comprehensive analysis
of single-gene polymorphisms (SNPs), has been repeatedly performed to explore the genetic
background of the disease as a more common condition, i.e., non-familial AF. First 2007,
an SNP at locus 4q25 was reported [5]. This locus locates between the PITX2 gene and
the translational region of the C40rf32 gene, whose function is poorly understood, and its
association with AF is overwhelmingly significant. Furthermore, the transcription factor
PITX2 has attracted attention in the understanding of the pathophysiology of AF [6], as it
is involved in the development of the pulmonary veins (PVs) [7], the regional origin of AF.
Subsequently, similar analyses have reported the association of the transcription factors
ZFHX3 [8,9] and the K* channel KCNN3 [10], and now nearly 120 loci have been reported
to be associated with AF [11]. The problem is that SNPs at each locus have a low relative
risk (RR) for developing AF. Most loci have an RR between 1.0 and 1.1 [12]. In other words,
AF-associated loci explain the inherited susceptibility to AF, but a single SNP alone does
not lead to the development of the disease.

Therefore, the inherited combination of several SNPs or the involvement of environ-
mental factors leads to the onset of the disease. Transcriptome analysis helps elucidate
the direct pathophysiology. Hitherto, oxidative stresses [13], metabolic changes [14], and
inflammations [11] have been suggested from transcriptome analysis. Recent advances in
sequencing technology allow the transcriptome and non-coding RNAs to be analyzed to-
gether, allowing even post-transcriptional considerations [15,16]. However, transcriptome
analysis generally has been limited to human patient samples from the atria and has yet to
elucidate the pathogenesis by multi-cardiac regions. In the present study, we compared
six different cardiac regions of donated samples. Surprisingly, the PV was the cardiac
region most affected by atrial fibrillation in gene expressions. Moreover, our results have
the potential to explain that AF is induced by an accumulation of acquired environmental
stresses, similar to carcinogenesis.

2. Results
2.1. General Overview of Analysis Results

In this study, a total of 46 samples were obtained for RNA-seq; three samples each
of left atrium (LA), left atrial appendage (LAA), left ventricle (LV), pulmonary vein (PV),
right atrium (RA), right ventricle (RV) and sinoatrial node (SAN) were obtained from
donors with or without persistent atrial fibrillation (AF); right atrial appendages (RAAs)
were excised during mitral valve replacement surgery for two samples each from patients
with or without AF. Patient information is summarized in Table 1. From 33535 RNAs
detected by RNA-seq, statistical testing of expression differences between controls and
AFs using the false discovery ratio (FDR) < 0.05 criterion resulted in 413 RNA hits, of
which 201 were protein-coding, and 212 were long non-coding RNAs (IncRNAs). Using
the R package, we applied the authorized method to compare two groups by computing
differential expression genes (DEGs). The full results of the analysis can be viewed in
Supplementary File S1. The hierarchical clustering of the DEGs in protein-coding and
IncRNA are shown in Figure 1A,B, respectively. Besides the presence or absence of AF,
differences in expression patterns were observed among cardiac regions. Therefore, each
cardiac region was evaluated separately. Hereafter, LAA and RAA data were included in
LA and RA, respectively.
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Table 1. Patient information of donated or collected samples. SR and AF indicate sinus rhythm and
persistent atrial fibrillation, respectively. For sex, M and F indicate male and female, respectively. For
medical history: HD; heart disease, HT; hypertension, DM; diabetes, AF; atrial fibrillation, MR; mitral
regurgitation, TR; tricuspid regurgitation, CAD; coronary artery disease, HCH; hypertensive cardiac
hypertrophy. For heart samples: SAN; sinoatrial node, LA; left atrium, LAA; left atrial appendage,
RA; right atrium, LV; the left ventricle, RV; the right ventricle, PV; pulmonary vein, RAA; right

