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Editorial

Molecular Pathogenesis of Cardiac Arrhythmia

Yosuke Okamoto * and Kyoichi Ono

Department of Cell Physiology, Akita Graduate School of Medicine, Hondo 010-8543, Japan
* Correspondence: okamoto@med.akita-u.ac.jp

The heart is a necessary organ for sustaining life in mammals, and it is the first organ to
function during early development. Once this primary engine begins to operate, it continues
to pump blood throughout the body until the individual animal dies. The miraculous
homeostasis of the heartbeat, which involves tremendous energy consumption, is naturally
synchronized with systemic homeostasis. The minimum unit of energy in the body is called
the ATP, which is produced in large quantities in organelles called mitochondria. Recently,
it has been shown that the quality maintenance of cardiac mitochondria is achieved by
mobilizing the immune system [1]. In other words, cardiac mitochondrial function is being
addressed as a systemic challenge. In this Special Issue, Dr. Takeuchi and Prof. Matsuoka
provide a review focusing on Ca2+ dynamics in cardiac mitochondria [2]. Mitochondrial
biophysical variables inside the cell are indirectly measured by selective drugs, selective
fluorescent reagents, and selective genetic modification. Sophisticated studies have shown
that mitochondrial ATP production and mitochondrial Ca2+ concentration are closely linked.
During heart contraction, the mitochondrial Ca2+ concentration and NADH oxidation rate
increase synchronously. Without a mechanism to excrete increased intramitochondrial Ca2+,
the Ca2+ overload causes excessive oxidative phosphorylation, which produces reactive
oxygen species (ROS); this, in turn, induces ventricular arrhythmias. The Na+/Ca2+/Li+

exchanger (NCLX) is responsible for mitochondrial Ca2+ excretion. While NCLX is thought
to contribute to mitochondrial homeostasis, chronic activation of NCLX in heart failure
conditions, where ATP production has shifted from being fatty acid dependent to being
carbohydrate dependent, is expected to result in mitochondrial Ca2+ deprivation. Thus,
the evaluation of disease status using mitochondrial function is critical and, at the same
time, largely complicated. In order to understand such complex biological phenomena, Dr.
Takeuchi and Prof. Matsuoka emphasize the importance of mathematical model analysis
using computers.

Dr. Tsumoto and Prof. Kurata reviewed the bifurcation analysis on the cardiac action
potentials, a type of mathematical model analysis [3]. In the bifurcation analysis, a set of
differential equations (dynamic equations) is considered a system, and a sudden change
from one stable status to another stable status is referred to as a bifurcation. The highly
abstract approach of describing the action potential as a system enables us to identify
specific single molecules that are essential for the stability of the system. Dr. Tsumoto and
Prof. Kurata present various bifurcation analyses of cardiomyocyte excitation phenomena.
While their review is effectively illustrative of the power of bifurcation analysis, they
also identify a problem with bifurcation analysis, namely, that the interpretation of the
bifurcations is not simple. For example, in analyzing early after-depolarization (EAD) by
reducing the conductance of IKs and IKr, more than four bifurcations have been observed.
Each bifurcation is an arrhythmia with a different molecular mechanism. In addition,
different underlying models naturally lead to different results; in some cases, EAD can be
explained by action potential reactivation, while in others, it is accompanied by intracellular
Ca2+ release. Eventually, the accumulation of precise experimental data and trial and error
in the analysis seem to be indispensable.

On the other hand, to elucidate the mechanism of cardiac function, Dr. Namekata et al.
and Dr. Okada et al. employed a strategy of comparing different animal species [4,5]. To
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our knowledge, the normal beating heart is driven by a coupled-clock system in which
Ca2+ release preceding the action potential is reflected in depolarization via a Na+–Ca2+

exchanger (NCX). Surprisingly, Dr. Namekata et al. pharmacologically excluded the
need for an NCX in guinea pig heartbeat. Indeed, similar reports have previously been
reported in cellular experiments [6]. Furthermore, the authors of the coupled-clock system
themselves have recently reported in vivo observations demonstrating that the action
potentials of pacemaker cells are heterogeneous, with Ca2+ release preceding the action
potential, and the action potential preceding Ca2+ release [7]. It seems that the coupled
clock is simply a phenomenological observation. Similarly, Dr. Okada et al. dismissed
the high-scoring report stating that Tbx18 is the most critical transcription factor that
characterizes pacemaker cells [8]. They reported that SHOX2 is the essential transcription
factor for pacemaker cells when animal species, including humans, are considered [5].

The study of heart rhythm in this way has been a passion, and there are a wide variety
of experimental and analytical methods. The most straightforward approach is to inhibit
specific ion channels in the study of arrhythmias. For example, inhibition of human ether-
a-go-go-related gene (hERG) channels is known to produce ventricular arrhythmias, and
Dr. Tamura et al. reported that synthetic estrogen has a protective effect against hERG
channel inhibition [9]. Dr. Shimizu et al. reported that the intravenous anesthetic propofol
suppresses hyperpolarization-activated, cyclic nucleotide-gated (HCN) channels and is
associated with bradyarrhythmia [10]. Furthermore, Dr. Flowler and Dr. Zissimopoulos
reported a review of ventricular arrhythmias associated with ryanodine receptor 2 (RyR2)
mutations [11]. RyR2 is a giant ion channel with ~560 kDa subunits forming a tetramer,
and more than 350 mutations have been reported. Mutations, thus, need to be classified as
indicated in this review.

By the way, even though the molecular mechanisms of cardiac excitation and con-
traction are extremely well regulated, there is one heart region that is innately susceptible
to arrhythmias: the pulmonary veins. The pulmonary veins are the source of the most
frequent arrhythmia: atrial fibrillation. Bredeloux et al. have provided a review in this
Special Issue on the history and latest findings in pulmonary vein research [12], and
Okamoto et al. contributed new insights into the molecular mechanisms of pulmonary
vein arrhythmias [13].

Finally, Dr. Omatsu-Kanbe discovered atypical cardiomyocytes (AMCs), which she
reviewed in this Special Issue [14]. AMC is a new cell type, discovered in the cardiac
myoblast removal fraction that was previously discarded in the experimental process.
Because of their cell fusion ability, AMCs have the potential to play an active role in the
healing process after myocardial injury, but their complete characteristics remain a mystery.
It is deeply satisfying to see that the review manuscript on AMCs has finally been accepted
for publication. New discoveries always have to fight against traditional standards. Still,
researchers cannot stop fighting. We are proud to have produced a Special Issue that
encourages new discoveries, such as that of AMCs.

Acknowledgments: We would like to acknowledge all the authors for this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: It has been over 10 years since SLC24A6/SLC8B1, coding the Na+/Ca2+/Li+ exchanger
(NCLX), was identified as the gene responsible for mitochondrial Na+-Ca2+ exchange, a major
Ca2+ efflux system in cardiac mitochondria. This molecular identification enabled us to determine
structure–function relationships, as well as physiological/pathophysiological contributions, and our
understandings have dramatically increased. In this review, we provide an overview of the recent
achievements in relation to NCLX, focusing especially on its heart-specific characteristics, biophysical
properties, and spatial distribution in cardiomyocytes, as well as in cardiac mitochondria. In addition,
we discuss the roles of NCLX in cardiac functions under physiological and pathophysiological
conditions—the generation of rhythmicity, the energy metabolism, the production of reactive oxygen
species, and the opening of mitochondrial permeability transition pores.

Keywords: mitochondria; heart; mitochondrial Na+-Ca2+ exchanger; NCLX; metabolism; Ca2+ signaling

1. Introduction

It has been almost a half century since a mitochondrial Na+-Ca2+ exchange (NCXmit) sys-
tem was discovered in the heart [1], and it has been more than 10 years since SLC24A6/SLC8B1,
coding the Na+/Ca2+/Li+ exchanger (NCLX), was identified as the gene responsible for
the system [2]. Owing to this molecular identification, our understanding of physiological
and pathophysiological roles of NCXmit has dramatically increased in various types of
cells, including cardiomyocytes, neurons, astrocytes, B lymphocytes, pancreatic β cells,
and brown adipocytes [3–10]; see also reviews [11–13]. In the heart, NCXmit comprises
the major Ca2+ efflux mechanism to balance against Ca2+ influx via mitochondrial Ca2+

uniport (CUmit) activity. For the physiological functions of cardiomyocytes, it is vital for
mitochondrial matrix Ca2+ to be maintained within an appropriate range because several
metabolic enzymes are activated by Ca2+ to supply ATP, meeting cellular ATP demand, but
excess Ca2+ causes mitochondrial dysfunction via opening of mitochondrial permeability
transition pores (mPTP) (see other reviews for details [14,15]). In this review, we provide
an overview of recent findings regarding NCXmit, especially focusing on its biophysical
properties, distributions, and physiological and pathophysiological roles in the heart.

2. Tissue-Specific Characteristics of Mitochondrial Ca2+ Dynamics

The mitochondrial Ca2+ handling system varies from tissue to tissue, which may
contribute to tissue-specific tuning of mitochondrial as well as cellular functions. It is
well accepted that CUmit activity is lower in the heart than in other tissues [16]. This
lower CUmit activity may be due to differences in stoichiometry among a pore-forming
protein (MCU), a dominant negative subunit (MCUb), and/or an EF-hand containing Ca2+-
sensitive regulator (MICU1)—an MCUb:MCU ratio that is higher and an MICU1:MCU
ratio that is lower in the heart [17–19]. In addition, Wescott et al. [20] reported that “gate-
keeping” of CUmit via a certain cytosolic Ca2+ threshold was not observed in heart, though
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it has been well described functionally and structurally in other tissues or cell types (see
review [21]). These heart-specific characteristics of the mitochondrial Ca2+ influx system
may contribute to preventing mitochondrial Ca2+ overload in the heart, where cytosolic
Ca2+ periodically rises.

In order to balance against the mitochondrial Ca2+ influx, NCXmit and H+-Ca2+ ex-
change (HCXmit) extrude Ca2+ from mitochondria, with the former accounting for the
major component in excitable tissues such as the heart and brain, and the latter being domi-
nant in non-excitable tissues such as the liver and kidney (see review [22]). Rysted et al. [23]
quantitatively compared the NCXmit activity in mitochondria isolated from mouse brains,
livers, and hearts. By evaluating extra-mitochondrial Ca2+ using Calcium Green-5N, they
demonstrated that the rate of Na+-dependent Ca2+ efflux from mitochondria was ~3-fold
larger in the brain than in the heart. This well agrees with the lower CUmit activity in the
heart compared with other tissues [16,18]. Interestingly, the NCXmit activity in the liver
was negligible, despite the fact that it has the highest mRNA expression level of NCLX.
The authors attributed this to extra-mitochondrial expression of NCLX protein in the liver.

In the heart, the fraction of Na+-dependent Ca2+ efflux to total Ca2+ efflux is 60–100%,
depending on species and experimental conditions [8,23–25]. The remaining fraction
should be mediated by HCXmit, though its contribution in the heart has been controversial.
Leucine-zipper-EF hand-containing transmembrane (Letm1), which was initially shown to
mediate H+-dependent Ca2+ influx into mitochondria [26,27], was proposed as the gene re-
sponsible for HCXmit. Natarajan et al. [28] detected H+-induced Ca2+ efflux from rat cardiac
mitochondria, which were dependent on the free matrix Ca2+ concentration. Furthermore,
they confirmed Letm1-mediated Ca2+ efflux from mitochondria by demonstrating a dimin-
ished Ca2+ efflux rate in permeabilized H9c2 cells due to Letm1 knockdown. Interestingly,
they found that the expression level of the Letm1 protein in mitochondria was higher
in the heart than in the liver, though the functional contribution of HCXmit was much
higher in the liver than in the heart. Post-translational modifications or extra-mitochondrial
localization of Letm1 protein in the heart, just as reported for NCLX [23], may explain the
disparity between the expression level and function.

3. Biophysical Properties of NCXmit

The electrogenicity of NCXmit had been controversial [29–32]. These controversies
were raised largely because mitochondrial membrane potential (∆Ψ) is affected by H+

movements across the mitochondrial inner membrane via the electron transport chain,
F1Fo-ATP synthase, and so on. Therefore, detecting an NCXmit-mediated ∆Ψ change with
the exclusion of the ∆Ψ change via the fluctuation of energy metabolism was challenging.
In order to overcome this problem, it is necessary to clamp ∆Ψ. Recently, our group
succeeded in recording membrane currents through NCXmit in mouse cardiac mitochondria
using whole-mitoplast patch clamp methods, thus settling the controversy [8].

The characteristics of the NCXmit current in forward mode, i.e., an extra-mitochondrial
Na+-induced inward current with Ca2+ in the pipette, corresponded well to those in pre-
vious reports—the currents were diminished by the NCXmit inhibitor CGP-37157 [32,33],
the Hill coefficient for cytosolic Na+ was around 3–4 [29,32], and Li+ can be substitutable
for Na+ with ~70% lower efficacy [23,24]. One deviation was that the half-maximum
concentration for Na+, 35.6 mM, was higher than the reported value of 1–8 mM in the heart
(8 mM in [29]; 1 mM in [32]), possibly because the Na+-permeable background current
could exist in the mitoplast preparations. The lower efficacy of Li+ compared to Na+ in
exchanging for Ca2+ was also reported in brain mitochondria, to a similar extent as in
the heart [10,23]. Through molecular modeling analysis based on Metanococcus jannaschii
NCX_Mj and Archaeoglobus fulgidus CAX_Af, combined with functional analysis of human
NCLX mutants, distinct amino acid residues in NCLX were identified as determining
Na+ or Li+ binding [34]. That is, N149, P152, D153, N467, S468, and G494 were pro-
posed to render Li+ selectivity, whereas D471 was proposed to render Na+ selectivity [34].
Giladi et al. [35] independently analyzed NCX_Mj-derived mutant NCLX_Mj, with nine
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substituted resides causing a NCLX-like phenotype, and found that peptides 248–255 were
sensitive only to Li+ binding, but not to Na+ nor Ca2+ binding. Therefore, it is reasonable
that the efficacy of exchanging for Ca2+ was different between Na+ and Li+. Although
the three-dimensional (3D) structure of NCLX has not been solved yet, recent advances
in artificial intelligence-based structure prediction methods makes it possible to easily
visualize a putative 3D structure of NCLX. Figure 1 shows a putative 3D structure of
human NCLX (Q6J4K2), predicted using AlphaFold [36], with specific residues highlighted
that are suggested to be functionally important.

In the whole-mitoplast patch clamp experiments, the NCXmit current in reverse mode—
an extra-mitochondrial Ca2+-induced outward current with Na+ in the pipette—could not be
recorded [8]. This was rather surprising to us because the reverse mode of NCXmit activity
was previously reported to exist in mitochondria of rat cardiomyocytes [32,37]. Further
evaluation of intra-mitochondrial Ca2+ using Fluo-8 in isolated mitochondria revealed that
the reverse mode of NCXmit activity did exist in the heart. That is, CGP-37157-sensitive and
intra-mitochondrial Na+-dependent Ca2+ influx was detected, but the rate was too slow to
be recorded electrophysiologically [8]. What is the mechanism underlying the slow NCXmit
activity in reverse mode? One possible explanation may be an allosteric regulation of NCLX
by ∆Ψ, as reported in SH-SY5Y neuronal cells and in HEK-293T cells [38]. The authors
showed that mild ∆Ψ depolarization inhibited NCXmit via two clusters of positively charged
residues, which are putatively located in the regulatory loop around the inner membrane
(yellow sticks in Figure 1). They also showed that phosphorylation of S258 in human
NCLX, known to be a protein kinase A (PKA) target site [39] (blue sticks in Figure 1), could
override the regulation. Since mitoplasts and isolated mitochondria were free of cytosolic
ingredients, it could be possible that phosphorylation at the residue was not sufficient to
override the depolarization-mediated inhibition under the experimental conditions of [8].
The unfavorable reversal of NCXmit was also reported in leukotriene C4-stimulated mast
cells with depolarized mitochondria [40]. Interestingly, however, mitochondrial fusion
protein mitofusin (MFN) 2 knockdown caused repetitive reversal of NCXmit even under
depolarized conditions, resulting in mitochondrial and cytosolic Ca2+ oscillation. It is worth
examining phosphorylation status at NCLX S258 in MFN2-knockdown cells.

 on 05 

∆Ψ

 

“

∆Ψ

Figure 1. Putative three-dimensional structure of human NCLX (UniProtKB accession number Q6J4K2) predicted using
AlfaFold [36]. The pdb file (AF-Q6J4K2-F1-model_v1) was downloaded from the AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/ accessed on 05 November 2021) and graphics were prepared using PyMOL v.2.1.0. (A) Side
view, (B) bottom view. Putative mitochondria transit peptide and two sodium/calcium exchanger membrane regions are
shown in green and pale and dark pink, respectively. Putative protein kinase A (PKA) phosphorylation site, S258 [39],
is shown as blue sticks. Putative amino acids rendering Li+ selectivity, Na+ selectivity [34], and those sensitive to ∆Ψ

depolarization [38] are shown as light blue, red, and yellow sticks, respectively.

7



Biomolecules 2021, 11, 1876

In dopaminergic neurons, it was demonstrated that PTEN-induced putative kinase 1
(PINK1) at mitochondria activated PKA, thereby phosphorylating S258 of NCLX [39].
PINK1 deficiency is closely associated with mitochondrial abnormalities and the pro-
gression of early-onset familial Parkinson’s disease [41,42]. In addition, recent studies
demonstrated deficiencies of PINK1 and mitochondrial function in failing hearts, such
as in hearts with late stages of dystrophic cardiomyopathy and sepsis [43,44]. Abnormal
NCXmit activity via PINK1 deficiency may be associated with mitochondrial dysfunction
in these failing hearts.

4. Spatial Distribution of NCXmit in Cardiomyocytes

Mitochondria are physically and electrically connected with each other via intermito-
chondrial junctions and form “mitochondrial reticulum” throughout the cell in the skeletal
and cardiac muscles [45,46]. However, there is still functional heterogeneity depending on
their spatial distributions—one just beneath the sarcolemmal membrane (subsarcolemmal
mitochondria, SSM), one between myofibrils (interfibrillar mitochondria, IFN), and one
near the nucleus (perinuclear mitochondria, PNM). This heterogeneity may contribute to
dealing with region-specific energy demands, sensitivity to oxidative stress, Ca2+ handling,
and so on [47,48].

Using mitochondrial Ca2+ indicator Myticam-expressing rabbit cardiomyocytes,
Lu et al. [49] demonstrated that 1 Hz electrical stimulation induced faster Ca2+ uptake
in IFM than in PNM, whereas the post-stimulation Ca2+ efflux was comparable. The
higher uptake but comparable efflux of mitochondrial Ca2+ in IFM than in PNM resulted
in the higher sensitivity to phenylarsine oxide for the opening of mPTP, shown as faster
∆Ψ depolarization. In addition, the spatial difference of CUmit activity was preserved
in permeabilized cardiomyocytes under the conditions of a clamped cytosolic Ca2+ con-
centration with a disabled sarcoplasmic reticulum (SR) Ca2+ pump (SERCA), but the
efficacy was lower than that observed in intact cardiomyocytes. Therefore, an intrinsic
difference in CUmit activity may be further amplified by local SR Ca2+ release-associated
excitation–contraction coupling in intact cardiomyocytes.

While Ca2+ efflux activity was comparable in IFM and PNM [49], it was shown
to be larger in SSM than in IFM [50]. Immunofluorescence analyses using stochastic
optical reconstruction microscopy revealed that NCLX localized mainly in SSM near
(<20 nm) voltage-dependent Na+ channel Nav1.5 clusters, and hardly existed in IFM
of rabbit ventricular myocytes. Functional analyses showed that the treatment of cells
with a Na+ channel blocker, tetrodotoxin, increased intensity of Rhod-2, an indicator
of mitochondrial Ca2+, in SSM but not in IFM. Since NCXmit inhibition by CGP-37157
produced similar results as those obtained using tetrodotoxin, it was suggested that Na+

accumulation at the subsarcolemmal space via Nav1.5 potentiated NCLX-mediated Ca2+

efflux from mitochondria, preventing mitochondrial Ca2+ accumulation. The authors
further examined the contribution of the physical and functional coupling of Nav1.5-NCLX
to reactive oxygen species (ROS) production in mitochondria, which is closely associated
with mitochondrial Ca2+, as will be described in Section 5.3. However, they failed to detect
spatial differences in mitochondrial ROS production, possibly due to the propagation of
ROS via the mitochondrial reticulum [45,46,51]. Further analyses are necessary to prove the
physiological and pathophysiological roles of this Nav1.5–NCLX coupling. Quantitative
analysis of spatial Na+ regulation via the Na+-K+ ATPase and Na+ channel, as performed
by Skogestad et al. [52] would help in understanding this subject.

In addition to the heterogeneities of mitochondrial Ca2+ dynamics at differentially
localized cardiac mitochondria, intra-mitochondrial heterogeneities were also reported.
Lu et al. [53] evaluated mitochondrial Ca2+ transients using Myticam-expressing rat ven-
tricular myocytes. They analyzed 0.2 Hz stimulation-induced small mitochondrial Ca2+

transients, which increased from ~150 nM by ~30 nM and found that the upstroke was
faster at position near the Z-line than near the M-line but the decay was comparable. Al-
though MCU immunofluorescence showed a uniform distribution over the mitochondrion,
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it was suggested that CUmit activity was higher at mitochondria facing junctional SR (jSR)
than at those facing bulk cytosol, whereas Ca2+ efflux activity was comparable. This is
reasonable because mitochondria–jSR association creates high Ca2+ microdomains near the
dyadic space, which enables them to meet the low affinity of CUmit for Ca2+ uptake (see
review [54]).

De La Fuente et al. [55,56] further explored the spatial heterogeneities of mitochondrial
Ca2+ dynamics. Using conventional and super-resolution immunofluorescence analyses of
isolated cardiac mitochondria and isolated cardiomyocytes, they demonstrated that about
50% of MCU were closely co-localized with the SR Ca2+ release channel ryanodine receptor
(RyR) 2 [55]. The authors explained that the divergence of this biased MCU distribution
from the previously reported uniform distribution [53] was attributable to the antibodies
chosen, since one used in [53] gave non-specific signals in MCU knockout mouse-derived
cardiomyocytes. Supporting the idea of MCU-RyR2 colocalization, MCU and EMRE, which
are essential CUmit regulator proteins, were more abundant in crude mitochondria than
in Percoll-purified mitochondria, and were also found in jSR [55]. On the other hand, the
NCLX protein was more abundant in pure mitochondria than in crude mitochondria, and
was not found in jSR [56]. Moreover, the authors strengthened their findings on distinct
distributions of MCU and NCLX by means of functional assays. CUmit activity—CUmit
inhibitor Ru360-sensitive 45Ca2+ uptake corrected with citrate synthase activity—was
much higher in isolated jSR than that in isolated mitochondria. On the contrary, 45Ca2+

retention assays revealed that Na+- and CGP-37157-sensitive mitochondrial Ca2+ efflux
activity was much higher in pure mitochondria than that in jSR. This 45Ca2+ efflux activity
became larger and smaller in heart-specific NCLX overexpressing and knockout mice,
respectively. The authors proposed that the spatially separated distribution of MCU-
RyR2 and NCLX contributes to minimizing the energy cost for maintaining ∆Ψ. In other
word, if MCU-RyR2 were near NCLX, ∆Ψ would depolarize both due to Ca2+ influx via
CUmit and due to Ca2+ efflux via NCXmit. Accordingly, the spatial separation of MCU-
RyR2 and NCLX should be necessary for optimizing mitochondrial Ca2+ signals and
energy cost. Interestingly, it was demonstrated that NCLX efficiently supplies Ca2+ from
mitochondria to the SR/endoplasmic reticulum (ER) via SERCA, thereby regulating the
automaticity of HL-1 cardiomyocytes, as well as antigen receptor-mediated Ca2+ signaling
of B lymphocytes [3,5]. It is worth evaluating the physical coupling of NCLX and SERCA
in cardiomyocytes, which would fill in the last piece in our understanding of the efficient
Ca2+ cycling between SR and mitochondria.

5. Role of NCXmit in Cardiomyocyte Functions

5.1. Role of NCXmit in Cardiac Rhythmicity

Since CUmit comprises only 1–2% of total Ca2+ removal from cardiomyocytes [53,57,58], the
contribution of NCXmit to cytosolic Ca2+ transients and to action potential generation has
been considered negligible. However, in a spontaneously beating cell line, HL-1, originating
from mouse atrial myocytes, NCLX knockdown by siRNA significantly decelerated the
upstrokes of action potentials and Ca2+ transients, and prolonged the cycle lengths [5].
Consistently with the results of other studies [53,57,58], NCLX knockdown did not change
the rest and peak fluorescence ratios of Indo-1, an indicator of the cytosolic Ca2+ level.
Rather, it was demonstrated that NCLX knockdown decreased caffeine-responsive SR Ca2+

content and slowed subsequent SR Ca2+ reuptake rate, evaluated using a FRET protein
Cameleon D1ER. Further analyses of a mathematical model combined with experimental
validation revealed that (1) the automaticity of HL-1 cells was driven by the so-called
“Ca2+ clock” mechanism, in which a Ca2+ leak from SR potentiates the inward current
via sarcolemmal Na+-Ca2+ exchange to facilitate membrane depolarization, (2) NCLX
knockdown decreased the Ca2+ supply from mitochondria to SR, thereby decelerating SR
Ca2+ leak, delaying the activation of the inward current through sarcolemmal Na+-Ca2+

exchange, and thus delaying the activations of voltage-dependent Na+ and Ca2+ currents,
causing a cycle length prolongation.
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Considering that HL-1 cells are derived from atrial myocytes, which are quiescent
under physiological conditions, NCXmit may be involved in abnormal automaticity of
atria, such as atrial flutter and atrial ectopic tachycardia. In addition, it may also be
plausible that abnormal NCXmit function causes ventricular arrhythmias. In fact, the
involvement of abnormal NCXmit activity in altered rhythmicity was suggested in mouse
embryonic stem cell-derived as well as in human induced pluripotent stem cell-derived
ventricular myocytes, where the “Ca2+ clock” drives the automaticity [59]. In addition,
arrhythmic evens with QRS interval widening were observed in tamoxifen-induced heart-
specific conditional NCLX-knockout mice, though the events only occurred immediately
before death [25].

The question of whether NCXmit participates in the automaticity of normal pacemaker
cells, i.e., sinoatrial (SA) node cells, is still a big issue. The automaticity of SA node cells
has been proposed to be driven by a “coupled-clock” pacemaking system, which is com-
posed of a sarcolemmal ion channel/transporter-derived rhythm (“membrane clock”) and
subsarcolemmal Ca2+ release (LCR)-related rhythm (“Ca2+ clock”) [60–62]. In the former,
pacemaker channels such as the hyperpolarization-activated cation channel and various
other inward membrane currents at the plasma membrane drive diastolic depolarization.
In the latter, LCR from SR activates the inward current via sarcolemmal Na+-Ca2+ exchange
to drive diastolic depolarization. NCXmit may modulate the “Ca2+ clock” part in SA node
cells, as observed in HL-1 cells [5]. In fact, application of an NCXmit inhibitor, CGP-37157,
slowed the firing rate of rabbit as well as mouse SA node cells [63,64]. However, recent
imaging studies of mouse SA node preparations revealed marked heterogeneity of LCR
and action potential-induced Ca2+ transients within and among SA node cells [65]. That
is, some SA node cells generated only LCR and did not fire; some only generated action
potential-induced Ca2+ transients and did not generate LCR; and some generated LCR
during the diastolic phase before an occurrence of action potential-induced Ca2+ transients.
These data suggest that the coupling degree of the “coupled-clock” system may differ
among SA node cells in vivo. Our model analyses suggested that NCXmit reduction in an
SA node cell which is solely driven by the “membrane clock” accelerates, instead of decel-
erating, the firing rate [11]. NCXmit reduction-mediated slowing of automaticity in “Ca2+

clock”-driven cells may be compromised by NCXmit-mediated acceleration of automaticity
in “membrane clock” cells in the SA node region. In fact, tamoxifen-induced NCLX deletion
in the adult mouse heart, with a 70% reduction of NCLX protein 3 days after tamoxifen
treatment, did not show altered sinus rhythms except for on the date of death, 8–10 days
after tamoxifen treatment [25]. In vivo imaging of the SA node of NCLX-knockout mice
would clarify the quantitative roles of NCXmit in pacemaking activity.

5.2. Role of NCXmit in Cardiac Energetics

The heart is continuously pumping blood around the body, which is energetically
driven by ATP hydrolysis. In the healthy adult heart, ATP synthesis is mainly dependent
on mitochondrial oxidative phosphorylation, and the process is strictly regulated to bal-
ance the large, dynamically changing energy demands [66]. One candidate factor for the
regulation is Ca2+, which activates three mitochondrial dehydrogenases—pyruvate dehy-
drogenase complex (PDHC), isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase
(OGDH) [67] (Figure 2). The product NADH is oxidized in the electron transport chain,
causing the proton motive force to be utilized for ATP synthesis via F1Fo ATP synthase.
Therefore, the contribution of NCXmit, as one of the determinants of the mitochondrial
Ca2+ level, to cardiac energetics has been an issue to be clarified.

10



Biomolecules 2021, 11, 1876

 

 

∆Ψ
Figure 2. An overview of the NCLX-mediated physiological and pathophysiological functions in a cardiomyocyte. ATPsyn,
F1Fo-ATP synthase; Cav1.2, L-type Ca2+ channel; cytc, cytochrome c; ∆Ψ, mitochondrial membrane potential; MCU,
mitochondrial Ca2+ uniporter complex; mPTP, mitochondrial permeability transition pores; Nav1.5, voltage-dependent
Na+ channel; ROS, reactive oxygen species; RyR2, ryanodine receptor 2; SERCA, sarcoplasmic reticulum Ca2+ pump;
SR, sarcoplasmic reticulum; TCA, tricarboxylic acid.

This was first shown in whole-cell patch clamp experiments using guinea pig ven-
tricular myocytes loaded with Rhod-2 for evaluating mitochondrial Ca2+ changes [68].
It was demonstrated that when NCXmit became more active with 15 mM compared with
5 mM Na+ in the pipette, the mitochondrial Ca2+ increase induced by an abrupt workload
increase (3–4 Hz pacing in the presence of isoproterenol) was diminished. At the same
time, under the condition of 15 mM Na+ in the pipette, NADH autofluorescence decreased
upon the workload increase, indicating that mitochondrial Ca2+ was not sufficient enough
to activate NADH production by mitochondrial dehydrogenases. An NCXmit inhibitor,
CGP-37157, restored the workload-induced Ca2+ accumulation in mitochondria and at-
tenuated the NADH decrease [69]. Since a cytosolic Na+ increase and energy starvation
are characteristic properties of failing heart [70], the authors further studied a guinea pig
model of heart failure which was induced by aortic constriction with/without β-adrenergic
receptor stimulation [69,71]. In ventricular myocytes from failing hearts, where cytosolic
Na+ evaluated from SBFI ratio image was ~15 mM compared to ~5 mM in sham myocytes,
the abrupt workload increase caused essentially the same responses of mitochondrial Ca2+

(Rhod-2 or Myticam) and NADH as those reported with 15 mM Na+ in the pipette [68,69]—
the diminished increase of mitochondrial Ca2+ and the subsequent NADH starvation upon
the workload increase. More importantly, the changes were restored in the presence of
an NCXmit inhibitor, CGP-37157, to levels similar to those observed in sham myocytes.
These results suggested a causative role of NCXmit in the energy starvation of the failing
heart. In addition, as will be explained in Section 5.3, chronic treatment of the animals with
CGP-37157 partially prevented cardiac dysfunctions. Accordingly, the authors proposed
that blocking of NCXmit is a novel strategy for treating heart failure [71].

However, the contribution of NCXmit to cardiac energetics in the failing heart may not
be as large as that expected from experiments using cardiomyocytes, where an extreme
workload change was applied—rapid 3–4 Hz pacing from a quiescent state, which hearts
in situ never experience [68,69,71]. Recently, the effects of chronic and acute myocardial
Na+ loads on cardiac energetics were extensively studied in Langendorff-perfused mouse
hearts with 23Na, 31P, 13C NMR, and 1H-NMR metabolomic profiling [72]. Chronic (phosp-
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holemman PLM3SA mouse) and acute (treatment with ouabain and blebbistatin) inhibition
of Na+-K+ ATPase, as well as pressure-overload-induced cardiac hypertrophy caused a cy-
tosolic Na+ increase, and switched the substrate preference from fatty acid to carbohydrate
oxidation, which are characteristic features frequently observed in failing hearts [70,73].
The acute Na+ elevation resulted in the most severe metabolic alterations, such as de-
creased metabolite levels of tricarboxylic acid (TCA) cycle intermediates downstream
from OGDH (succinate, fumarate, and malate), suggesting the reduced Ca2+-dependent
activation of TCA cycle dehydrogenases. However, regardless of the strategy for cytosolic
Na+ elevations, the energy supply was maintained, as is evident from the preserved ATP,
phosphocreatine (PCr), PCr/ATP ratio, NADH, and pH. Metabolome profiles obtained
with NMR, as well as in silico predictions using CardiNet, revealed that they were achieved
at the cost of extensive metabolic flux remodeling. Therefore, the impact of impaired
cytosolic Na+ homeostasis on mitochondrial ATP production should be mechanistically
more complex than what has been suggested in isolated cardiomyocytes. In all three sets
of hearts with elevated cytosolic Na+, treatment with CGP-37157 reversed the substrate
preference from carbohydrate to fatty acid oxidation with normalized levels of the depleted
metabolites. This suggests a therapeutic potential for CGP-37157 in the treatment of the
metabolic reprograming that occurs before energetic impairments.

To the contrary, detrimental contributions of NCXmit to cardiac energetics were not
suggested in heart-specific NCLX-overexpression mice [25]. There were no apparent dif-
ferences between control and NCLX-overexpression mice’s ventricular myocytes in terms
of the NAD+/NADH ratio, oxidative phosphorylation evaluated by seahorse analyses
with either pyruvate or palmitate as energy substrates (basal, ATP-linked and maximum
respirations, spare capacity, and proton leak), nor in the phosphorylation level of mitochon-
drial Ca2+-responsive PDHC. These findings suggested that NCLX overexpression had
marginal effects on cardiac energetics. Rather, as will be explained in Section 5.3, NCLX
overexpression prevented the cardiac dysfunctions of ischemia-reperfusion injury and is-
chemic heart failure. It should be noted that the basal mitochondrial Ca2+ level, evaluated as
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone)-responsive Fura-2 intensity, was
comparable between control and NCLX-overexpressing cardiomyocytes, indicating that
NCLX overexpression did not cause excessive deprivation of mitochondrial Ca2+, in spite
of an increase in mitochondrial Ca2+ efflux rate by 88%. Our model analyses suggested
that cytosolic Ca2+ within its physiological range, 100 nM–2 µM, does not largely affect
steady-state levels of energy substrates, though a lower cytosolic Ca2+ level collapsed the
system because of mitochondrial Ca2+ deprivation [74,75]. Therefore, some compensation or
backup mechanisms may work to prevent mitochondrial Ca2+ deprivation via NCLX overex-
pression. It would be informative to further evaluate the mitochondrial Ca2+ level, cytosolic
Na+ level, and metabolome profiles in failing hearts with or without NCLX overexpression.

5.3. Role of NCXmit in ROS Production and mPTP Opening

Mitochondria are a major source of ROS, the production of which is tightly coupled
with ATP synthesis—Complex I and Complex III in the electron transport chain produce
O2

− from O2 oxidation. Then, manganese-dependent superoxide dismutase converts
O2

− to H2O2, which is eliminated by antioxidant scavenge systems, such as glutathione
peroxidase and peroxiredoxin [76] (Figure 2). Excessive amounts of ROS, either via over-
production or via reduced scavenging pathways, exert detrimental effects on mitochondrial
function, such as uncoupling of the electron transport chain to reduce ATP production,
and triggering mPTP opening by sensitizing mPTP to mitochondrial Ca2+. mPTP opening
causes a burst of ROS released from mitochondria, in a process named ROS-induced ROS
release, which impairs excitation–contraction coupling via modulating multiple ion chan-
nels and transporters, as well as via chronic remodeling [77,78] (Figure 2). Based on the fact
that mitochondrial Ca2+ activates three dehydrogenases and the product NADH promotes
ROS by-production via the electron transport chain, and that mitochondrial Ca2+ overload
is a key trigger for mPTP opening, followed by a burst ROS release, altered mitochondrial
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Ca2+ dynamics have been implicated to be closely associated with ROS dynamics in failing
and injured hearts [79,80].

Hamilton et al. [81] demonstrated the involvement of NCXmit in ROS production,
SR Ca2+ handling, and arrhythmogenesis in rat ventricular myocytes. They monitored
mitochondrial Ca2+ using a biosensor mtRCamp1h, and showed that NCXmit inhibi-
tion by CGP-37157 decelerated mitochondrial Ca2+ decay, thereby enhancing mitochon-
drial Ca2+ accumulation triggered by 2 Hz electrical stimulation in the presence of iso-
proterenol. This resulted in larger ∆Ψ depolarization monitored by TMRM, increased
ROS in the mitochondria-SR microdomain evaluated using ER-tuned redox sensor ER-
roGFP_iE, increased RyR oxidation as evident from increased immunoprecipitation with
anti-dinitrophenyl-antibody, and increased proarrhythmic Ca2+ waves. The authors also
showed that this cascade further exacerbated proarrhythmic-triggered activity in hypertro-
phied hearts, which were induced by thoracic aortic banding.