atrial appendage.
NO. AF/SR  Age Sex Strain Tabaco Alcohol HD HT DM Cancer Samples
. SAN, LA, LAA,
1 SR 52 M Caucasian Yes Yes No No No No RA, LV, RV, PV
o - . SAN, LA, LAA,
2 SR 46 M Filipino Yes Yes No medication  medication No RA, LV, RV, PV
. SAN, LA, LAA,
3 SR 23 F Caucasian Yes No No No No No RA, LV, RV, PV
4 SR 50 M Japanese Yes Yes MR, TR medication No No RAA
5 SR 50 M Japanese Yes Yes MR No No No RAA
. SAN, LA, LAA,
6 AF 58 M Caucasian Yes Yes CAD, AF No No No RA, LV, RV, PV
. SAN, LA, LAA,
7 AF 54 M Caucasian Yes Yes AF No No No RA, LV, RV, PV
. - SAN, LA, LAA,
8 AF 58 F Caucasian Yes Yes AF medication No No RA, LV, RV, PV
9 AF 59 M Japanese Yes Yes MR, TR, AF medication No No RAA
MR,
10 AF 70 F Japanese No Yes HCH medication No No RAA
AF

| PV ' ,
E— .
SreatnfmAtnnn - |
§§§Eg%ﬂé%géﬂi%%%%iﬂ53353533§S§E§§3§§§§§ESEEE3§ RA ]
B SAN :’__I
LA ]
[ Protein coding
IncRNA

RV h ] inc
| 1 1 I
0 0.2 0.4 0.6

—-log(Wilks’ lambda)

Figure 1. Overview of the obtained data. Twenty-three samples, each with or without AF, were
compared, and (A) 201 coding RNA and (B) 212 long non-coding RNA (IncRNA) were detected as
differential expression genes (DEGs). Samples were hierarchically clustered, and the origin of the
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samples was color coded below the dendrogram. Black codes control and blue codes AF. (C) Degree of
separation between control and AF samples in each cardiac region. The acquired data were analyzed
using principal component analysis to construct a two-dimensional space with first and second
principal components. Wilks” lambda calculates how much each cardiac region data is separated
between control and AF. The smaller the value, the greater the degree of separation. The negative
logarithm is scaled to present the degree of separation.

First, principal component analysis was applied to the gene expression matrices of
each region. Wilks’ lambda was calculated to indicate the distance between groups with
or without AF in the two-dimensional space defined by the first and second principal
components. Wilks” lambda is a statistic that measures how groups are separated in
space; it is expressed from 0 to 1, with the closer to 0, the greater the degree of separation.
Figure 1C displays the negative logarithm of Wilks’ lambda for protein-coding (gray) and
IncRNAs (orange). The most considerable difference between groups was demonstrated in
PVs. Except for the SAN, differences between groups were more remarkable for IncRNAs
than for protein-coding genes. It was suggested that the degree of association with the
disease might differ from region to region. There is little difference in RV because the
development of AF has little effect on gene expression in RV.

2.2. Differential Expression Genes (DEGs) in PV and LV

DEG analysis was performed by cardiac region (FDR < 0.05). The results showed
that 145 DEGs were identified in the PV and 14 in the LV, but not in other regions. This
supports the results from the analysis of Wilks” lambda. Four genes belonging to both
PV and LV DEGs were S100A1, GABARAP, CCDC144A, and ENSG00000289474 (Figure 2).
Among the DEGs, the top 50 coding RNAs in PV, all IncRNAs in PV, and all DEGs in LV
are listed in Figure 3A-C, according to statistical significance. The full results for DEGs in
PV and LV can be viewed in Supplementary File S2. In addition, the Gene Ontology (GO)
analysis was performed on the PV and LV gene sets to determine the functional annotation
of protein-coding RNAs among the DEGs. Significantly enriched ontologies were identified
in the PV DEGs, including “ion channel activity”. The GO IDs, descriptions, and statistics
of the identified GOs are graphed in Figure 4. The gene names of the DEGs belonging to
each GO are listed in Table 2.

145 DEGs in PV

14 DEGs in LV

r 1 ‘
141 \_4‘ 10

S100A1
GABARAP
CCDC144A

Figure 2. Populations of differential expression genes (DEGs) in the pulmonary vein (PV) and left
ventricle (LV). 145 DEGs in PV and 14 in LV share four genes, SI00A1, GABARAP, CCDC144A, and
long non-coding ENSG00000289474.

In contrast, no significantly enriched Ontology was detected in DEGs of LV. Although
most IncRNAs have poorly understood functions and cannot be generally annotated like
coding RNAs, cancer-associated IncRNAs have been studied relatively well. In Table 3,
IncRNAs corresponding to PV DEGs are addressed to cancer-associated IncRNAs in the
database. Significant IncRNAs in PV in AF are also comparable in cancer.
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Figure 3. Differential expression genes (DEGs) in the pulmonary veins (PVs) and left ventricles (LVs).
DEGs are presented in order of statistical significance. The red dotted line indicates a p-value = 0.0005.
Protein-coding RNAs and long non-coding RNAs (IncRNAs) are color-coded by gray and orange,
respectively. (A) Top 50 protein-coding DEGs in PV. (B) IncRNAs as DEGs in PV. (C) All DEGs in the

left ventricle.

GO:0005261 | cation channel activity

GO0:0005216

GO0:0015267 | channel activity
G0:0022803 | passive transmembrane transporter activity
G0:0022836 gated channel activity

GO:0022843 | voltage-gated cation channel activity
GO0:0005244 voltage-gated ion channel activity

G0:0022832 voltage-gated channel activity

| ion channel activity

GO:0046873 :I metal ion transmembrane transporter activity

3 - log(p-value) 5

Figure 4. Functional annotation of differential expression genes (DEGs) in the pulmonary veins (PVs)

by Gene Ontology (GO) analysis. Enriched GOs are presented in order of statistical significance. GO

IDs are provided on the left. The corresponding negative logarithm of p-values and descriptions are

in the middle and on the right, respectively. The corresponding genes are listed in Table 2.
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Table 2. Enriched gene sets detected by gene ontology (GO) analysis in the pulmonary veins (PVs).
The Detected GOs are on the left, and corresponding gene symbols are on the right. Most genes are
significantly downregulated in PV of AF patients except GRIA2, GABRR1, and PKD2.

Descriptions Gene Symbols

GRIA2, ATP5F1D, ATP6V0OC, KCNH2, NALF2, LRRC38,
CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C

GRIA2, GABRR1, ATP5F1D, ATP6V0OC, KCNH2, NALF2,
LRRC38, CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C

GRIA2, GABRR1, ATP5F1D, ATP6V0OC, KCNH2, NALF2,
LRRC38, CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C

GRIA2, GABRR1, ATP5F1D, ATP6V0OC, KCNH2, NALF2,
LRRC38, CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C

GRIA2, GABRR1, KCNH2, NALF2, LRRC38, CACNAIE, PKD2,

cation channel activity

ion channel activity

channel activity

passive transmembrane transporter activity

gated channel activity

SCN2B, KCNIP2, GRIN2C
voltage-gated cation channel activity KCNH2, LRRC38, CACNAI1E, PKD2, KCNIP2, GRIN2C
voltage-gated ion channel activity KCNH2, LRRC38, CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C
voltage-gated channel activity KCNH2, LRRC38, CACNAIE, PKD2, SCN2B, KCNIP2, GRIN2C
metal ion transmembrane transporter activity Ii%%zég&ég;}\\]]?g’ é\fééizl’ LRRC38, CACNALE, PKD2, SCN2B,

Table 3. Long non-coding RNAs (IncRNAs) annotation of atrial fibrillation-induced alterations in
pulmonary veins based on cancer-related IncRNAs. Sixteen significant IncRNAs in PV were expressed
on a log?2 scale. Related carcinomas are listed based on two databases. (http:/ /www.bio-bigdata.net/
Inc2cancer/index.html, and http:/ /fcgportal.org/TCLA /index.php, accessed on 1 February 2023).
Red or blue letters and numbers indicate the increase or decrease in expression in the related disorder,
respectively. GBM, glioblastoma; HCC, hepatocellular carcinoma; MME, malignant melanoma; NCP,
nasopharyngeal carcinoma; GAC, gastric adenocarcinoma; BLBC, basal-like breast cancer; ESCC,
esophageal squamous cell carcinoma; OSCC, oral squamous cell carcinoma; KIRC, kidney renal clear
cell carcinoma; LUSC, lung squamous cell carcinoma; HNSC, head and neck squamous cell carcinoma;
PRAD, prostate adenocarcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma;