The detrimental consequences of NCXmit inhibition were more prominent in NCLX-
knockout mice. The germline NCLX knockout was unsuccessful, and adult acute heart-
specific NCLX knockout, in which NCLX protein expression was reduced by ~70%, caused
~87% lethality within 2 weeks due to severe myocardial dysfunction accompanying
increased ROS, evaluated with dihydroethidium and MitoSox red, and mitochondrial
swelling [25]. This lethality was attributable to mitochondrial Ca2+ overload-mediated
mPTP opening, because the depletion of the mPTP component cyclophilin D on the NCLX
conditional knockout background rescued the myocardial dysfunction and lethality fol-
lowing tamoxifen-induced NCLX ablation. Those authors suggested that NCLX-mediated
Ca2+ efflux was necessary to maintain an appropriate mitochondrial Ca2+ level, which
was vital for preventing mPTP opening and excessive ROS production, and for survival.
The idea was further confirmed in heart-specific NCLX-overexpression mice subjected to
ischemia-reperfusion [25]. Accordingly, NCLX overexpression reduced the ROS level eval-
uated using dihydroethidium in hearts with 40 min-left coronary artery ligation followed
by 24 h reperfusion, and tended to decrease it 4 weeks after permanent occlusion of the
left coronary artery. In addition, cardiac dysfunctions characterized by TUNEL-positive
interstitial cells, fibrosis, and contractile dysfunction were all improved by NCLX over-
expression. The above findings clearly indicated beneficial contributions of NCXmit in
ischemia-induced failing hearts.

However, a contradictory mechanism was proposed by Liu et al. [71]. As explained in
Section 5.2, an abrupt workload increase resulted in a diminished increase in mitochondrial
Ca2+, followed by NADH starvation, in failing ventricular myocytes, possibly because
elevated cytosolic Na+ excessively extruded Ca2+ from mitochondria via NCXmit [71].
Interestingly, dichlorodihydrofluorescein diacetate oxidation, an index of the ROS level,
was dramatically increased upon an abrupt workload increase in the failing cardiomyocytes
but not in the sham cardiomyocytes and this ROS production was completely diminished
in the presence of an NCXmit inhibitor, CGP-37157. Moreover, chronic treatment of the
animals with CGP-37157 using an osmotic pump partially prevented the animals from
developing heart failure, as evident from improved hypertrophic remodeling, interstitial
fibrosis, contractile dysfunction, and occurrence of arrhythmia. The authors attributed the
mechanism to reduced ROS scavenging capacity due to the reduced NAD(P)H levels in
failing cardiomyocytes. Accordingly, these findings indicated a detrimental contribution of
NCXmit in failing hearts.

The abovementioned contradictory roles of NCXmit in failing hearts suggested that
mitochondrial Ca2+ did not simply correlate with ROS production. Recently, a brand-new
mechanism underlying hypoxia-induced ROS production via NCXmit was proposed—
Na+–phospholipid interaction-mediated ROS regulation [82] (Figure 2). The authors first
confirmed that NCXmit was involved in hypoxia-induced ROS production in primary
bovine aortic endothelial cells and mouse embryonic fibroblasts. Pharmacological inhi-
bition with CGP-37157 or genetical reduction (siRNA or knockout) of NCLX diminished
the cytosolic Ca2+ increase and cytosolic Na+ decrease, attenuated the reduction of the
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inner mitochondrial membrane fluidity and the mitochondrial ROS production caused
by exposure of the cells to hypoxia (exposure of the cells to 1% O2). Then, the authors
showed that hypoxia-induced matrix acidification via Complex I inhibition caused Ca2+

solubilization from calcium phosphate precipitation in the matrix, as evident from mor-
phological (electron microscopy images) as well as from functional assays (measurements
of free mitochondrial Ca2+ in isolated mitochondria as well as in cells). Since a mitochon-
drial free Ca2+ increase enables NCXmit to extrude Ca2+ in exchange for Na+, the authors
then focused on the roles of matrix Na+ on electron transport chains and found that only
Complex II-dependent respirations were decreased by Na+, which was NCXmit-dependent,
resulting in increased ROS production. The authors filled in the final piece by showing
that Na+ directly bound to the phospholipid bilayer, as evident from infrared spectroscopy,
which reduced the fluidity of the inner mitochondrial membrane for ubiquinone diffusion
in the inner mitochondrial membrane, increasing the ROS production. Taken together,
these findings clarified a distinct scheme of ROS production—regulation by matrix Na+ via
NCXmit—from those proposed in previous reports.

6. Future Perspectives

As has been described so far, knowledge on the biophysical properties, distributions,
and the physiological and pathophysiological significance of NCXmit in the heart is rapidly
increasing. The more knowledge is accumulated, the more complicated systems are elu-
cidated, sometimes introducing difficulties into our understanding as a whole. Taking
ROS dynamics under pathological conditions as an example, some experimental evidence
supports the roles of NCXmit in increasing ROS production [82], whereas others support its
preventive roles in relation to ROS increases [25,81]. NCXmit directly modulates and is af-
fected by cytosolic and mitochondrial concentrations of Na+ and Ca2+ ions, and ∆Ψ, which
are associated with ROS balance regulation via different pathways (Figure 2). Therefore,
differences in ionic conditions and mitochondrial viability under different experimental
conditions or diseased states would result in different contributions of NCXmit.

In order to understand these complicated networks, the integration of NCXmit activity
and cellular/mitochondrial functions with mathematical modeling could be a powerful tool.
Very recently, Cortassa et al. [83] succeeded in reconciling the apparently paradoxical roles
of NCXmit in ROS dynamics (see details [83]). In brief, they built two scenarios, the “Na+-
driven oxidized scenario” and the “Ca2+-driven reduced scenario”, and demonstrated
that variations in redox status, cytoplasmic Na+ concentrations and energetic capacity
resulted in different mitochondrial Ca2+ levels and bioenergetic responses driving ATP
supply and oxidative stress. The former scenario could be represented by heart failure with
a reduced ejection fraction (HFrEF) in which considerable cytosolic Na+ overload occurs,
and the latter by heart failure with a preserved or moderate ejection fraction (HFpEF,
HFmEF) in which only a modest Na+ increase is expected. Integrating the model of matrix
Ca2+ solubilization and precipitation from and to calcium phosphate [84] into Cortassa’s
model [83] would further facilitate our understandings in this area.

The discrepancies in experimental findings obtained from isolated mitochondria,
isolated cardiomyocytes, and whole hearts are other issues that remain to be solved.
Recent advances in imaging techniques used to evaluate electrophysiological and metabolic
properties of single cells and even organelles in tissue are promising [65,85]. By utilizing
these techniques, it is expected that our understandings of the roles of NCXmit in healthy
as well as in failing hearts will be further deepened.
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Abstract: The heart is a hierarchical dynamic system consisting of molecules, cells, and tissues, and
acts as a pump for blood circulation. The pumping function depends critically on the preceding
electrical activity, and disturbances in the pattern of excitation propagation lead to cardiac arrhythmia
and pump failure. Excitation phenomena in cardiomyocytes have been modeled as a nonlinear
dynamical system. Because of the nonlinearity of excitation phenomena, the system dynamics could
be complex, and various analyses have been performed to understand the complex dynamics. Under-
standing the mechanisms underlying proarrhythmic responses in the heart is crucial for developing
new ways to prevent and control cardiac arrhythmias and resulting contractile dysfunction. When
the heart changes to a pathological state over time, the action potential (AP) in cardiomyocytes
may also change to a different state in shape and duration, often undergoing a qualitative change
in behavior. Such a dynamic change is called bifurcation. In this review, we first summarize the
contribution of ion channels and transporters to AP formation and our knowledge of ion-transport
molecules, then briefly describe bifurcation theory for nonlinear dynamical systems, and finally detail
its recent progress, focusing on the research that attempts to understand the developing mechanisms
of abnormal excitations in cardiomyocytes from the perspective of bifurcation phenomena.

Keywords: action potential; nonlinear dynamical system; bifurcation theory; afterdepolarizations;
cardiac arrhythmias

1. Introduction

We can observe a wide variety of dynamics in life phenomena. Dynamics are the
changes in states of a system over time. The system is defined as a set of objects with
functions; if the states of the system change with time, then the system is called a dynamic
system. A mathematical model is a description of the rule for state changes in the system,
and such a model is called a dynamical system [1,2].

The heart is a highly hierarchical dynamic system consisting of molecules, cells, and
tissues [3–5]. It is well known that cardiac muscle cells cause an electrical excitation. To
reproduce the excitation phenomena observed in cardiac cells, many mathematical models
have been proposed. Excitation is a nonlinear phenomenon; the excitatory dynamics
of cardiomyocytes modeled as a nonlinear dynamical system could be complex. For
understanding complicated dynamics, various methods based on nonlinear dynamical
system theories have been utilized.

Electrical phenomena in the heart are initiated with the spontaneous excitation evoked
in pacemaking cells in the sinoatrial (SA) node, followed by the excitation conduction to
the atrium, atrioventricular (AV) node, His bundles, Purkinje fiber, and ventricle [6]. By
regularly repeating the precise and coordinated excitation propagation, the heart plays an
essential role as a circulating blood pump. Cardiac arrhythmias are disturbed heartbeats or
uncoordinated excitation propagations.

In the 1980s–1990s, the idea of dynamical diseases was proposed by some researchers
[7–9]. The idea assumes the existence of a certain kind of nonlinear dynamical system
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behind phenomena evoked in the heart and then links the normal function of the heart, i.e.,
normal heartbeat, to a stable state of the nonlinear dynamical system. This will allow us
to consider the regular and coordinated excitation propagation that underlies the normal
heartbeat as one of the desirable stable states for the cardiac system. Furthermore, the
phenomenon that cardiac excitations and/or propagations are disturbed by ischemia, stress,
drug action, etc., which is called arrhythmia, can be considered as the dynamical disease. In
other words, cardiac arrhythmias can be captured as state changes in the cardiac system,
with the desirable stable state being changed into another undesirable one by changing
system parameters in the heart related to many factors.

Understanding how the proarrhythmic response occurs in the heart is extremely im-
portant for developing new ways to prevent and control cardiac arrhythmia and contractile
dysfunction. Based on the concept of dynamical disease, a change in some of the system
components may cause a breakdown in the electrical excitation of cardiomyocytes; this
is a transition from a normal stable state to another stable state. Such a state change, a
qualitative change in system behaviors, or a sudden change of phenomenon, is called a
bifurcation (or bifurcation phenomenon) in nonlinear dynamical systems theory [10–13].
Bifurcation analysis is the search for system parameters whose changes abruptly alter sys-
tem behaviors. This review summarizes recent progress in understanding the mechanisms
of normal and abnormal excitations observed in cardiomyocytes from the perspective of
bifurcation phenomena.

2. Ionic Mechanisms of Excitations in Cardiomyocytes

Working cardiac muscles such as atrial and ventricular myocytes are excitable cells
(excitable membrane) and are quiescent at a constant potential called “resting membrane
potential” (−80 to −90 mV) in the absence of an external stimulus. The membrane potential
of atrial and ventricular myocytes changes transiently upon the input of an appropriate
external stimulus that depolarizes the membrane potential above a threshold level. This
membrane potential change is referred to as an action potential (AP). On the other hand,
specialized cardiac muscles such as sinoatrial node and atrioventricular node cells do not
have a constant resting membrane potential, but spontaneously and periodically generate
APs. In both cases, membrane potential changes are caused by the movement of ions into
and out of the cell through ion-transport molecules such as ion channels and transporters
embedded in the cell membrane.

To understand how the proarrhythmic behavior of cardiomyocytes occurs, it is nec-
essary to understand the mechanism of normal AP generation. To achieve this, the ionic
contribution to APs should also be understood. In the following, we first summarize ion
homeostasis in cardiomyocytes and the mechanisms of AP generation. The biophysical
mechanisms of abnormal APs related to arrhythmogenesis will then be summarized.

2.1. Mechanisms for Maintenance of Ion Homeostasis

The electrical activity of the heart, e.g., AP generation, is regulated by a variety of
ion-transport proteins such as ion channels and ion transporters/exchangers embedded
in the cell membrane. In cardiomyocytes, the intra- and extracellular environments are
separated by a lipid bilayer membrane, and there are differences in ion concentrations. The
major ions that contribute to AP generations in cardiomyocytes are Na+, K+, and Ca2+,
and the extracellular concentrations of Na+ and Ca2+ are higher than their intracellular
concentrations. For example, when Na+ or Ca2+ channels are opened within the range of
physiological membrane potentials, the ions move from the outside to inside the cell by
diffusion according to an electrochemical gradient, increasing their intracellular concentra-
tions. On the other hand, the intracellular K+ concentration is higher than the extracellular
K+ concentration. Thus, the opening of K+ channels results in the outflow of K+ ions from
inside to outside the cell. When only K+ channels remain open, the membrane potential
will reach the reversal potential of the K+ channel, i.e., the equilibrium potential for K+. If
all types of ion channels, Na+, K+, and Ca2+ channels, continue to open, then the concen-
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tration of each ion in the intracellular solution will reach that of the extracellular solution
because of the thermodynamic principle. However, the intracellular ion concentrations are
always maintained within certain ranges different from extracellular ones. In particular,
the intracellular Ca2+ regulation (or Ca2+ handling) in cardiomyocytes is not only crucial
for muscle contraction and relaxation but is also involved in the regulation of ion channel
function through Ca2+-dependent signaling as a second messenger [14–16]. Furthermore,
intracellular Ca2+ handling is also involved in ion channel remodeling via changes in the
activity of transcription factors. Ca2+-handling abnormalities due to disruption of intracel-
lular Ca2+ ion homeostasis, such as those in ischemia, hypertrophy, and heart failure, are a
major cause of the development of lethal arrhythmias (for details, see reviews in [17,18]). In
cardiomyocytes, three transporters, Na+/K+ ATPase (NKA) [19–23], Na+-Ca2+ exchanger
(NCX) [24–26], and Na+-H+ exchanger (NHE) [27], play a key role in maintaining ion
homeostasis. NKA and NCX are electrogenic because they generate ionic currents, while
NHE is electroneutral. Therefore, it is NKA and NCX that are directly involved in AP
generation in cardiomyocytes.

NKA hydrolyzes ATP to generate chemical energy. The generated energy is used
to exchange three intracellular Na+ ions and two extracellular K+ ions against each elec-
trochemical gradient. When NKA works once, one extra cation is released from inside
to outside the cell. Therefore, the NKA current (INKA) is an outward current, which can
shorten the AP and hyperpolarize the resting membrane potential. So far, four isoforms
of the α subunit, α1, α2, α3, and α4, are found to be expressed in mammals and three
isoforms of the β subunit, β1, β2, and β3, have been identified [28,29]. The α1, α2, α3, α4,
β1, β2, and β3-subunits are encoded by the genes ATP1A1, ATP1A2, ATP1A3, ATP1A4,
ATP1B1, ATP1B2, and ATP1B3, respectively [30]. In rodents, α1 and α2 were the two major
isoforms [31], while in dogs and macaques, α1 and α3 were mainly expressed [32]. In the
human heart, three α isoforms, α1, α2, and α3, have been detected [32], and their expres-
sions have been estimated to be 62%, 15%, and 23%, respectively [33,34]. In particular, the
α1-subunit is widely distributed in the surface sarcolemma [24] and plays a major role in
regulating Na+ ion concentrations in the cytoplasm. The α2-subunit is mainly expressed in
the dyadic cleft and may play a special role in regulating the transport of Ca2+ released from
the sarcoplasmic reticulum via interaction with NCX [22]. The β-subunit is also essential
for the pump function and plays a role in the α-subunit stabilization.

The main function of NCX is to exchange three extracellular Na+ and one intracellular
Ca2+ [35–37]. At this time, the electrochemical potential energy of Na+ that is lost during
its transport is used to transport Ca2+ against its electrochemical gradient. At the resting
membrane potential in ventricular or atrial myocytes (~−80 mV), the ion Ca2+ is pumped
out of myocytes by NCX. Furthermore, NCX generates an ionic current (INCX) inwardly for
most of the time during AP generation. Thus, INCX can contribute to AP prolongations and
depolarize the resting potential in working myocytes. Note that NCX can generate outward
currents in the late phase of rapid AP depolarization where the membrane potential
overshoots before an increase in the intracellular Ca2+ concentration. INCX turns outward in
the late depolarization phase because the membrane potential becomes more depolarized
than the reversal potential of NCX. This is called the “reverse mode” of NCX, causing Ca2+

influx into the cell. The reverse mode leads to increased intracellular Ca2+ concentrations,
playing a role in the augmentation of the muscle contraction via the excitation–contraction
coupling.

NCX is a member of the huge Ca2+/cation antiporter superfamily [26]. Mammalian
cells express three NCX isoforms, NCX1, NCX2, and NCX3, which are encoded by the
genes SLC8A1, SLC8A2, and SLC8A3, respectively [38,39]. The representative of the cardiac
NCX isoform is NCX1.1 [35].

2.2. Ionic Mechanisms of Cardiac Action Potentials

The transmembrane potential in cardiomyocytes changes by approximately 60 to
120 mV with AP generation. APs initiate from the resting membrane potential in working
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myocytes (~−80 mV) or the maximum diastolic potential in specialized cardiomyocytes
(~−40 mV) that constitute the conduction system and exhibit automaticity. In working
myocytes, the resting membrane potential is mainly influenced by the inwardly rectifying
K+ channel current (IK1), which is mediated by the inward-rectifier K+ channel (Kir channel)
consisting of the Kir2.1 subunit encoded by KCNJ2 [40,41]. The IK1 also functions to termi-
nate the AP and to indirectly determine the excitability of cardiomyocytes. Furthermore,
the NKA contributes to the maintenance of the resting membrane potential [23].

APs (time evolution of the membrane potential) of cardiomyocytes differ in shape in
different parts of the heart, and also vary greatly between species. Here, we consider the
AP of human ventricular myocytes (see Figure 1).

−
−

 

α

Figure 1. Schematic representation of a typical action potential (AP) in the ventricular myocyte
and the respective ion channel currents that contribute to AP formation. It also indicates the major
molecules that constitute ion channels and transporters (for the meanings of individual symbols,
see text).

By applying appropriate stimulation to ventricular myocytes in a resting state, the
cell membrane is depolarized. Depolarization of the membrane potential first activates
Na+ channels [42], which mainly consist of the NaV1.5α subunit [43] encoded by SCN5A,
causing Na+ to flow into the cardiomyocyte. The influx of cations into the cell further
depolarizes the membrane potential, leading to further activation of Na+ channels. As
a result, more Na+ ions flow into the cell, and depolarization is accelerated. The influx
of Na+ into the myocyte in a positive-feedback manner causes a very large inward Na+

channel current (INa) and rapidly depolarizes the membrane potential to form AP phase 0.
However, the inactivation of Na+ channels is also rapid, and INa will soon stop flowing.

Depolarization of the membrane potential also activates other ion channels such as
K+ and Ca2+ channels. Transient outward K+ channels, which are mainly composed of
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Kv4.3 and Kv4.2 α-subunits encoded by KCND3 and KCND2, respectively, in human and
canine ventricular myocytes [44,45], are activated following AP phase 0 and produce a large
transient outward K+ current (Ito) [46]. As a result, the membrane potential transiently
repolarizes to form AP phase 1. In human cardiomyocytes, the Kv1.4 α-subunit is also
expressed, making up 10–20% of the Ito density [47,48].

Following the AP overshoot, Ca2+ channels [49] and delayed rectifier K+ channels [50]
are activated to form AP phase 2. There are two major subtypes of Ca2+ channels expressed
in cardiomyocytes: L-type Ca2+ channels (LTCCs) and T-type Ca2+ channels [51,52]. The
most abundant type expressed in ventricular myocytes is the LTCC (CaV1.2), which carries
Ca2+ currents through a pore-forming α-subunit (α1) encoded by the CACNA1C gene [46].
T-type Ca2+ channels (CaV3.1 and CaV3.2), encoded by the CACNA1G and CACNA1H
genes, respectively [53,54], are believed to be involved in the automaticity of the sinoatrial
node cell. However, their functional role in ventricular myocytes is not clear. Delayed
rectifier K+ channel currents, carrying K+ out of the myocyte, can be separated into a rapid
component (IKr) and a slow component (IKs) [50]. The IKr channel α-subunit is encoded by
a human ether-à-go-go-related gene (hERG) and is also called the hERG channel and Kv11.1
pore-forming α-subunit [55–57]. In addition, IKs is thought to be carried by the Kv7.1
channel encoded by the KCNQ1 gene [58–61]. Activation of the LTCC is sustained for a
relatively long time and results in a slow inward current (ICaL). On the other hand, IKr
and IKs carry outward currents, though there is only a small current flow of IKr during AP
phase 2 as hERG channels rapidly enter into the inactive state [62,63]. There is a certain
balance between the inward Ca2+ and outward K+ currents during this phase. This balance
forms the plateau phase (AP phase 2) in AP of the ventricular myocyte.

Eventually, LTCCs also become inactive due to the two mechanisms, voltage- and
Ca2+-dependent inactivation, and ICaL (inward current) becomes smaller. In the subsequent
phase (AP phase 3), the outflow of cations by IKr and IKs causes the membrane potential
to rapidly repolarize. Particularly for IKr, as the membrane potential starts to repolarize,
hERG channels recover from inactivation and carry more IKr. These larger outward currents
(IKr and IKs) contribute to the increased rate of repolarization. With the large flow of IK1
in the latter half of AP phase 3, the AP undergoes a transition from the repolarization
phase to the resting state (AP phase 4). After that, IK1 channels continue to discharge
K+ out of the cardiomyocyte, consequently flowing the outward current and maintaining
a deep resting membrane potential; NKA counteracts IK1 channels, returning K+ to the
intracellular space. The IK1 channels consist of the Kir2.1, Kir2.2, Kir2.3, and Kir2.4 pore-
forming α-subunits, which are encoded by the KCNJ2, KCNJ12, KCNJ4, and KCNJ14 genes,
respectively [40,41,64,65].

2.3. Mechanisms of Abnormal Action Potentials (Afterdepolarization)

APD prolongation in ventricular myocytes increases the risk of the development of
lethal ventricular arrhythmias such as torsades des pointes (TdP), often leading to cardiac
sudden death in long QT syndrome (LQTS) [66–69]. At present, inherited LQTS, which is
characterized by a congenital prolongation of QT interval, is subdivided into 17 different
types depending on where genetic mutations occur (LQT1~LQT17) [66–69]. For instance,
in patients with LQT1 and LQT2, the function of the ion channel responsible for IKs (LQT1)
or IKr (LQT2) is reduced by loss-of-function mutations of the K+ channels. In both cases, a
decrease in repolarization currents delays AP repolarization and prolongs the QT interval.
A genetic abnormality of NaV1.5 (LQT3) that causes persistent inward Na+ currents due
to impaired Na+ channel inactivation has also been observed; this can be called a gain-of-
function mutation of the Na+ channel. In the different genotypes, TdP may be precipitated
by physical or emotional stress (LQT1), a startle (LQT2), or may occur at rest or during
sleep (LQT3). These three types of LQTS account for more than 70% of all inherited LQTS
(genetic abnormalities of LQT1, LQT2, and LQT3 account for 30~35%, 20~25%, and 5~10%,
respectively) [68].
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Normally, the AP of cardiomyocytes is completed by sufficient K+ current flow during
the repolarization phase (late AP phase 2 and phase 3) of the AP (Figure 1). The presence of
multiple K+ current components such as IKs, IKr, and INKA, all of which act to repolarize the
AP, appears redundant as a system. However, the redundancy forms an available reserve
for AP repolarization. This concept is referred to as the “repolarization reserve” [70,71].
If these outward K+ channel currents, e.g., IKr and/or IKs, attenuate due to genetic ab-
normalities, drug actions, aging, etc., or if INa and/or ICaL continue to flow during the
plateau phase, then the repolarization is delayed, leading to excessive AP prolongation. In
particular, the continuation of the plateau phase where the membrane potential is within
the range of the ICaL window current can lead to an excessive accumulation of Ca2+ in the
cytoplasm. In this situation, abnormal behaviors called afterdepolarizations are likely to
occur [70,72,73]. Afterdepolarizations include early afterdepolarization (EAD), which is
the transient depolarization during the late AP phase 2 and phase 3, and delayed after-
depolarization (DAD) [74–76], which is the transient depolarization after AP completion,
i.e., in AP phase 4. Many experimental studies have suggested that the reactivation of
the LTCC current (ICaL) during AP phase 2 and phase 3 in ventricular myocytes is a key
mechanism of EAD formation [77–82]. Ca2+ is taken up into the cardiomyocyte by the Ca2+

influx through the LTCC. The LTCC activates at the membrane potential of approximately
−30~+10 mV, resulting in a relatively large inward current. On the one hand, the LTCC ex-
hibits a voltage-dependent inactivation (VDI) at the membrane potential of approximately
−50~0 mV. The LTCC inactivates during AP phase 2 and Ca2+ influx terminates. Thus,
during AP repolarization, ICaL by LTCCs flows within a range of the membrane potential
where the steady-state activation and inactivation curve of the LTCC overlap (see Figure 2),
known as “the ICaL window current region” [83,84]. AP repolarization results in recovery
from the inactivation state of LTCCs. As a result, the LTCC slightly reactivates in the AP
repolarization process and causes a small inward current. The repolarization of a normal
AP proceeds rapidly, so the period of time during which the membrane potential is in the
ICaL window current range is short. The time for reactivation of LTCCs is very short, and
sufficient current to cause EAD does not occur. However, when the repolarization reserve
is reduced, i.e., IKr or IKs or both are reduced, the time at which the membrane potential
is in the ICaL window current range lengthens. For this reason, ICaL can be augmented
by LTCC reactivation. At this time, an increase in the inward current component during
the AP repolarization phase causes the inward/outward current imbalance in the net
membrane current (Inet). Since IK1 is not yet activated during the late AP phase 2 and
early phase 3, the membrane resistance remains relatively high during these phases. This
means that even a slight current causes a large change in the membrane potential. As
a result, the first EAD is triggered in the late AP phase 2 to phase 3. As modulators of
AP with EADs, at least, intracellular Ca2+-handling (or SR Ca2+-handling), intracellular
Na+-handling, and the heart rate can be considered [85] (Figure 3). For example, inhibition
of NCX (e.g., by SEA-0400 administration [81]) primarily suppresses the Ca2+ efflux. As
a result, the increase in Ca2+ concentrations in the intracellular subspace ([Ca2+]ss) and
the cytoplasm ([Ca2+]i) promotes the Ca2+-dependent inactivation(CDI) of LTCCs and
secondarily decreases ICaL, consequently suppressing EAD formation [86,87]. Conversely,
enhanced NCX (e.g., by overexpression [82]) increases Ca2+ extrusion from the intracel-
lular to extracellular space, resulting in a decrease in [Ca2+]i (or [Ca2+]ss). The decrease
in [Ca2+]i (or [Ca2+]ss) suppresses the CDI of LTCCs and leads to an increase in the ICaL
window current, resulting in the promotion of EAD formation [88]. As exemplified by the
administration of digitalis, NKA inhibition results in a decrease in outward current, i.e.,
repolarization reserve attenuation, and thus contributes to facilitating EAD generation. As
suggested by Xie et al. [89], the membrane potential change via ICaL, INCX, and INKA, and
the interactions between intracellular Ca2+- and Na+-handling, influence the development
of EADs. Another possible mechanism of EAD formation is spontaneous Ca2+ release from
the sarcoplasmic reticulum (SR) [90], which will increase the Ca2+ concentration in the
cytoplasm. The spontaneous SR Ca2+ release is also the recognized mechanism of DADs;
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it has been reported that DADs are often accompanied by EADs [91–93]. As a result, the
outflow of Ca2+ by NCX and inward INCX are enhanced and may cause transient depolar-
ization of the membrane potential. For instance, the decrease in Na+ efflux due to chronic
inhibition of NKA causes an increase in the intracellular Na+ concentration ([Na+]i). This
adversely affects the activity of NCX, which operates by a loss of electrochemical energy
during the transfer of Na+ from outside to inside the cell. Consequently, increased [Ca2+]i
and [Ca2+]ss, and excessive Ca2+ accumulation in the SR ([Ca2+]SR) cause spontaneous
Ca2+ release from the SR to the cytoplasm, which in turn facilitates EAD generation via
NCX activation. Spontaneous SR Ca2+ releases have been suggested to induce EADs under
certain conditions such as β-adrenergic stimulation via enhancing inward INCX [94,95].
This mechanism for EAD formation may be applicable to the EAD in the late AP phase 3
observed under β-adrenergic stimulation in an LQTS patient [92].

β

β

 

Figure 2. Relationships between membrane potential changes in response to depolarization and
repolarization in a normal AP without EAD (A) and an abnormal AP with EADs (B) and voltage-
dependent activation/inactivation of the L-type Ca2+ channel. Excessive APD prolongation due to
slow repolarization leads to a long-lasting stay of the membrane potential in the L-type Ca2+ channel
current (ICaL) window current region (blue areas), resulting in large reactivation of ICaL. SS-act:
steady-state activation curve (black lines); SS-inact: steady-state inactivation curve (red lines); Depo:
depolarization; Repo: repolarization.
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Figure 3. Schematic diagram showing how the dynamics of individual ion channels, transporters,
[Ca2+]I, and [Na+]i contribute to EAD generation and regulation. The diagram depicts the major
functional components (IKs, IKr, ICaL, INCX, and INKA), factors involved in Ca2+- and Na+-handling,
heart rate (HR), and their interactions related to EAD generation and regulation. The upward
and downward arrows represent an increase (or enhancements) and decrease (or attenuations) in
each factor, respectively. A decrease in HR (bradycardia) decreases Na+ influx via the Na+ channel
activation, resulting in a decrease in [Na+]i. This reduction in [Na+]i facilitates EAD generation
through a decrease in outward INKA during AP phase 2. On the other hand, a decrease in HR
prolongs AP phase 4, i.e., diastolic interval (DI), and the prolongation of DI increases the amount of
Na+ influx through NCX and thus causes [Na+]i elevation. This [Na+]i elevation increases Na+ efflux
through NAK and outward INAK during AP phase 2. This may counteract the decrease in [Na+]i due
to reduced INa and the resulting reduction in INKA (modified from Figure 11 in [85]). For details of
other depicted interactions that affect EAD formation, see text.

3. Mathematical Cardiomyocyte Models and Bifurcation Phenomena

Mathematical modeling of the electrophysiological properties of cardiac cells origi-
nated from the first AP model of squid giant axon based on experimental measurements by
Hodgkin and Huxley in the 1950s [96]. Since a cardiac cell model in mammalian Purkinje
fiber, employing this Hodgkin–Huxley (H–H) formalism, was first developed by Noble [97],
mathematical models of heart muscle cells have been refined by incorporating diverse elec-
trophysiological data. At present, cardiomyocyte models have reflected not only differences
in cell types but also differences in experimental animal species, e.g., guinea pigs [98–101],
rabbits [102,103], mice [104–108], dogs [109–111], and humans [112–118]. However, there
are no substantial differences in the basic structures of mathematical models that reproduce
electrophysiological properties of cardiomyocytes (see Figure 4A). For details on electro-
physiological and mathematical models of heart muscle cells, refer to the original articles.
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Furthermore, review articles written by Noble [119] and Amuzescu et al. [120] detail the
history of changes in their models.

 

Figure 4. Schematic diagram of the structure and electrical properties of a ventricular myocyte. (A):
Ion channel and transporter molecules embedded in the cell membrane, sarcoplasmic reticulum
(Ca2+ cycling), and Ca2+-binding molecules related to excitation and contraction. (B): An equivalent
circuit model of the cell membrane, composed of the ion channel conductance (g), membrane
capacitance (Cm), and electromotive force (E) representing ion concentration gradients. The current (I)
flowing through each voltage-gated ion channel is represented by the product of the time-dependent
variable conductance and driving force as the difference between the membrane potential (Vm) and
individual reversal potential. gx: maximum conductance of ion channels x, for x = Na+, Ca2+, K+,
etc.; INa: fast sodium channel current; Ito: transient outward K+ channel current; IKr and IKs: fast and
slow components, respectively, of delayed rectifier K+ channel currents; ICaL: L-type Ca2+ channel
current; ICaT: T-type Ca2+ channel current; IK1: inward rectifier K+ channel current; INKA: Na+/K+

ATPase current; INCX: Na+/Ca2+ exchanger current; Ip(Ca): Ca2+ pump current in the sarcolemmal
membrane; Jrel: SR Ca2+ release flux by Ca2+-induced Ca2+-release; Jup: Ca2+ uptake flux via Ca2+

pump (SERCA) in the SR; Jleak: Ca2+ leakage flux from the SR; JSR: junctional SR; NSR: network SR;
CMDN: calmodulin; TRPN: troponin; SS: a subspace of the myoplasm. For details of other symbols,
refer to references [99,114–117].
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3.1. Mathematical Models of Action Potential in Cardiomyocytes

The basic idea of the H–H formalism is just to consider the cell membrane as a simple
electric circuit (Figure 4B). The capacitive property of the cell membrane is represented as
the capacitor with a certain capacitance in the electric circuit. Na+, K+, and Ca2+ channels are
modeled as the conductors that have conductances denoted as gNa, gK, and gCa, respectively,
and batteries with the electromotive forces ENa, EK, and ECa, respectively. The electromotive
forces of these batteries correspond to reversal potentials of each ion channel, representing
ionic movements depending on ion concentration gradients across the cell membrane.
In addition to these ion channels, ATP-driven ion pumps that carry ions against the
concentration gradients, ion exchangers that exchange ions inside and outside the cell
membrane, and other ion transporters also exist on the cell membrane of cardiomyocytes
and generate currents. So, the membrane potential dynamics of cardiac cells are simply
expressed by differential equations of the electric circuit shown in Figure 4B, generally
described as a nonlinear ordinary differential equation as follows:

dVm/dt = −(Iion + Isitm)/Cm, (1)

where Vm is the membrane potential, Cm is the membrane capacitance, and Istim is the
external stimulation current that can be a constant, a time-dependent function, or a single
short pulse. Iion is the net ionic current through the ion channels, transporters, and pumps,
i.e., the sum of individual currents mediated by Na+, K+, and Ca2+ channels, NKA, NCX,
the Ca2+ pump, etc., and it is denoted as follows:

Iion = INa + IK + ICa + INKA + INCX + · · · . (2)

For example, the fast Na+ channel current INa in Equation (2) is denoted by the
equation INa = gNa × m3 × h × j × (Vm − ENa), which takes the form of (current) =
(conductance) × (voltage), i.e., Ohm’s law [99]. The voltage ENa is the Nernst potential or
the equilibrium potential of Na+. The Nernst potential is the potential where the tendency
of ions to move down their concentration gradient is exactly balanced with the force by the
electric potential difference; no Na+ current flows through the Na+ channel when Vm = ENa.
Furthermore, the term gNa × m3 × h × j denotes the conductance of Na+ channels, where
the constant gNa is the maximum conductance of the channel and m3 × h × j denotes the
temporal change of the conductance, that is, the channel open probability. The gating (state)
variables m, h, and j take (dimensionless) values between zero and unity and represent
the open probabilities of the activation (m), fast inactivation (h), and slow inactivation
(j) gates, respectively. Since the variable m is an increasing function of Vm and h (or j) is
the decreasing one, m and h (or j) are also called the activation and inactivation variables,
respectively, of the fast Na+ channel. The dynamic opening and closing of the gates are
described by the following equations:

dz/dt = αz(Vm)·(1 − z) − βz(Vm)·z, or dz/dt = (z∞(Vm) − z)/τz(Vm), (3)

z∞(Vm) = αz(Vm)·{αz(Vm) +βz(Vm)}−1, and τz(Vm) = {αz(Vm) +βz(Vm)}−1 (4)

for z = m, h, and j, where αz(Vm) is the rate constant for changing from a closed state to an
open state, and βz(Vm) represents the rate constant for the transition from the open state
to the closed state. In addition, z∞(Vm) is the steady-state open probability to which the
gating variable z asymptotically approaches at a given Vm, and τz(Vm) is the time constant
of relaxation to a steady state. Note that the rate constants αz(Vm) and βz(Vm), and the time
constant τz(Vm) are not constant but dependent on Vm.

It is known that the specialized cells in the conduction system of the heart, repre-
sented by SA node cells, spontaneously produce APs, which is the behavior referred to as
automaticity. This implies that AP dynamics can be repetitively produced without Istim
in Equation (1). On the other hand, atrial and ventricular myocytes known as working
myocardium are driven by a sinus rhythm originating from the SA node, that is, Istim
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represents a periodic current input that repetitively stimulates the working myocardium
at the sinus rhythm (regular rhythm). For instance, we assume that AP responses in a
working myocardium model, such as that shown in Equation (1), are evoked by periodic
external current stimuli (Istim). The temporal variations in Istim of the rectangular current
pulse are expressed as follows:

Istim(t) = Istim,max (0 ≤ t < T1),
Istim(t) = 0 (T1 ≤ t < T),

(5)

where T is the pacing cycle length (i.e., period of the current stimuli) and T1 is the duration
for which the stimulus current is sustained at the maximum value (Istim,max).

Mathematical models for cardiomyocytes, even now, continue to be refined by incorpo-
rating biophysical and biochemical processes. Elucidating the mechanism of proarrhythmic
behavior in cardiomyocytes using mathematical models does not necessarily mean reveal-
ing unknown proarrhythmic factors. Instead, we aim to understand the time evolution of
states, i.e., the dynamic phenomena of the cardiomyocyte. The AP evoked in cardiomy-
ocytes is dynamic, and bifurcation analysis has been utilized to understand its dynamical
behavior. Again, the purpose of such in silico studies is not only to model new molecular
components involved in the development of proarrhythmic responses in cardiomyocytes.
For that matter, such new components are often not the cause to be revealed through
modeling. For example, ventricular myocytes may exhibit an AP with multiple transient
depolarizations (EADs) during repolarization. The cause of EAD development is an ex-
cessive prolongation of the APD due to a decrease in repolarizing currents (or persistence
of depolarizing currents). However, how much prolongation of the AP causes EAD and
how many EADs occur during repolarization would not be able to be determined without
analyzing the dynamics of model equations describing temporal changes of membrane
potentials in the cardiomyocyte. This is also another motivation for such in silico studies.