NA, not applicable.
Unique Names/Ensembl IDs Fold Changes (log2) in PV in AF E Expressional Changes in
xtra-Cardiovascular Carcinoma
SAMMSON 9.29 GBM, HCC, MME
Foxcur 8.41 NCP, GAC, BLBC, ESCC, OSCC
ENSG00000251320 5.99 KIRC, LUSC, HNSC
ENSG00000248927 4.16 KIRC, PRAD
ENSG00000237807 2.46 BRCA, COAD, PRAD
ENSG00000286429 —4.73 NA
SCTR-AS1 —3.60 LUSC
ENSG00000289474 -9.35 NA
CHL1-AS2 —3.41 NA
LINC02517 —3.55 NA
ENSG00000237596 —3.72 NA
ENSG00000289623 —6.12 NA
ENSG00000287592 —3.61 NA
ENSG00000254002 —3.82 NA
LINCO01405 —6.77 HNSC
LINC01629 —6.76 NA
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2.3. Co-Expression Network Analysis on DEGs

To explore functional relationships between DEGs, co-expression network analysis
was performed on 155 DEGs detected in PV and LV. This method is a valuable data analysis
technique in characterizing gene function globally [17] and is also used in investigations
of IncRNA function [18]. By clustering Pearson correlation coefficients between gene
expression levels, compartmentalized groups of genes with correlated expressions are visu-
alized (Figure 5A). A gene network was constructed by linking pairs of these gene groups
with correlation coefficients >0.8. In Figure 5A, the largest compartment (a), followed by
compartment (b), and the negatively linked compartments (c1) and (c2) are constructed
as subnetworks A, B, and C. Subnetwork A, B, and C are extracted into Figure 6A-C,
respectively. Figure 5B displays the distribution of gene degree (number of intergenic con-
nections). These networks have typical gene network properties, with a few genes having
many connections and most genes having few connections, referred to as scale-free [19].
Genes with a degree above 30 are listed in Table 4 as hub genes, which play essential
roles in the gene network. In Figure 6, subnetwork A is a population of up-regulated
62 genes, subnetwork B is a population of down-regulated 40 genes, and subnetwork C is
mixed by up-regulated five and down-regulated ten genes. Subnetworks A and C have no
known genes that reportedly induce AF and have several IncRNAs, which are thought to
be involved in regulating post-acquired gene expression. In contrast, subnetwork B has
known AF-related genes such as NKX2-5, KCNH2, and SCN2B and no IncRNAs.

15 20 25 30

L =0.2

=04 1 1

-0.6 ’

10

5

(c2) “l -1

Figure 5. The fundamental structures of the co-expression network in differential expression genes
(DEGs). (A) Co-expressed gene pairs are clustered and visualized as a heatmap. The color scale
corresponding to the correlation coefficient is inserted on the right. Based on absolute values of
a correlation coefficient of 0.8 or higher, there are three subnetworks: a compartment containing
63 genes (a) and a compartment containing 46 genes (b), as well as a compartment (c1) and (c2), which
are composed of 10 and 5 genes, respectively. (c1) and (c2) are linked by negative correlation. The rest
of the subnetworks are isolated genes with fewer than two nodes. Compartment (a) is represented as
subnetwork A, compartment (b) as sub-network B, and compartments (c1) and (c2) as sub-network
C, which are represented in Figure 6A-C, respectively. (B) The histogram of gene degree. The degree
is proportional to the number of intergenic connections. The distribution of this histogram indicates
that the network is scale-free.
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Figure 6. Subnetworks A, B, and C are expanded into (A—C) in this figure. The diameter of the nodes
is proportional to the degree that the gene has. Coding RNAs are grey, IncRNAs are orange nodes,
and square nodes indicate ion channel-related genes enriched in the GO analysis with a marine blue
border. Transcription factors are highlighted in red letters. Subnetwork A consists of 62 genes and is a
network of genes whose expression is up-regulated compared to controls. Subnetwork B is a network
of 40 genes whose expression is down-regulated. Subnetwork C consists of five up-regulated and
ten down-regulated genes. All nodes represent differential expression genes of the pulmonary vein
except PTGIS, which is in subnetwork A.

Table 4. Hub genes detected in the co-expression analysis (degree > 30). Marine blue and orange text
color indicates ion channel activity and long non-coding RNA, respectively.

Unique Name Gene type Degree
NRXNS3 protein_coding 50
TPH1 protein_coding 47
RTN1 protein_coding 47
PLD5 protein_coding 45
PCDH10 protein_coding 45
TRIM36 protein_coding 44
C8orf34 protein_coding 44
ACAN protein_coding 43
ADAMTSL1 protein_coding 42
NT5DC3 protein_coding 41
CNTN1 protein_coding 40
MRAP2 protein_coding 39
GPR176 protein_coding 39
MYH10 protein_coding 37
ARPP21 protein_coding 36
CNTN4 protein_coding 35

161



Int. J. Mol. Sci. 2023, 24, 10501

Table 4. Cont.