Next, the bifurcation theory for nonlinear dynamical systems (bifurcation phenomena)
will be briefly explained. One of the characteristics of nonlinear dynamical systems is that
a slight change in a system parameter can cause a drastic change in system behavior. Such
bifurcation phenomena observed in the cardiomyocyte and the heart will be summarized.

3.2. Bifurcations in Nonlinear Dynamical Systems

3.2.1. Definitions of Dynamical Systems

There are various models of dynamical systems. Here, we consider a system with time
as an independent variable and with continuous state variables. Mathematical models that
describe the system behavior are different depending on whether the time is continuous or
discrete. In the former, the system is represented by a set of ordinary differential equations
(ODEs). In the latter, it is a set of ordinary difference equations (i.e., recurrence formulas).
Even if a mathematical model that we consider is continuous in terms of both states and
time and is described by ODEs, it may be treated as a discrete-time system by sampling
states at appropriate time intervals to analyze the behaviors of the system.

Now, we suppose that the nonlinear dynamical systems of interest are described by
the following equations:

dx/dt = f (x, λ), (6)

dx/dt = f (t, x, λ), (7)

where t is the time, x = (x1, x2, . . . , xn)Tr, λ = (λ1, λ2, . . . , λm)Tr, and f = (f 1, f 2, . . . , f n)Tr

are a state vector, parameter vector, and the vector field, respectively, and Tr represents
transposition. As shown in Equation (7), a system that explicitly includes time is called
a “non-autonomous system”. On the other hand, the system of Equation (6), which does
not explicitly include time, is called an “autonomous system”. Behaviors of the system
are different depending on whether it is an autonomous or a non-autonomous system,
and thus, the methods for analyses are also different. The specialized cardiomyocytes that
compose the conduction system in the heart possess automaticity (i.e., exhibit spontaneous
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and repetitive excitation), and do not require external stimuli for excitation. Therefore,
specialized cardiomyocytes such as sinoatrial node and atrioventricular node cells can be
modeled as autonomous systems. On the other hand, working myocytes such as atrial
and ventricular muscles are typical examples of excitable systems and can be modeled as
non-autonomous systems.

One of the characteristics of autonomous systems is that there can exist states where
the right-hand-side vector of Equation (6), which defines the state velocity, becomes zero.
The state where the velocity becomes zero, i.e., f (x, λ) = 0, is called the “equilibrium point”.
The resting membrane potential corresponds to the equilibrium point in the myocardium
system.

On the other hand, the non-autonomous system defined by Equation (7) includes time
t in the state velocity, i.e., the right-hand side of Equation (7). Formally, let us consider the
following autonomous system by considering time t as a new state variable τ (t = τ) and
rewriting Equation (7):

dx/dτ = f (u, λ), (8)

dt/dτ = 1, (9)

where u = (t, x)Tr. In this case, since the right-hand side of Equation (9) is unity, then the
right-hand side of the autonomous system of Equations (8) and (9) never becomes zero. In
other words, there is no equilibrium point in the non-autonomous system of Equation (7).
The states of a non-autonomous system flow at a constant speed in the direction of the time
axis. For this reason, it is necessary to devise methods of analysis for non-autonomous
systems, different from those for autonomous systems.

In this review, we will only consider the case where the vector field of a non-autonomous
system is periodic with respect to time, i.e., f (t + CL, x, λ) = f (t, x, λ), where CL is the period
of external stimulus applied to the working myocardium, i.e., the pacing cycle length. Such
a system is called a periodic non-autonomous system. Furthermore, states in such a system
possess a periodic nature: x(t + k × CL) = x(t), where k = 1, 2, . . . , m, which is also referred
to as a k-periodic solution. The periodic solution corresponds to the periodic oscillation
observed in the original system.

Suppose that a cardiomyocyte is repeatedly stimulated at a given CL (Figure 5A). The
CL has the following relationship: CL = APD + DI, where DI is the diastolic interval. Now,
let us write a relationship between the APD of AP evoked by the nth stimulus and that of
AP evoked by the next (n + 1)th stimulus as

APDn+1 = P(APDn), (10)

for n = 0, 1, 2, . . . , where P is a mapping, which is also referred to as the “Poincaré

map” [1,121–123]. This formula indicates that the APD of AP evoked by the (n + 1)th
stimulus (APDn+1) can be represented as a function of that of AP evoked by the nth
stimulus (Figure 5B). In other words, APDn is mapped to APDn+1 by the mapping P. If
an AP train behavior evoked in the original non-autonomous system of Equation (7) is
periodic and APDs of APs are equal for every stimulus, then APDn satisfies the following
relationship: APDn+1 − P(APDn) = 0. This situation is exemplified in Figure 5B. Such a
point in the (APDn, APDn+1)-plane as shown in Figure 5B is called a “fixed point”. Thus,
the periodic response observed in Equation (7) can be in one-to-one correspondence with
the fixed point of the Poincaré map P. Furthermore, if for some ℓ 6= 1, APDn = Pℓ(APDn),
and if all Pk(APDn), k = 1, 2, . . . , ℓ − 1, are different each other, the periodic behavior
evoked in Equation (7) corresponds to an ℓ-periodic point. This case can also be studied
simply by replacing P with Pℓ or as the ℓth iterate of P. Usually, however, the explicit form
of P cannot be obtained. Therefore, the Poincaré map, in general, must be obtained by
acquiring the values of state variables for every CL in the numerical simulation.

In the following, we will briefly explain the bifurcation phenomena of equilibrium
points and fixed (periodic) points.
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Figure 5. Examples of a dynamical system with continuous time and with discrete time. (A): An
action potential (AP) train evoked in a cardiomyocyte with stimuli (Istim) applied at a cycle length
of CL, which is a typical example of the response of a dynamical system with continuous time. AP
duration of the AP evoked by the ith stimulus is denoted as APDi for i = 0, 1, 2, . . . , n, . . . , k − 1,
k, . . . . (B): A point sequence consisting of APD values determined for the AP train and plotted on
the (APDn, APDn+1)-plane. If a mapping P (Poincaré map) is obtained to represent the relationship
between a point (APDn) and the next point (APDn+1), i.e., the dynamics of the point sequence, then
the differential system with continuous time is transformed into a difference system with discrete
time. The dynamics of such the difference system with discrete time can then be studied by projecting
the point sequence dynamics into the state space, e.g., (APDn, APDn+1)-plane. Thereby, it is possible
to examine the dynamics of the original differential system with continuous time more efficiently. In
general, the Poincaré map is difficult to obtain analytically and is mostly obtained numerically. For
examples of experimental and numerical methods for obtaining Poincaré maps, see [124,125].

3.2.2. Hopf Bifurcation

In autonomous systems, when the Hopf bifurcation is caused by changing the value
of a parameter, an oscillatory response (or rhythmic dynamics), called the “limit cycle”,
emerges, as illustrated by the thick circle with arrowheads in Figure 6A,B. For instance,
cells in the myocardial sleeve of the pulmonary vein do not normally exhibit automatic-
ity [126,127]. However, for some reason, they suddenly acquire spontaneous excitations
(automaticity), triggering paroxysmal atrial fibrillation [128]. The phenomenon such that
the convergence behavior to a stationary state (an equilibrium point) suddenly switches to
oscillatory motion (Figure 6C) is a typical example of the Hopf bifurcation [129].

31



Biomolecules 2022, 12, 459

 

λ
λ

λ λ λ λ
λ

λ

Figure 6. Hopf bifurcation. Examples of the dynamic responses to changes in the parameter λ in
the 2-dimensional (x, y)-state space (A) and 3-dimensional (x, y, λ)-space (B). Schematic examples of
membrane potential changes at the parameter λ0, λ1, λ2 in the 3-dimensional (x, y, λ)-space of panel
(A,C). Changing the system parameter λ, the stability of an equilibrium point (EP) changes via a
Hopf bifurcation. Before and after the occurrence of a Hopf bifurcation (λ*), a stable EP becomes
unstable with the emergence of a limit-cycle (LC) oscillation.

3.2.3. Saddle-Node Bifurcation

In the saddle-node bifurcation (or fold Bifurcation [123]) of equilibrium points, changes
in parameters cause stable and unstable equilibrium points to coalesce and disappear. Thus,
the number of equilibrium points can change (see Figure 7A). On the other hand, there are
also saddle-node bifurcation phenomena of periodic solutions in non-autonomous systems
(or of limit cycles in autonomous systems). As in the case of equilibrium points, this
bifurcation causes a pair of stable and unstable points to disappear or emerge (Figure 7B).
In numerical simulations, the states of equilibrium points and/or fixed (periodic) points
may jump significantly when the parameter infinitesimally changes from this bifurcation
point (this is referred to as a “jump phenomenon”). Moreover, a system that has reached a
new state via the saddle-node bifurcation cannot be returned to its original state, even if the
value of system parameters is returned to the bifurcation point (this phenomenon is called
“hysteresis”). The hysteresis and jump phenomena are associated with the development of a
bi- or multi-stable phenomenon of equilibrium points or periodically evoked APs [130,131].
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λ
Figure 7. Saddle-node (SN) bifurcation. Schematic diagrams of the SN bifurcations of equilibrium
(A) and fixed (B) points. As simple examples, in the dynamical systems dx/dt = f (x, λ) (A) and
xn+1 = P(xn, λ) (B), the functions f (x) and P(xn) are varied up and/or down by changing system
parameter λ. The SN bifurcation of equilibrium points occurs when the curve of f (x) touches the
x-axis (dx/dt = 0 axis). On the other hand, the SN bifurcation of fixed points occurs when the curve of
P(xn) touches the diagonal line (xn+1 = xn) at a value λ* of parameters. After that, a node and a saddle
point emerge or disappear. A schematic diagram of Arnold’s tongue structure is also shown for a
non-autonomous system with stimuli of various amplitudes and frequencies (C). Colored regions
indicate parameter regions in which a periodic oscillation observed in an autonomous system can
be entrained by external periodic stimuli, e.g., the orange region represents harmonic synchronized
oscillation observed in the non-autonomous system. In general, the harmonic synchronized region
and even the sub-harmonic synchronous region (e.g., blue and green regions) are divided in the
parameter space by SN bifurcation sets. Oscillations that are asynchronous to the periodic stimuli,
such as quasi-periodic oscillations, appear when set to parameters outside the synchronization region.
f 0: an intrinsic frequency of the limit-cycle oscillation in the autonomous system.

Gadsby and Cranfield illustrated that there exist two stable resting (equilibrium)
states in the cardiac Purkinje fiber cell and that the application of a stimulus causes the
membrane potential to converge to different resting membrane potentials [132,133]. Jalife
and Antzelevitch demonstrated that when a brief depolarizing pulse was applied during
SA node pacemaking, spontaneous repetitive APs were annihilated and the membrane
potential converged to another stable state; that is, the resting state [134]. These are
typical examples that exhibited the bi-stability of two equilibrium states or a periodic
response and an equilibrium state. To list other examples of the hysteretic phenomenon,
previous experimental studies have investigated AP responses to changes in CL, i.e., rate-
dependence and restitution properties of APD, using cardiomyocytes of guinea pigs, rabbits,
and canines [124,135–137], and found hysteretic responses of APD to CL changes.
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Finally, this bifurcation phenomenon is also involved in an entrainment phenomenon.
The specialized cells in the conduction system of the heart, represented by SA node cells,
spontaneously and periodically produce APs, being typical examples of self-excited os-
cillatory systems. When such a self-excited system is perturbed by an external periodic
stimulus, if the ratio of the oscillation frequency (frequency of the limit cycle) of the self-
excited system and the frequency of the external stimulus is close to a simple rational
number, the self-excited oscillation may be entrained by the external periodic stimulus.
This is a kind of synchronization phenomenon and is also called “entrainment”. For exam-
ple, a periodic AP generated in the SA node periodically stimulates the atrioventricular
(AV) node (of a self-excited system) when it conducts from the atria to the ventricles. At this
time, the self-excited oscillation in the AV node is entrained by the excitation frequency of
the SA node cells, resulting in a synchronized periodic state. This frequency mismatch that
allows the AV node cell to be entrained is limited to a certain frequency range, depending
on the stimulus strength. The relationship between the frequency mismatch range, the
so-called “phase lock range”, and the stimulus strength is known to show a characteristic
structure (called “Arnold’s tongue structure” [123,138]), see Figure 7C. Then, the phase-
locked state may disappear with a saddle-node bifurcation when the stimulus frequency
or intensity changes. After that, asynchronous (quasi-periodic) rhythms may occur in
which two rhythms with different frequencies proceed with each other without much
interaction [9,131].

3.2.4. Homoclinic Bifurcation

The aforementioned saddle-node and Hopf bifurcations of the equilibrium point are
classified as “local bifurcations” because they are attributed to the stability change of
the dynamics near an equilibrium point. On the other hand, there also exist bifurcation
phenomena such that the behavior of the solution is developed over a large region within
the state space. These bifurcations are called “global bifurcations” because they are related
to the global behavior of the solution [123].

Stable (resp. unstable) manifolds are hypersurfaces within the state space formed
by sets of initial values approaching (resp. moving away from) an equilibrium point
or a limit cycle over time (Figure 8A). When system parameters change, the stable and
unstable manifolds of a given saddle equilibrium point may be connected and a closed orbit
(also called a “homoclinic orbit”) may emerge. This phenomenon is called “homoclinic
bifurcation”, see Figure 8B.

Miake et al. reported that in guinea pigs, the dominant-negative suppression of
Kir channels by viral gene transfer could convert ventricular myocytes that exhibit a
quiescent state into pacemaker-like cells that generate spontaneous and repetitive APs [139].
The study of mathematical modeling and bifurcation analyses on biological pacemaker
activity of ventricular myocytes by Kurata et al. [112] illustrated that the disappearance
of a resting state via a saddle-node bifurcation by suppressing IK1 evoked automaticity in
the ventricular myocyte. This change in dynamics seems to involve the occurrence of a
saddle-node homoclinic bifurcation [123] or a saddle-node on an invariant cycle (SNIC)
bifurcation [140], in which a saddle-node bifurcation and a homoclinic bifurcation at an
equilibrium point occur simultaneously (see Figure 8C, and Refs. [123,140] for details and
complete definitions).
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Figure 8. Bifurcation phenomena associated with stable and unstable manifolds of an equilibrium
point. (A) A schema of stable and unstable manifolds of the equilibrium point x0 in the state space.
Ws(x0), stable manifold; Wu(x0), unstable manifold. (B) Homoclinic bifurcation. When the parameter
λ becomes the value of Hom, the stable and unstable manifolds of the equilibrium point x0 coincide,
giving rise to a closed-loop orbit, which is referred to as “homoclinic orbit”. This closed-loop orbit is
vulnerable to changes in the parameters and breaks down immediately. (C) Saddle-node invariant
cycle bifurcation. At the bifurcation parameter value λ*, saddle-node and homoclinic bifurcations
occur simultaneously.

3.2.5. Period-Doubling Bifurcation

The stability of a fixed point on the Poincaré section changes on the occurrence of this
bifurcation and a periodic orbit with a double period emerges or disappears (see Figure 9A).
The period-doubling bifurcation is also called a flip Bifurcation [123]. Typical examples of
this bifurcation are the development of AP alternans [141–144]. When a cardiomyocyte is
periodically stimulated at a given CL, the relation of APD and DI to CL is expressed as
CL = APD + DI. In general, if the CL is shortened, then both APD and DI are also shortened.
As the DI shortens, repolarization currents, especially IKs with relatively slow deactivation
kinetics, accumulate with each stimulus; IKs does not have an inactivation mechanism.
This implies that shortened DI causes IKs activation by the next AP generation before IKs
completely returns to its original state by deactivation. As a result of the accumulation of
activated IKs channels, the increased repolarization current accelerates AP repolarization,
leading to APD shortening and DI prolongation. The DI prolongation leads to more
progress in IKs deactivation and returns more IKs channels to a closed state. Thus, in
the AP generated by the next stimulus, the repolarization current decreases, resulting
in APD prolongation, i.e., DI shortening. This alternating change in APD, i.e., repeated
prolongation and shortening of APD during stimuli, can also be described as follows:

APDn = P2(APDn). (11)
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This is the phenomenon called “APD alternans”. APD alternans associated with
recovery from inactivation of Na+ channels has also been reported, albeit in in silico
studies [145,146]. Furthermore, the period-doubling bifurcation is known to successively
occur, resulting in a chaotic response [142,147]. This implies that SA node pacemaking
becomes irregular or arrhythmic [125], i.e., sinus arrhythmias occur via the sequence of
period-doubling bifurcations.

 

λ

λ λ

Figure 9. Schematic diagrams of period-doubling and Neimark–Sacker bifurcations. (A): A typical
example of the period-doubling (PD) bifurcation in non-autonomous systems is AP alternans (i).
As the cycle length (CL) becomes shorter, the stable fixed point on the (APDn, APDn+1)-plane
becomes unstable at the period-doubling bifurcation point (λ*), and a pair of periodic points is
generated (ii). (B): The change in a limit-cycle (LC) oscillation through the Neimark–Sacker (NS)
bifurcation in autonomous systems. The NS bifurcation occurs at λ* as the parameter λ changes.
Then, the LC oscillation becomes unstable and a torus-like oscillatory response, so-called “quasi-
periodic oscillation”, occurs around the unstable LC oscillation. When the quasi-periodic oscillation
is discretized as a point sequence via the Poincaré mapping, a closed curve, which is referred to as an
“invariant closed curve (ICC)”, appears around the unstable fixed point that reflects the unstable LC
oscillation.
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3.2.6. Neimark–Sacker Bifurcation

If this bifurcation occurs, quasi-periodic oscillations may emerge or disappear (see
Figure 9B). In the state space, the stability of a fixed (or periodic) point on a Poincaré section
changes, and a certain point sequence emerges around the fixed (periodic) points. The point
sequence in a mapping constitutes a closed-loop such as a limit cycle in an autonomous
system. Because of this, it is called an “invariant closed curve (ICC)”. The ICC corresponds
to a doubly periodic (quasi-periodic) oscillation of the original periodic non-autonomous
system. The Neimark–Sacker bifurcation is also known as a torus bifurcation, or the Hopf
bifurcation in discrete systems [123].

To our knowledge, there exists no experimental evidence that changes in dynamics
via the Neimark–Sacker bifurcation were observed at a cellular level. On the other hand, an
experimental study demonstrated that the reentrant wave became unstable with fluctuating
circulatory time and APD, exhibiting a quasi-periodic pattern [148]. The excellent studies
by Qu et al. [149,150] reported that the meandering reentrant excitation wave exhibits quasi-
periodic dynamics. They focused on tip dynamics of spiral wave reentry. The reentrant
excitation wave was periodically sampled and a return mapping of its tip dynamics was
constructed; as the conductance of LTCCs was increased, point sequences generated by the
return mapping changed from fixed point-like sequences to a closed-loop shape. In the
context of bifurcation theory, this closed-loop is a certain type of ICC, and the emergence of
ICC implies a dynamics change via the Neimark–Sacker bifurcation.

3.2.7. Bifurcation Analysis

Bifurcation analysis involves the investigation of bifurcation phenomena by obtaining
a set of parameter values that cause bifurcation (bifurcation set) and a graph of these sets
(bifurcation diagram). Even now, many researchers manually track their bifurcation sets
by trial and error. These days, however, we can use powerful computational tools, for
instance, AUTO [151,152], XPP-AUT [153], MATCONT [154], etc., to perform bifurcation
analyses. Furthermore, a unique bifurcation analysis tool was developed by Kawakami
in 1984 [155]. Since then, this tool has continued to be improved by him and his co-
workers [156]. Parker and Chua showed a concrete procedure for the numerical calculation
of bifurcation sets [157]. We will leave the details on the bifurcation phenomena of equilib-
rium points and their analyses to other references [2,10,13,152], and recommend relevant
literature [1,10,158] as a good source for these topics. For readers who are interested in
the bifurcation analysis of dynamical systems, we recommend an excellent monograph
by Kuznetsov [123], which summarizes bifurcation phenomena from the standpoint of
applications and would clarify the points that could not be explained in this review.

4. Bifurcation Analyses of Proarrhythmic Behaviors

Bifurcation analysis examines a sudden change in dynamic behaviors depending on
changes in system parameters and enables us to determine the parameter ranges over
which the AP response is stable and the transition mechanisms of the AP responses. One
expectation for bifurcation analysis may be to know how to control dynamic responses
such as APs from the viewpoint of prediction and/or prevention. When abnormal APs
in cardiomyocytes occur, we will hope to control their dynamics and restore them to
normal APs. However, in general, we have no way of knowing when, where, and how
the parameters of a system should be modified to attain the best control and restoration.
Bifurcation analysis is a way to gain insight into the fundamental properties of dynamical
systems, and thus, may be able to provide helpful clues for controlling the AP response in
cardiomyocytes.

4.1. Bifurcation Analyses of Cardiac Cell Models

In early studies, primitive mathematical models that assume only myocardial excitabil-
ity and its refractoriness have been utilized to understand the complex dynamics of APs
evoked in cardiomyocytes. Analyses of the AP dynamics evoked in these simple models
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helped to understand the dynamical mechanisms of the AV conduction block [144,159,160]
and the modulation of the SA node pacemaker by the sympathetic and parasympathetic
nervous systems [161–164]. Furthermore, the arrhythmia models of parasystole, in which
the ventricle (or atria) is doubly governed by an ectopic pacemaker in addition to the
pacemaker rhythm of the SA node, have been analyzed and the generative conditions for
complex proarrhythmic dynamics of cardiac excitations, such as bigeminy and trigeminy,
have been theoretically clarified [165,166].

As the electrophysiological refinement of cardiomyocyte models has progressed, stud-
ies targeting cardiac excitation dynamics of a higher degree of freedom have become
mainstream. SA node cell models described as the autonomous system are compatible with
existing computational tools such as AUTO, XPP-AUT, and MATCONT for bifurcation
analysis [151–154]. Therefore, SA node cell models have been suitable for bifurcation
analyses and have been utilized to elucidate how individual components consisting of
ion-transport molecules contribute to normal pacemaking in SA node cells [167–176]. Bifur-
cation analyses were also utilized to examine the generation of abnormal oscillations or
biological pacemaker activity in ventricular myocytes [177–180]. On the other hand, bifur-
cation analyses of periodic non-autonomous systems such as paced atrial and ventricular
myocytes [181–183] require some kind of ingenuity because it is difficult to apply existing
analysis tools to non-autonomous systems without modification. By artificially generating
periodic stimuli corresponding to the SA node pacemaking and applying the periodic
stimuli to atrial/ventricular myocytes while adjusting the pacing cycle length (PCL), the
corresponding APD of the AP train evoked in the cardiomyocyte at every set PCL can be
measured experimentally. From the experimentally obtained data, it is possible to derive
a one-dimensional discrete dynamical system (e.g., Equation (10)) describing the time
evolution of periodic AP trains based on the relationship between the PCL and APD. By
investigating bifurcations in the one-dimensional discrete dynamical system, the dynamical
mechanisms of abnormal APs observed in the original non-autonomous system (cardiomy-
ocyte with periodic stimuli) have been elucidated. Furthermore, the guinea pig ventricular
myocyte model developed by Luo and Rudy (LRd1 model) [184] has often been used for
bifurcation analyses of AP dynamics observed in ventricular myocytes [141,185–189]. Al-
though the LRd1 model is classified into a periodic non-autonomous system, investigations
of bifurcation phenomena observed in the LRd1 model were first started from a perspec-
tive of an autonomous system, that is, analyzing bifurcations of equilibrium points when
the amplitude of constant depolarized current stimuli was changed. As a result, various
bifurcation phenomena, such as abnormal spontaneous oscillations evoked in ventricular
myocytes, have been studied. As will be shown in the next section, the pioneering work
of Tran et al., who explained the mechanism of EAD development in terms of bifurcation
theory, has also used the LRd1 model [190].

Since the LRd1 model was published in 1991 [184], cardiomyocyte models have become
more sophisticated and complex in the past 30 years [101,114–118,191–193]. Although
intracellular ion concentration changes were not taken into account in the LRd1 model,
by integrating intracellular and extracellular ion concentrations into some cardiomyocyte
models as state variables, it is currently possible to examine the effects of intracellular Ca2+-
handling and Na+-handling on AP dynamics [194–196]. Bifurcation analyses using such
cardiomyocyte models with a higher degree of freedom were previously difficult due to
low computational power and computing performance, but have recently become possible
with improved computer performance [85,130,131,197–199]. In the following section, we
summarize bifurcation analyses of the AP with EADs observed in more sophisticated
cardiomyocyte models.

4.2. Bifurcation Analyses of Early Afterdepolarizations

To understand dynamic mechanisms underlying repolarization abnormality, i.e., the
development of EAD, the effects of changes in the maximum conductance of various ion
channels on APs with EAD observed in aforementioned various ventricular myocyte mod-
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els have been investigated [81,112,114,117,184,200]. So far, many experimental [201–204]
and theoretical [81,205–209] studies have shown that excessive AP prolongation results in
the occurrence of EAD. Assuming decreases in IKs for LQT1 and IKr for LQT2, the LQT1 and
LQT2 versions of human ventricular myocyte models, which can reproduce EADs during
β-adrenergic stimulation and bradycardia, respectively, have been constructed [85,130,198].
Relationships between EAD occurrence and changes in parameters that are related to factors
involved in the genesis and modulation of EAD such as repolarization currents (IKr and/or
IKs), ICaL, INCX, SR Ca2+ pump current (Iup), and heart rate have been comprehensively
examined [85,130,198].

How will EAD emergence caused by the LTCC reactivation be explained from the per-
spective of dynamical system theory? As a strategy to elucidate the generative mechanisms
of EADs [85,198], bifurcation analyses and AP simulations were combined (Figure 9a). First,
the model of human ventricular myocytes was regarded as an autonomous system, and
bifurcation phenomena of equilibrium points and limit cycles that occur in the system were
investigated using MATCONT [154] (see Figure 10A, top). Next, AP simulations of the
ventricular myocyte model, which is a periodic non-autonomous system, were performed
with a fixed set of parameters, and then a phase diagram was constructed by mapping the
information of steady-state AP responses (whether an EAD occurred or not) into a parame-
ter plane (or space) (see Figure 10A, bottom). After that, the bifurcation diagram obtained
by analyses of the autonomous system and the phase diagram for the non-autonomous
system were merged to examine the relationship of bifurcations and dynamic changes in
APs that occurred in the original system (Figure 10B). The moderately complex human
ventricular myocyte model proposed by Kurata et al. [85,112] (K05) and the more complex
models proposed by ten Tusscher et al. [114,115,198] (TP06) and O’Hara et al. [85,117]
(ORd) had a common mechanism for EAD development, namely the reactivation of LTCC.
Furthermore, EADs distinct in generation mechanism from LTCC reactivation-dependent
ones, i.e., those caused by spontaneous Ca2+ releases from the SR were identified in the
TP06 model [198]. In our previous study [130], whether the dynamic change of APs that
causes EAD can be explained as the occurrence of local bifurcations was directly investi-
gated for APs observed in the K05 model as a periodic non-autonomous system without
modification (Figure 10C,D). Consequently, it was found that there were parameter regions
in which multiple stable AP responses coexisted, and that hysteresis phenomena occurred
for the change in the maximum conductance of IKr. However, EAD developments could
not be simply explained as resulting from an occurrence of the local bifurcation.

A series of analyses advanced the understanding of the dynamical mechanisms of
transitions between the different AP responses (APs with and without EAD) of ventricular
myocytes due to functional changes in individual ion-transport molecules such as ion
channels and transporters.
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Figure 10. Bifurcation phenomena and action potential behaviors observed in the Kurata model [112]
of a human ventricular myocyte. (A) A two-parameter bifurcation diagram on the (GKr, GKs)-
parameter plane (top) obtained using MATCONT [154] and a phase diagram (bottom) obtained
by AP simulations. The maximum conductances of the rapid (GKr) and slow (GKs) components of
delayed rectifier K+ channel currents are expressed as normalized values, i.e., ratios to the control
values. In the two-parameter bifurcation diagram (top), the symbols H and PD represent the loci
of parameter sets that cause the Hopf bifurcation of an equilibrium point and period-doubling
bifurcation of a limit cycle (LC), respectively. The gray region indicates the area of parameters in
which a stable LC can be observed. On the other hand, in the phase diagram (bottom), the orange and
white regions represent parameter regions in which an AP with and without EAD, respectively, can
be observed in the Kurata model. The gray point with the symbol N indicates the control condition
with the normal GKr and GKs. (B) A merged phase diagram. (C) A one-parameter bifurcation diagram
of APD at 90% repolarization (APD90) in each AP response as a function of GKr; see the blue arrow in
panel (B), which indicates the change in GKr with the fixed normal GKs (1). The solid and dashed
lines in (C) represent stable and unstable AP responses, respectively. SN: saddle-node bifurcation;
EAD1–3: AP with 1–3 EAD(s); PD: period-doubling bifurcation. NS: Neimark–Sacker bifurcation.
(D) An example of tetra-stable AP dynamics in the Kurata model at 0.39 × GKr with 0.70 × GKs.
Colored and grey lines indicate the steady-state and transient responses, respectively. Dots indicate
the application of current pulses. Pacing cycle length = 2 s. Each panel was modified from [85,130].

4.3. Slow–Fast Decomposition Analyses of Dynamic AP Responses with EADs

APs observed in ventricular myocytes are representative relaxation oscillations. The
ventricular AP is composed of rapid and slow membrane potential changes. This means
that the dynamical system describing the electrical behavior of ventricular myocytes is
composed of a fast subsystem contributing to the rapid membrane potential changes and
a slow subsystem contributing to the slow membrane potential changes [210]. Tran and
co-workers examined the AP and EAD behavior observed in the LRd1 model [184] by
decomposing the original (full) system into the fast and slow subsystems [190]. In their and
many other theoretical studies [211–215], the activation gating variable of IKs was regarded
as the slow subsystem or a parameter for the fast subsystem of the ventricular myocyte
model. Kurata and co-workers [197] also employed the activation gating variable of IKs in
the K05 model [112] for the slow subsystem, and in our study [198], the state variable of
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the intra-SR Ca2+ concentration was employed for the slow subsystem. As an example, IKs
in [85,112,130,197] was formulated by the following equations:

IKs = gKs·n
2·(Vm − EKs), (12)

dn/dt = (n∞ − n)/τn, (13)

where gKs and EKs are the IKs channel maximum conductance and reversal potential of
IKs, respectively. n denotes a state variable representing the activation gate of IKs and n2

corresponds to the open probability of IKs channels. In human ventricular myocyte models,
when APs are generated, state variables such as Vm change rapidly, while n (n2) changes
slowly (Figure 11A,B, left). Considering the difference in response speed in the fast and
slow subsystems, the slow dynamics of the state variable n can be regarded as a parameter
change. Thus, bifurcations of dynamical responses observed in the fast subsystem were
investigated as a function of the slow variable n (see Figure 11A,B, middle). Such a method
is known as “slow-fast decomposition analysis” in the field of nonlinear dynamical system
theory [140,210,216]. The slow–fast decomposition analysis can provide a definition of
EAD and a clear reason why EADs occur in LQTS.

To explain the dynamical mechanism for the occurrence of EAD [190,197,198], dynamic
behaviors (orbits) of the full system are superimposed on the bifurcation diagram of the fast
subsystem (see Figure 11A,B, middle). The dynamical mechanism of EAD development
in the K05 model was explained as follows [85,112,130,197]: The stimulus current (Istim)
input rapidly depolarized Vm in the full system and Vm overshot 0 mV. After that, the IKs
channel open probability, n2, which was the slow subsystem, slowly increased, consequently
increasing IKs and repolarizing Vm (Figure 11A,B, right). With increasing n2 as a parameter
for the fast subsystem, an equilibrium point at depolarized Vm (qEQ3) was destabilized
via the Hopf bifurcation (see center panels in Figure 11A,B). When the IKr conductance
decreased (as in LQT2; Figure 11B), the Hopf bifurcation point of qEQ3 in the fast subsystem
shifted significantly toward higher n2 values (compare center panels in Figure 11A,B). This
means that the region of stable qEQ3 broadened in the direction of higher n2, shifting the
stable limit sets of the limit-cycle qLC to the right. Then, the trajectory of the full system
was attracted to the stable limit sets for qEQ3 and qLC in the fast subsystem during delayed
repolarization. Such trapping constrained the orbit of the full system to move along the
stable manifolds of the qEQ3 and the qLC. Therefore, the full system showed oscillation-like
behavior during late AP phase 2 to phase 3. Since the stable/unstable limit sets of qLCs
were lost by crossing the SN bifurcation point, the increase in n2 above the SN bifurcation
point led to the release of the orbit in the full system trapped in the stable manifold of
the qLC. Then, Vm quickly converged to a stationary state (resting state). This suggests
that transient depolarization during AP repolarization, i.e., EAD can be explained as limit
cycle-like oscillations occurring in the fast subsystem [197,198]. Thus, EADs can be defined
as transient oscillations of a full system trajectory around the stable and unstable qEQ3
close to Hopf bifurcation points or in the vicinity of the stable qLC during changes of the
slow variable. The occurrence of EADs in LQTS can be attributable to the shift in a Hopf
bifurcation point on qEQ3 in bifurcation diagrams of the fast subsystem. In recent studies,
slow–fast decomposition analyses have been performed by selecting various slow state
variables, and attempts have been made to explain the dynamical mechanism underlying
EADs [82,217–219]. We also recently reported another type of EAD formation distinct from
the membrane-dependent mechanism described above, e.g., the development of EAD due
to spontaneous Ca2+ releases from the SR [198].
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Figure 11. Examples of the slow–fast decomposition analysis. AP simulations and slow–fast decom-
position analyses were performed using the Kurata model [112] with GKr = 100% (A) and GKr = 0.5
× control (B). (Left) The membrane potential (Vm) and the time course of IKs open probability (n2)
in the full system. (Center) One-parameter bifurcation diagrams of the fast subsystem, depicting
quasi-equilibrium potentials (qEQ1–3) and the potential extrema of quasi limit cycles (qLCs) as a
function of the slow variable n2. The trajectory of the full system projected onto the (Vm, n2)-plane is
superimposed on the one-parameter bifurcation diagram of the fast subsystem. Solid and dashed
thin lines of qEQ1–3 indicate stable and unstable equilibrium potentials, respectively. The black and
gray thick lines are stable and unstable qLCs, respectively. H: Hopf bifurcation; SN: saddle-node
bifurcation of limit cycles; PD: period-doubling bifurcation of limit cycles; hom: homoclinic bifur-
cation. (Right) Schematic diagrams representing the relationships between the dynamic behavior
projected onto the 3-dimensional state space of the full system and the bifurcation structure of the
fast subsystem. Modified from [197].

5. Future Directions

This review outlined fundamental points of dynamical systems and bifurcation phe-
nomena and applications of bifurcation analyses to cardiac systems. The AP response of
cardiomyocytes changes dynamically due to various factors. We employed bifurcation
theory of the dynamical system to elucidate the mechanism of EAD, motivated by our
expectation that the occurrence of EAD, which triggers the onset of fatal arrhythmias, can
be associated with changes in the dynamical stability of APs (i.e., bifurcation phenomena).

We could analyze the bifurcation phenomena of AP responses observed in the cardiac
cellular system without any approximation. Although the bifurcation analyses were able to
make clear the dynamic transition mechanisms of AP responses depending on parameter
changes, it was difficult to explain the mechanism of EAD development by local bifurcation
alone. In this respect, slow–fast decomposition analysis was effective.

There will be no doubt that a theoretical approach based on bifurcation theory is
effective in understanding the mechanisms of dynamic behaviors seen in cardiac systems.
Although this review focused on understanding the EAD mechanism, the bifurcation
analysis may be useful in understanding the developmental mechanism of DADs, which
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has been believed to be another triggering mechanism for lethal arrhythmias. However,
current mathematical models of cardiac cells are still immature, and it cannot be said that
actual complex dynamic responses seen in cardiomyocytes can be sufficiently reproduced
by the model cells. In addition, cardiac arrhythmias do not denote abnormal excitation
that occurs at the cellular level, but rather indicate abnormal electrical phenomena that
occur in multicellular systems at the tissue and organ levels. Thus, we must consider
bifurcations of excitation propagation (not AP responses). We previously reported several
in silico studies [145,146] investigating the effects of system parameter changes on excitation
propagations observed in simple models of myocardial fiber or strand using a brute force
method, which is a kind of parameter study, and by constructing phase diagrams such as
bifurcation diagrams. However, the existing bifurcation theory alone may be insufficient
for analyzing the bifurcation phenomena with high degrees of freedom, such as changes
of excitation propagation before and after the development of lethal arrhythmias. It will
be important not only to improve model cells by further experimental studies but also to
develop new analysis methods that can be applied to multicellular models. In the future,
we would like to develop the control theory of cardiac arrhythmias and establish strategies
for their treatments.
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Abstract: Ectopic activity in the pulmonary vein cardiac muscle sleeves can both induce and maintain
human atrial fibrillation. A central issue in any study of the pulmonary veins is their difference
from the left atrial cardiac muscle. Here, we attempt to summarize the physiological phenomena
underlying the occurrence of ectopic electrical activity in animal pulmonary veins. We emphasize
that the activation of multiple signaling pathways influencing not only myocyte electrophysiology
but also the means of excitation–contraction coupling may be required for the initiation of triggered
or automatic activity. We also gather information regarding not only the large-scale structure of
cardiac muscle sleeves but also recent studies suggesting that cellular heterogeneity may contribute
to the generation of arrythmogenic phenomena and to the distinction between pulmonary vein and
left atrial heart muscle.
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1. Introduction

Although it has been known since the late 19th century [1], interest in the study
of cardiac muscle into mammalian thoracic vein exploded with the discovery within
human pulmonary veins (PV) of sites of focal ectopic electrical discharges triggering and
maintaining atrial fibrillation (AF) [2].