Unique Name Gene type Degree
GRIA2 protein_coding 35
HPSE2 protein_coding 35
RIMS1 protein_coding 34
CDHS8 protein_coding 34
SusbD5 protein_coding 33
GABRR1 protein_coding 33
TMEM30B protein_coding 33
PCDH11Y protein_coding 33
Clorf87 protein_coding 32
CYTL1 protein_coding 32
CARTPT protein_coding 32
IL31RA protein_coding 32
PCDH11X protein_coding 32
ST6GAL2 protein_coding 31
DSC3 protein_coding 31

3. Discussion

Although there have been many comprehensive RNA expression analyses on atrial
fibrillation (AF), most studies have limited their analysis to atrial samples on the assumption
that pathological RNA alterations occur in the atria [13-16]. We are the first to perform
comparisons in six different heart regions. Surprisingly, the most robust RNA alterations
occurred in the pulmonary veins (PVs) among the cardiac regions (Figure 1B). Of these,
coding RNAs related to ion channels are particularly enriched as RNAs influenced by AF
(Figure 4). This may illustrate the basis of electrical remodeling in AF patients. In addition,
the expression of the transcription factor FOXC1 was strongly up-regulated with long
non-coding RNA (IncRNA) FOXCUT in AF patients (Figure 6A), which may be involved in
structural remodeling by post-acquired gene regulation as discussed below.

3.1. The Priority of PV among Cardiac Regions on AF Remodeling

AF is known to be mainly triggered by PV sleeves [20]. Nevertheless, AF itself is de-
fined as an atrial arrhythmia, and it has long been considered that substrate changes in the
atria are responsible for the persistence of the arrhythmia [21]. Thus, most AF researchers
believe that the initiation and maintenance of AF result from different molecular mecha-
nisms occurring in different cardiac regions [22]. However, intense fibrosis, representing the
substrate changes in AF patients, also develops in PV [23,24]. If substrate changes provide
the basis for AF persistence, the atria would not be the only cardiac region contributing to
AF persistence. Instead, the current analytic results indicate that biological change is more
potent in PVs (Figure 1B). In our analysis, the cardiac regions with statistically significant
differences between AF and sinus rhythm patients were PV and LV (Figure 2). There were
145 significant hits in the PV samples, including coding RNAs and long non-coding RNAs
(IncRNAs), compared to 14 gene hits in the LV. Furthermore, samples from donors with
coronary artery disease are largely unaffected in atrial and PV samples, while ventricular
samples may be affected by ischemic changes in the data.
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3.2. The Possible Basis of the Electrical Remodeling in PV in AF

Gene ontology (GO) analysis detected several ion transport-related genes from the en-
riched gene sets on PV, such as a subunit of mitochondrial ATPase (ATP5FD1), endoplasmic
reticulum proton pump (ATP6VOC), hERG channel (KCNHZ2), an auxiliary subunit of BK
channel (LRRC38), voltage-gated Ca?* channel (CACNAI1E), ion channel scaffold molecule
(PKD2), B subunit of voltage-gated Na* channel (SCN2B), # subunit of voltage-gated K*
channel (KCNIP2), a part of ion channel-type glutamate receptors (GRIA2, GRIN2c) and
GABA receptors (GABRR1).

ATP5FD1, ATP6V0C, KCNH2, SCN2B, and KCNIP?2 are essential to myocardial func-
tions and significantly downregulated in AF samples. In addition, these cardiac function-
related proteins are all on subnetwork B in Figure 6B. As noted, the co-expression network
analysis was calculated from n = 46. Subnetwork B contains the transcription factor NKX2-5.
NKX2-5 is a well-established transcription factor that determines morphological and func-
tional features of the myocardium [25] and is also down-regulated in AF samples. It is, thus,
estimated that cardiomyocyte-like characteristics might be lost in the PVs of AF patients.
Among these genes, NKX2-5, KCNH2, and SCN2B have already been reported as single nu-
cleotide polymorphisms for AF [26-28]. Unlike mutations, polymorphisms by themselves
do not induce disease and are therefore explained as a genetic background rather than a
causative gene. In the present analysis, the simultaneous finding of the down-regulation
of these genes is meaningful in considering the cause of the proarrhythmic state. Namely,
the down-regulation of NKX2-5 indicates a deviation from cardiac tissue, accompanied by
electrical remodelings, i.e., the down-regulation of KCNH2 and SCN2B, resulting in the
formation of atrial fibrillation. Also, the present analysis, which does not assume genetic
mutations, shares results with the analysis of congenital causes, making it reasonable to
assume that the polymorphisms identified in the previous reports are responsible for the
proarrhythmic state.