In this context, it should be emphasized that the PV retain a venous structure, including
endothelium and vascular smooth muscle layers. Exterior to these is the layer of striated
cardiac muscle [3]. To our knowledge, no physical interaction (tissue abutment and/or
gap junction connections) between cardiac and vascular smooth muscle in the PV has been
reported. The possibility of paracrine interactions between epithelium, smooth and cardiac
muscle, however, cannot be excluded.

Recently there have been special issues of both Circulation Research [4] and Cardiovas-
cular Research [5] dedicated to the subject of AF. The interested reader should consult these
for an up-to-date synthesis of the mechanisms, therapies, laboratory studies and animal
models appropriate for translation to clinical situations.

In parallel with laboratory studies intended for translation to the clinic, basic physio-
logical research has been conducted to characterize differences in the electrophysiology,
pharmacology and excitation–contraction coupling of atrial muscle and that of the PV
sleeves in an attempt to understand the phenomena underlying the occurrence of PV
ectopic electrical activity promoting AF. It is these studies that we will consider here. We
also emphasize that this represents a synthetic rather than an exhaustive review.
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2. Pulmonary Veins: An Anatomical Substrate Favorable to the Initiation and
Conduction of Ectopic Electrical Activities

2.1. Embryological Development of Pulmonary Veins Cardiac Muscle Sleeves

The clearest evidence for differences between cardiac muscle in the left atrium (LA)
and the PV comes from studies of embryological development in the mouse [6,7]. The
tracing of transcription factors Pitx2 and Tbx5 permitting the identification of entirely
different origins of the PV myocardium from that of the LA. In brief, PV myocardium arises
from mesenchyme tissue at the base of the PV after both the development of the LA and
the establishment of the venous connection between the heart and the lung. Differentiation
of this mesenchyme to the myocyte phenotype is followed over a very short period (<24 h)
by proliferation and migration along the vein to intra-lobular vessels in the lung.

In the human heart, the development of PV myocardium follows similar princi-
ples [8,9]. Only after the connection of the early embryonic single PV to the LA does a
myocardial sleeve develop by proliferation and migration of NKX2-5 positive and TH18
negative cells along the vein. In the 110 day human embryo, the single initial PV has
divided to show four separate PV ostia draining into the LA body [8]. All four veins show
cardiac muscle sleeves which at this stage extend as far as the hilum but not within the
developing lung. In the adult human PV, cardiac muscle sleeves only extend 1–2 cm from
the PV ostia. This is a common feature for adult PV in other large mammals, including
the pig, sheep and dog. Adult rodents (mice, rats, guinea pig and rabbit) on the other
hand retain PV cardiac muscle sleeves along their entire lengths including into veins in the
interior of the lungs.

Taken together, these data indicate that the PV myocytes have a different embryological
origin from those of the LA. It is therefore quite possible that these two populations of cells
also exhibit different physiological functioning that would result in a greater propensity of
PV cardiomyocytes to triggering electrical ectopic activities that promote AF.

2.2. The Organization of Cardiac Muscle in the Pulmonary Veins and Left Atria

The structure of human PV myocardium has been widely studied (for review see
Sánchez-Quintana et al. [10]). In brief, human PV myocardial sleeves appeared to be
organized as a complex mesh of muscular fibers. The LA roof between the right and left-
sided PV also shows a non-uniform architecture of circular and longitudinally orientated
fibers. In addition, fibrosis may create and enhance discontinuities between the myofibrils
of the PV and LA roof. Similar complexity of fiber orientation has been found in the PV
of the dog [11], mouse [12] and rat [3,13]. In the rat, PV consecutive cardiomyocyte layers
are almost orthogonally orientated, whereas a unidirectional orientation of consecutive
cardiomyocyte layers are seen in the LA [13].

At the cellular level, some studies have shown that there was no difference in size,
shape or capacitance between PV and LA cardiomyocytes in dog, rabbit and rat [14–16].
On the other hand, other studies indicated that rat PV cardiomyocytes were larger and had
a higher capacitance than those of the LA [13,17,18]. These differences might be explained
by the considerable heterogeneity found within the PV cardiomyocytes population [13,18].
In particular that the incidence and organization of t-tubules in PV myocytes was highly
variable from cell to cell, ranging from their virtual absence to well-organized tubular
systems. These different types of myocytes were not randomly distributed in the muscle
sleeves, but rather in clusters of similar cells. Clusters of PV myocytes with one type of
tubular network could be surrounded by PV myocytes with another type of tubule network.
The myocytes on the borders of these clusters were directly connected. All of this was in
contrast to the regular transversally organized t-tubules network observed in ventricular
myocytes irrespective of the species and the relative homogeneity in atrial myocytes [19].
In large mammals, the atrial cell t-tubule network is described as well-developed and
extensive [20,21] whereas in small mammals the atrial cell tubular network is generally
sparse and not transversally organized [22]. This cellular heterogeneity, associated with the
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diverse orientation of PV myocardial fibers may favor anisotropic conduction of electrical
activity and facilitate reentry and the formation of rotors of ectopic foci in the PV.

2.3. Innervation of the Pulmonary Veins

The human PV myocardium is supplied by nerves originating from the epicardial
neural plexus, formed by branches from the left and right vagus nerves, recurrent laryngeal
nerves and both sympathetic trunks at the cervico-thoracic and thoracic levels [23–26].
Three epicardial neural plexi supply the four PV [26]. These ganglia contain both adrenergic
and cholinergic elements [27]. Ganglionic plexi of the dog also contain both sympathetic
and parasympathetic elements [28]. They also found a greater nerve density around the
PV ostia where the majority of foci of ectopic electrical activity were located in humans [2],
as well as a decline of nerve density from the external to the internal layer of the PV wall.
The latter is consistent with human observation: nerve filaments and ganglia are located in
the adventitia [29]. In the mouse, catecholamine fibers were concentrated in the PV rather
than in the LA appendage [30]. In the rat, the density of catecholamine fibers in the PV
increased with post-natal age [31]. These data suggest that autonomic innervation might
be an important actor in the regulation of PV excitability and in the genesis of abnormal
automatism triggered in the PV, as depicted in the following sections.

3. Pulmonary Vein Electrophysiology

3.1. Resting Membrane Potential in the Pulmonary Vein Myocytes

The PV cardiac muscle is reported to have a less negative resting membrane potential
(RMP) than that of the LA. This was described first in the dog where it was associated
with a reduced action potential (AP) amplitude and lesser maximum rate of phase 0
depolarization [11,15,32]. Relative to the LA, a lesser PV RMP has been confirmed in
the rat [17,18,33,34], the mouse [35] and the guinea pig [36,37]. A consistent observation
across diverse species is the decreased expression of the background inwardly rectified
channel Kir2.1 in the cardiac muscle of the PV [14,16,18,37–39]. Other contributions to the
basal conductance in at least the rat PV cardiac muscle, include an enhanced background
Na+ permeability [17] and a hyperpolarization activated Cl− current [40,41]. Neither of
these were recorded in the LA. In the dog and the guinea pig, agonist independent GIRK
channels could provide an additional basal K+ conductance [15,37]. These differences in
the expression of ion channels involved in the regulation of cardiomyocyte membrane
potential probably contribute to the greater arrhythmogenic potential of PV by facilitating
the initiation of abnormal AP. Interestingly, in both the rat and in the guinea pig there
may be a gradient of basal RMP along the length of the PV [34,42], suggesting further
heterogeneity in the distribution of ion channels.

3.2. Conduction of Electrical Activity in the Pulmonary Veins

Differences in AP recorded from PV and LA myocardia vary across a range of species
and usually involve differences in action potential duration (APD) [15,33,35,42,43]. In ex
vivo preparations which included the right atrium, sinus rhythm evoked AP were recorded
in the right atrium and along the PV [42,44].

While only APD differentiated the PV and LA AP in the rat under basal conditions,
their reactions to selective adrenergic agonists were markedly different. The β1-adrenergic
receptor agonist isoprenaline reduced APD in both tissues. In the PV, it also hyperpolar-
ized plasma membrane and increased AP amplitude. The α1-adrenergic receptor agonist
cirazoline only increased APD in the LA while it depolarized the PV myocytes membrane
leading to loss of the AP and thus the tissue excitability [33]. These particular observations
led us to investigate the conduction of AP in intact rat LA and PV preparations with either
a linear multi-electrode array or simultaneous intracellular microelectrode recordings in
the PV and LA [44]. Electrical pacing applied to the apex of the LA elicited electrical
activity that propagated across the LA and along the PV. Superfusion of cirazoline led to
the loss of electrical activity detectible by the electrode array in the PV. The intracellular
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microelectrode revealed that this resulted from depolarization of the cell membrane and the
reduction of AP amplitude to a small electrotonic wave. Conduction and full overshooting
AP were still visible in the LA.

In the intact rat LA and PV preparation, the gradient of depolarization along the
length of the PV could sometimes lead to the loss of conduction in distal regions of the vein,
which was restored by hyperpolarization evoked by acetylcholine [34]. Egorov et al. [39]
found that longitudinal stretch of the PV provoked depolarization, and reduction of AP
amplitude to small electrotonic waves. This was reversed by the Cl- current blockers DIDS
and DCPIB provoking hyperpolarization. In isolated PV myocytes, they identified Iswell
which was blocked by DIDS and DCPIB. They also found a potential pathological role for
Iswell in the PV of hypertensive rats [39]. In normotensive rat PV, Iswell was associated with
Caveolin3 in the myocyte membrane. Down regulation of Caveolin3 in hypertensive rats
was associated with a greatly enhanced sensitivity of PV conduction to stretch.

The evidence is therefore clear for stretch inducing depolarization in the PV. The
mechanism under-laying depolarization resulting from α-adrenergic stimulation remains
to be determined. In a different preparation of the rat superior vena cava, depolarization
by phenylephrine was associated with reduction of the background Kir 2.1 current [45].

These recent data from the literature suggest that electrical conduction within PV is
highly dependent on the activity of the autonomic nervous system and the level of stretch
applied to the preparation. Furthermore, it suggests for the first time that it is possible
to induce electrical disconnection of the PV by one or more pharmacological approaches,
thus offering innovative research perspectives for the identification of molecular targets
allowing the future development of more specific pharmacological treatments of AF by
preventing the conduction of PV ectopic electrical activity to the LA.

4. Excitation–Contraction Coupling

In cardiomyocytes, excitation–contraction coupling is initiated by AP triggering the
opening of L-type calcium channels (LCC) and calcium entry, which induces in return the
release of calcium from the sarcoplasmic reticulum through ryanodine receptors (RyR).
This process is known as calcium induced calcium release (CICR). Then, the Ca2+ released
from the reticulum sarcoplasmic engage the myofilaments triggering contraction [46].

There are differences in CICR between ventricular, atrial and PV cardiomyocytes. First,
L-type calcium current density is smaller in PV than in LA cardiomyocytes in rat and
dog [15,18]. A T-type calcium current may also be present in PV cardiomyocytes of rabbit
and rat, which may contribute to CICR [47,48].

Second, in rat the heterogeneity of cellular t-tubule organization, as described in
Section 2.2, has direct consequences on the distribution of these voltage gated calcium
channels which are largely expressed on t-tubules. Conversely, the spatial distribution of
type 2 ryanodine receptors (RyR2) located on the sarcoplasmic reticulum (SR) membrane
does not differ between ventricular, LA and PV cardiomyocytes. Thus, the number of
calcium release units constituted by LCC in close vicinity to RyR2 clusters will present a
great variability in PV cardiomyocytes contrary to ventricular and LA ones.

The amplitude and the spatiotemporal shape of calcium transients in PV cardiomy-
ocytes do show considerable heterogeneity compared to those of the ventricle and atrium [13].
In dog, such differences have not been observed between PV and LA [49].

Thereby, the cellular and tissue heterogeneities may lead to non-uniformity of excitation–
contraction coupling within the PV myocardial sleeves leading more easily to the generation
of arrhythmogenic calcium waves, which are able to propagate within the PV. Moreover, it
may also have consequences in terms of PV cardiomyocytes APD heterogeneity. Thus, lo-
calized discordance of APD and consequent refractory period could facilitate the existence
of ectopic foci, mostly due to re-entry phenomena [13].

β-adrenergic stimulation substantially modifies excitation–contraction coupling and
presents subtle differences between rat atria and ventricular cardiomyocytes [50]. In the PV,
the consequences of cardiomyocyte heterogeneity in this context remain to be explored.
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5. Pulmonary Veins: A Source of Spontaneous, Triggered and Catecholaminergic
Automatic Activity

Spontaneous calcium events are often involved in the firing of abnormal electrical
activity. Indeed, beside the singular electrophysiology of PV myocytes, some studies
described intense spontaneous calcium events in rabbit and rat [13,51] whereas no differ-
ence was found in dogs [49]. In rat, calcium sparks occur more frequently in PV than in
LA myocytes, which in turn leads to a higher frequency of spontaneous calcium waves.
Their amplitude, duration and width were also greater in PV than in LA cardiomyocytes.
Moreover, these waves were associated with depolarizing currents larger than those in LA
cardiomyocytes [13]. Altogether, these results strongly suggest the involvement of calcium
handling in the generation of several arrythmogenic mechanisms.

5.1. Spontaneous Electrical Activity

Under basal conditions, without electrical stimulation, no [33] or rare spontaneous
activities [34] were observed in rat isolated PV. Some sporadic and transient depolar-
izations [18], but no pacemaker activity [16,41], were observed in rat isolated PV car-
diomyocytes. The same has been observed in dog PV tissue preparations and isolated
cardiomyocytes [11,15,52]. This absence of spontaneous activity under physiological con-
ditions might be explained by the absence of HCN4, which underlies If in the pacemaker
cells of the sinoatrial node, in either rat [53] or dog PV [15].

In guinea pig [36,37,41,42] and rabbit PV [14,41,54], spontaneous AP were observed
but their incidence varied in different studies. Their frequency was lower than sinus
rhythm and thus they were masked in vivo. The spontaneous AP were influenced by
both cholinergic and adrenergic stimulation, as well as by stretch. Acetylcholine stopped
spontaneous activity, whereas isoproterenol [14,42] and low levels of stretch (<0.3 g) [55,56]
increased AP frequency. PV spontaneous AP were also blocked by the Ca2+ channel
blocker nifedipine in the rabbit [14], and by the inhibitor of the Na+-Ca2+ exchanger (NCX)
SEA0400, and ryanodine in the guinea pig [36]. Ca2+ release from the SR activating the
forward mode of NCX could then be involved in the evocation of spontaneous AP upon
the background of the reduced density of IK1 in the PV [14,37]. Takagi et al. [41] showed a
hyperpolarization-activated inward current in guinea PV myocytes which was suppressed
by Cs+ which block If current. This suggests the presence of this current in guinea pig PV,
although to our knowledge, neither the presence of HCN4 protein and/or mRNA nor the
application of the more specific If blocker ivabradine have been reported for the guinea pig
PV. On the contrary, in rabbit PV there was negligible hyperpolarization-activated inward
current [41] and little HCN4 mRNA [53].

In the mouse, half of the PV preparations showed spontaneous electrical activity [35].
This appeared as either constant AP firing or repetitive bursts of AP. Both were abolished
by either acetylcholine or adenosine. No spontaneous activity was observed in mouse LA.

5.2. Triggered Activity

Because most ex vivo PV preparations from different animal species were quiescent,
laboratory investigations centered upon the means to evoke arrythmogenic activity. Most of
these studies involved the use of high-frequency electrical stimulation of the cardiac muscle
sleeves to either induce ectopic triggered activity or to induce the classic arrythmogenic
features of cardiac muscle that are early-after-depolarizations (EAD) or delayed-after-
depolarizations (DAD). The hope in these investigations was to demonstrate the character
or simply the incidence of these phenomena, which could be specific to PV rather than a
general condition of the LA myocardium.

In human and dog PV, a protocol of high-frequency pacing, a pause and then a
single stimulus would result in tachycardia. In the human PV, this post-pause activation
could arise from a sinus beat [57]. In the dog PV the post-pause single stimulus was not
effective under control conditions, but required the superfusion of norepinephrine (NE)
or isoprotenerol and acetylcholine to provoke tachycardia [57,58]. Ryanodine abolished
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both EAD formation during the sympathetic stimulation and triggered bursts during the
combination of sympathetic and parasympathetic stimulation [58].

In what could be clearly a species difference, a post-pause stimulus train applied to
the rabbit PV actually required ryanodine to evoke sustained triggered activity. This effect
was enhanced by isoproterenol and reduced by the calcium depletion of the sarcoplasmic
reticulum with cyclopiazonic acid [59].

In the guinea pig, ryanodine blocked pacing triggered extra systoles in the PV [60].
In the rat, atrial remodeling and especially increases in tissue fibrosis are pre-requisites for
pacing to induce either tachycardia or fibrillation [61–64].

In a series of experiments conducted upon the canine PV, Patterson et al. [52] combined
direct stimulation of cardiac muscle to evoke AP in the vein with high-frequency short
duration stimulation to the ganglionic plexus innervating the vein. The coincidence of
ganglionic stimulation with an evoked AP resulted in the reduction of AP duration and the
triggering of tachycardia. As for pacing induced tachycardia [58], the effects of ganglionic
stimulation were blocked by atropine, atenolol and ryanodine [52]. Human ganglionic
plexus ablation has gone on to prove an adjunct to PV ablation in the clinic [65–67]. It also
suggests an involvement of both sympathetic and parasympathetic nervous systems in
abnormal electrical activity.

5.3. Catecholaminergic Automatic Activity

Ex vivo rat PV responded to NE with bursts of spontaneous contractions. This cate-
cholaminergic automatic activity (CAA) which was independent of electrical stimulation,
required the simultaneous activation of α1 and β1 adrenergic receptors and was not ob-
served in the LA [68]. Intracellular microelectrode recording showed that the response
of the PV quiescent membrane potential to NE was biphasic. First, a hyperpolarization
resulting from activation of β1 adrenergic receptors was observed. It was followed by depo-
larization resulting from the activation of α1 adrenergic receptors that preceded the onset
of CAA. Automatic activity presented as bursts of slow rising phase and low amplitude
AP. Moreover, automatic AP showed variable form and frequency during these bursts.
Intervals were characterized by hyperpolarization at the end of the burst and slow depolar-
ization to the onset of the next. The effects of NE upon the quiescent membrane potential
in the LA were slight and without evocation of CAA [33]. Doisne et al. [33] also showed
that upon a continuous background of α-adrenergic receptors stimulation, different doses
of β-adrenergic receptors agonist evoked different forms of automatic activity (Figure 1).
These ranged from activities with varying burst and inter-burst intervals to activity reduced
to isolated low-frequency AP arising from a relatively depolarized membrane potential.
The highest dose of isoprenaline actually abolished automatic activity. Figure 2 illustrates
that different forms of automatic activity in the rat PV can result from slight changes in the
concentration of NE. Rather than blocking CAA, tetrodotoxin evoked changes by reducing
burst duration and increasing interval length [17].

In an intact PV-LA preparation of the rat, Egorov et al. [34] also showed that NE
evoked a biphasic response in the PV membrane potential, which could result in automatic
activity. This automatic activity presented as continuous firing in the majority of cases.
They revealed complex interactions between automatic AP arising from separate sites in
the vein and with electrical pacing of the LA [34]. The reactions of the rat PV to adrenaline
were also dose dependent [69]. Low adrenaline concentrations induced depolarization
and loss of electrical conduction, whereas high concentrations led to hyperpolarization,
restoration of intra-PV conduction and the induction of automatic AP activity. Moreover,
moderate stretch applied to the PV facilitated the development of arrythmogenic activity
induced by a high concentration of adrenaline [69]. The predisposition of rat PV to show
CAA evoked by NA has been found to develop with age and the post-natal development
of the sympathetic innervation [31].
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α βFigure 1. Automatic activity in cardiac muscle of the PV produced by the combination of α- and
β-adrenergic receptor stimulation. Traces represent isolated segments of an otherwise continuous
recording of membrane potential in cardiac muscle of one PV during the superfusion of 1 µM
Cirazoline and different concentrations of isoprenaline. Modified from Doisne et al. [33].

 

(a) (b) 

α β

Figure 2. An intracellular microelectrode recording from an isolated PV of the rat. These traces form
parts of an otherwise continuous recording during one penetration. (a) Automatic activity which
had been evoked by the superfusion of 5 µM NE presented as continuous firing (3.8 Hz) of action
potentials arising from a diastolic membrane potential of −69 mV, overshooting to +4 mV with a
maximum rate of phase 0 depolarization of 5.4 V/s. Ten minutes after reducing the concentration of
NE to 2 µM, continuous firing was replaced by automatic activity representing as bursts separated by
silent intervals. Details of individual automatic action potentials recorded under these conditions are
shown upon an expanded scale in (b).

These data may contribute, at least in part, to the explanation of the increased incidence
of AF observed with age and in patients with certain chronic cardiovascular pathologies,
such as hypertension and heart failure.

In isolated rat PV cardiomyocytes, spontaneous and sustained AP induced by NE
were recorded with the perforated patch clamp technique [18]. In these cells, NE induced
automaticity was blocked by SEA0400, a selective NCX inhibitor, as well as by 2-APB, a
functional antagonist of IP3R [18], suggesting a functional coupling between the NCX and
IP3R in the t-tubule micro-domain. These data were then incorporated into a mathematical
model of the PV cardiomyocyte [70]. However, in another study, NE failed to induce
automatic activity in rat isolated PV cardiomyocytes [16], perhaps because of differences
between the patch clamp methods.
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In quiescent mouse PV [30,35], NE also induced automatic activity that appeared
in the different forms (continuous or bursts of AP) already observed in spontaneously
active preparations under basal conditions (Section 5.1). NE was without effect on the LA.
However, Potekhina et al. [30] showed that automatic activity could also be evoked by
isoprenaline or phenylephrine alone, which seems to be clearly a species-specific feature.
Both substances caused hyperpolarization of the PV membrane potential. Acetylcholine
and adenosine inhibited NE-induced activity in the mouse PV [35].

NE was also shown to induce a CAA in the distal end of quiescent guinea pig PV
preparations [42]. There was a gradual transition in the form of the spontaneous AP, from
sharp early repolarizations at the distal end to atrium like AP in the proximal PV. This
NE-induced automatic activity in guinea pig PV depended, as in the rat [33,68], on both α1
and β1-adrenergic receptors activation [71].

A question that follows from the induction of automatic activity in muscle sleeves of
the PV is that in order for such activity to evoke and/or sustain AF, it has to be conducted
to the atrium.

CAA in the rat PV [33,34,69] is characterized by slow AP [33] that are not blocked by
doses of tetrodotoxin sufficient to abolish AP in the LA [17]. The combination of these ele-
ments suggests that they represent slow Ca2+ current rather than fast Na+ current induced
AP which characterizes electrical activity of non-pacemaker cardiac muscle. Therefore, it
is likely that conduction of these slow AP is limited by the space constant. The results
of Egorov et al. [34,69] showed some examples of low amplitude automatic AP evoked
by either NE or adrenaline in the distal vein resulting in clear sharp over-shooting AP
in the PV ostium. No details have been provided regarding the rates of AP rising phase.
Although in rats, the mapping of foci in the vein and their success or failure to conduct and
convert to atrial AP remains to be determined; mapping in the mouse showed that foci
located in the PV ostium did show transmission to the LA [30].

5.4. Other Thoracic Veins

Although this review focuses on the physiology of the PV myocardial sleeves, sim-
ilar results have also been observed in the rat superior vena cava (SVC) and azygos
vein [31,45,72], in which myocardial sleeves also extend and constitute a source of arrhyth-
mia in humans [2]. The effects of age on the induction of CAA in the SVC and PV was
also explored [31]. CAA occurred mainly in the SVC of young animals and its incidence
decreased with age to become rare in adult animals. On the other hand, CAA was rare
in the PV of young animals and its incidence increased with age to become dominant in
the adult.

6. Conclusions

The mechanisms involved in the onset of arrhythmia within PV have been widely
studied. In particular those that lead to the development of abnormal action potentials but
which are not specific to the PV. Indeed, PV cardiac muscle electrophysiological and calcium
handling properties as well as innervation make it particularly suitable for triggered activity.

However, in addition to these well-known arrythmogenic mechanisms, the PV struc-
ture and singular cellular physiological properties open the door for other ways to trigger
arrhythmia. CAA illustrates one arrythmogenic mechanism specific to the PV. The fine
mechanics of CAA induction remains to be determined but requires further investigation
of the cell physiology of PV cardiomyocytes and especially their regulation by adrenergic
pathways. To which can be added, the singularity of fiber orientation and the hetero-
geneity of the cell population which is specific to PV myocardium contributing to its
arrythmogenic potential.

Finally, recent data from basic research suggest that it is possible to induce electrical
disconnection of the PV from the LA by one or more pharmacological approaches. This
offers, for the first time, innovative research perspectives for the identification of molecular
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targets allowing the future development of more specific pharmacological treatments of
AF by preventing the conduction of PV ectopic electrical activity to the LA.
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Abstract: The ryanodine receptor (RyR2) has a critical role in controlling Ca2+ release from the
sarcoplasmic reticulum (SR) throughout the cardiac cycle. RyR2 protein has multiple functional
domains with specific roles, and four of these RyR2 protomers are required to form the quaternary
structure that comprises the functional channel. Numerous mutations in the gene encoding RyR2
protein have been identified and many are linked to a wide spectrum of arrhythmic heart disease.
Gain of function mutations (GoF) result in a hyperactive channel that causes excessive spontaneous SR
Ca2+ release. This is the predominant cause of the inherited syndrome catecholaminergic polymorphic
ventricular tachycardia (CPVT). Recently, rare hypoactive loss of function (LoF) mutations have been
identified that produce atypical effects on cardiac Ca2+ handling that has been termed calcium release
deficiency syndrome (CRDS). Aberrant Ca2+ release resulting from both GoF and LoF mutations can
result in arrhythmias through the Na+/Ca2+ exchange mechanism. This mini-review discusses recent
findings regarding the role of RyR2 domains and endogenous regulators that influence RyR2 gating
normally and with GoF/LoF mutations. The arrhythmogenic consequences of GoF/LoF mutations
will then be discussed at the macromolecular and cellular level.

Keywords: ryanodine receptor; catecholaminergic polymorphic ventricular tachycardia; calcium
release deficiency syndrome; delayed afterdepolarizations; early afterdepolarizations; calcium sparks;
long QT syndrome; arrhythmias

1. Introduction

Cardiac contraction is initiated by a wave of electrical activity (action potential) trigger-
ing a rapid rise in intracellular Ca2+ concentration, which activates sarcomere contraction,
followed by repolarization and Ca2+ removal that allows the heart to relax and refill [1].
Gene mutations in any of the proteins involved in excitation–contraction coupling (ECC) can
lead to arrhythmogenic cardiac disease, most commonly, long QT and Brugada syndromes
(repolarization abnormalities), catecholaminergic polymorphic ventricular tachycardia
(CPVT) (dysregulated intracellular Ca2+), and dilated and hypertrophic cardiomyopathies
(sarcomere dysfunction) [2]. Cardiomyocyte Ca2+ homeostasis is indeed an arrhythmogenic
substrate [3]. For contraction of the adult human heart, plasma membrane depolarization
induces Ca2+ influx via voltage-gated Ca2+ channels (also known as L-type Ca2+ channel
or dihydropyridine receptor) located on invaginations of the sarcolemma called transverse
(T)-tubules. This by itself is insufficient to trigger sarcomere contraction, but the rapid
rise in Ca2+ activates ryanodine receptors (RyR2) located on the immediately opposing
junctional sarcoplasmic reticulum (SR) through which a much larger Ca2+ release occurs
in the form of Ca2+ sparks [4]. The near-synchronous activation of ~104 Ca2+ sparks at
the start of the action potential produces the cytosolic Ca2+ transient that activates the
contractile apparatus within cardiac myocytes. For relaxation, cytosolic Ca2+ concentration
returns to baseline with Ca2+ extrusion outside of the cell via the Na+/Ca2+ exchanger
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(NCX) to remove an amount equal to the extracellular Ca2+ entry source, and Ca2+ uptake
into the SR via the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) to remove an
amount equal to the SR Ca2+ release source. Imbalances in cardiomyocyte Ca2+ cycling,
namely the Ca2+ fluxes across the plasma and SR membrane, can alter the action potential
and lead to arrhythmia.

The role of RyR2 in cardiac pathophysiology came to prominence more than 20 years
ago. The first report implicating acquired RyR2 dysfunction in heart failure was published
in 2000 [5], whereas a year later came the first studies associating mutations in the RYR2
gene with catecholaminergic polymorphic ventricular tachycardia (CPVT) and arrhythmo-
genic right ventricular dysplasia type 2 (ARVD2) [6–8]. Recent advances in our knowledge
of the molecular and arrhythmogenic mechanisms in genetic RyR2 disease are explored in
detail in this mini-review.

2. RyR2 Structure—Function Relationships

The RyR is the largest known ion channel, consisting of four identical subunits of
~5000 amino acids each, which combine to form a single Ca2+ permeable pore. Three RyR
isoforms are expressed in mammals, RyR1 (the predominant isotype in skeletal muscle),
RyR2 (the predominant isotype in cardiac muscle), and RyR3. Considering its size, complex-
ity, and responsibility for achieving both short-(beat-to-beat) and long-term maintenance
of heart contraction, it is not surprising that many factors fine-tune RyR2 function. In the
following, we aim to describe determinants of RyR2 regulation as interacting layers consist-
ing of: the pore-forming domains, domains that directly interact with the pore, domains
that indirectly regulate the pore through intermediaries, or interacting regulatory proteins.

Recent high-resolution cryo-electron microscopy (EM) studies reveal that the long
RyR polypeptide chain is organized in distinct structural domains that are predominantly
α-helical and face the cytoplasm [9,10] (Figure 1). They include the N-terminus domain
(NTD) composed of sub-domains A/B/C, three SPRY domains including RyR repeat
(RY) 1&2, junctional solenoid (JSol), bridging solenoid (BSol) consisting of sub-domains
B&C flanking RY3&4, and core solenoid (CSol). According to a different nomenclature
by Peng et al. [10], JSol is known as the “handle domain”, BSol is known as the “helical
domain” but it was previously referred to as the “central domain” [11], and CSol is also
known as the “central domain”. To avoid confusion with “central domain” terminology, we
adopt the nomenclature by des Georges et al. [9]. The C-terminal ~500 residues contain the
transmembrane domain (TMD) composed of six segments that anchor the protein on the SR
membrane, followed by the short cytosolic C-terminus domain (CTD). The pore is formed
by the S6 lining helix supported by S5 and the S5-S6 loop containing the selectivity filter.

Figure 1. A schematic illustration of human RyR2 domain organization and boundaries. Color-coded
distribution of mutations associated with disease (top value) and their frequency within individual
structural domains (bottom value). The six transmembrane segments (S) are represented by a vertical
line. See Figure 2 below for a corresponding cartoon representation showing the arrangement of
domains in 3D (using same color coding).
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RyR2 Channel Self-Assembly

Although RyR2 is a macromolecular complex with cytosolic, SR integral, and luminal
accessory proteins (see Section 3.1), the 4-subunit RyR2 self-assembly is necessary and
sufficient to form a fully functional Ca2+ release channel. To understand how RyR2 is
auto-regulated, we consider a reductionist, “bottom-up” approach starting from the pore.
Expression of the last two TM segments together with the CTD forms a tetrameric cation
permeable pore that is constitutively open [12]. The CTD self-associates to support RyR
tetramerization required for the formation of functional channels [13,14]. On top of the
pore sits the CSol acting as the channels’ gatekeeper. The CSol makes extensive contacts
with the pore-forming region including the S2S3 loop, the extended cytosolic part of S6,
and the CTD [9,10]. However, the expression of large constructs encompassing the CSol,
TMD, and CTD form ion channels that remain largely open and leaky [15–17]. Clearly, the
remaining domains are needed to support the closure of the pore and fully regulate the
channel. They are not making direct contact with the pore-forming region, but their effects
are mediated via the CSol. Indeed, the NTD, Jsol, Bsol, and CSol are involved in multiple
intra- and inter-subunit interactions with each other [9,10,18–20]. The NTD also interacts
with itself to promote channel closure as well as to support the formation of functional
tetrameric RyR2 channels [21–23]. RyR2 activity is fine-tuned by the peripheral SPRY and
RY domains, and their interactions with JSol and BSol [9,10].

3. Physiological RyR2 Regulators

The principal physiological RyR2 regulator is Ca2+ acting from both the cytosolic and
SR luminal side. RyR2 is mostly inactive at low diastolic (~100 nM) cytosolic Ca2+ concen-
tration ([Ca2+]). Membrane depolarization causes a rapid rise in [Ca2+] from nanomolar
to micromolar levels in the narrow dyadic cleft formed between T-tubule and SR junc-
tional membrane, which increases RyR2 activity in a sigmoidal function of cytosolic Ca2+

concentration. RyR2 can be fully activated at ~100 µM Ca2+ (reviewed in [24,25]). Recent
cryo-EM and mutagenesis studies suggest that the cytosolic Ca2+-binding site is located
at the CSol–CTD interface with residues E3848, E3922, and T4931 (coordinates for human
RyR2) critical for Ca2+ interaction [9,26–28]. Interestingly, although the Ca2+-bound RyR
structure reveals a contraction of the CSol that facilitates the dilation of the S6 bundle,
the pore remains closed [9,26]. This could be due to the in vitro experimental conditions
of cryo-EM. RyR2 is also regulated by SR luminal Ca2+ (reviewed in [24,25]). Although
luminal Ca2+ can indirectly activate RyR2 by acting on the cytosolic Ca2+-binding site
following passage through the pore, a separate site accessible only to luminal Ca2+ is likely
to exist. Mutagenesis analysis has indicated that residue E4872 within S6 is necessary for
luminal Ca2+ activation without affecting cytosolic Ca2+ modulation [29].

3.1. Regulation of RyR2 by Accessory Proteins

RyR2 is also regulated by accessory proteins and post-translational modifications
(phosphorylation and oxidation) (reviewed in [25,30]). Here, we focus on three RyR2-
associated proteins, FK506-binding protein (FKBP), calmodulin (CaM), and calsequestrin
(CSQ2) because of their implication in genetic cardiac disease.

3.1.1. FKBP12/12.6

In native cardiac tissue, both of the two FKBP homologues of 12 and 12.6 kDa are found
associated with RyR2 depending on the animal species [31]. RyR2 affinity is much greater
for FKBP12.6 than FKBP12; however, native RyR2 occupancy by FKBP12.6 is minimal due
to the latter being expressed at very low levels [31–33]. Functional studies generally suggest
that FKBP12.6 promotes RyR2 channel closure and prevents SR Ca2+ leak (reviewed in [34]).
Cryo-EM RyR structures in complex with FKBP12/12.6 indicate that the binding site is
composed of multiple determinants contributed by the SPRY1, SPRY3, NTD, and JSol
domains [26,35,36]. FKBP12.6 stabilizes RyR2 in a closed state by inducing the relaxation of
the CSol and strengthening the NTD-NTD inter-subunit interaction [26].
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3.1.2. Calmodulin (CaM)

CaM is a high-affinity, Ca2+-binding, dumbbell-shaped protein containing four EF-
hand motifs, two of each on both N and C lobes. Both the Ca2+ free (apo-CaM) and Ca2+

bound forms of CaM interact with RyR2 to inhibit channel activity, although inhibition is
more pronounced at high Ca2+ [37,38]. The cryo-EM RyR2 structures in complex with apo-
CaM and Ca2+-CaM indicate that they bind to distinct sites [39]. The N-lobe of apo-CaM
binds BSolB, whereas its C-lobe binds at the interface between JSol and CSol. Ca2+-CaM
shifts position and interacts only with the CSol. Ca2+-CaM stabilizes RyR2 in a closed
state by inducing conformational changes in the CSol to release the pulling force for the
dilation of the S6 bundle. Notably, CaM mutations have been linked with arrhythmia
and sudden cardiac death, with most cases diagnosed as long QT syndrome and CPVT
(reviewed in [40,41]). Mutations in all three CALM genes, which produce identical CaM
peptide sequences, have been reported. Most of the disease-associated CaM mutations
studied to date seem to reduce CaM’s inhibitory action on RyR2.

3.1.3. Calsequestrin-2 (CSQ2)

CSQ2 is a low-affinity, high-capacity Ca2+-binding protein of ~45 kDa located within
the SR lumen, where it buffers the free Ca2+ concentration to ~1 mM. It is associated with
RyR2 via the SR integral proteins triadin and junctin, as well as directly interacting with the
S1S2 luminal loop of RyR2 [42,43]. It is generally believed that CSQ2 exerts an inhibitory
effect on RyR2 Ca2+ release (reviewed in [44]). CSQ2 knockout mouse models present
with stress-induced arrhythmia indicating that CSQ2 plays an important role in the cardiac
function [45,46]. Indeed, CASQ2 is the second most mutated gene in CPVT accounting for
~5% of cases [41]. Initially described as the recessive form of CPVT (CPVT2), autosomal
dominant mutations have also been reported [47–49]. CPVT-linked CSQ2 mutations may
result in impaired Ca2+ buffering, multimer formation and/or RyR2 regulation [41,44,50].

To summarize, we propose a 4-layer model for cytosolic regulation of the RyR2 pore
(Figure 2). The first layer directly blanketing the pore consists of the CSol. The second
layer consisting of NTD, Jsol, and BSol transmits stimulatory/inhibitory signals to the
pore via the CSol. The third layer consists of the SPRY and RY domains acting on the
second layer. The final fourth layer consists of cytoplasmic ligands, namely accessory
proteins and protein kinases. While small ligands such as Ca2+ may have access to the
pore-forming region, the large size of proteins precludes them from doing so. The effects
of cytoplasmic proteins feed into layers 1/2/3 to alter their conformation and RyR2 inter-
domain interactions. For example, FKBP12.6 binding (to SPRY1, SPRY3, NTD, and JSol
domains) directly affects layers 2&3, which in turn transmit an allosteric signal to the pore
via layer 1. The effect of phosphorylation (mediated by protein kinases) also feeds into
layers 1/2/3. S2808 and S2814, whose phosphorylation is implicated in RyR2 physiology
and disease are located within RY3&4. The luminal regulation of the RyR2 pore is simpler.
The effects of luminal ligands can be direct to the pore (e.g., luminal Ca2+) or via the small
RyR2 luminal loops.
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Figure 2. A schematic representation of the RyR2 3D architecture depicting 4 regulatory layers from
the cytoplasmic side. The pore-forming region, comprised of the TMD and CTD, is modulated by the
CSol (Layer 1), NTD, JSol and BSol (Layer 2), SPRY1/2/3 and RY1/2/3/4 (Layer 3), and accessory
proteins (Layer 4), e.g., FKBP. The colors of regions in the RyR2 3D structure correspond to the colors
in the RyR2 sequence in Figure 1.

4. Cardiac Disease Associated with RyR2 Mutations

RyR2 mutations transmitted in an autosomal dominant manner account for ~70% of
CPVT cases (CPVT1) [41,50]. CPVT is characterized by episodes of potentially lethal bidi-
rectional or polymorphic ventricular tachycardia triggered by emotional or physical stress.
CPVT is manifested in the absence of structural abnormalities, while electrocardiogram
(ECG) recordings are normal at rest. It is estimated to affect 1:10,000 mostly young, seem-
ingly healthy individuals. According to European Society of Cardiology guidelines [51],
the first-line therapy for CPVT is beta-blockers to suppress the catecholamine stimulation
of the β-adrenergic pathway. It was very recently reported that non-selective β-blockers
(nadolol, propranolol) were more efficient at reducing the risk of life-threatening arrhyth-
mic events compared with selective β-blockers [52]. If beta-blocker therapy is ineffective,
additional treatment with flecainide is recommended. Flecainide is a Na+ channel inhibitor
that may also inhibit RyR2 Ca2+ release [53] (see also [54,55]). Left cardiac sympathetic
denervation is considered for patients who continue to experience arrhythmia despite
optimal medication [51]. The implantable cardioverter defibrillator can be considered the
last line of defense for patients who have survived a cardiac arrest or those who do not
respond to optimal medication. However, its use is debated due to questionable efficacy
and inappropriate shocks that may have a pro-arrhythmic effect [50].

Mutations in the RYR2 gene are also causative of ARVD2 [8,56]. The clinical presenta-
tion of ARVD2 is very similar to CPVT including stress-induced ventricular tachycardia,
but it is also associated with progressive degeneration and fibro-fatty replacement of the
right ventricle. In addition, RyR2 mutations have also been implicated in non-stress-
induced cardiac disease including long QT syndrome [57,58], torsade de pointes [59,60],
left ventricular noncompaction [61,62], dilated cardiomyopathy [63,64], and hypertrophic
cardiomyopathy [65]. Very recently, a new disease termed RyR2 Ca2+ release deficiency syn-
drome (CRDS) was described, underlined by RyR2 loss of function (LoF) mutations [66,67].
CRDS is characterized by ventricular arrhythmias and sudden cardiac death but a negative
exercise stress testing for CPVT. A novel classification for genetic RyR2-related cardiac
disease was recently proposed as a typical and atypical CPVT [41]. Typical CPVT as de-
scribed above is due to CSQ2 and gain of function (GoF) RyR2 mutations. Atypical CPVT
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covers non-stress as well as stress-induced disease other than bidirectional or polymorphic
ventricular tachycardia, due to RyR2 LoF or mutations in other genes such as CALM.

5. Molecular Mechanisms of Genetic RyR2 Disease

To date, more than 350 mutations have been reported including splicing, deletions,
insertions, and nonsense mutations, but the vast majority are missense (for an up-to-date
list, see the Human Gene Mutation Database (HGMD®), http://www.hgmd.cf.ac.uk/ac/
gene.php?gene=RYR2) (accessed on 25 July 2022). Pending further characterization, most of
these mutations are currently classified as variants of unknown significance [68]. Mutations
are found throughout the RyR2 peptide sequence but tend to concentrate on five structural
domains, NTD (16.9%), BSolB (19.8%), CSol (21.6%), TMD (16%), and CTD (4.1%) (Figure 1
and Table 1). This is more evident once the amino acid length of each domain is taken into
consideration. If we consider how many amino acid variants have been reported within
each individual domain, NTD (9.1%), BSolB (11.9%), CSol (12.5%), TMD (13.7%), and CTD
(17.5%), the small CTD is, in fact, the most frequently mutated structural element. In terms
of disease diagnosis, there is no apparent correlation between the location of mutations on
the RyR2 structure and the clinical phenotype presenting as typical or atypical CPVT. On
the other hand, the few deletions, insertions, and nonsense mutations reported to date are
often associated with atypical CPVT or cardiomyopathy irrespective of their location on
the RyR2 structure (e.g., [61,63,67,69]).

Table 1. RyR2 domain distribution of disease-linked mutations.

Domain
Coordinates

(Amino
Acids)

Length
(Amino
Acids)

Number of
Mutations

Mutation
Frequency

Overall (%)

Mutation
Frequency

within
Domain (%)

NTD 1–640 640 58 16.9 9.1

SPRY1 641–850 209 7 2.0 3.3

RY1&2 876–1066 190 9 2.6 4.7

SPRY2 1087–1254 167 5 1.5 3.0

SPRY3 1255–1603 348 14 4.1 4.0

JSol 1641–2105 464 16 4.7 3.4

BSolB 2109–2678 569 68 19.8 11.9

RY3&4 2714–2904 190 7 2.0 3.7

BSolC 2976–3527 551 11 3.2 2.0

CSol 3612–4206 594 74 21.6 12.5

Unresolved 4207–4483 276 5 1.5 1.8

TMD 4484–4886 402 55 16.0 13.7

CTD 4887–4967 80 14 4.1 17.5

Most pathological RyR2 missense mutations are GoF and causative of typical CPVT.
They may show increased sensitivity to either the cytosolic [70,71] or luminal Ca2+ activa-
tion [72]. It has also been suggested that the GoF phenotype is due to reduced FKBP12.6
affinity (unmasked following RyR2 phosphorylation) [73] (see also [74,75]). Similarly,
reduced CaM affinity has also been proposed to contribute to the GoF phenotype [76].
Moreover, altered RyR2 inter-domain interactions have been shown to underlie the GoF
phenotype [19,20,22,77].

Based on their observations, three labs have put forward their own hypotheses to
explain how RyR2 GoF mutations result in aberrant cardiomyocyte Ca2+ cycling. The first
hypothesis by Marks and colleagues is that mutations impair the binding of FKBP12.6
which helps maintain the channel closed in the diastolic phase [73]. The second hypothesis
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by Yano and colleagues is that mutations impair the inter-domain interaction between
the NTD and BSolB to destabilize the closed conformation of the channel [20]. The third
hypothesis by Chen and colleagues is that mutations enhance the sensitivity to SR luminal
Ca2+ thereby increasing the propensity for arrhythmogenic spontaneous Ca2+ waves [72].
However, these three hypotheses can be refined to include additional observations. The
first hypothesis can be expanded to include other accessory proteins such as CaM [76].
The second hypothesis can be generalized to include altered RyR2 intra- and inter-subunit
interactions, such as the JSol-BSolB interaction [19], NTD self-association [22], and NTD-
CSol interaction [77]. The third hypothesis can be expanded to include mutations that
enhance the sensitivity to cytosolic Ca2+ [70,71]. In addition, these three hypotheses are
not mutually exclusive, with individual mutations potentially operating via different
mechanisms. Moreover, the same mutation may affect more than one mechanism. For
example, the R2474S is found to disrupt the NTD-BSolB interaction [20], which in turn
impairs the RyR2 interaction with CaM [76].

Unlike GoF mutations, LoF mutations are associated with CRDS and other forms
of atypical CPVT. Initially only a handful, >20 have been reported in the last couple of
years as the focus has shifted to patients with atypical CPVT. Most of them are missense
mutations, but for deletion and a large duplication/insertion, found within the CSol and
TMD (Table 2). A common defect of LoF mutations is the perturbation of cytosolic and/or
luminal Ca2+ activation [66,78]. Alternatively, they may affect the CSol-TMD interaction
or the Ca2+-conducting properties of the pore. Other LoF mutations (e.g., those occurring
within the CTD) may impair RyR2 tetramerization that is necessary for the formation of a
functional channel, as reported for L433P (which has both GoF and LoF characteristics) [22].

Table 2. RyR2 loss-of-function mutations.

Mutation Domain Disease References

Duplication 1 - CRDS [67]

L433P 2 NTD ARVD2 [22]

G570D NTD CRDS [79]

Q2275H BSolB CRDS [80]

Q3774L CSol CRDS [66]

Q3925E CSol CRDS [79]

I3995V CSol CRDS [66]

M4109R CSol CRDS [79]

D4112N CSol CRDS [66]

A4142T CSol CRDS [81]

E4146D CSol long QT syndrome [82]

E4146K CSol CRDS [83]

R4147K CSol CRDS [79]

S4168P CSol long QT syndrome [82]

T4196I CSol CRDS [66]

A4203V CSol CRDS [79]

A4204V CSol CRDS [79]

E4451del Unresolved CRDS [80]

F4499C TMD CRDS [80]
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Table 2. Cont.

Mutation Domain Disease References

K4594Q TMD long QT syndrome [82]

V4606E TMD CRDS [80]

R4608Q TMD CRDS [80]

R4608W TMD CRDS [80]

D4646A TMD CRDS [66]

I4855M TMD
left ventricular
noncompaction

[62]

A4860G 3 TMD CRDS [66,78]

Q4879H TMD CRDS [66]

G4935R TMD CRDS [83]

S4938F TMD torsade de pointes [59]

Notes: 1 Homozygous duplication of the promoter region and exons 1–4. 2 L433P has both GoF and LoF
characteristics. 3 Idiopathic ventricular fibrillation that was reclassified as CRDS.

Thus, mutations can be either GoF or LoF and result in typical or atypical CPVT,
respectively, irrespective of their location on the RyR2 structure. We propose the following
four non-mutually exclusive molecular mechanisms for channel deregulation in genetic
RyR2 disease. The first mechanism involves altered cytosolic and/or luminal Ca2+ ac-
tivation, which may account for both GoF (e.g., R4497C [70] and N4104K [72] increase
cytosolic and luminal Ca2+ sensitivity, respectively) and LoF mutations (e.g., Q3774L [66]
and A4860G [78] decrease cytosolic and luminal Ca2+ sensitivity, respectively). The second
mechanism involves altered RyR2 intra- and inter-subunit interactions. For example, if the
domain X interacts with domain Y to stabilize the closed channel, a mutation that disrupts
the inter-domain X-Y interaction will be GoF (e.g., R2474S [20], R176Q [18]), whereas a
mutation that enhances it will be LoF. On the other hand, if domain X interacts with domain
Y to stabilize the open channel, a mutation that disrupts the inter-domain X-Y interaction
will be LoF, whereas a mutation that enhances it will be GoF (e.g., R420Q [77]). The third
mechanism involves altered interactions with accessory proteins (e.g., S2246L reducing
FKBP12.6 binding [73]) as well as phosphorylation by protein kinases, which in turn will
affect the second or third mechanisms. Finally, the fourth mechanism involves altered
Ca2+ conductance and/or permeability, which may account for LoF mutations within the
pore-forming S6 helix and the selectivity filter.

6. RyR2 Subcellular Geometry Influences Cardiac Ca2+ Release

6.1. RyR2 Clusters and Functional Ca2+ Release Units (CRU)

Early investigations using electron microscopy established that square-shape RyR2
tetramers (~30 × 30 nm) organize as discrete clusters in a quatrefoil crystalline arrangement
on junctional SR membrane [84]. Purified RyR2-FKBP12.6 complexes can self-assemble
in vitro into oblique multi-channel structures that appear to involve SPRY1 and FKBP12.6
interactions between neighboring clamp regions [85]. Recent advances in super-resolution
optical microscopy have further enabled the detection and characterization of RYR2 organi-
zation at near single molecule level in both 2D [86,87] and 3D [88], which was previously
not possible due to diffraction limitations of conventional confocal microscopes. These
recent investigations in rodent, sheep, and human myocytes have shown that RyR2 clusters
typically consist of ~15–20 channels that can be sparsely packed [86,88–90]. This is much
smaller than previous estimates of ~100 RyR2 per cluster, calculated from thin sectioning
that relied on assumptions of complete filling and circular geometry [91]. An emergent
property of these clusters is the apparent allosteric regulation between channels, through
some form of coupled gating or cross-talk, that enhances the fidelity of Ca2+ spark activa-
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tion when [Ca2+] is increased, e.g., evoked by an action potential, but suppresses RyR2
opening at diastolic [Ca2+] [92]. Ca2+ spark amplitude was found to be fairly insensitive
to cluster sizes greater than ~20 RyR2 (quantified indirectly using fluorescently-labeled
FKBP12.6) [93]. Although larger clusters should increase the peak Ca2+ flux rate in pro-
portion to the number of open channels times the trans-SR [Ca2+] gradient, this will more
rapidly deplete junctional SR [Ca2+], thus reducing the driving force for Ca2+ release and
cause a gradual loss of regenerative capacity and finally Ca2+ spark termination [94].

Ca2+ concentration decreases rapidly as it diffuses further from its source, therefore
the probability of one cluster causing Ca2+-induced Ca2+ release (CICR) in distant clusters
falls sharply with distance, and this limits uncontrolled activation. However, if two or
more clusters are sufficiently close then the increase in cytosolic [Ca2+] can be enough to
activate its neighbor, such that closely spaced RyR2 clusters (~100–150 nm edge-to-edge)
are predicted to act together as functional Ca2+ release units (CRU) in the formation of Ca2+

sparks [86,92]. Ca2+ spark frequency showed a strong positive relationship with cluster
size, indicating that larger clusters are more likely to initiate Ca2+ sparks [93] and support
the notion that multiple clusters are involved in producing Ca2+ sparks.

6.2. Pathological Fragmentation of CRU

The break-up and fragmentation of CRU into smaller, dislocated clusters could con-
tribute to the slower Ca2+ release kinetics and increased Ca2+ leak in inherited or acquired
heart disease. Using stimulated emission-depletion (STED) microscopy, Macquaide et al.
found that in a sheep model of chronic atrial fibrillation (AF) the mean distance between
cluster centroids was shorter, without a significant change in the number of RyR2 per
cluster, compared to healthy controls [89]. Consequently, more clusters fell within the CRU
boundary (defined here as ≤150 nm) which increased the mean CRU area, but at a lower
overall RyR2 density, suggesting greater fragmentation of CRU in this sheep model of
AF. Reduced RyR2 density was also found in CRU from rats with right ventricular fail-
ure, using expansion microscopy combined with Airyscan super-resolution imaging [95].
Sheard et al. used geometrically realistic experimental maps of CRU to model the effect
of cluster morphology on Ca2+ release and found the disrupted CRU often failed to fully
activate within the typical time-course of a Ca2+ spark (~20 ms) [95]. The mechanism
for CRU breakup remains to be established, but could include loss of accessory proteins
tethering RyR2 clusters together, or simply CRU failing to keep up with cellular remodeling
(e.g., hypertrophy in the case of heart failure and possibly RyR2 mutations [65]). Yin et al.
used RyR2 immunolabeling and STED microscopy to investigate cluster morphology in
mice with the CPVT-causing RyR2-R420Q+/− missense mutation. RyR2 clusters were
smaller on average in knock-in than WT controls, despite total RyR2 protein being simi-
lar between groups [77]. Junctophilin-2 may play a role in determining RyR2 clustering
because overexpression increased the size of clusters [96]. Yin et al. found a reduced
association between junctophilin-2 and RyR2 in RyR2-R420Q+/− knock-in mice measured
by co-immunoprecipitation, suggesting this could contribute to the redistribution of cluster
size that results from this mutation [77]. In contrast to work in the experimental sheep heart
failure [89], Munro et al. found RyR2 cluster and CRU properties to be unaltered in atrial
myocytes from human patients with persistent AF versus patients without AF [90]. Here,
the non-AF samples came from patients requiring coronary artery bypass graft surgery and
may have experienced some degree of prior cardiac remodeling, which could contribute
to the lack of CRU disruption observed. Alternatively, the sheep AF model may not fully
recapitulate human atrial disease.

7. Arrhythmogenic Consequences of RyR2 Dysfunction

7.1. Ca2+ Sparks

Ca2+ sparks are brief events lasting ~30 ms that increase cytosolic Ca2+ by ~100 nM
and have a spatial spread of ~2 µm full width at half maximum [4]. Unlike action potential
evoked Ca2+ release, spontaneous Ca2+ sparks do not require Ca2+ entry through L-type

73



Biomolecules 2022, 12, 1030

Ca2+ channels to occur, but instead occur stochastically, usually at a low frequency between
beats, due to the small but finite open probability of RyR2. RyR2 opening causes a localized
increase in Ca2+ in the immediate cluster vicinity [97] that initiates strong positive CICR
feedback, causing further channels in the CRU to open. The prevailing control theories of
how Ca2+ sparks terminate all include some form of local depletion of junctional SR Ca2+,

as observed experimentally [98], which diminishes CICR from Ca2+ released from the SR
into the dyad [94,99].

The remainder of this mini-review focuses on how changes in RyR2 behavior, associ-
ated with specific mutations, RyR2 modulators, and beta-adrenergic signaling, produce
diverse phenotypes and potentially fatal cardiac arrhythmias with involvement from Ca2+

sparks and Ca2+ waves. The ability of influx and efflux pathways in the heart to “auto-
regulate” Ca2+ levels is essential for understanding how these effects arise (see [100] for a
detailed description). In brief, a change in the balance of influx and efflux pathways that
favors net Ca2+ entry increases Ca2+ loading, whereas an increase in net Ca2+ efflux will
cause unloading. This occurs because the steep load dependence of SR Ca2+ release [101]
means that a transient reduction in SR load will cause: (1) a smaller Ca2+ transient ampli-
tude, (2) less Ca2+-dependent inactivation of ICa (allowing more Ca2+ entry), (3) decreased
activation of NCX (less Ca2+ removal), (4) reduced diastolic Ca2+ release, and (5) SR Ca2+

load will tend towards its previous state (if SR load is transiently increased then points 1–4
can be flipped).

As described in Section 5, the majority of pathological RyR2 mutations result in GoF
phenotype, that manifests in cardiac myocytes as increased trigger ability of Ca2+ sparks
to cytosolic or luminal Ca2+, from a low resting level (~1/s/100 µm in normal mouse
ventricular myocytes) to much greater levels with pathological consequences. GoF RyR2
mutations and RyR2 sensitizing agents, such as caffeine, promote Ca2+ sparks, Ca2+ waves,
and non-spark mediated leak, and, consequently, SR Ca2+ load is depressed during basal
conditions (e.g., RyR2-R4496C [102], RyR2-R420Q [77]). Lower resting SR load probably
explains why CPVT patients with GoF mutations typically have normal resting ECG [103]
because the reduced SR load will somewhat limit spontaneous Ca2+ release. Arrhythmias
typically manifest during periods of increased sympathetic activity, which increases Ca2+

entry and re-uptake pathways and shifts the SR towards greater operating Ca2+ levels that
greatly promotes spontaneous Ca2+ release [102]. Ca2+ release refractoriness, measured
using the ratio of the second:first Ca2+ spark occurring from the same CRU using a chemical
modification of RyR2 with low concentration ryanodine [104], was reduced in a transgenic
mouse model of the GoF CPVT-causing RyR2-R420Q+/− mutation under both basal and
isoproterenol stimulation, indicating increased CICR sensitivity [105]. Reduced refractori-
ness was also observed in the same RyR2 CPVT model using two-photon photolysis of a
caged Ca2+ chelator [106] and in other models of GoF CPVT due to missense mutations
(CSQ2-R33Q [107]) or knockout of CSQ2 [108].

7.2. Spontaneous Ca2+ Waves

An increase in Ca2+ spark frequency increases the likelihood that a spontaneous regen-
erative process of Ca2+-induced Ca2+ release, called a Ca2+ wave, will occur. Ca2+ waves
propagate by the saltatory triggering of neighboring CRU and firing of Ca2+ sparks. For
Ca2+ waves to propagate it is necessary that cytosolic [Ca2+] at nearby clusters increases
sufficiently to activate nearby CRU spaced ~0.5 µm apart in the same Z-line [92], or across
the much larger inter-Z line spacing (~1.8–2.0 µm). An increase in cytosolic or SR Ca2+ in-
creases the interactions between CRU and the occurrence of propagating Ca2+ waves [109].
The likelihood of Ca2+ wave generation is predicted to be highly dependent on Z-disk
spacing, by influencing the initial Ca2+ flux needed to raise Ca2+ above the threshold for
CRU activation at nearby sites [110]. Shorter inter-sarcomere spacing has been reported in
isolated ventricular myocytes from left ventricular heart failure in the spontaneously hyper-
tensive rat [111] and right ventricular failure due to pulmonary arterial hypertension [112].
The shorter sarcomere spacing in right ventricular failure was partially reversed by chronic
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in vivo treatment with the β1-adrenergic receptor blocker, metoprolol [113], and this was
proposed to contribute to the observed reduction in Ca2+ wave frequency and triggered
activity, despite similar Ca2+ spark frequency between treated and untreated cells.

‘Rogue’ RyR2 located on the network SR outside of SR junctions could, in principle,
facilitate Ca2+ wave propagation by reducing the longitudinal inter-CRU distance. Rogue
RyR2 occur infrequently in normal ventricular myocytes [86] and Ca2+ sparks occur almost
exclusively from RyR2 clusters in Z-lines [114], suggesting they may have a minor role
in Ca2+ wave propagation in normal cardiomyocytes. There was no difference in the
proportion of non-Z-line RyR2 in human persistent AF [90]; however, the proportion of
RyR2 clusters between Z-lines was greater in atrial myocytes from sheep with chronic
AF [89], so it is feasible that rogue RyR2 could contribute to increased spontaneous Ca2+

waves in a pathological context. Rogue RyR2 could be involved in substantial non-Ca2+

spark mediated leak, involving brief openings of small size clusters that would minimally
raise cytosolic Ca2+ and would be below the optical limit of detection using fluorescent Ca2+

sensitive dyes [115]. Increased Ca2+ spark-independent leak in failing rabbit ventricular
myocytes contributed to reduced SR Ca2+ load [101] and would be expected to impair
contractility due to the steep dependence of evoked Ca2+ release on SR Ca2+ load during
normal excitation–contraction coupling.

7.3. Delayed Afterdepolarizations (DADs)

The Na+/Ca2+ exchanger is one of the main Ca2+ removal pathways that restore
cytosolic Ca2+ during diastolic Ca2+ waves back towards resting levels. Near resting mem-
brane potentials, NCX works in the forward mode to remove 1 Ca2+ ion from the cytosol in
return for 3 Na+ ions entering. This net electrogenic action produces a transient inward
current that depolarizes the resting membrane potential, causing events called delayed
afterdepolarizations (DADs). If DADs reach the threshold for Na+ channel activation, then
triggered action potentials can occur and activate surrounding cells resulting in ectopic
electrical activity in the heart that can degenerate into ventricular tachycardias that can
lead to sudden cardiac death. DADs are believed to be the underlying event responsible
for arrhythmia in CPVT [116]. Fortunately, there is a large mismatch between the current
generated by DADs in a single cell (the source) that is shared between all the surrounding
electrically-connected cells (the sink), and therefore occasional Ca2+ waves in cells in the
heart are unlikely to propagate the electrical activity further. Using optogenetic activation
of channelrhodopsin-2 expressing cardiac-specific transgenic mice, it was estimated that
~2000 myocytes must depolarize near-simultaneously to initiate premature ventricular
contractions [117]. The stochastic nature of DADs makes the probability of this happen-
ing by chance highly unlikely. However, this probability increases if Ca2+ regulation is
deranged by factors causing RyR2 GoF phenotype and if there is coupling to entrain oscil-
lations between cells. Indeed, Borile et al. found that during beta-adrenergic stimulation
in ventricular heart slices from mice harboring the CPVT-causing RyR2-R2474S heterozy-
gous missense mutation, cells surrounding those that exhibited DADs also had a greater
probability of Ca2+ waves occurring almost synchronously [118].

7.4. Early Afterdepolarizations (EADs)

Early afterdepolarizations (EADs) occur during repolarization due to a mismatch
between outward K+ currents and inward currents (such as INa, ICa, INCX) and are believed
to be a major source of ventricular tachyarrhythmias [119]. Similar to DADs, sponta-
neous Ca2+ release during repolarization increases inward INCX current and has been
recognized as being involved in EADs for many years [120] (and see [121] for a recent
review). INCX is a non-regenerative current (current decreases as membrane potential
increases) and was believed to contribute mainly by delaying repolarization and allowing
time for reactivation of other inward currents (such as INa or ICa) to drive the upstroke of
the EAD [120,122,123]. Stochastic SR Ca2+ release, in the form of ‘late Ca2+ sparks’ [124],
occurs during the normal Ca2+ transient decay triggered by ICa during the AP plateau and
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increased cytosolic Ca2+. The frequency of late Ca2+ sparks was greater in failing rabbit
ventricular myocytes [125,126] and could initiate propagating wave-like ‘Ca2+ ripples’.
Under conditions of increased Ca2+ load, late Ca2+ sparks-mediated INCX could take a dom-
inant role in driving the depolarization [125]. This conclusion is supported by computer
modeling by Zhong et al. demonstrating that increased late Ca2+ release due to hyperactive
RyR2 (increased Ca2+ sensitivity and reduced refractoriness) contributes to EAD genesis by
increasing INCX [127]. Late Ca2+ sparks can fire more than once during a Ca2+ transient,
after an apparent refractory period that is likely limited by the rate of junctional Ca2+

refilling [104,124], providing a mechanism to sustain or increase INCX at positive membrane
potentials. The involvement of SR Ca2+ release in EADs is further apparent in the case of
conditional SERCA2a knockout mouse ventricular myocytes [128]. The SR Ca2+ store is
essentially absent in knockout mice, demonstrated by the absence of Ca2+ sparks, meaning
contraction is solely maintained by an increase in trans-sarcolemmal Ca2+ entry through
ICa and a slight decrease in K+ current density. Despite such major electrophysiological
adaptations, myocytes from SERCA2a knockout mice do not exhibit greater EAD incidence
than control mice. It is worth noting that the major ion channels implicated in causing
EADs are highly coupled to each other (Figure 3), and that knocking-out or inhibiting one
part of the pathway will affect the others and tend to exaggerate its (patho)physiological
role. Alternatively, combining experimental findings with mathematical modeling is a
powerful way to dissect the bidirectional coupling between Ca2+ ↔ membrane potential
that is difficult to interpret from experiments alone [123,125].

Figure 3. Simplified schematic to illustrate the proposed pathways linking RyR2 loss-of-function (LoF,
red) and gain-of-function (GoF, blue) abnormalities to pro-arrhythmic behavior. In GoF, excess Ca2+

leak leads to diastolic Ca2+ waves and DADs which tend to decrease the Ca2+ load. In LoF, evoked
Ca2+ release is impaired resulting in Ca2+ loading and less Ca2+-dependent inactivation (CDI) of ICa,
ultimately resulting in prolonged systolic Ca2+ release and EADs. Increasing Ca2+ load worsens Ca2+

regulation and hastens arrhythmia development.
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Factors that increase RyR2 Ca2+ sensitivity, or decrease refractoriness, are likely to
increase the frequency of late Ca2+ sparks. Low dose caffeine caused a biphasic Ca2+

transient decay in rat ventricular myocytes which, although not directly measured using
confocal microscopy, would be consistent with RyR2 sensitization promoting cytosolic
Ca2+ triggered late Ca2+ sparks [129]. Post-translational modification of RyR2 by PKA
and/or CaMKII phosphorylation may increase the RyR2 Ca2+ sensitivity and has been
attributed as a possible cause of the hyperactive RyR2 observed in heart failure, although
the physiological consequences and precise locations of phosphorylation are still the matter
of ongoing investigation (for a recent review see [130]). Guo et al. investigated the effect
of overexpression of CaMKIIδc on RyR2 Ca2+ release properties in transgenic mice on
a phospholamban knockout background to avoid the confounding influence of altered
SR Ca2+ load (because CaMKII can also phosphorylate phospholamban and stimulate
SERCA2a Ca2+ uptake) [131]. They found that diastolic Ca2+ sparks had a faster rate of
rising and shorter refractory period between consecutive Ca2+ sparks, possibly suggesting
more RyR2 channels opening during each event due to increased Ca2+ sensitivity. The
Ca2+ transient decay was slower and more late Ca2+ sparks occurred in CaMKIIδc over-
expressing mice than phospholamban knockout controls, which could be caused by RyR2
Ca2+ hypersensitivity, but could also be due to CaMKIIδc facilitation of ICa [132] that
would also prolong the Ca2+ transient and promote late Ca2+ sparks [124] Liu et al. found
abnormal Ca2+ release in ventricular myocytes from mice with the CPVT-causing CSQ2-
R33Q mutation that results in a GoF RyR2 phenotype, suggesting systolic Ca2+ handling
could also be affected by GoF mutations [133].

The rare LoF RyR2 mutations described in Table 2 are associated with atypical electrical
behavior including EADs. Zhao et al. investigated the properties of excitation-contraction
coupling in transgenic mice with the LoF RyR2-A4860G+/− missense mutation [134]. Under
basal conditions, the amplitude and rate of rising of the Ca2+ transient were depressed
and SR Ca2+ load was greater in RyR2-A4860G+/− ventricular myocytes compared to WT
cells. Continued Ca2+ entry during the action potential via ICa with less efficient evoked SR
Ca2+ release was proposed to increase net Ca2+ entry, overloading the SR, and resulting
in frequent prolonged systolic Ca2+ release and EADs under basal conditions, and at
greater frequency during stimulation with isoproterenol. They proposed that the extended
Ca2+ release during EADs help unload the SR in this LoF model, although this will be
balanced somewhat by the increased Ca2+ entry through ICa at depolarized membrane
potentials. Alternatively, it was recently proposed that the reduced Ca2+ transient rate
of rise in RyR2-A4860G+/− could cause less Ca2+-dependent inactivation and therefore
prolong ICa during the action potential plateau, which would increase action potential
duration both directly and indirectly (through increased INCX), although this remains to
be demonstrated experimentally [135]. Sun et al. found that transgenic mice carrying
the LoF RyR2-D4646A+/− mutation also showed increased EADs and SR Ca2+ load in
isolated myocytes and re-entrant arrhythmias following burst pacing in isolated hearts,
although this occurred without a change in steady state Ca2+ transient amplitude or
rate of rise, and a markedly increased ICa density [66]. These initial findings suggest
the principal arrhythmogenic substrate may be different in LoF compared to GoF RyR2
disorders (although there is likely some cross-over in mechanisms) (Figure 3).

8. Conclusions

The list of mutations in genes encoding RyR2 and its regulatory proteins associated
with pro-arrhythmic phenotype continues to grow. These are revealing new insights
into the structure/function relationship of RyR2 that is communicated both within and
between subdomain interactions of this critical ion channel. It is now generally accepted
that there is no common molecular defect, no single unifying hypothesis to explain how
RyR2 GoF mutations result in typical CPVT. Moreover, molecular characterization of site-
specific mutations may help explain the apparent diverging phenotypes in GoF and LoF
RyR2 mutations. However, as LoF mutations have only fairly recently been the subject of
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attention, further work is needed to establish the extent to which their arrhythmogenic
substrates are unique, or whether there is also some overlap with GoF mutations, as
this may have important implications for the optimal therapeutic approach. Improved
capabilities to investigate subcellular changes in RyR2 behavior and Ca2+ release properties
in the native environment using advanced imaging technologies offers an exciting future
direction that promises to better our understanding of how cardiac excitation-contraction
coupling is regulated in health and disease.
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Abstract: In the adult mammalian heart, no data have yet shown the existence of cardiomyocyte-
differentiable stem cells that can be used to practically repair the injured myocardium. Atypically
shaped cardiomyocytes (ACMs) are found in cultures of the cardiomyocyte-removed fraction obtained
from cardiac ventricles from neonatal to aged mice. ACMs are thought to be a subpopulation of
cardiomyocytes or immature cardiomyocytes, most closely resembling cardiomyocytes due to their
spontaneous beating, well-organized sarcomere and the expression of cardiac-specific proteins,
including some fetal cardiac gene proteins. In this review, we focus on the characteristics of ACMs
compared with ventricular myocytes and discuss whether these cells can be substitutes for damaged
cardiomyocytes. ACMs reside in the interstitial spaces among ventricular myocytes and survive
under severely hypoxic conditions fatal to ventricular myocytes. ACMs have not been observed to
divide or proliferate, similar to cardiomyocytes, but they maintain their ability to fuse with each other.
Thus, it is worthwhile to understand the role of ACMs and especially how these cells perform cell
fusion or function independently in vivo. It may aid in the development of new approaches to cell
therapy to protect the injured heart or the clarification of the pathogenesis underlying arrhythmia in
the injured heart.

Keywords: atypically shaped cardiomyocytes; ACMs; subpopulation of cardiomyocytes; spontaneous
beating; fetal cardiac gene proteins; cell fusion; ischemic resistance; cardiomyocyte; cardiac ventricle; heart

1. Introduction

The mammalian heart is one of the organs with a low regeneration capacity after
birth [1,2]. In the development stage, embryonic cardiomyocytes arise from the early
cardiac progenitors or the proliferation of pre-existing cardiomyocytes [3]. Neonatal car-
diomyocytes undergo additional rounds of DNA synthesis without cytokinesis, resulting in
the binucleation or multinucleation shortly after birth [4], and have transient regeneration
potential during this period [5]. In the adult heart, a number of studies have reported
evidence to support the notion that the pre-existing cardiomyocytes are capable of re-
entering the cell cycle in both the human and mouse heart [6–10], the rate and degree of
cardiomyocyte renewal under both physiological and pathophysiological conditions are
far too small; thus, dead cells are not substantially replaced by renewed cells [11,12]. In
the mouse heart, the turnover of cells through the proliferation of resident cardiomyocytes
is estimated to occur at a rate of approximately 1.3–4% per year, whereas in the human
heart, the annual turnover rate of cardiomyocytes is observed to gradually decrease from
1% at 25 years of age to 0.45% at 75 years of age; thus, the rate of cardiomyocyte exchange
in adulthood is <1% per year [6,13].

Following myocardial infarction, the heart loses approximately 25% of the cardiomy-
ocytes within a few hours [14]; however, it is estimated that <0.1% of cardiomyocytes
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re-enter the cell cycle [15]. At present, the “proliferative activity” of the postnatal mam-
malian heart is thought to be limited to the process of multinucleation and polyploidization,
which occurs in the early postnatal period and in the failing heart [12]. Under pathophysi-
ological conditions, active cardiomyocyte proliferation to cardiac hypertrophy has been
reported based on an autopsy of patients with LEOPARS syndrome [16]. One of the most
effective tools for understanding the mechanism of binucleation, polyploidization and
cell-cycle arrest of cardiomyocytes is now thought to be a model system using induced
pluripotent stem cells (iPSCs) that reproduces the essential factors in the heart [17]. In
addition, the upregulation of resident or bone marrow-derived progenitor cells has been
reported to give rise to cardiomyocytes for repairing the heart [18–25].

As the regulation of cardiomyocyte regeneration has been one of the most important
themes in clinical research, a number of studies have attempted to manipulate endogenous
progenitor cells to induce differentiation into functional cardiomyocytes. The first adult
resident cardiac stem cells were identified by the expression of stem cell receptor kinase
(c-kit) but not blood lineage markers (Lin), c-kit+/Lin− cells, in 2003 [26]. Thereafter,
the identification of cardiac stem or progenitor cells based on characteristics such as the
expression of stem cell antigen-1 (Sca-1) [27,28] and LIM-homeobox transcription factor
(islet 1) [29] and the ability to exclude Hoechst 33342 dye [30], has been reported. During
this period, these cells were demonstrated to differentiate into cardiomyocytes in vitro in
response to hormones or chemicals, such as 5′-azacytidine [27,28], oxytocin [28,30] and
trichostatin A [30]. Adult cardiac stem cells isolated by c-kit+/Lin− selection have been
shown to more systematically give rise to cardiomyocytes cultured in leukemia inhibitory
factor (LIF)-deprived basic differentiation medium supplemented with several chemicals in
sequence, including oxytocin and activin A [31]. Negative views have also been reported,
with one review reporting that no reliable data have shown the existence of cardiomyocyte-
differentiable stem cells in the adult heart that might be used in practical therapeutics to
repair the injured myocardium [32]. Although there are still some limitations that hinder
cell therapy using cardiac stem or progenitor cells, the methodology is constantly being
innovated, with methods such as proteomic analyses of cardiac progenitor cells, including
cells isolated based on surface-marker selection, differentiated human embryonic stem
cells (ESCs) and iPSCs [33], and the 3D structure applications composed of cardiac and
endothelial progenitor cells [34]. These methods have been accelerated with the aim of
translation into cell therapy [1,2].