Other ion transport proteins belonging to subnetworks A and C are tentatively ion
channel-related molecules expressed in the smooth muscle layer and the pulmonary veins’
nerve plexus.

3.3. Possible Classifying Post-Acquired Disturbances in AF by the Network Analysis

In the co-expression network analysis in Figure 6, subnetwork A is the extensive
network with the highest number of correlated RNAs. It exhibits up-regulated expres-
sions of the cancer-associated IncRNAs FOXCUT, SAMMSON, ENSG00000251320, and
ENSG00000248927, as well as ion channels in nerve fibers, such as GRIA2 and GABARRI.
In addition, the expression of FOXC1, a FOXCUT-related transcript, is also up-regulated.
Furthermore, prothrombotic factors, such as PDGFD and ALCAM, and molecules in the
inflammatory response, such as receptors for IL-13 and 31, are also up-regulated. On the
other hand, unlike subnetwork B, none of the known AF-causing genes are listed.

Given the above, it is likely that subnetwork A reflects post-acquired pathological
disturbances due to the disease rather than inherited conditions. LncRNAs are often
influential in regulating acquired gene expression through epigenomic regulation and post-
transcriptional and post-translational modifications [29], e.g., FOXCUT binds to FOXC1
mRNA and promotes protein translation [30]. The transcription factor FOXC1 is known
to contribute to the formation of the heart tube outflow tract early in development in the
cardiovascular research field [31]. The PV is the cardiac region that forms a part of the
outflow tract [32]. However, considering the age of the donors (Table 1), the increased
expression in AF may represent a pathological rather than a developmental change. As
for pathological changes, FOXC1 is up-regulated in many carcinomas. It plays a unique
role in promoting the epithelial-mesenchymal transition (EMT) [33]; If EMT occurs in
the pulmonary veins, it is assumed that endothelial cells will be converted to fibroblasts.
Some reports have already found that EMT occurs in the atria of AF patients [34,35]. Then,
fibroblasts secrete cytokines and adhesion molecules that may influence the substrate
changes in the patients. Indeed, PDGE and ALCAM, prothrombotic factors in subnetwork
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A, can be secreted by fibroblasts. Thus, fibroblasts would be expected to proliferate and
the substrate alteration to progress irreversibly. Our analysis indicates that the focus of the
substrate changes is the PV rather than the atria, which may be related to thrombi being
more likely to occur in the left atrium (~90%) than in the right atrium [36].

SAMMSON is also a well-studied IncRNA initially described as up-regulated in
malignant melanoma [37]. The SAMMSON is located 30 kilobase pairs downstream of
MITF, a melanoma-specific transcriptional regulator, whose expression correlates with
MITF. However, unlike the relationship between FOXCUT and FOXC1, SAMMSON does
not directly contact MITF but epigenetically regulates transcription factors influencing MITF
expression. While MITF is a melanoma-specific factor, SAMMSON has also been observed
to be up-regulated in thyroid cancer [38] and glioblastoma [39]. What genes SAMMSON
couples to in the pulmonary veins of patients with AF is a subject for future research.

Furthermore, IncRNAs can imply regulation of gene expression by environmental
factors, but the specific environmental factors themselves are often unknown. On the
other hand, increased cytokine receptor expression has been detected in sub-network A,
indicating that one of the environmental factors is inflammation or oxidative stress. Both
IL13RA2 and IL31RA are receptor genes for inflammatory cytokines, IL13 and IL31. These
cytokines play essential roles in acquired immunity [40,41]. In recent years, ILI3RA2 has
also been reported as a marker for several cancer cells [42—45].

Although few studies have investigated the analogies between AF and cancer, both dis-
eases are characterized by a high prevalence in the elderly and an increased incidence with
age. Previous studies have revealed that the transcriptome profile of age-related changes is
characterized by increased inflammation-related genes, among other features [46]. There-
fore, age-related changes in molecular profiles may contribute to the risk of age-related
diseases through increased inflammation. On the other hand, we do not know of any other
transcriptomic studies of human cardiac PV, so we do not know the relationship between
the molecules identified in this study and aging. Further profiling of pulmonary veins will
lead to a better understanding of age-related diseases.

In this way, it has been explained that sub-network A represents environmental
factors and sub-network B myocardial functional factors. In contrast, sub-network C is a
mixture of up-and-down-regulated genes and a few genes with a low degree, so biological
considerations are challenging. Increasing the number of significant genes would be
necessary to make sense of these complementary networks by increasing the sample size.

3.4. Limitations

The primary limitation of the current study is the limited size of sample numbers.
The present analysis has been performed on three AF samples and three normal heartbeat
samples. It is not guaranteed that the results would be replicated if the sample size were
huge or if the property of the domination were aligned by sex, age, or race. However, our
study focuses on comparing multiple cardiac regions, and it is not easy to include more
replicates. In the RN A-seq research community, a sample size of n = 3 is often considered
a minimum requirement. This is even clearly stated in the submission guidelines of
specialized omics journals such as Genomics (https://www.sciencedirect.com/journal/
genomics, accessed on 3 May 2023). Thus, our study design is considered acceptable.
Besides, we took advantage of the properties of omics data to make our analysis more
robust with the GO and co-expression gene network analyses. GO analysis uses genome-
wide information and provides more reliable biological findings even with small sample
sizes. The gene network analysis identifies essential genes using genome-wide information
from all n = 46 samples.

Second, we are unable to analyze molecules regulated by micro RNAs because our
analysis depends on detecting poly A tails. Some connexin genes, one of the AF-related gene
family [47-49], are regulated by micro RNAs [50,51], but unfortunately, post-transcriptional
modifications through micro RNAs are outside the focus of this study. Moreover, our
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hypothesis discussed above should also be confirmed in vitro to see how endothelial cells
transform into fibroblasts in the future.

4. Materials and Methods
4.1. RNA Extractions from Donated Hearts and Right Atrial Appendage Collections

Human heart samples from subjects with or without persistent atrial fibrillation (AF)
for left atrium (LA), left atrial appendage (LAA), right atrium (RA), sinoatrial node (SAN),
left ventricle (LV), right ventricle (RV), and pulmonary vein (PV) were purchased from
AnaBios Corporation (San Diego, CA, USA), which provides heart organs through the organ
procurement organization of the USA in compliance with the Health Insurance Portability
and Accountability Act. All personal information of donors is protected. Donated hearts
were separated into SAN, LA, LAA, RA, SAN, LV, RV, and PV. These samples were frozen in
RNAlater (Thermo Fisher Science, Waltham, MA, USA) at —20 °C. Our laboratory extracted
RNAs using QIAGEN RNeasy mini columns (QIAGEN, Venlo, Netherland). Right atrial
appendage (RAA) samples were obtained from four patients undergoing mitral valve
surgery. Two of these patients had permanent atrial fibrillation; the other two were in sinus
rhythm with no history of atrial fibrillation. After excision, all tissue specimens were frozen
in liquid nitrogen and stored at —80 °C for later use. RNAs were extracted using ISOGEN
IT (NIPPON GENE CO., LTD. Kandashiki-machi, Tokyo, Japan).