We detect spontaneously beating cells with peculiar morphologies expressing cardiac-
specific proteins but not stem cell markers in the culture of interstitial non-myocyte fraction
cells obtained from adult mouse cardiac ventricles and named them “atypically shaped
cardiomyocytes (ACMs)” [35]. Similar to cardiomyocytes, ACMs do not actually proliferate.
These cells have also been observed mixed in with isolated ventricular myocytes in the
studies of other groups [36,37]. Native ACMs are found in the interstitial spaces among
ventricular myocytes in both mice and humans [38] and are considered to be a subpopula-
tion of cardiomyocytes or immature cardiomyocytes rather than cardiac stem or progenitor
cells. However, although ACMs are able to survive in the myocardium from the neonatal
period to the aged period while retaining their ability to develop into a beating cell [39],
the fate of ACMs both in vitro and in vivo still remains unclear.

In this review, we focus on the differences in the morphology, protein expression and
cellular function between in ACMs and cardiomyocytes to explore the identity of ACMs
and consider the physiological function in vivo and their potential utility in treatment.

2. Variety of Heart Cells

The heart is a complex organ comprising multiple cell types, each of which plays an
important role under both physiological and pathophysiological conditions [40]. Cardiomy-
ocytes play a major role in maintaining blood circulation via their spontaneous activity and
pumping function, but they do not account for the majority of cardiac cells existing in the
entire heart. Indeed, cardiomyocytes have been estimated to constitute only 30–40% of total
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cardiac cells [41–46], indicating that a large number of cells, called “non-myocytes”, exist in
the interstitial spaces. The non-myocyte group comprises heterogeneous cell lineages, such
as endothelial cells, vascular smooth muscle cells, pericytes, fibroblasts, macrophages and
other types of cells, such as cardiac stem or progenitor cells. These cells communicate with
each other not only by direct physical contact but also by paracrine signaling [40].

2.1. Cardiac Endothelial Cells

Endothelium lines the interior surface of blood vessels and lymphatic vessels, demon-
strating heterogeneity in its structure and function [47]. In the heart, endothelial cells can
be divided into two types—those localized in the cardiac endothelium and those in the
coronary vascular endothelium—that contribute to not only structural roles in cardiovascu-
lar homeostasis and angiogenesis but also the regulation of post-infarction remodeling via
interaction with cardiomyocytes. Cross-interaction of endothelial cells and cardiomyocytes
via paracrine signaling is necessary for cardiac development and regeneration [40,46,48–50].
Representatively, vascular endothelial growth factor (VEGF) is a key factor secreted by
cardiomyocytes that can modulate the growth of blood vessels. The deletion of VEGF
leads to not only a reduction in the number of coronary microvessels but also thinning
of the ventricular wall, contractile dysfunction and an abnormal response to adrenergic
stimulation [51].

2.2. Mural Cells

In the vascular system, the major compartment includes endothelial cells, smooth
muscle cells and pericytes [40]. Vascular smooth muscle cells maintain the structure of the
vessel wall, and their plastic nature enables the regeneration of the injured or diseased heart.
Pericytes are vascular mural cells residing in the microvascular basement membrane that
enwrap and support the microvessels and play an essential role in vascular remodeling [52–
55]. The origin of the mural cells in the heart has been shown to be epicardial cells [56,57],
but a recent study demonstrated that endocardial endothelial cells also function as a
reservoir providing progenitors for mural cells [58].

2.3. Cardiac Macrophages

Tissue-resident macrophages are phagocytic immune cells that contribute to proper
cardiac development and also control local homeostasis in response to diverse changes in
microenvironments [59,60]. The heart contains several kinds of macrophages, which can be
identified by the expression of specific markers [61]. Cardiac macrophages that originated
from embryonic cells are replenished by in situ proliferation, but those derived from bone
marrow cells are replenished by monocyte seeding from the circulation, playing diverse
roles in the clearance of damaged cells and remodeling after myocardial infarction [61–65].

2.4. Cardiac Fibroblasts

Fibroblasts, classified as a component of connective tissue, synthesize and decompose
extracellular matrix collagens and play a critical role in wound healing. Fibroblasts had
been believed to constitute between 27 and 50% of the total cells in mouse and rat cardiac
ventricles, respectively [41,43]. However, a recent study shows that the reevaluation of the
endothelial cell population may reveal that the proportion of fibroblasts among the total
cells of the heart is approximately 10%, which is lower than previously thought [45,66].
Under physiological conditions, cardiac fibroblasts are sparsely distributed in the interstitial
spaces among cardiomyocytes to maintain the structure of the myocardium and the correct
function of the heart via the production and degradation of the extracellular matrix [67].
Under pathophysiological conditions, however, cardiac fibroblasts rapidly proliferate and
become activated, and thereafter a portion of these activated fibroblasts further differentiate
into myofibroblasts. Myofibroblasts abundantly express α-SMA and other proteins to play
a key role in the development of scar tissue after cardiac injury, and in the injury resolution
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stage, myoblasts gradually become more quiescent, reverting to a resting, senescent or
apoptotic fibroblast state [66,68–72].

3. Cardiac Stem or Progenitor Cells

Historically, the types of cell populations have been classified into “static”, “transit”
and “stem” cell groups [73]. Adult tissue cells are thus generally thought to comprise
quiescent stem cells that can proliferate and differentiate into progenitors that possess the
ability to differentiate into terminal cell types, and recently, the cellular function of stem
cells has been demonstrated to decline with aging [74]. In the heart, the existence and
capacity of the regeneration of quiescent “stem” and/or “transit” progenitor cells have
been long controversial.

Endogenous adult cardiac stem or progenitor cells were originally identified as in-
terstitial c-kit+/Lin− cells in 2003 [26]. Since then, a number of studies, both in vitro and
in vivo, have been undertaken to verify and clarify cardiac stem cells showing self-renewal,
clonogenicity and multipotency. Some target antigens, such as Sca-1 [27,28] and Islt-1 [29],
have attracted attention in efforts to identify “available” cardiac progenitor cells that might
be used for cardiac regeneration, as in studies focusing on c-kit. Most such efforts are based
on the immuno-phenotype definition, which is used to sieve and concentrate specifically
marked cells. Another approach is to isolate cardiac side population cells identified by
their ability to exclude DNA-binding Hoechst33342 dye [30]; this unique ability was found
in the side population cells in a variety of organs, including bone marrow and heart [75].
These progenitor cells were demonstrated to differentiate into cardiomyocytes in vitro in
response to hormones or chemicals, such as 5′-azacytidine [27,28], oxytocin [28,30] and
trichostatin A [30], and also home to the injured heart after in vivo transplantation [27,30].
Consequently, c-kit+/Lin− cells resident in the heart have become one of the most promis-
ing targets for cell therapy [31,76–79]. The regenerative activities of these cardiac stem
cells have been demonstrated under ischemic injury [80,81], pressure overload [81], and
overdose of isoproterenol [82]. In contrast, some studies have reported that cardiac stem
cells minimally contribute to cardiomyocytes in the adult heart or have more assertively
reported that the adult heart lacks an endogenous functional pool of myogenic precursor
cells [83–86]. Further techniques using cardiac stem or progenitor cells, such as proteomic
and Glyco(proteo)mic analyses [33] and 3D culture in combination with the niche stem
cells [34], are underway with the aim of developing practical cell therapies.

Cardiac fibroblasts are generated from epicardial and endocardial epithelial cells
through the epithelial-to-mesenchymal transition and the endothelial-to-mesenchymal tran-
sition, respectively [87,88]. Single-cell transcriptional profiling studies reveal that mouse
cardiac fibroblasts comprise heterogeneous lineages [89,90]. Colony-forming unit-fibroblast
(CFU-F) assay, a method for determining one of the characteristic features of stem cells by
examining the colony-forming ability of mesenchymal cells in the culture environment,
revealed that CFU-Fs exist in the heart [91]. The cardiac CFU-Fs display similar proper-
ties to those of bone marrow mesenchymal stem cells, but lineage tracing studies have
demonstrated that cardiac and bone marrow-derived CFU-Fs have different lineage ori-
gins. It is reported that cardiac fibroblasts can be directly reprogrammed into functional
cardiomyocytes in mice using the developmental transcription factors Gata4, Mef2c and
Tbx5 [92], thereby suggesting possible approaches for regeneration after cardiac injury.
Subsequently, the direct reprogramming of cardiac fibroblasts in vivo has been reported
by the injection of a cocktail of transcription factors, such as GMT and the combination
of GMT and Hand2 [93,94]. However, cardiac fibroblasts in the injured heart are thought
to originate from diverse cell lineages, and the population of cardiac fibroblasts undergo-
ing successful direct reprogramming into cardiomyocytes in vivo still remains small [95].
Further improvement is considered necessary before the direct cardiac reprogramming
method can be applied to human therapeutics [96].
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4. Atypically Shaped Cardiomyocytes (ACMs)

We found beating cells in the three-dimensional (3D) culture of cardiomyocyte-
removed fraction cells using a methylcellulose-based semi-solid medium. The isolation of
cardiomyocytes is performed via coronary perfusion of the whole heart with enzymes using
either the retrograde [97] or antegrade [36,98] perfusion method, and the cardiomyocyte-
depleted fraction including interstitial heart cells of various cell lineages can then be
cultured in semi-solid culture medium. After tightly adhering to the bottom of the appro-
priate dish, the cells grow over several days and start spontaneously beating. Given its
peculiar morphology (Figure 1), we named these cells ACMs [35]. ACMs are also observed
in the cell culture with a commonly used liquid culture medium [35], but the number of
ACMs, especially beating cells, is extremely low. These beating cells have occasionally
been observed as distorted or unusual cells present in culture dishes of isolated cardiomy-
ocytes, where they have not received particular attention [36,37]. Observations indicate
that 3D culture is a better condition for the development of these cells in comparison
to two-dimensional (2D) culture with a liquid culture medium, which is considered one
reason why these cells have not received much attention thus far.

 

α
α

α
α

Figure 1. Immunofluorescent microscopy of ACM and cardiac fibroblasts. expressing ACTN and
ANP, and cardiac fibroblasts expressing α-SMA. (a–d) ACM, bar, 50 µm. (a) Differential interference
contrast image (DIC). (b) Immunostaining for α-actinin (ACTN, red) and DAPI staining for nuclei
(blue). (c) Merged image for ACTN, DAPI and atrial natriuretic peptide (ANP, green). (d) Merged
images for (a–c). (e,f) Cardiac fibroblasts, bar, 50 µm. (e) DIC. (f) Immunostaining for α-smooth
muscle actin (α-SMA) and DAPI staining.

ACMs can be detected in cultures prepared from neonatal to aged mice without show-
ing appreciable proliferation during long-term culturing [39]. The data thus indicate that
ACMs survive in the heart for a life-long period but lack a self-renewing or clonogenic
ability. A few days after plating, ACMs already show the automaticity and express charac-
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teristic proteins for ventricular and atrial myocytes, SA nodal pacemaker cells and fetal
cardiac cells, indicating that the cells undergo the differentiation process to become car-
diomyocytes as opposed to having multipotency. Therefore—at least based on the present
data—it is unlikely that these would be classified as progenitor cells; rather, they would be
classified as a subpopulation of cardiomyocytes or immature cardiomyocytes.

5. Characteristics of ACMs

5.1. Peculiar Morphology

One of the most obvious characteristics of ACMs, in addition to their spontaneous
contracting activity, is that the cell shapes are markedly different from those of normal
rod-shaped cardiac ventricular myocytes (Figure 1). ACMs possess a spherical shape at
the start of culture, but after a few days of culture, they show peculiar shapes with many
branches and/or protrusions, and most possess multiple nuclei with bulge(s) on the cell
surface (Figure 1). However, while the cell shapes are complicated, the sarcomere structures
are well organized and regularly arranged up to the branched tips [35–37]. The protrusions
of ACMs not only come out horizontally, touching the bottom of the culture dish, but also
grow three-dimensionally; thus, these cells are thicker than the proliferating fibroblast-like
cells observed in the same culture dish, indicating that the cytoplasm is enriched in the
contractile proteins. As the tight adherence of the plasma membrane to the culture dish
may be a limitation to forming cells, the cell shapes in the heart tissues are not clear.

5.2. Automaticity

In most beating ACMs, the rhythmic action potentials are recorded that are reversibly
suppressed by acetylcholine [35], while isoproterenol also shortens the peak intervals of the
spontaneous Ca2+ transient in ACMs [99]. These findings are similar to the cell responses
detected in sino-atrial (SA) node pacemaker cells [100,101], showing that the receptors and
signal induction molecules for autonomic nervous systems function properly in ACMs. Un-
like SA node pacemaker cells, ACMs often exhibit abnormal electrical automaticity caused
by the repeated events of marked hyperpolarization to some extent and the subsequent
depolarization. These arrhythmic events occur naturally, and the frequency varies from
cell to cell.

It would be interesting to learn whether or not ACMs residing in the heart show
automaticity under both physiological and pathophysiological conditions. The heart
possesses a highly specialized system for generating rhythmic impulses to cause rhythmic
contraction of the cardiomyocytes and for conducting these impulses rapidly throughout
the heart. The electrical coupling within cardiomyocytes in ventricles is facilitated by
gap junctions mainly composed of connexin 43 (Cx43) localized at the intercalated discs,
whereas SA nodal cells do not express this type of gap junction proteins [102,103]. The
expression of Cx43 in ACMs is low and particularly detected in the peri-nuclear area at
the beginning of the culture before gradually increasing and spreading towards the cell
periphery from five to eight days of culture along with the morphological maturation,
confirmed by the expression of contractile protein [104]. Similar observations have been
reported in which changes in the distribution of Cx43 in cardiomyocytes are observed in
both cultured cells [105] and also in the myocardium of individuals with compensated and
decompensated cardiac hypertrophy [106]. In addition, ACMs show an average maximal
diastolic potential of around −65 mV [35], while the resting membrane potential in the
isolated ventricular myocytes obtained from adult mice using our preparation method
is approximately −74 mV on average [107], suggesting that the ACMs are not likely to
electrically stimulate neighboring cardiomyocytes. These data suggest that the small native
ACMs resident in the interstitial spaces have no—or very small—effects on the ventricular
myocytes, at least in a healthy heart.

90



Biomolecules 2022, 12, 896

5.3. Protein Expression

While ACMs are small cells, with a diameter of approximately 10 µm immediately after
isolation from the adult cardiac ventricular tissues, the large amounts of contractile proteins,
such as α-actinin (ACTN) (Figure 1) and cardiac troponin T (cTnT), are synthesized within
several days to help them increase their length more than 10-fold. Interestingly, ACMs,
isolated from cardiac ventricular tissues, typically express hyperpolarization-activated
cyclic nucleotide-gated channel 4 (HCN4), T-type voltage-gated Ca2+ channel (CaV3.2),
and atrial natriuretic peptide (ANP) (Table 1). It should be noted that these proteins are
not functionally expressed in normal adult ventricles and are referred to as fetal cardiac
gene proteins.

Table 1. Protein expression in ACM.

Cardiac Proteins Protein Expression Stem Cell Markers Protein Expression

ACTN Positive [35] Sca-1 None [35]
cTnT Positive [38] c-kit None [35]
Cx43 Positive [39] CD45 None [35]

HCN4 Positive [35] CD34 None [35]
CaV3.2 Positive [39] CD31 None [35]
ANP Positive [39] Flk-1 None [35]

Protein expression was determined by immunostaining for the desired protein in ACMs. ACM—atypically shaped
cardiomyocyte; ACTN—α-actinin; cTnT—cardiac troponin-T; Cx43—connexin 43; HCN4—hyperpolarization-
activated cyclic nucleotide-gated channel 4; CaV3.2—T-type Ca2+ channel; ANP—atrial natriuretic peptide;
Sca-1—stem cell antigen-1; c-kit—stem cell factor receptor; CD45—leukocyte common antigen; CD34—muscle
stem marker; CD31—platelet-endothelial adhesion molecule; Flk-1—vascular endothelial cell growth factor
receptor 2.

Adult cardiac stem cells, which were originally found in the c-kit+/Lin− cardiac cells
subpopulation, possessing the characteristics of self-renewal, clonogenicity and multipo-
tency, can regenerate functional myocardium in vivo [26]. Eliminating cells expressing
endothelial and hematopoietic markers, such as CD31 and CD45, has been imperative for
the isolation of cardiac stem cells from the heart [31,79]. ACMs do not show appreciable
proliferation during long-term culturing and simultaneously express characteristic pro-
teins of ventricular and atrial myocytes, SA nodal pacemaker cells and fetal cardiac cells,
suggesting that these cells have different properties from cardiac stem cells or stem cells
of other types. As expected, typical stem cell surface markers, Sca-1, c-kit, hematopoietic
stem cell marker (CD34), platelet-endothelial adhesion molecule-1 (CD31) and vascular
endothelial cell growth factor receptor 2 (Flk-1), are absent in ACMs (Table 1). The evidence
suggests that ACMs should not be classified as stem or progenitor cells that can undergo
the differentiation process.

5.4. Ischemic Tolerance

Since ACMs are cultured in a methylcellulose-based semi-solid medium, it is more
difficult to perform medium exchange than with a liquid medium, so a small droplet of
the liquid medium is added from time to time during long-term culture. However, the
proliferation of fibroblasts renders the culture condition an acidic one of chronic malnutri-
tion. Surprisingly, ACMs in a medium that has turned a yellowish-orange color continue
contracting rhythmically despite the harsh culture environment for over one month. Fur-
thermore, another important feature of ACMs during long-term culture is that they fuse
with each other while maintaining spontaneous contraction.

Cardiomyocytes are highly sensitive to hypoxia; for example, in the human heart,
ventricular myocytes become irreversibly damaged approximately 30 min after blood flow
stops [68,71]. Following the reestablishment of the blood flow, the reperfusion of the coro-
nary artery paradoxically causes further—occasionally lethal—damage to the heart and as
well as a wide range of organs [108]. ACMs can survive these lethal ischemic conditions by
blocking airflow by covering the cell suspension with oil [109], with half of the cells subse-
quently able to develop into beating cells, while approximately 85% of ventricular myocytes
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die within 90 min [99]. ACMs have thus been shown to possess ischemic resistance in
addition to resistance to malnutrition and acidic conditions, suggesting that these cells may
survive after cardiomyocytes die in injured hearts. The finding that ACMs (Prp+/cTnT+

cells, as stated in Section 6) survived in the peripheral area of infarction in pathological
heart tissue specimens obtained from the patients who had a myocardial infarction [104]
supports this view.

5.5. Constitutively Active Autophagy

Autophagy is an evolutionally conserved process for the degradation of long-lived
and/or damaged proteins and organelles occurring in cells throughout the body [110–112]
and during the neonatal period in particular, thus providing a necessary source of energy
in various tissues [113]. Under physiological conditions, the autophagy activity in the heart
remains low, aiding in the maintenance of the cell components, and is rapidly activated
under pathophysiological conditions to support cardio-protection [114–119]. However,
during the only early neonatal starvation period, autophagy in the heart is known to be
activated [113].

In contrast, autophagy is constitutively activated in ACMs, not only to support cellular
functions, but it also plays an essential role in the development of beating cells in the cul-
ture [99]. Constitutively active autophagy is thought to enable ACMs to rapidly synthesize
proteins to grow into large beating cells and to continue beating in harsh environments by
providing a source of energy.

5.6. Multinucleation and Cell Fusion

The most obvious characteristic of ACMs is that approximately 76% of these cells
have multiple nuclei (Figure 1), sometimes more than four [38]. In mice, the majority of
cardiomyocytes undergo additional DNA synthesis without cytokinesis within approx-
imately 14 days after birth, resulting in multinucleation [3,12]. However, we have not
observed such nuclear fission in ACMs during culturing; thus, one possible explanation for
the multiple nuclei of ACMs is that cells fuse with each other, whether it occurs in vivo or
after culturing.

“Native ACMs” that are resident in the heart tissues (as stated in Section 6) have often
been observed as clusters [38], potentially resulting in the formation of fused cells with
plural nuclei through the cell preparation procedure. Among the various interstitial cells
that exist in the culture dish, ACMs are only able to fuse with the same type of cell [38].
When other types of cells are attached, ACMs pull the cell membrane along while beating,
but they do not fuse with any cells other than ACMs [99]. These phenomena indicate
that ACMs can only fuse with cells that have a cell membrane with the same membrane
components, leading to the hypothesis that cardiomyocytes are indeed candidates for
fusion with ACMs. Unfortunately, the coculture of ACMs and ventricular myocytes has not
succeeded because isolated ventricular myocytes cannot survive in culture while ACMs
settle at the bottom of the culture dish and grow. Some ACMs are observed to closely
contact with ventricular myocytes but not attach, and then ventricular myocytes shrink and
die over time. Therefore, the behavior of native ACMs should be explored in the future.

6. Methods for Identifying Native ACMs

Specifying the origin of ACMs is also an important theme to be resolved. Although not
completely elucidated, the facts are that ACMs possess all of the characteristics of ventricu-
lar and atrial myocytes and SA node pacemaker cells and survive in neonatal to older hearts
with the preserved expression of fetal cardiac gene proteins [35,39] suggest that ACMs
originated from immature fetal heart cells. The yield and condition of ACMs obtained
from the heart are always much better with the successful isolation of ventricular myocytes,
indicating that the separation of native ACMs from the neighboring cells triggers the devel-
opment of these cells into beating cells. The data may suggest that native ACMs in vivo
can survive and grow when these cells become independent from the microenvironment
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due to the death of adjacent cells in patients who suffer myocardial infarction [104]. Based
on the view that ACMs are likely to exist close to ventricular myocytes in the interstitial
space in the myocardium, we sought to find native ACMs in the heart.

6.1. Combination of Cellular Prion Protein and Contractile Protein as Markers for ACMs

ACMs can be easily identified in the culture several days after plating based on their
peculiar shape and automatic beating activity, but there is no way to identify these cells
using specific markers in order to isolate them from a mixture of interstitial cells. In the
early developing heart, cardiac transcription factors, such as NK2 transcription factor
related, locus 5 (Nkx2.5) and T-box transcription factor (Tbx) 5, are first expressed in the
anterior lateral plate mesoderm, and genes encoding cardiac-specific structural proteins
are subsequently expressed in the cardiac crescent [120]. However, little is known about
proteins that serve as the cell surface markers in the postnatal heart, as cardiomyocytes can
be easily identified by their morphological features, such as rod-like shape and sarcomere
structure. Identifying specific markers of ACMs, classified as cardiomyocytes, in the
myocardium is thus expected to be extremely difficult. However, this problem must be
overcome in order to clarify the nature of these cells in vivo.

Cellular prion protein (Prp), also known as CD230, is ubiquitously expressed in mice,
except in some specific tissues, such as the liver [121], and can be used to mark nascent
cardiomyocytes and cardiac progenitors and cardiogenic populations in differentiating
embryonic stem cells (ESCs) [92]. Given that Prp is strongly expressed on the cell membrane
of ACMs from just after isolation before development into beating cells, those cells co-
expressing Prp and contractile protein cardiac troponin T (cTnT) existing in the interstitial
spaces among ventricular myocytes are considered native ACMs [38,104]. Prp+/cTnT+

cells have been shown to exist sparsely in the interstitial space of myocardial tissues in
both mouse [38] and human [104] healthy heart tissue sections. While this approach is a
time-consuming way of detecting double-immune-positive cells and an indirect method
of identifying ACMs, there was no better way than this, at that time, to identify ACMs,
especially in human pathological specimens.

6.2. Fetal Cardiac Specific Gene Proteins for Marking ACMs

ACMs express fetal gene proteins, such as ANP [122,123] and CaV3.2 (Table 1) [124,125],
which are potential cell marker candidates. Both ANP and Cav3.2 are preferentially ex-
pressed in the fetal heart but not in adult cardiac ventricles and show an increased protein
expression in the diseased heart. ANP may have utility as a marker for ACMs since it is
absent in the ventricular myocytes in the postnatal healthy heart. However, particular care
must be taken, as there is evidence that ANP is activated in heart failure [126,127] and also
expressed in macrophages [128]. We are currently conducting analyses involving ACMs
marked with these fetal cardiac-specific genes.

7. Future Outlook

Since the discovery of ACMs in the culture, the question arose as to what cell lineage
ACMs should be classified into. One possibility was that ACMs are damaged ventricular
myocytes. Cardiomyocytes that are damaged during isolation contract irregularly due to
the Ca2+ overload and eventually die; ACMs develop into complicated and larger beating
cells, which indicates that ACMs are not cardiomyocytes with damage. Incomplete or
unnecessary cells are usually considered to be removed via the apoptotic pathway in the
developing heart [129]. However, ACMs are not thought to be cells that are destined
to die, as they can survive for the entire life of the heart or for a long-term period in
culture while resisting harsh environmental conditions. The next possibility was that
ACMs function as cardiac progenitors, such as satellite cells in skeletal muscle. In skeletal
muscles, quiescent myoblasts, known as satellite cells, function as a source of skeletal
muscle progenitor cells in the regenerative process of injured muscles, which is a well-
confirmed cellular function [130]. However, we did not observe any proliferation of these
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cells after over a month of culture, leading us to conclude that ACMs actually lack the
proliferative ability. ACMs were then determined to be cardiomyocytes that have already
undergone differentiation not only due to the absence of stem cell marker proteins but also
their spontaneous development into beating cells with the expression of cardiac-specific
gene products. The data thus suggest that there may be some as-yet-unknown reason for
the existence of these cells.

For several years since the discovery of stem cell marker-positive cells in the heart, a
number of studies have reported the development of new types of cell therapy utilizing
these cells [11,23,27,30,131]. The purpose of these studies was to regenerate myocardium
not only via the differentiation of stem or progenitor cells into new cardiomyocytes but
also by the fusion of these cells with damaged cardiomyocytes; their application in medical
treatment has not yet been achieved. ACMs are observed to selectively fuse with cells of
the same type during culture [38,99], which strongly suggests that these cells can fuse to
damaged ventricular myocytes in the injured heart. This fusion ability may be a key clue
for clarifying the role of the ACMs in the heart.

A number of therapeutic methods, including cellular therapies using regenerated cells,
such as iPSCs [132,133], and acellular therapies using cell-free factors, such as exosomes,
microRNAs and antibodies, have been actively studied to overcome heart diseases, and
both approaches have their own advantages and disadvantages [134]. It is highly likely
that undifferentiated fetal heart cells are the ancestors of ACMs, with the ability to un-
dergo cell fusion and survive for a life-long period. If native ACMs fuse with damaged
cardiomyocytes in vivo, it may restore their function. However, conversely, they may also,
unfortunately, be the cause of the arrhythmias that often occur after myocardial infarction.

Overall, it would be worthwhile to find a way to consider ACMs as a subpopulation
of cardiomyocytes for a new type of cell therapy or to clarify the pathogenesis of ACMs-
induced arrhythmias. We hope that this review will help researchers in cardiovascular and
other fields to learn about the existence of ACMs and promote interest in starting studies
on their cell function and utility.
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Abstract: Ectopic excitability in pulmonary veins (PVs) is the major cause of atrial fibrillation. We
previously reported that the inositol trisphosphate receptor in rat PV cardiomyocytes cooperates
with the Na+-Ca2+ exchanger to provoke ectopic automaticity in response to norepinephrine. Here,
we focused on adenylyl cyclase (AC) as another effector of norepinephrine stimulation. RT-PCR, im-
munohistochemistry, and Western blotting revealed that the abundant expression of Ca2+-stimulable
AC3 was restricted to the supraventricular area, including the PVs. All the other AC isotypes hardly
displayed any region-specific expressions. Immunostaining of isolated cardiomyocytes showed an
enriched expression of AC3 along the t-tubules in PV myocytes. The cAMP-dependent response of
L-type Ca2+ currents in the PV and LA cells is strengthened by the 0.1 mM intracellular Ca2+ condi-
tion, unlike in the ventricular cells. The norepinephrine-induced automaticity of PV cardiomyocytes
was reversibly suppressed by 100 µM SQ22536, an adenine-like AC inhibitor. These findings suggest
that the specific expression of AC3 along t-tubules may contribute to arrhythmogenic automaticity in
rat PV cardiomyocytes.

Keywords: adenylyl cyclase; supraventricular area; pulmonary vein; arrhythmia; atrial fibrillation;
t-tubule

1. Introduction

Ectopic excitability originating in pulmonary veins (PVs) leads to symptomatic atrial
fibrillation, the most frequently observed arrhythmia [1]. Several studies have investigated
the arrhythmogenic properties of PVs [2–6], and various types of spontaneous activities
have been recorded in PV cardiomyocytes, including the sinoatrial node (SAN)-like sponta-
neous action potentials [2,4], digitalis-induced arrhythmia [7], pacing-induced spontaneous
activity after ryanodine treatment [8], and burst-pacing-induced atrial fibrillation after
genetic deletion of ryanodine receptor-regulating subunit FKBP12.6 [9]. This arrhythmo-
genic activity partly depends on the distinct electrophysiological characteristics of cells
and involves intracellular Ca2+ dynamics [10]. Previous studies have demonstrated the
specific mechanisms by which Ca2+ contributes to the firing of action potentials under
α- and β-adrenoceptor stimulation [3,5,11]. In response to norepinephrine application,
local diastolic Ca2+ release via the inositol 1,4,5-triphosphate receptor 2 (IP3R2) activates
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the Na+-Ca2+ exchanger (NCX), which accelerates diastolic depolarization. The functional
coupling between IP3R2 and NCX is facilitated by both the structural characteristics of
PV cardiomyocytes and the localization of the two molecules, in that PV cardiomyocytes
possess enriched t-tubules compared with atrial myocytes, and IP3R2 co-localizes with
NCX in t-tubule microdomains [5,11]. The potential automaticity of PV cardiomyocytes is
manifested by the cooperation of spontaneous Ca2+ release and an ensemble of sarcolemmal
electrogenic molecules, including hyperpolarization-activated K+ current (IKH) in dog [12]
and hyperpolarization-activated Cl− current (ICl,h) in rat [13].

Numerous studies have shown that the cardiac autonomic nervous system is involved
in the occurrence and persistence of atrial fibrillation [14]. Indeed, abundant sympathetic
nerves innervate human PVs [15]. Norepinephrine released from sympathetic nerve ter-
minals stimulates both α- and β-adrenergic receptors, which in turn activate Gq- and
Gs-protein-coupled signaling pathways, respectively. The former pathway activates IP3R2
and thus induces sporadic [Ca2+]i elevations [16,17], while the latter pathway involves
cyclic-adenosine monophosphate (cAMP) and acts on a variety of downstream effectors,
including protein kinase A. Protein kinase A phosphorylation of intracellular targets co-
ordinates a number of physiological outputs, such as myocyte contraction and relaxation
and pacemaker activity. The synthesis of cAMP from ATP is controlled by the enzyme
adenylyl cyclase (AC). The AC family is composed of nine membrane-bound isoforms
(AC1–9) and a soluble form (AC10). Most of the AC isoforms can be found in the heart [18].
While AC5 and AC6 are major isoforms in adult cardiomyocytes [19], AC1 is proposed
to function as a Ca2+-stimulable AC in the SAN and to contribute to normal pacemaker
rhythm [20]. In fact, cAMP activity in SAN cells is enriched compared with that in ventricu-
lar cardiomyocytes [21], enabling spontaneous, rhythmic, local diastolic Ca2+ releases from
storage sites and subsequent activation of the NCX inward current that accelerates diastolic
depolarization. It is now believed that the release and uptake of Ca2+ via the ryanodine
receptor (Ca2+ clock) facilitates SAN automaticity with an ensemble of several ion currents
on the membrane (membrane clock) [22].

In the present study, we found a unique expression pattern of another Ca2+-stimulable
AC, AC3, in the supraventricular area and investigated the impacts of its activity on the
potential automaticity of PV cardiomyocytes using the patch-clamp technique.

2. Materials and Methods

2.1. Tissue Preparation

For RNA extraction from different regions of the cardiopulmonary tissues, male
Wistar rats (10–15 weeks of age) were euthanized. The rats were deeply anesthetized by
intraperitoneal injection of 0.15 mg/kg of medetomidine, 2.0 mg/kg of midazolam, and
2.5 mg/kg of butorphanol. After checking the suppression of the nociceptive reflex, the
chest cavity was opened under artificial ventilation, and the aorta was cannulated in situ to
perfuse the coronary arteries. The heart and lungs were excised in a block, mounted on a
Langendorff apparatus, and sequentially perfused with ice-cold, Ca2+-free, and heparinized
Tyrode solution for 5 min. The composition of Tyrode solution (in mM) was: NaCl 136.9,
KCl 5.4, NaH2PO4 0.33, HEPES 5.0, MgCl2 0.5, glucose 5.5; pH 7.4 adjusted with NaOH.
The heart-lung block was pinned to a tissue bath. Soft tissue containing the vagus nerve and
adipose tissue was trimmed off under a stereomicroscope (Figure 1A). The PV was exposed
after excision of the pulmonary trunk; PV samples were collected from the proximal and
peripheral left PVs, while right PVs were routinely excluded. The left atrium (LA) adjacent
to the PV, the left ventricle (LV) mass, and the right atrium were isolated. Each LV mass
was dissected into three pieces (i.e., samples). All cardiopulmonary tissues were isolated
within 10 min after removal of the heart from the body. During tissue isolation, the external
solution was perfused at a rate of 10 mL/min on ice. All tissue samples were fresh-frozen
in liquid nitrogen and stored at −80 ◦C for later use.
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Figure 1. Macroscopic view of the preparation and genetic RT-PCR screening for adenylyl cyclase
(AC) superfamily members. (A) A stereomicroscopic snapshot of the cardiopulmonary preparation
focusing on a left pulmonary vein (PV). To visualize the veins, fresh blood was left inside. The PV
extends from the left atrium (LA) and visibly branches into the left superior lung lobe. The post caval
lobe of the lung is behind the left PV. The branches from the right PV are out of focus and cannot be
fully seen in this view. A part of the left ventricular (LV) mass is observed at the bottom. Scale bar:
5 mm with 1 mm increments. (B) Quantitative RT-PCR for AC1–8. By fitting each quantitative cycle to
a standard linear curve, the abundance of each reverse-transcribed cDNA is measured quantitatively.
The exogenous standard curves are prepared by RT-PCR of diluted RNA extracted from the right
atrium. Accordingly, the vertical axis corresponds to the same amount of standard cDNA. The
ordinary one-way analysis of variance indicates that expression levels significantly vary from isotype
to isotype (p < 0.0001). Tukey’s multiple comparisons test identified statistically significant differences.
AC1, AC3, and AC5 (in red) are all expressed more strongly than AC2, AC4, and AC8 (in blue).
To simplify our PCR data, bar graphs with means ± standard deviations instead of dot plots. The
number of experiments is provided in parentheses.

2.2. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

RNA was extracted using RNeasy Mini Columns (Qiagen, Chatsworth, CA, USA)
and then reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems™, Waltham, MA, USA). The transcribed cDNA was amplified by
the LightCycler Nano System (Roche Holdings AG, Basel, Switzerland) by monitoring
SYBR Green fluorescence. The AC expression levels in the LA, LV, and PV were analyzed
by both simplified-absolute quantifications. For absolute quantification with standard
linearity, cDNA from the right atrium was diluted 1 to 10−7 times in 10× decrements.
The dilutions were amplified by the PCR primer for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), and their quantification cycles (Cq) were adopted as an exogenous
standard. The accuracies of all the PCR primers designed for the current study (Table 1)
were evaluated by a singular peak of the melting curves and the specific bands on the
Tris-borate-EDTA gel (1% agar). The specificity of all the primers was confirmed on the
NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 1 March 2017).
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Table 1. List of PCR primers for rat AC1–8 and GAPDH. Specificities were checked in the database
NCBI-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 1 January 2020), and accuracies
were checked by the singular melting peaks using LightCycler. RT-PCR products on the Tris-borate-
EDTA gel. The rat GAPDH primer is routinely used in our experiments [23].

Forward Sequences Reverse Sequences

rAdcy1 5’-TATCCTGCTGTTCTCATGCACG-3’ 5’-TTGGACATGAGGAAGTGCTGTG-3’

rAdcy2 5’-ATCATCAGGCATCATCGCCAAC-3’ 5’-ATTCACTCTGTCTGCCCAGAAC-3’

rAdcy3 5’-ATGGTGAAGCTGACACTCATGC-3’ 5’-AAATGGCGTGCAACATGCTC-3’

rAdcy4 5’-TGCCAAGTTCTTCCAGGTCATC-3’ 5’-TGGGAGTGCAGAAATAGGGAAC-3’

rAdy5 5’-ATTGACAGACTGCGATCCGAAC-3’ 5’-ATGACATGCGTTCACCTGGTTC-3’

rAdcy6 5’-ATGGCAGTTTGATGTCTGGTCC-3’ 5’-ATCGGACGGTGTTAAGTTCAGC-3’

rAdcy7 5’-ATGAACAGCCACACCCTTGCTC-3’ 5’-GCTCCTTCTTAAACTTCTTCT-3’

rAdcy8 5’-AGAATACTCTGGCTGCCCTAAC-3’ 5’-AGCCTCGAAGAAGGAAGCAAAC-3’

rGapdh 5’-ACCACAGTCCATGCCATCAC-3’ 5’-TCCACCACCCTGTTGCTGTA-3’

2.3. Immunohistochemistry

For heart fixation, a similar procedure as for tissue preparation was applied. After
the blood was washed out from the heart with Ca2+-free Tyrode solution, the heart-
lung block was detached from the Langendorff apparatus. To expand the PVs, 10%
neutral-buffered formalin solution was injected from the aortic arch and LV free wall
into the LV cavity with a 20G needle. The block was immersed in a 10% neutral-buffered
formalin solution for 24–48 h. Immunohistochemistry of the rat heart was performed
with rabbit polyclonal antibodies against AC1 (Antibodies-Online, Atlanta, GA, USA;
cat. no. ABIN702565), AC2 (Abcam, Cambridge, UK; cat. no. ab151470), AC3 (Antibodies-
Online; cat. no. ABIN2736239), AC6 (Antibodies-Online; cat. no. ABIN751198), and AC8
(Antibodies-Online; cat. no. ABIN751228) at the manufacturer-recommended concentra-
tions. Next, 3 µm thick sections were cut and deparaffinized. Endogenous peroxidase
activity was blocked with methanol containing 0.3% hydrogen peroxide for 30 min on
ice. Antigen retrieval was performed using EDTA (Antigen Retrieval Solution pH 9;
Nichirei Biosciences, Tokyo, Japan) or citric acid (Antigen Retrieval Solution pH 6; Iatron
Laboratories Inc., Tokyo, Japan) in an autoclave (2 atmospheres, 121 ◦C, 20 min). An
EnVision+ System HRP-labeled polymer (anti-rabbit; DAKO, Carpinteria, CA, USA) was
used. Positive reactions were detected as brown coloration with 3,3-diaminobenzidine
tetrahydrochloride (Dojindo, Kumamoto, Japan). The sections were then counterstained
with hematoxylin. The brain cortex was used as a positive control for AC1 and AC3. Lung
epithelium cells were used as positive controls for AC2. AC6 was positively stained in the
entire heart regions.

2.4. Cell Isolation

To isolate cardiomyocytes from the rat heart, a similar procedure as for tissue prepa-
ration was applied. The heart-lung block was mounted on a Langendorff apparatus and
sequentially perfused with the following buffers at 37 ◦C: (1) normal Tyrode solution for
approximately 3 min; (2) Ca2+-free Tyrode solution for 5 min; and (3) Ca2+-free Tyrode
solution containing 0.05% collagenase and 0.005% elastase (Wako Pure Chemicals, Osaka,
Japan) for 30 min. The composition of the normal Tyrode solution (in mM) was: NaCl
136.9, KCl 5.4, CaCl2 1.8, MgCl2 0.5, NaH2PO4 0.33, HEPES 5.0, glucose 5.5; pH 7.4 adjusted
with NaOH. After digestion, the heart-lung block was perfused with 50 mL of a high-K+

and low-Cl− solution. The composition of the solution (in mM) was: L-glutamic acid 70,
KOH 70, KCl 30, KH2PO4 10, MgCl2 1, taurine 20, glucose 10, EGTA 0.3, HEPES 10; pH 7.4
adjusted with KOH. The soft tissue containing the vagus nerves, adipose tissue, and PA
was trimmed off under a stereomicroscope, and the left PV was excised from the digested
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block. The PV was minced gently in the high-K+ and low-Cl− solution, and the pieces were
gently agitated to dissociate the cells. The cell suspension was stored at 4 ◦C for later use.

2.5. Immunocytochemistry

Freshly isolated cardiomyocytes were incubated for 30 min on poly-D-lysine-coated
coverslips and subsequently fixed with 4% paraformaldehyde for 30 min at room tempera-
ture. The fixed cells were permeabilized with phosphate-buffered saline (PBS) containing
0.2% Triton X-100 for 30 min, blocked with blocking buffer (PBS containing 5% bovine
serum albumin), and incubated with primary antibodies against AC3 (Proteintech, Chicago,
IL, USA; cat. no. 19492-1-AP) and α-actinin (Abcam; cat. no. ab9465) at 1:500 dilution
in PBS containing 1% bovine serum albumin. The cells were then incubated with appro-
priate secondary antibodies conjugated with either Alexa Fluor 488 or Alexa Fluor 594
(at 1:1000 dilution) and mounted on glass slides with glycerol with 10% 1,4-diazobicyclo-
(2,2,2)-octane. Confocal images were obtained using a Zeiss 780 confocal microscope at
×100 magnification (pinhole size of an arbitrary unit). The captured images were processed
using ZEN Image software (Zeiss, Oberkochen, Germany). The fluorescence intensity pro-
files of α-actinin and AC3 for each cell type were analyzed by ImageJ software, and the
cross-correlations were calculated in IGOR software ver. 6.36 (Wavemetrics, Portland,
OR, USA).

2.6. Patch-Clamp Electrophysiology

The conventional and perforated whole-cell patch-clamp configurations were used
to record membrane currents with a patch-clamp amplifier (Axopatch 200B; Molecular
Devices, Chicago, IL, USA). The composition of normal Tyrode solution (in mM) was:
NaCl 136.9, KCl 5.4, NaH2PO4 0.33, CaCl2 1.8, HEPES 5.0, MgCl2 0.5, glucose 5.5; pH 7.4
adjusted with NaOH. During the patch-clamp experiments, the normal or Cs-Tyrode were
perfused as the external solution. The Cs-Tyrode solution was prepared by replacing KCl
with equimolar CsCl for L-type Ca2+ recording. The composition of the pipette solution
(in mM) for L-type Ca2+ recording was: CsOH 120, aspartic acid 80, CsCl 20, Na2-ATP 5,
MgCl2 5, HEPES 5, Na2-GTP 0.1 and EGTA 5 or CaCl2 0.1; pH 7.2 adjusted with aspartic
acid. Borosilicate glass electrodes with tip resistances of 2.0–5.0 MΩ, when filled with
internal solution, were used. The cell membrane capacitance (Cm) was determined by
applying a 30 ms hyperpolarizing voltage-clamp step from a holding potential of −40 mV
to −50 mV and integrating the area under the capacitive transient. The Cm of LA, LV, and
PV cardiomyocytes were 107.25 ± 20.23 (n = 13), 238.41 ± 52.50 (n = 9), and 210.91 ± 61.93
(n = 28) pF, respectively. L-type Ca2+ current was recorded every 10 s, where a cell was held
at a potential of −80 mV. The Ca2+ current was induced by a depolarizing pulse to 0 mV for
500 ms, followed by a depolarizing pulse to −40 mV for 80 ms to inactivate the Na+ current.
The series resistance estimated from the Cm value and the time constant of the capacitive
transient was 6.05 ± 2.14 MΩ (n = 20), selecting 5, 5, and 10 from the LA, LV, and PV
cardiomyocyte experiments, respectively. The composition of the pipette solution (in mM)
for norepinephrine-induced automaticity was: KOH 110, aspartic acid 110, KCl 30, NaCl
10, HEPES 5, EGTA 10; pH 7.2 adjusted with KOH. Amphotericin B at 0.3 mg/mL was also
added. Membrane currents and potentials were recorded under voltage- and current-clamp
conditions, respectively, at 37 ± 1 ◦C. Data acquisition and storage were accomplished
with CLAMPEX software ver. 10.7 (Molecular Devices) running on a personal computer.
The sampling frequency was 1 kHz, and low-pass filtering was performed at 500 Hz. All
patch-clamp data were analyzed using IGOR software ver. 6.36 (Wavemetrics).

2.7. Drugs

Chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) or
Fujifilm Wako Pure Chemical Corporation. Stock solutions of dl-norepinephrine and dl-
isoproterenol were prepared in standard and Cs-Tyrode solution, respectively. Amphotericin
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B and SQ22536 were dissolved in dimethyl sulfoxide under light-free conditions and diluted
1000-fold for experiments.

2.8. Statistics

Statistical significance was determined by an ordinary one-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test for comparing more than three groups
or by the Welch’s t-test to compare two groups, using GraphPad Prism ver. 9.0.0. As the
higher mean value of the expression levels measured by RT-PCR clearly indicates a higher
variance (Figure 1B), we tested the expression levels by a parametric analysis with log
transformation. To avoid negative values, a constant (109 + 2) was added to the raw values,
logtransformed with a base of two, and then evaluated with a one-way ANOVA. Data were
expressed as mean ± standard deviation. Values of p < 0.05 (*) and p < 0.01 (**) indicated
statistical significance.

3. Results

3.1. Genetic Screening of AC Family Members in Cardiopulmonary Organs by RT-PCR

We performed multiplex PCR analysis to characterize the expression patterns of AC
isoforms (AC1–8) in the heart. The activity of AC9 was estimated to be less than 3% of the
total AC activity by the previous report [24], and it was not initially considered as a major
AC candidate. This is why we did not include AC9 for this screening. AC10 is a soluble AC,
not a membrane enzyme. In this study, we focused on membrane enzymes that contribute
to arrhythmias and action potentials, and AC10 was not included. In our PCR experiments,
total RNAs extracted from three different regions of cardiopulmonary tissues, left atrium
(LA), left ventricle (LV), and pulmonary vein (PV) (Figure 1A), were reverse-transcribed
and amplified by the LightCycler. We evaluated absolute gene expression levels in each
cardiopulmonary region (Figure 1B). In addition to Ca2+-inhibitable AC5, known as the
major heart isotype [25], Ca2+-stimulable AC1 and AC3 were predominantly expressed
across the entire heart. AC1 expression was significantly higher than AC2, AC4, AC6,
and AC7 expressions, AC3 expression was significantly higher than AC2, AC4, and AC8
expressions, and AC5 expression was significantly higher than AC2, AC4, AC6, AC7, and
AC8 expressions (p < 0.05, see Figure 1B, and Table 2).

Table 2. Results of simplified-absolute PCR quantification. Statistical p-values for each isotype are
given below the table. The number of experiments is provided in parentheses.

×109 LA LV PV

co
rr

es
po

n
di

n
g

ab
u

n
da

n
ce

AC1 * 53,200.08 ± 78,097.71 (7) 340,281.06 ± 402,755.99 (5) 876,466.31 ±1,272,990.19 (6)

AC2 # 1.95 ± 2.79 (6) 3.38 ± 3.79 (3) 3.52 ± 4.59 (5)

AC3 $ 80,931.17 ±126,819.78 (6) 46,348.88 ± 57,065.14 (5) 150,449.16 ± 301,138.14 (6)

AC4 † 20.37 ±28.00 (6) 9.43 ± 8.09 (4) 12.32 ± 12.63 (5)

AC5 & 1,451,129.43 ±3,541,141.54 (8) 408,442.32 ± 785,280.03 (5) 536,885.37 ± 661,839.27 (5)

AC6 549.27 ±730.34 (8) 417.79 ± 681.51 (5) 810.37 ± 1038.31 (5)

AC7 4051.16 ± 6371.10 (7) 393.87 ± 725.97 (5) 29,443.41 ± 39,503.56 (5)

AC8 130.21 ± 168.44 (5) 35.74 ± 67.52 (5) 167.89 ± 205.04 (5)

* p < 0.0001, vs. AC2; p < 0.0001, vs. AC4; p = 0.0029, vs. AC6; p = 0.0026, vs. AC7; p < 0.0001, vs. AC8. # p = 0.0002,
vs. AC3; p < 0.0001, vs. AC5. $ p = 0.0011, vs. AC4; p = 0.0048, vs. AC8. † p < 0.0001, vs. AC5. & p = 0.0014,
vs. AC6; p = 0.0012, vs. AC7; p < 0.0001, vs. AC8.

3.2. Immunohistochemistry of AC Family Members in Cardiopulmonary Regions

Immunohistochemistry of cardiopulmonary regions was performed to characterize
protein expression patterns. To outline the heart structure, modified Masson’s trichrome
(M-T) staining of a left-sided heart preparation was performed (Figure 2A). In the M-T-stained
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preparation, muscular areas (purple) were abundantly observed in not only the LV and LA
but also in the left and right PVs. The LV and ventricular septum were separated from the
LA by collagen-enriched mitral valves (turquoise blue). The left and right PVs were both
identified as tubular structures extending from the LA. All of the structures appeared to
consist of striated muscle, consistent with previous reports [26,27]. Immunostaining of AC6
was used as a positive control [28] and showed intense brown staining that was detected
throughout the heart and in the PVs (Figure 2B). AC1 was moderately positive (Figure 2C)
and distributed throughout the entire heart. AC2, a Ca2+-insensitive AC isoform, was
almost negative (Figure 2D). Meanwhile, AC3-positive regions were specifically restricted
to the LA and PVs. AC8, another Ca2+-stimulable AC, was mildly stainable through the
entire heart (Figure 2F). The unique expression of AC3 in the supraventricular area was
confirmed in the right-sided preparation, except for the sinoatrial node (SAN) (Figure 3B).
Classically, SAN is defined as an intercaval heart area surrounded by connective tissues
and containing the SAN artery. In the expanded view of Figure 4Ab, a high AC3 expression
was uniformly observed in the LA, while the AC3 expression in the PV was enriched on
the inner side of the vessel. There was an unstained wall between the visibly stained LA
and PV. Peripheral portions of the PV were also unstained. Figure 4B shows the intercaval
area in a right-sided rat heart with M-T staining (upper panel) and immunostaining of
AC3 (lower panel). The M-T staining identified the SAN as a muscle region containing
cross-sections of two arteries, which were surrounded by connective tissues (Figure 4Ba).
The corresponding SAN segment was not stained by the anti-AC3 antibody (Figure 4Bb).

Figure 2. Immunohistochemistry of a left-sided rat heart for adenylyl cyclase AC1, AC2, AC3, AC6,
and AC8. (A) Masson’s trichrome staining in a left-sided heart from a male Wistar rat. Muscle,
collagen-enriched tissue, and elastin-enriched fibers are stained purple, turquoise, and dark blue,
respectively. The cardiopulmonary regions are indicated by bold letters. LA, left atrium; LV, left
ventricle; PV, pulmonary vein; RV, right ventricle. (B) Immunohistochemistry for AC6. AC6 is known
as a heart subtype of AC and presents a positive control with solid staining (brown). (C–F) Immuno-
histochemistry for AC1–3 and AC8. AC1 and AC8 are both moderately positive in (C,F). (D) AC2 is
almost negative in the heart, while the lung epithelium is positively stained. (E) AC3 expression is
restricted to the LA and PV. Scale bars: 5 mm.
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Figure 3. Immunohistochemistry of a right-sided rat heart for adenylyl cyclase AC3. (A) Masson’s
trichrome staining. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle, SAN,
sinoatrial node; SVC, supra vena cava. (B) Immunohistochemistry for AC3. The supraventricular
area except the SAN is stained positive. Scale bars: 5 mm.

Figure 4. Immunostaining of adenylyl cyclase AC3. (A) Supraventricular regions with Masson’s
trichrome staining (Aa) and immunostaining for AC3 (Ab). The ventricular septum is visible beneath
the mitral valve on the lower left, a connective tissue-enriched thin structure. The lung is on the
upper right. The tentative boundary line between the left atrium (LA) and pulmonary vein (PV) is
indicated by a dotted line. (B) Intercaval regions with Masson’s trichrome staining (Ba) and AC3
(Bb) immunostaining. The sinoatrial node (SAN) is defined as a myocardial region surrounded
by collagen-enriched connective tissues and contains the SAN artery. The artery is observed as
circular cavities. The area indicated by the dotted line is the SAN. The superior vena cava is located
immediately above the SAN to the right.
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3.3. AC3 Is Localized in the t-Tubule Microdomains of PV Cardiomyocytes

Figure 5 shows the cellular locations of α-actinin (green) and AC3 (red) on the freshly
isolated LA, LV, and PV cardiomyocytes. α-actinin is localized at the cardiac z-line in
each myocyte. LA myocytes display weak transverse striations of AC3, while the AC3
expression along the cell contour was relatively clear (Figure 5A, middle panel). The
cross-correlation between α-actinin and the AC3 signal is relatively small (Figure 5D). A
previous study revealed that transverse tubules (t-tubules) of the LA were less enriched [5].
Accordingly, blunt striations in AC3 staining and a weak cross-correlation between α-
actinin and the AC3 signal are supposed to reflect immature t-tubules of LA cells. Similarly,
as with AC5, AC6 [29], and AC9 [30], AC3 was suggested to co-localize with α-actinin in
both LV and PV cells (Figure 5B,C,E,F). As the z-line is known to overlap with t-tubules in
ventricular myocytes [31], the co-localization of α-actinin and AC3 in these cells indicates
that in PV cells with a well transversally organized tubular system, AC3 assembles near
t-tubules. It should be noted that the nuclei of LA and LV are stained with AC3 in Figure 5A
and B. It is unlikely that LV was captured under overexposed conditions compared to
PV for the following reasons: (1) Neither the laser intensity of the microscope nor the
gain during imaging is increased in these images compared to PV imaging in Figure 5C.
(2) Microstructures in the transverse stripes were captured with similar resolution in
LV and PV.

Figure 5. Immunocytochemistry for adenylyl cyclase AC3 in the myocytes of (A) isolated left atrium
(LA), (B) left ventricle (LV), and (C) pulmonary vein (PV). α-actinin (green, all top panels) localized
to the z-line of cardiomyocytes, indicating the position of the t-tubules. AC3 staining (red, all middle
panels) revealed transverse striations in LV and PV myocytes, unlike in LA myocytes. AC3 is strongly
expressed along the cell contour in LA myocytes. The bottom panels display the overlay of AC3 on
α-actinin (yellow-orange). The white bars in the bottom panel indicate 10 µm. (D,E) and (F) display
the profiles of α-actin and AC3 staining intensities in (A–C), and the cross-correlation between
both intensity profiles, respectively. The area to be intensity-profiled is chosen from the rectangular
box in the bottom panel of (A–C), all of the same size. The cross-correlation waveforms indicate
that the intensities of actin and AC3 are synchronized, suggesting that they are localized near each
other [11,32]. It should be noted that the nuclei of LA and LV are stained with AC3. Neither the laser
intensity of the microscope nor the gain during imaging is increased in these imaging compared to
PV imaging. Considering that the transverse microstructures can be captured, it is more likely that
the nuclei were stained by anti-AC3 antibody rather than overexposure.
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3.4. Full Activation of L-Type Ca2+ Current by β-Adrenergic Receptor Agonist Requires

Intracellular Ca2+ in the Supraventricular Area, Unlike in the Ventricles

Isolated PV, LV, and LA cardiomyocytes were voltage-clamped by the patch-clamp
technique. In L-type Ca2+ current recording, the extracellular solution was the K+-free
Cs-Tyrode solution, and the K+-free internal solution was utilized. The Na+ current was
inactivated by the depolarization step from a holding potential of −80 mV to −40 mV for
80 ms; subsequent depolarization to 0 mV activated the Ca2+ current. After confirming
that the amplitude of the L-type Ca2+ current in our system hardly ran down within 10
min, all the recordings were completed within 10 min in this study. In Figure 6A,C,E,
three stable sweeps are superimposed, one under control conditions (black) and one under
isoproterenol-administrated conditions (red). Every Ca2+ current was enhanced by the
β-adrenergic stimulation of 1 µM isoproterenol, and the intracellular Ca2+ concentration
([Ca2+]i) also affected the magnitude of the stimulant effect in PV myocytes. Under the
[Ca2+]i-free condition with 5 mM EGTA, the β-adrenergic stimulation increased the Ca2+

currents amplitude of the PV cell by 1.50 ± 0.18 times. At [Ca2+]i of 0.1 mM, the currents
were further increased by 2.59 ± 0.58 times (Figure 6A,B). On the other hand, the currents
of LV cells were magnified by 2.05 ± 0.43 and 1.91 ± 0.55 times under [Ca2+]i-free and
-rich conditions, respectively (Figure 6C,D). There is no statistically significant difference
between these values. In the LA cardiomyocytes, the Ca2+ currents were amplified by
isoproterenol by 1.54 ± 0.12-fold in the chelated state of [Ca2+]i, while the currents were
boosted to 1.97 ± 0.30-fold by the 0.1 mM [Ca2+]i (Figure 6E,F). These data are summa-
rized in Table 3 as well as Figure 6B,D,F. Of note, cells slowly repeated contractions and
relaxations during the recording under [Ca2+]i-rich conditions. Table 3 reveals that the
amplitude of the Ca2+ current is smaller under [Ca2+]i-rich conditions. This is presumably
attributed to the characteristics of the L-type Ca2+ current, which is Ca2+-dependent inacti-
vation [33]. We assessed the influence of AC3 activity on the property of PV cardiomyocytes
by pharmacological experiments using an AC inhibitor. Because an AC3-selective reagent
was not available, the nonspecific adenine-like inhibitor SQ22536 was employed for the
pharmacological characterization. According to a previously published report, the IC50 of
the inhibitor on AC3, AC5, and AC6 are 110, 3.5, and 5.8 µM, respectively, while AC9 is
resistant to the drug [34]. In rat PV cardiomyocytes, the increase in the L-type Ca2+ current
induced by isoproterenol is reduced by 5 µM of the inhibitor under the [Ca2+]i-free con-
dition (Figure 7). The isoproterenol-induced augmentation of the Ca2+ current decreased
from 1.50 ± 0.18 to 1.18 ± 0.23 (p = 0.023) in the absence of [Ca2+]i (Figure 8A,B).

Table 3. Comparison of L-type Ca2+ current amplitudes under different conditions. The current
amplitudes are an average of three stably recorded sweeps. Baseline and Isoproterenol conditions
indicate the current amplitudes in the absence and presence of 1 µM isoproterenol, respectively. The
amplitude in the presence of isoproterenol is divided by the baseline to calculate the effect. Statistical
p-values for the differences between the values are given below the table. PV, pulmonary vein; LA,
left ventricle; LA, left atrium; Cm, membrane cell capacitance.

Cell Type [Ca2+]i
Baseline
(pA/pF)

Isopreterenol
(pA/pF)

Effect (-Fold) Cm (pF) n =

PV [EGTA]i = 5 mM 9.45 ± 4.18 14.27 ± 6.89 * 1.50 ± 0.18 194.80 ± 76.97 5

PV [Ca2+]i = 0.1 mM 7.07 ± 1.92 17.67 ± 3.24 * 2.59 ± 0.58 230.28 ± 40.64 5

LV [EGTA]i = 5 mM 11.0 ± 3.14 21.66 ± 3.97 2.05 ± 0.43 223.07 ± 51.45 5

LV [Ca2+]i = 0.1 mM 6.86 ± 2.76 12.62 ± 4.96 1.91 ± 0.55 246.05 ± 40.62 5

LA [EGTA]i = 5 mM 14.1 ± 2.54 21.55 ± 3.12 # 1.54 ± 0.12 117.13 ± 41.96 5

LA [Ca2+]i = 0.1 mM 9.47 ± 4.49 17.74 ± 5.47 # 1.97 ± 0.30 141.76 ± 38.50 6

* p = 0.0109; # p = 0.0087.
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Figure 6. Ca2+-dependent effects of β-adrenergic stimulation on L-type Ca2+ currents in three types
of cardiomyocytes. As shown in the inset of (A), the Ca2+ current is induced by a depolarizing
pulse to 0 mV for 500 ms, followed by a depolarizing pulse to −40 mV for 80 ms to inactivate the
Na+ current. The L-type Ca2+ current is amplified by 1 µM isoproterenol (Iso.), a β-adrenergic
receptor-selective agonist. The strength of the β-adrenergic stimulation is evaluated by the rate
of amplification of the current amplitudes. It was observed whether the absence or presence of
intracellular Ca2+ changed the strength of the β-adrenergic reaction. In Figure 8A,C,E, three stable
sweeps are superimposed under control conditions (Cont., black) or Iso. conditions (red). Inserted
time and current scales indicate 50 ms and 5 pA/pF, respectively. Dashed lines indicate zero current
level. Intracellular Ca2+ is chelated by 5 mM EGTA under the Ca2+-free condition, while the internal
solution contains 0.1 mM Ca2+ in the other. (A) Representative data from pulmonary vein (PV)
cardiomyocytes. A statistical summary of an increase in calcium current by Iso. for each condition is
shown in (B). (C) Representative data from left ventricular (LV) cardiomyocytes and summarized
in (D). (E) Representative data from left atrial (LA) cardiomyocytes and summarized in (F). n.s.,
not significant.
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Figure 7. Effect of SQ22536 (SQ) on L-type Ca2+ current in pulmonary vein (PV) cardiomyocytes.
The response of the Ca2+ current was recorded after 5 µM SQ application for approximately 2 min.
The pulse protocol is inserted in (A). Intracellular Ca2+ is chelated by 5 mM EGTA in (A), while the
internal solution contains 0.1 mM Ca2+ in (B). Dashed lines indicate zero current level. The rate of
change in the current amplitudes for each condition is summarized in (C). Of note, under Ca2+-rich
conditions, a Ca2+-dependent inward current indicated by an arrow in (B) is always recorded. This
current is estimated to be of Na+-Ca2+ exchanger origin.

3.5. Suppression of Norepinephrine-Induced PV Automaticity by AC Inhibitor Treatment

The spontaneous automaticity evoked by 10 µM norepinephrine (NE) [5] could not
be suppressed by 5 µM SQ22536 (n = 4, Figure 8A). However, the PV excitability was
reversibly arrested by applying 100 µM (Figure 8B). The cessation of action potentials and
gradual attenuation of transient depolarization was observed before it stopped completely
(Figure 8C). These sporadic depolarizations originate from inward currents via NCX,
which is evoked by transient Ca2+ elevation [5]. The NE-induced automaticity was always
suppressed by 100 µM SQ22536 (n = 4).

112



Biomolecules 2022, 12, 724

Figure 8. Effects of SQ22536 (SQ) on the norepinephrine (NE)-induced automaticity of pulmonary vein
(PV). (A) An example of NE-induced spontaneous automaticity. NE 10 µM evoked a series of action
potentials in isolated rat PV cardiomyocytes. The action potentials recorded at a, b, and c are displayed in
an expanded time scale below. Inserted time and voltage scales indicate 50 s and 20 mV, respectively. The
time scale in the expanded view indicates 500 ms. The induced automaticity was uninhibited by 5 µM
SQ. (B) The induced automaticity was reversibly suppressed by 100 µM SQ. Inserted time and voltage
scales indicate 50 s and 20 mV, respectively. The time course of the inhibition is expanded in (C). The
sporadic depolarizations corresponding to Ca2+ release were gradually attenuated (arrowheads). Similar
results were confirmed four times (n = 4, for each). The timing and duration of drug applications are
indicated by horizontal bars. A dashed line indicates the baseline.

4. Discussion

4.1. Major Findings

The identity of the AC isoforms responsible for cAMP production in PV cardiomy-
ocytes has not been previously elucidated. As a first step toward clarification of this critical
issue, we employed RT-PCR, immunohistochemistry, and immunocytochemistry to deter-
mine the expression profiles in the rat heart and PVs. The gene expression profile of the
AC isoforms by RT-PCR (Figure 1B) confirmed that all AC isoforms were expressed in the
heart [35–37]; these results are consistent with previous studies that showed AC5 as the
major isoform in cardiomyocytes. The most striking finding of the current study is that
AC3 is specifically expressed in the supraventricular region, including PVs. In contrast,
AC1, AC6, and AC8 were expressed throughout the heart and did not show reigion-specific
expression patterns (Figures 2 and 4A). AC2 protein was hardly detected in cardiomy-
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ocytes. In cell staining, AC3 was apparently localized along the t-tubule microdomain in
PV cardiomyocytes with a well transversally organised tubular system (Figure 5). However,
pulmonary vein cardiomyocytes showed a wide range of transverse tubular incidence and
organization, going from their virtual absence, as described in atrial myocytes, to well
transversally organized tubular systems, as in ventricular myocytes [11]. Therefore, the vari-
ability in the tubular system could also be associated with the cell-to-cell heterogeneity of
AC3 localization in the PV myocardium compared with either the atrium or the ventricule.
The t-tubule is an [Ca2+]i-concentrating apparatus. For example, during an action potential,
the [Ca2+]i below the t-tubule is estimated to exceed 200 µM [38,39]. Because AC3 is a
Ca2+-stimulable isotype, there may be a connection between its location along the t-tubule
and the reinforcement of the cAMP-dependent response by [Ca2+]i. In the patch-clamp
experiments, the cAMP-dependent response of L-type Ca2+ currents in supraventricular
cells, unlike ventricular cells, is enhanced when [Ca2+]i is abundant (~100 µM, Figure 6).
To evaluate the impact of ACs and their Ca2+ dependency on the arrhythmogenic property
of PV, adenine-like AC inhibitor SQ22536 is administrated during the automaticity. An
amount of 5 µM of this reagent suppressed the β-adrenegic stimulant effect on the Ca2+

current of PV under [Ca2+]i-free conditions, while the effects of the β-adrenergic response
remain to a certain extent under [Ca2+]i-rich conditions (Figure 7). This drug fails to abolish
the NE-induced automaticity at the same concentration (Figure 8A). By contrast, 100 µM of
SQ22536 reproductively arrested the excitability (Figure 8B,C). Accordingly, these results
suggest that Ca2+-stimulable AC3 plays the primary role in the NE-induced PV automatic-
ity as a part of β-adrenergic signaling. To summarize the reasons: (1) Highly expressed
Ca2+-stimulable AC3 localizes at the t-tubule at least in PV cardiomyocytes with a well
transversally organised tubular system, where it is strongly influenced by [Ca2+]i. (2) The
β-adrenergic effect evaluated by the Ca2+ current is enhanced by [Ca2+]i in PV. Finally,
(3) [Ca2+]i is supposedly at a high level during the PV automaticity, and the inhibitory effect
of SQ22536 on the automaticity is demonstrated at an adequate concentration of 100 µM
against AC3, rather than AC5, AC6, or AC9.

4.2. Potential Role of AC3 in the Rat Heart, among Other ACs

Among the nine membrane-bound AC isoforms, AC1, AC3, and AC8 are Ca2+-
stimulable, while AC5 and AC6 are Ca2+-inhibitable [40]. Residual AC2, AC4, AC7, and
AC9 are Ca2+-insensitive [41]. AC3 was first discovered in the olfactory epithelium [42]
and was originally reported to be directly stimulated by Ca2+ and calmodulin [43]. In
AC3 knockout mice (AC3−/− mice), cAMP- and IP3-induced responses to odorants are
completely abolished as measured by electro-olfactograms [44], urine and pheromones are
not detected, and male sexual behavior is no longer observed [45]. However, as an inhibi-
tion of AC3 by the calmodulin-dependent protein kinase, which Ca2+ also activates, was
recorded in vitro [46], the Ca2+-dependent activity of AC3 was controversial. Dr. Cooper’s
team proved that AC3 is activated by submillimolar [Ca2+]i in cellular experiments [47],
whereas AC5 and AC6 were entirely inhibited by similar conditions [48,49]. In the current
study, we estimated AC activities by the β-adrenergic response of L-type Ca2+ currents
on a cell-by-cell basis. Consistent with LA and PV, where AC3 expression was regionally
up-regulated, the β-adrenergic effect was enhanced by 0.1 mM [Ca2+]i (Figure 6, Table 3).
During sustained arrhythmias, such as the PV automaticity, [Ca2+]i is kept high, and the
activity of AC3 could be enhanced. In contrast, the activity of the major cardiac types,
i.e., AC5 and 6, is declined. It should be considered that these AC types are apparently
along the t-tubule (Figure 5 and [29]). Simulation studies predict that Ca2+ release from
cardiac ryanodine receptors can increase [Ca2+]i to >200 µM at the t-tubules [38,39]. As
pharmacological charasteristics, SQ22536-sensitive isotypes are AC5 and 6 (IC50; 3.5 and
5.8 µM, respectively), moderately sensitive isotypes are AC1 and AC3 (IC50; 54 and 110 µM,
respectively), and less sensitive are AC2, 4, and 7 (IC50; 210, 280, and 440 µM, respectively),
while AC8 and AC9 are resistant to the drug [34]. Accordingly, the inhibitory effect of
100 µM SQ22536 in Figure 8B,C targets AC1 and AC3 rather than AC5, 6, and 9, indicating
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that Ca2+-stimulable AC may be involved in the catecholamine-dependent arrhythmogenic
property of PV by producing cAMP under the high-[Ca2+]i conditions.

On the other hand, AC1 is believed to underlie normal automaticity in the sinoatrial
node (SAN) [21]. AC1 is more highly expressed in the SAN than in the ventricles that
lack automaticity. The basis of the coupled-clock theory of SAN beating is that a strong
expression of AC1 in the localized region produces the unique calcium dynamics via
cAMP-dependent phosphorylation of ryanodine receptors and phospholamban [50]. In
our experiments, AC1 is not more highly expressed in the pulmonary veins than in the
ventricles, so we propose that the pulmonary venous automaticity is derived from AC3,
not AC1, as an analogy to the coupled-clock theory. As for cardiac majors, AC5 and
AC6 are very closely related isotypes and are believed to be dominantly expressed in the
heart. In rats, AC5 expression becomes more dominant with advancing age [51], and
AC5−/− mice have been found to have impaired responses to sympathetic stimulation
as well as parasympathetic responses such as baroreceptor reflexes [52]. In addition,
AC6−/− mice dramatically reduce not only AC6 but also AC5 protein expression. Therefore,
the phenotype of AC6−/− mice is stronger than that of AC5−/− mice, and the positive
inotropic effects induced by dobutamine is greatly impaired. This is because Ca2+-related
proteins such as phospholamban are less likely to be phosphorylated by cAMP-dependent
kinase [53]. In recent years, AC9 has been extensively studied [54–56]. Although cAMP
production by AC9 is less than 3% of the total cardiac cAMP production, AC9−/− mice
show impaired cardiac diastolic capacity and reduced heart rate [24]. It is thought that AC9
binds to KCNQ1 channels via A-kinase anchor protein and promotes the repolarization
phase of the action potential during sympathetic nerve stimulation, thereby increasing
heart rate [57].

As described above, while AC1, AC5, AC6, and AC9 have been reported as the
main physiological cAMP producers in the heart, AC3 is distinguished by its pathophys-
iological function.

4.3. Interpretation of Region-Dependent AC3 Expression

Surprisingly, immunohistochemistry with anti-AC3 revealed four heart regions. The
AC3-negative ventricular region was separated from the AC3-positive supraventricular
area. The PV was heterogeneously stained, whereas the atrium was uniformly stained. The
high AC3 expression on the inner side of the vein was isolated from the unstained zone in
the proximal and peripheral portions of the vessel. The SAN was an unstained island in the
supraventricular area. To our knowledge, this is the first case in which simple staining has
discerned four heart regions. Indeed, these regions are known to undergo different develop-
mental processes. For example, several transcription factors appear in heart region-specific
manners during early developmental stages [58]. Irx4 [59] and Hrt2 [60] are strongly stained
by in situ hybridization in the ventricular precursor region during embryonic day 9.5–10.5,
whereas Hrt1 expression is restricted to the atrial precursor region. Pitx2c is required for
cardiomyocyte proliferation in the PV after developing the atrial and ventricular precursors
during embryonic days 11.5–12.5 [61]. Shox2 directs the expression of Isl1 in the SAN,
which establishes the pacemaker activity by suppressing needless genes before the embry-
onic heart starts to beat regularly [62,63]. These transcription factors are core molecules
that organize the region-dependent expression of functional proteins such as hormones,
enzymes, and ion channels. AC3 can thus be considered as one region-specific enzyme.

4.4. Limitations

The main limitation of our study is the absence of direct experiments that specifically
target AC3, such as selective inhibitors of AC3, genetic recombination experiments with
AC3, or knockout mice for AC3. In addition, we have not been able to establish a method to
measure cAMP at the cellular level, so we can only indirectly analogize the function of AC
by evaluating the amplitude of the Ca2+ current. Thus, even though it is certain that AC3 is
strongly expressed in the supraventricular region of the heart, direct experiments on the
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function of AC3 in the heart are still insufficient. We hope that future advances in materials
will reproduce and strengthen our conclusion that AC3 is involved in PV arrhythmias.

5. Conclusions

This study identified specific AC3 expression in the rat supraventricular area, includ-
ing arrhythmogenic PV cardiomyocytes. In the t-tubule membrane structure of PV cells,
Ca2+-stimulable AC3 may play an arrhythmogenic role in norepinephrine-induced auto-
maticity under high-[Ca2+]i conditions, rather than other Ca2+-inhibitable and -insensitive
ACs. Accordingly, SQ22536 suppressed the automaticity potently and reversibly at the
concentration appropriately against AC3. These findings suggest that the blockade of AC3
can suppress the ectopic excitability of PVs. Our data may provide valuable information
on how ectopic excitability occurs in PVs and may contribute to the development of drugs
that can pharmacologically suppress the Ca2+-dependent arrhythmogenic property of PVs
because AC3-selective reagents are currently unavailable.
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Abstract: Propofol is a broadly used intravenous anesthetic agent that can cause cardiovascular
effects, including bradycardia and asystole. A possible mechanism for these effects is slowing cardiac
pacemaker activity due to inhibition of the hyperpolarization-activated, cyclic nucleotide-gated (HCN)
channels. However, it remains unclear how propofol affects the allosteric nature of the voltage- and
cAMP-dependent gating mechanism in HCN channels. To address this aim, we investigated the effect
of propofol on HCN channels (HCN4 and HCN2) in heterologous expression systems using a whole-
cell patch clamp technique. The extracellular application of propofol substantially suppressed the
maximum current at clinical concentrations. This was accompanied by a hyperpolarizing shift in the
voltage dependence of channel opening. These effects were significantly attenuated by intracellular
loading of cAMP, even after considering the current modification by cAMP in opposite directions.
The differential degree of propofol effects in the presence and absence of cAMP was rationalized
by an allosteric gating model for HCN channels, where we assumed that propofol affects allosteric
couplings between the pore, voltage-sensor, and cyclic nucleotide-binding domain (CNBD). The
model predicted that propofol enhanced autoinhibition of pore opening by unliganded CNBD, which
was relieved by the activation of CNBD by cAMP. Taken together, these findings reveal that propofol
acts as an allosteric modulator of cAMP-dependent gating in HCN channels, which may help us to
better understand the clinical action of this anesthetic drug.