4.2. RNA-Seq and Data Processing on the Samples

The high-throughput sequence was demonstrated with NovaSeq 6000 (Illumina, San
Diego, CA, USA). First, extracted RNAs were purified by poly(A) capture. Resultant
mRNAs were then fragmented and reverse-transcribed into single-stranded complementary
DNAs (cDNAs). Subsequently, cDNAs were double-stranded by a DNA polymerase. Deoxy
UTPs (dUTPs) were mixed in nucleotide materials during the polymerase reactions. Both
double-stranded DNA (ds DNA) ends were ligated to a 13 bp adapter sequence. Both
double-stranded DNA (ds DNA) ends were ligated to a 13 bp adapter sequence. Next,
the ds DNAs were subjected to PCR amplification to prepare the multi-sized DNA library.
NovaSeq Control software v1.4.0 analyzed the sequencing runs and tag sequences classified
each read in the raw sequencing data. fastp software (version 0.12.4) was used for read
quality control and adapter removal [52]. Reads were aligned using STAR software (version
2.7.0a) [53]. The fasta and gtf files of GRCh38/releasel05 obtained from the Ensemble
database were used as reference genome and gene annotation information. The count
values of each gene were quantified from the alignment results by featureCounts software
(see [54]). We calculated the Transcripts Per Kilobase Million (TPM) values based on the
calculated gene lengths and gene counts [55,56]. The current study targeted eight heart
regions: left atrium (LA), left atrial appendage (LAA), left ventricle (LV), pulmonary vein
(PV), right atrium (RA), right atrial appendage (RAA), right ventricle (RV), and sinoatrial
node (SAN). Twenty-three samples from sinus rhythm (SR) and 23 samples from AF
patients, a total of 46 samples of RNA-seq data, were used for analysis. Of these, the
21 control samples other than RAA are the same as in the previous report [57] and have
been validated by a different experiment (GSE112339 in Gene Expression Omnibus (GEO)
database). The TPM values were transformed by log2(intensity + 1) and used in subsequent
analyses as gene expression intensity. Genes with zero TPM values in all 46 samples were
excluded from the analysis. Protein coding genes and long non-coding RNA (IncRNA)
genes were extracted based on gene feature format files provided by the Ensemble database
in the same version used for alignment. Finally, 33,535 genes were included in this analysis,
including 18,899 protein-coding genes and 14,636 IncRNA genes. The obtained data were
subsequently analyzed in the following order: (1) differential expression gene (DEG)
analysis, (2) multivariate analysis-of-covariance by manova function in R to calculate Wilks’
lambda, (3) coding RNA annotation by gene ontology (GO) analysis, (4) cancer-related
IncRNA annotation, (5) co-expression network analysis.
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4.3. Differential Expression Gene (DEG) Analysis

DEG analysis between SR and AF was performed using TCC (an acronym for Tag
Count Comparison) in the R package. Here, the trimmed mean of M values (TMM) and
edgeR methods were employed for normalization and testing, respectively [58]; genes
with FDR < 0.05 were identified as significant DEGs. Gene Ontology (GO) analysis was
performed using R’s clusterProfiler package to determine the GO-associated gene set
(Benjamini-Hochberg adjusted p-value < 0.05) [59]. In the GO analysis, all genes included in
the analysis were set to background. The R package’s org.Hs.eg.db (version 3.13.0) was used
as the GO and gene annotation database. The list of transcription factors in humans was
obtained from AnimalTFDB4.0 [60]. A gene co-expression network analysis was performed
to perform a functional analysis of the identified DEGs. Pearson correlation coefficient
matrices were calculated for DEGs. A gene network was constructed by connecting gene
pairs with absolute values of correlation coefficients >0.8. The Cytoscape software (version
3.9.1, https:/ /cytoscape.org/) visualizes the network.

4.4. Clustering and Heatmap Visualization

Clustering and heatmap drawings of the samples were applied to the gene expression
intensity matrix. Hierarchical clustering of samples was obtained by applying the dist
and hclust functions in R with default settings. The heatmap.2 function and dendextend
packages [61] in the gplots package of the R were used for heatmap and clustering drawing
(https:/ /CRAN.R-project.org/package=gplots). Each expression data was standardized
before the heatmap drawing.

5. Conclusions

At least, the current study suggests two findings: (1) the pulmonary veins (PVs) were
the regions with the most intensive gene expression alterations by the atrial fibrillation (AF)
incidence. Therefore, the PV region should be focused more on researching the etiology of
both paroxysmal and chronic AF in the future. (2) the AF remodeling is attributable to a
post-transcriptional genetic regulation similar to carcinogenesis, e.g., the FOXCUT-FOXC1
axis, SAMMSON,, and IL13RA2.

Thus, our analytic results may suggest that rather than searching the inborn genetic
backgrounds, a healthy lifestyle, such as smoking cessation and exercise, is a more protec-
tive strategy against AF progression in analogy with cancer prevention. This is because
that familial AF is a sporadic disease, and the relative risk of AF-associated SNPs is small
enough. Future research with an increase in the number of PV samples will lead to a novel
understanding of the pathophysiology of AF.
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