Keywords: hyperpolarization-activated cyclic-nucleotide gated channel; cyclic nucleotide binding
domain; If; propofol; cAMP

1. Introduction

Propofol (2,6-diisopropylphenol) is an intravenous anesthetic drug that is widely
used in the induction and maintenance of general anesthesia and sedation because of its
advantages, which include a controllable state and fast awakening [1]. The potentiation
of GABAA receptor Cl− channels has long been considered a major mechanism for the
anesthetic action of propofol [2–4]. This drug also modulates the function of several voltage
gated ion channels, including hyperpolarization-activated, cyclic nucleotide-gated (HCN)
channels [5–7], which may also contribute to its principal anesthetic effects. It is also known
that propofol infusion can cause several side effects (propofol infusion syndrome) in several
organs, including myocardial cells, such as metabolic acidosis, hyperkalaemia, rhabdomyol-
ysis, or signs of heart failure. A dosage reduction or discontinuation is recommended when
these conditions developed [8]. On the other hand, propofol provides cardioprotection of
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cardiomyocyte function under ischemic condition e.g., in animal model of heart failure,
propofol was reported to protect against peroxidative and functinal damages induce by
exogenous H2O2 [9].

HCN channels control the electrical excitability and rhythmicity of neuronal and
cardiac pacemaker cells by producing hyperpolarization-activated cationic inward current
(Ih in neurons or If in the heart) [10]. In fact, mutation in hHCN4 is known to result in sinus
bradycardia [11]. HCN channels allow Na+ influx in the cells under physiological situation,
and an increase in channel activation might elevate intracellular Ca2+ transiently by a
reverse mode of Na+/Ca2+ exchange current [12]. Therefore, in certain pathophysiological
situations, the inhibition of HCN channels might protect against several damages from
cardiac remodeling after myocardial infraction, such as cardiomyopathy and arrhythmia.

The blocking of Ih in central neurons may be associated with the general anesthetic
action of propofol [5,13,14], whereas the If inhibition in cardiac pacemaker cells has been
implicated in propofol-induced bradycardia [15]. Despite its fundamental importance, the
molecular mechanism underlying the action of propofol on the HCN channels is poorly
understood. The HCN channels (HCN1–4) are members of the voltage-gated cation channel
superfamily that share a common six transmembrane-tetrameric architecture, consisting
of one central pore domain (PD) surrounded by four peripheral voltage-sensor domains
(VSDs). Unlike most other voltage-gated channels that are opened by membrane depolar-
ization, the HCN channels are activated by membrane hyperpolarization. In addition, a
distinguishing feature of HCN channels is the presence of cyclic nucleotide-binding do-
mains (CNBDs) at their intracellular C-termini. Previous functional and structural analyses
have suggested that CNBDs act as an inhibitory module of the inner pore gate [16–20].
Binding of cAMP to CNBDs can relieve the autoinhibition and thereby facilitate HCN
channel opening. Thus, the opening of HCN channels is operated by both membrane
voltage and cAMP, with distinct but allosterically coupled gating pathways [21,22]. Recent
cryo-electron microscopy (EM) studies revealed molecular details of the structural elements
of the PD, VSD, and CNBD, opening the door for the realization of the mechanics and
dynamics of HCN channel gating [17,23]. This advanced knowledge on the structure and
function provide an attractive framework for understanding the HCN channel behaviors
as well as drug actions.

The present study investigated the effect of propofol on HCN channels in terms of
their gating mechanism. For this purpose, we performed whole-cell patch clamp recordings
to assess the drug responses of HCN4 and HCN2 channels in a heterologous expression
system. In addition, to better interpret the drug effect, our experimental data were further
analyzed using an allosteric gate model for HCN channels [22]. With these approaches,
our results provide a better understanding of how propofol affects the gating properties of
HCN channels.

2. Materials and Methods

2.1. Complementary DNA, Cell Culture, and Transfection

The full-length cDNA encoding human HCN4 (GenBank accession number NM_005477)
and HCN2 (GenBank accession number NM_001194) channels, subcloned into the mam-
malian expression vector pcDNA3, ere a kind gift from Dr. Juliane Stieber (Lehrstuhl
Pharmakologie und Toxikologie, Munich, Germany).

Chinese hamster ovary (CHO; RRID: CVCL_0213) cells were maintained in DMEM/Ham’s
F-12 medium supplemented with 10% fetal bovine serum (Sigma Chemical Company, St
Louis, MO, USA) and antibiotics (100 IU/mL penicillin and 100 µ/mL streptomycin) in
a humidified atmosphere under 5% CO2 at 37 ◦C. The cells were passaged twice a week
and a fraction of the cells was plated onto glass coverslips (3 × 5 mm2) in 35-mm culture
dishes. Each HCN4 (0.5 µg) or HCN2 DNA (0.5 µg) was transiently transfected into CHO
cells together with green fluorescent protein (GFP) cDNA (0.5 µg) using Lipofectamine
(Invitrogen Life Technologies, Carlsbad, CA, USA). After transfection for approximately
48 h, the GFP-positive cells were used in the patch-clamp study.
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2.2. Whole-Cell Patch-Clamp Recording and Data Analysis

Whole-cell membrane currents were recorded in voltage-clamp models with an EPC-8
patch-clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Patch electrodes were
fabricated from glass capillaries (outer diameter, 1.5 mm; inner diameter, 0.9 mm; Narishige
Scientific Instrument Laboratory, Tokyo, Japan) using a Brown-Flamming microelectrode
puller (model P-97, Sutter Instrument, Novato, CA, USA), and the tip was then fire-polished
using an MF-830 microforge (Narishige, Tokyo, Japan). The electrodes had a resistance of
2.5–4.0 MΩ when filled with pipette solution. The liquid junction potential (approximately
−10 mV) was compensated for. A glass coverslip with adherent CHO cells was placed in
the chamber mounted on the stage of an inverted microscope (ECLIPSE TE2000-U, Nikon,
Tokyo, Japan), and continuously perfused at a rate of 2 mL/min with normal Tyrode
solution at 37 ◦C. Signals were low-pass filtered at 1 kHz, and acquired at 5 kHz through
an LIH 1600 analogue-to-digital converter (Instrutech, NY, USA). The data were stored and
analyzed using the Patchmaster software program (HEKA Elektronik).

The bath solution for whole cell recording was normal Tyrode solution containing (in
mM) 140 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.33 NaH2PO4, 5.5 glucose, and 5.0 HEPES
(pH was adjusted to 7.4 with NaOH). The pipette solution contained (in mM) 70 potassium
aspartate, 50 KCl, 10 KH2PO4, 1 MgSO4, 3 Na2-ATP (Sigma Chemical Company), 5 HEPES,
5 EGTA, 0.1 Li2-GTP (Sigma), and 2 CaCl2 (pH was adjusted to 7.2 with KOH). Propofol
(Sigma) was dissolved in DMSO and then added to the bath solution at concentrations of
0.3, 1, 3, and 10 µM. Our previous studies have confirmed that DMSO as a solvent had
no influence on the membrane ion currents in cell line and native cardiac cells when its
concentration was between 0.04~0.1% (v/v) [24,25]. In the present study, the concentration
of DMSO in the final solution was ≤0.002%. Cyclic adenosine 3′, 5′-monophosphate (cAMP,
Sigma) was dissolved in pipette solution at a concentration of 50 µM.

The HCN2 and HCN4 currents were activated by 2-s hyperpolarizing voltage-clamp
steps applied from a holding potential of −30 mV to test potentials of −40 to −150 mV in
10-mV increments, with each subsequent depolarizing step to 0 mV to record the current
of deactivation. In each cell, the tail current amplitudes were measured and normalized
to cell membrane capacitance to yield current density (Itail). The current density–voltage
(Itail, density-V) relationships were fitted to a Boltzmann equation: Itail = Itail,max/(1 + exp
((Vt − Vh)/k)), where Itail,max is the maximal tail current density, Vh is the voltage at half-
maximal activation, Vt is the test potential, and k is the slope factor. For the analysis of
voltage dependence for the channel activation, the Itail, density-V relationships were all
normalized to the maximum current density.

2.3. Model Simulation of Electrophysiological Data

The allosteric gate model for HCN channel activation [22] was used to analyze our
patch clamp data. This model was developed by parameterizing the HA model [26] for
the BK channel with the assumption that the allosteric coupling between the PD, VSD
and CNBD was autoinhibitory. The two-state equilibrium behaviors of three functional
modules of the PD, VSD, and CNBD were intrinsically characterized by distinct equilib-
rium constants, L, H(V), and K, respectively. In the present study, these parameters were
fixed as follows: (1) the PD close–open equilibrium constant, L = 85.3, in terms of an
intrinsic bias towards to the open state, (2) the VSD resting-activated equilibrium constant,
H = H0e(Vt/Vh), where the zero voltage value H0 = 0.003 and the half-activation voltage
Vh = −11.3 mV, and (3) the CNBD cAMP binding constant K = [cAMP]/KD, where the
dissociation constant KD = 75 µM. The autoinhibitory coupling strengths of the PD with
each of the four VSDs and four CNBDs were represented by allosteric factors F and C,
respectively, such that the PD equilibrium constant decreased to a minimum of L/(F4C4)
when both VSDs and CNBDs were resting. However, the PD equilibrium constant increased
F-fold with the activation of each VSD and also C-fold with the cAMP binding to each
CNBD to a maximum of L. Reciprocally, intrinsic equilibrium constants in the VSD and
CNBD decreased to H/F and K/C, respectively, when the PD is closed. This autoinhibitory
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constraint was again removed by the opening of the PD. Similarly, the autoinhibitory
mechanism was also adopted for functional interaction between the VSD and CNBD, with
an allosteric factor E. This model consists of 70 states (Horrigan and Aldrich, 2002) and the
steady state open probability (PO) was calculated using the following equation:

PO =
L/(CF)4 × (1 + H/E + K/E + HK/E)4

L/(CF)4 × (1 + H/E + K/E + HK/E)4 + (1 + H/(EF) + K/(CE) + HK/(CEF))4 (1)

The model was fitted to the experimental PO-V data in the presence and absence
(control) of propofol, in which values were normalized to the maximum available current
density in control to yield the relative fraction of the open channel (i.e., relative PO). The
model fitting was performed using the Microsoft Excel Solver and parameter sets of
allosteric factors, F, C, and E, were determined. The obtained parameters were employed
in a simulation study. Given that stepwise activation of CNBDs occurs by the binding
of cAMP to each of four subunits, the PO was simplified for individual states of CNBD
activation as follows:

PO =
L/(CF)4 × (1 + H/E)4

L/(CF)4 × (1 + H/E)4 + (1 + H/(EF))4 (2)

when none of the four CNBDs are activated.

PO =
L/(CF)4 × (1 + H)(1 + H/E)3

L/(CF)4 × (1 + H)× (1 + H/E)3 + (1/C + H/(CF))× (1 + H/(EF))3 (3)

when one of four CNBDs is activated.

PO =
L/(CF)4 × (1 + H)2 × (1 + H/E)2

L/(CF)4 × (1 + H)2 × (1 + H/E)2 + (1/C + H/(CF))2 × (1 + H/(EF))2 (4)

when two of four CNBDs are activated.

PO =
L/(CF)4 × (1 + H)3 × (1 + H/E)

L/(CF)4 × (1 + H)3 × (1 + H/E) + (1/C + H/(CF))3 × (1 + H/(EF))
(5)

when three of four CNBDs are activated.

PO =
L/(CF)4 × (1 + H)4

L/(CF)4 × (1 + H)4 + (1/C + H/(CF))4 (6)

when all four CNBDs are activated.

2.4. Statistical Analyses

All data are expressed as the mean ± S.E.M. and the number of cells is indicated by n.
Statistical comparisons were performed using the Student’s two-tailed paired or unpaired
t-test or using ANOVA with the Tukey’s post hoc test (Prism Version 5.0), as appropriate.
p values of <0.05 were considered to indicate statistical significance.

3. Results

3.1. Inhibitory Effects of Propofol on HCN4 Channels Expressed in CHO Cells

The effect of propofol on the current property of HCN4 channels was examined
using the whole-cell patch-clamp technique (Figure 1). Propofol was administered for
2–3 min, until it was ensured that the current had approached a steady state. As shown
in a representative experiment in Figure 1A, propofol caused substantial inhibition of the
HCN4 current; the effect was characterized by a reduction in the tail currents at 0 mV
after hyperpolarizing voltage steps to different membrane potentials. The Itail, density-V
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relationships for tail currents revealed that the inhibition is at least due to a decrease in
the saturating tail current density (Figure 1C). The inhibitory effect of propofol was dose-
dependent (Figure 1E) and was even observed at clinically relevant plasma concentrations
(~1.0 µM) [27]. The tissue concentration is estimated as 1.0 µM is approximately 27 µg/g
in brain, 39 µg/g in liver, and 18 µg/g in kidney [27,28]. On average, 10 µM propofol
produced a ~35% decrease in the current density determined after hyperpolarization
to −120 mV.
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Figure 1. Inhibitory effects of propofol on HCN4 channels. (A) Superimposed current traces from
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HCN4-expressing CHO cells, recorded using the pulse protocol indicated above, before (upper,
control) and 2–3 min after exposure to 10 µM propofol (lower). The horizontal line to the left of the
current traces indicates zero level. (B) Current recordings in the cell preloaded with cAMP (50 µM)
via pipette. The concentration of propofol is the same as A. (C) The mean Itail, density-V relationships
for the current density in the presence and absence of propofol (n = 6). (D) The mean Itail, density-V
relationships obtained in the presence of cAMP in the pipette (n = 6). (E) The percentage inhibition of
the saturating tail current density at various concentrations of propofol in the presence and absence of
cAMP. The data represent the mean ± S.E.M. (n = 6), and those followed by different letters indicate
a significant difference at p < 0.05 according to the Tukey’s multiple range test and t-test (* indicates
the difference in the presence and absence of cAMP; a, b, indicate different propofol concentration.).

To examine the involvement of cAMP-dependent gating in the current inhibition
by propofol, we recorded HCN4 currents in the presence of cAMP at a concentration of
50 µM in the pipette (Figure 1B). Measurements were taken >15 min after the start of cAMP
loading to achieve the steady state. In agreement with previous reports on the HCN4
channels [29], cAMP caused a depolarizing shift in Vh (see also Figure 2A,B) with a slight
but non-significant increase in the maximum current density (Figure 1D). As is evident in
Figure 1B, in the presence of cAMP, propofol had sparing effect on the HCN4 currents. The
inhibition of the tail current by propofol was significantly attenuated, and this attenuation
was similar for all concentrations examined (Figure 1E), suggesting that cAMP influenced
the propofol effect in a noncompetitive manner.

In Figure 2, the effect of propofol on the voltage dependence of HCN4 current activa-
tion was investigated. As illustrated in Figure 2A, propofol shifted the voltage-dependent
opening of HCN4 channels to more hyperpolarized membrane potentials. This effect is im-
portant, as the hyperpolarizing shift in the activation threshold can profoundly reduce the
current within the physiological range of membrane potentials [5]. The propofol-induced
shift in the voltage dependence was evaluated with the changes in Vh (∆Vh) at various
concentrations, which expanded in a dose-dependent manner. We also examined these
effects in the presence of cAMP (Figure 2B). Intracellular loadings of cAMP led to a shift
in the voltage range of HCN4 channel activation toward more depolarized potentials (Vh,
−71 ± 0.99 mV and −82 ± 0.73 mV in the presence and absence of cAMP, respectively;
p < 0.05). Subsequent application of propofol caused a slight shift in the activation curve to
the opposite direction, but to a much lesser extent than that expected based on the observa-
tion without cAMP. In the presence of cAMP, propofol yielded significantly smaller ∆Vh
values at all tested concentrations than that in the absence of cAMP (p < 0.05, Figure 2C).

3.2. Inhibitory Effects of Propofol on HCN2 Channels Expressed in CHO Cells

It has been reported that propofol modulation varies among different isoforms of
HCN channels [30]. Therefore, the same sets of experiments were carried out for the
HCN2 channels (Figure 3). Consistent with previous reports [31], the HCN2 channels were
activated more rapidly and at less negative potential in comparison to HCN4 channels.
However, propofol exerted nearly identical effects on HCN2 channels in terms of the impact
on the current density, as well as the voltage dependence for activation. Furthermore, in
the presence of cAMP, propofol was less effective for modulating the functions of HCN2
channels, which was again similar to the observations for the HCN4 channels.

3.3. Computational Simulation of Propofol Effects on HCN4 Channels Using an Allosteric
Gate Model

Our patch clamp data showed that the inhibition of the HCN channels by propofol
was attenuated in the presence of cAMP, raising the question of whether and how cAMP-
dependent gating is involved in the drug effect. To address this point, we employed an
allosteric gating model for HCN channels, which was developed by Flynn and Zagotta [22].
This model includes autoinhibitory interactions between the PD, VSDs, and CNBDs, and
the coupling strengths are represented by distinct parameters of F, C, and E (Figure 4A).
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The model fits the experimentally obtained plots of the relative tail current amplitudes
(PO-V curves) for HCN4 channels in the presence and absence of propofol (Figure 4B).
The best-fit parameters revealed that propofol significantly increased the coupling factor
between the PD and CNBDs, without changing other coupling strengths (Figure 4C).
Results were validated by evaluating the sensitivity and specificity for each parameter
(Figure S1, Supplementary Materials). Using the obtained parameter sets, the PO-V curves
were simulated with cAMP at 50 µM, where the equilibrium constant for the CNBD
activation (K was assumed to be 0.667). As shown in Figure 4D, cAMP caused a depolarizing
shift in the PO-V curve. Furthermore, the model successfully reproduced the lesser effect
of propofol on the PO-V curve in the presence of cAMP. To gain further insight into these
results, the PO-V curves were generated by a simplified model, in which the activation
of CNBD was fixed in a given state (Figure 5). The simulation clearly illustrated that the
effects of propofol—both of the reduced maximum PO and the hyperpolarizing shift in
the PO-V curve—were gradually attenuated by the stepwise activation of four CNBDs and
eventually abolished when the CNBDs were fully activated.
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Figure 4. Allosteric gate model simulation of the inhibition of HCN4 channels by propofol. (A) The
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propofol. Bars represent the mean ± S.E.M. (n = 6). *, p < 0.05, NS, not significant. (D) Simulated PO

-V curves with cAMP (50 µM) as determined by the model with the same parameter sets used in (B),
which closely overlay the experimental data points.
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Figure 5. Simulation of the attenuated effects of propofol by activation of the CNBDs. The PO-V
curves in the presence and absence (control) of propofol were simulated depending on the activation
state of CNBDs: none (A) and one to all (B–E) of four CNBDs activated. The vertical dashed line
indicates the Vh.

4. Discussion

Several anesthetic agents inhibit the HCN channel function [15,16,32–34]. However,
their mechanism of action remains largely elusive, which is at least due to the complex
nature of HCN channel gating. In our patch clamp study, inhibition of the HCN channels
by propofol was characterized by a decrease in the maximum current density and a hyper-
polarizing shift of the voltage dependence of channel opening, in accordance with previous
studies [30,35]. Most importantly, we found that these effects were considerably attenuated
in the presence of cAMP, suggesting the involvement of cAMP-dependent gating in the ac-
tion of propofol. Indeed, the model fitting analysis showed that propofol primarily affected
allosteric coupling between the PD and CNBDs to exert its inhibitory effect, providing
a key to understanding the complicated effects of propofol on the HCN channels. The
relief of autoinhibitory interactions between the PD and CNBDs has been suggested to
be a mechanism for cAMP-dependent gating in the HCN channels. In contrast to CNG
channels that typically require the cyclic nucleotides for their opening [36], HCN channels
are principally opened by the voltage, even without cAMP. Thus, the autoinhibition is
weak and incomplete in the HCN channels. In the present study, we found that propofol
increased the coupling strength between the PD and CNBDs, indicating the enhanced
tonic inhibition of the pore opening by unliganded CNBDs. This would account for the
reduction of the maximum current by propofol. In addition, the enhanced autoinhibition
can allosterically reduce the open fraction via the voltage-dependent gating, resulting
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in a hyperpolarizing shift in the activation curve. Considering that the autoinhibition is
relieved by the activation of the CNBD, the effect of propofol could be attenuated in a
graded manner with increased cAMP levels, while the increased coupling strength would
greatly accentuate the cAMP-dependent facilitation of the HCN channels. Collectively, our
findings illustrate how propofol acts as an allosteric modulator of cAMP-dependent gating
in the HCN channels.

The site of action for propofol is still unidentified at a structural level. However, given
its effects on cAMP-dependent gating, we hypothesize that the relevant structure resides
between the PD and CNBDs, such as the C-linker. Previous functional and structural studies
have revealed that the C-linker is critical for transmitting cAMP-induced conformational
changes in the CNBD to the PD. Recently, a novel ligand-binding pocket was identified
at the boundary between the C-linker and the CNBD [37]. The occupancy of this pocket
by exogenously applied compounds such as cyclic dinucleotides [38] and TRIP8bnano [39]
interferes with the transmission of movement from the CNBD to the C-linker, thereby
suppressing the responsiveness of HCN channels to cAMP. These findings provide the
example of the allosteric regulation of the cAMP-dependent gate via the C-linker. Of
note, the C-linker region is involved in the inhibitory effects of various drugs, including
anesthetics [40]. Chen et al. [40] reported that HCN isoform-specific sensitivity to inhibition
by halothane is imposed by differences in their structural arrangements of the C-linker
domains. It is worth mentioning that the effect of halothane can be relieved by cAMP,
similar to that observed for propofol in the present study. Besides, there is a growing body
of structural evidence for a direct interaction of the CNBD with VSD though the HCN
domain [41]. In this regard, we consider that the coupling factor E in the model may reflect
a functional role of the HCN domain. Although disabled in the earlier study by Flynn
and Zagotta [22], this parameter was included as a variable in the present study. However,
in our model analysis, E was nearly one and was hardly affected by propofol. Further
studies may illustrate the significance of functional coupling between CNBD and VSD in
the HCN channels.

Given the fundamental role of the HCN channels in cardiac pacemaking, the inhibition
of the HCN channel activity has been implicated as a cause of propofol-associated brady-
cardia [16]. According to the ACC/AHA/HRS guidelines [42], parasympathetic blockade
with intravenous atropine is recommended for reducing bradycardia during the induction
of total intravenous anesthesia with propofol. In light of recent experimental evidence
from genetic mouse studies that investigated the HCN channels, this treatment seems to be
reasonable. HCN4 knockout mice showed recurrent sinus pause and bradycardia [43–45],
which typically manifested following vagal stimulation [46]. Interestingly, this pacemaker
dysfunction was almost totally rescued by genetic ablation of the G-protein-coupled in-
ward rectifier K+ channel, a primary contributor to the negative chronotropic response
to muscarinic acetylcholine receptor stimulation [47]. Meanwhile, in the clinical setting,
β-adrenergic agonists, such as isoproterenol, are also administered for severe bradycardia
after propofol induction. This would also make sense because cAMP may exceedingly facili-
tate HCN channel opening by the activation of CNBDs, relieving the inhibition by propofol,
as suggested by our observations. Accordingly, a clinical study reported that propofol
anesthesia enhanced the heart rate increase in response to isoproterenol infusion [48]. In
addition, cAMP may also cause cAMP-induced arrhythmia when it is accumulated [49,50].
Caution should however be exercised in interpreting such results in terms of the altered
ionic mechanism underlying pacemaker activity, as well as the diverse pharmacological
activity of propofol. β-adrenergic stimulation potentiates not only HCN-mediated If but
also other ionic currents, including CaV1.3-mediated ICa,L [51] and Ist [52–54], and KV7.1-
mediated IKs [25], which are also potential targets of propofol [16]. Moreover, propofol
significantly reduces sympathetic nerve activity [55].
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5. Conclusions

Our patch clamp recordings and model fitting analyses of allosteric gating revealed
that the anesthetic agent propofol inhibits HCN channels by functionally interacting with
the cAMP-dependent gate. The model predicted that propofol facilitated the autoinhibition
of pore opening by unliganded CNBDs, which could be relieved by cAMP. The model-
based approaches provide a perspective for examinations and understanding the functional
interactions of HCN channels with allosteric modulators.
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//www.mdpi.com/article/10.3390/biom12040570/s1, Figure S1: Effects of changing each parameter
on the PO-V relationship.

Author Contributions: Conceptualization, W.-G.D., F.T., M.S. and H.M.; Methodology, M.S., X.M.
and M.O.-K.; Simulation, F.T. and M.S.; Validation, M.S., X.M., A.K., W.-G.D., F.T., Y.F., M.O.-K., H.K.
and H.M.; Data Analysis, M.S., W.-G.D., M.O.-K., Y.F. and A.K.; Writing-Original Draft Preparation,
M.S., X.M., F.T. and W.-G.D.; Writing-Review and Editing, F.T. and W.-G.D.; Supervision, W.-G.D.,
H.K. and H.M.; Funding Acquisition, F.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by a Grant-in-Aid for Scientific Research (No. P17K08537A to
F.T.) from Japan Society for the Promotion of Science (Tokyo, Japan).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smith, I.; White, P.F.; Nathanson, M.; Gouldson, R. Propofol: An update on its clinical use. Anesthesiology 1994, 81, 1005–1043.
[PubMed]

2. Franks, N.P. General anaesthesia: From molecular targets to neuronal pathways of sleep and arousal. Nat. Rev. Neurosci. 2008, 9,
370–386. [CrossRef] [PubMed]

3. Hemmings, H.C., Jr.; Akabas, M.H.; Goldstein, P.A.; Trudell, J.R.; Orser, B.A.; Harrison, N.L. Emerging molecular mechanisms of
general anesthetic action. Trends Pharmacol. Sci. 2005, 26, 503–510. [CrossRef] [PubMed]

4. Rudolph, U.; Antkowiak, B. Molecular and neuronal substrates for general anaesthetics. Nat. Rev. Neurosci. 2004, 5, 709–720.
[CrossRef]

5. Chen, X.; Shu, S.; Bayliss, D.A. Suppression of ih contributes to propofol-induced inhibition of mouse cortical pyramidal neurons.
J. Neurophysiol. 2005, 94, 3872–3883. [CrossRef]

6. Higuchi, H.; Funahashi, M.; Miyawaki, T.; Mitoh, Y.; Kohjitani, A.; Shimada, M.; Matsuo, R. Suppression of the hyperpolarization-
activated inward current contributes to the inhibitory actions of propofol on rat CA1 and CA3 pyramidal neurons. Neurosci. Res.

2003, 45, 459–472. [CrossRef]
7. Ying, S.W.; Abbas, S.Y.; Harrison, N.L.; Goldstein, P.A. Propofol block of I(h) contributes to the suppression of neuronal excitability

and rhythmic burst firing in thalamocortical neurons. Eur. J. Neurosci. 2006, 23, 465–480. [CrossRef]
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Abstract: Inhibition of K+-conductance through the human ether-a-go-go related gene (hERG)
channel leads to QT prolongation and is associated with cardiac arrhythmias. We previously reported
that physiological concentrations of some estrogens partially suppress the hERG channel currents
by interacting with the S6 residue F656 and increase the sensitivity of hERG blockade by E-4031.
Although these studies suggested that clinically used synthetic estrogens with similar structures have
the marked potential to alter hERG functions, the hERG interactions with synthetic estrogens have
not been assessed. We therefore examined whether ethinylestradiol (EE2), a synthetic estrogen used
in oral contraceptives, affects hERG function and blockade by drugs. Supratherapeutic concentrations
of EE2 did not alter amplitudes or kinetics of the hERG currents elicited by train pulses at 20 mV
(0.1 Hz). On the other hand, EE2 at therapeutic concentrations reduced the degree of hERG current
suppression by E-4031. The administration of EE2 followed by E-4031 blockade reversed the current
suppression, suggesting that the interaction of EE2 and E-4031 alters hERG at the drug-binding
site. The effects of EE2 on hERG blockade raised the possibility that other estrogens, including
synthetic estrogens, can alter hERG blockade by drugs that cause QT prolongation and ventricular
arrhythmias.

Keywords: cardiac potassium channel; hERG blocker; synthetic estrogen; QT intervals; drug interac-
tion

1. Introduction

The rapid component of the delayed rectifier potassium current (IKr) plays an essential
role in cardiac repolarization [1]. The pore-forming subunit of the human IKr channel
is encoded by the human ether-a-go-go-related gene (hERG; KCNH2) [2]. A decrease
in IKr as a result of drug blockade is a major cause of acquired (drug-induced) long QT
syndrome (LQTS), which is associated with electrocardiographical QTC prolongation and
lethal ventricular arrhythmias, presenting as torsades de pointes (TdP) [3]. Thus, the hERG
channel has become a primary anti-target in drug development. However, drug-induced
QTC prolongation is a complicated phenomenon that is related not just to unintended
hERG blockade, but also to multi-channel blockade, drug–drug interactions, and a variety
of patient factors, including sex [4–7].
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Women are more prone to developing TdP in response to QT-prolonging drugs than
men [4–7], and the mechanism may be related to baseline QTC intervals, which are ap-
proximately 20 ms longer in women than in men [7]. The mechanism of sex differences in
baseline QTC intervals involves the shortening of QTC intervals, mainly by endogenous
testosterone and progesterone [8–11]. Although the effects of estrogen on QT intervals
may not be as dominant as those of testosterone or progesterone, studies of menopausal
hormone therapy (MHT) in the form of estrogen-alone therapy (ET) and estrogen plus
progesterone therapy (EPT) suggested a counterbalancing effect of exogenous estrogen
and progesterone on QT intervals [12]. Specifically, ET lengthens the QT interval, whereas
EPT has no effect. In our animal studies [13,14], estrogen at a physiological concentration
lengthened QT intervals by suppressing IKr in a receptor-independent manner [13]. Our
previous patch-clamp analysis with hERG channel-expressing cells revealed that some
estrogens, estradiol and estrone sulfate, interact with the hERG channel, and alter the effects
of a selective hERG blocker, E-4031 [13,15]. This study is consistent with the clinical QT pro-
longation by estrogens used for ET. Recently, oral contraceptives were reported to increase
the risk of TdP based on the administration of d,l-sotalol to healthy female volunteers [16].
However, to date, no studies have assessed whether oral contraceptive ingredients affect
the hERG channel function. Thus, we investigated the effects of ethinylestradiol (EE2),
which is used in almost all modern formulations of combined oral contraceptive pills,
on the hERG channel currents and hERG blockade by E-4031 in stable hERG-expressing
HEK293 cells.

2. Materials and Methods

2.1. Materials

Stock solutions of EE2 (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) at 10 mM (in
ethanol) and E-4031 (Eisai Co. Ltd., Tokyo, Japan) at 10 mM (in H2O) were diluted to final
concentrations in the external solutions. The final concentration of solvent (ethanol) was
confirmed to have no effects on hERG currents [13]. All other materials were of reagent
grade quality and obtained from standard sources.

2.2. Cell Culture

Human embryonic kidney (HEK) 293 cells stably expressing hERG [17] were cultured
in phenol red-free D-MEM supplemented with 10% charcoal-treated FBS and 200 µg/mL
of geneticin, G418. All cells were kept in an incubator at 37 ◦C with 5% CO2, and plated on
culture dishes the day before electrophysiological experiments.

2.3. Electrophysiology

Methods were described in detail previously [13]. In brief, hERG channel currents
were recorded at room temperature (22 ± 2 ◦C) using the perforated patch-clamp technique
with an Axopatch 200B amplifier (Molecular Devices, San Jose, CA, USA). The control
bath solution contained 132 mM NaCl, 4.8 mM KCl, 1.2 mM MgCl2, 2 mM CaCl2, 5 mM
glucose, and 10 mM HEPES, pH 7.4. Pipettes (2–4 MΩ resistance) were filled with a solution
containing 110 mM K-aspartate, 5 mM ATP-K2, 1 mM CaCl2, 1 mM MgCl2, 11 mM EGTA,
and 5 mM HEPES, pH 7.3. To achieve patch perforation (series resistance: 10–20 MΩ),
amphotericin B (0.3 mg/mL) (Nacalai Tesque, Inc., Kyoto, Japan) was added to the pipette
solution. Signals were low-pass filtered at 5 kHz, sampled at 2 kHz, and compensated for
cell capacitance (10–40 pF), but not for series resistance.

To investigate the effects of EE2 on hERG current amplitudes, the peak deactivating tail
current was recorded at the repolarizing steps to −40 mV subsequent to 2-s depolarizing
test pulses to 20 mV from a holding potential of −80 mV, as described previously [13]. The
hERG channel tail-current amplitude was monitored at 0.1 Hz. In order to examine the
hERG activation curves, the data of the normalized tail current amplitudes of IhERG were
fitted to the Boltzmann equation: I/Imax = G/Gmax = {1 + exp [−(Vm − V0.5)/k] −1}, where
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G/Gmax is normalized chord conductance at Vm to the maximum chord conductance, V0.5
is the potential where the conductance is half-maximally activated, and k is the slope factor.

2.4. Data Analysis

All values are presented as the mean ±S.E. pCLAMP 10.7 software (Molecular De-
vices, San Jose, CA, USA) was used to both acquire and analyze data for the patch-clamp
experiments. Graphical and statistical analyses were carried out using OriginPro 2021
software (OriginLab Corporation, Northampton, MA, USA). Significant differences for
multiple comparisons in Figures 1C and 2 were assessed using one-way ANOVA followed
by Tukey’s post hoc test. Statistical analysis was carried out using SPSS software Ver27.0
(IBM, Armonk, NY, USA). p < 0.05 was considered to be significant.

3. Results

To assess the effects of ethinylestradiol (EE2, Figure 1A) on the hERG current, patch
clamp analysis in stable hERG-HEK cells was performed as described in the Methods. The
hERG channel function was measured as the peak tail current at −40 mV following a 2-s
voltage step from −80 mV to the test voltages (Vt). As shown in Figure 1B,C, exposure
of EE2 (0.1–10 nM) had no effect on hERG channel current traces elicited by a test pulse
at 20 mV. Under the same experimental condition, exposure to 3 nM 17-β-estradiol (E2,
Figure 1A,C) for 4 min significantly blocked hERG tail currents by 21.6 ± 3.2% (p < 0.00001
ANOVA with repeated measures, vs. EE2), confirming the acute and partial hERG block by
E2 [13]. The effects of EE2 on current–voltage (I–V) relationships for peak outward hERG
currents and peak tail currents were investigated by applying EE2 at 1 nM and 10 nM,
respectively (Figure 1D–F). For each cell, the respective tail peak amplitudes at each step
were normalized to the amplitudes of maximum tail current elicited by a strong Vt to
the plateau level of channel activation, allowing us to estimate the macroscopic channel
availability at the end of the preceding Vt. As shown in Table 1, which summarizes the data
analysis, the 5-min application of EE2 did not affect the maximum hERG current density or
voltage dependence of the activation. These analyses for voltage-dependent activation of
the hERG channel revealed that EE2 at clinical dosages has no direct effects on the hERG
channel activity.

Table 1. Effects of EE2 on voltage-dependence of hERG activation. Before and after a cumulative
5-min exposure from 1 nM to 10 nM EE2, I-V relationships were obtained by the same voltage
protocol described in Figure 1D–G. Eighteen cells were used. No significant difference was detected
(ANOVA with repeated measures).

Control (Before) EE2 at 1 nM EE2 at 10 nM

(n = 18)
V0.5 (mV)

Slope factor (k)
Imax (pA/pF)

3.5 ± 1.5
10.3 ± 0.3
46.5 ± 3.5

4.4 ± 1.4
10.2 ± 0.3
47.3 ± 3.9

5.4 ± 1.3
10.5 ± 0.3
47.7 ± 3.9

We next evaluated the effects of EE2 on the sensitivity of a hERG blocker, E-4031,
to hERG currents in HEK293 cells. In the presence or absence of hormones, plots of tail
amplitudes were normalized relative to the values just before the application of E-4031.
Experiments in the presence or absence of hormones were performed on the same day to
avoid the effects of unexpected batch-to-batch variation between cell cultures. As shown in
Figure 2, the presence of EE2 in the external solution significantly reduced the fractional
inhibition of hERG currents induced by E-4031 at 300 nM.
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−50 to 60 mV (1
s test pulses, −40 mV return, V = −80 mV) from a single cell before (left) and after a 5
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Figure 1. Effects of the external application of ethinylestradiol, EE2, on hERG channel currents.
Membrane currents were recorded from HEK293 cells stably expressing hERG. The hERG channels
were sequentially activated at 0.1 Hz by 2-s test pulses from a holding potential (Vh) at −80 mV.
(A), Chemical structures of E2 (left) and EE2 (right). (B), Representative traces before and after the
application of EE2 (upper; 1 nM, lower; 10 nM) for 4 min. (C), Time courses of the effects of EE2
at 0.1 nM (open triangles, n = 5), 1 nM (closed triangles, n = 8), and 10 nM (n = 7), and E2 at 3 nM
(closed triangles, n = 5). After stabilizing the tail amplitudes for 1 min, currents were recorded in
the presence of each concentration of EE2 in the bath solution. Plots (means ± S.E.M.) are shown
as ratios of the peak tail amplitudes just before the application of estrogens (control at time zero).
(D–G), No effect on current-voltage relationships of the hERG channel elicited by a series of 2-s test
pulses from −50 to 60 mV (10-mV increments, 0.1 Hz). (D), Representative superimposed traces at
step pulses (2-s test pulses, −40 mV return, Vh = −80 mV) from a single cell before (left) and after
a 5-min cumulative application of EE2 from 1 nM (middle) to 10 nM (right). (E), Current–voltage
relationship at the end of test pulses. (F), Current–voltage relationship of tail peak currents recorded
at −40 mV. (G), Normalized peaks of tail currents were plotted as a function of the hERG activation
(Boltzmann fitting). Eighteen cells were used. Data are summarized in Table 1.
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Control (Before) EE2 at 1 nM EE2 at 10 nM
(n = 18)

V0.5 (mV)
Slope factor (k)

Imax (pA/pF)

3.5 ± 1.5
10.3 ± 0.3
46.5 ± 3.5

4.4 ± 1.4
10.2 ± 0.3
47.3 ± 3.9

5.4 ± 1.3
10.5 ± 0.3
47.7 ± 3.9

−
−

Figure 2. Blockade of hERG currents by E-4031 with or without EE2. hERG currents were recorded from HEK293 cells using
the scheme as that described in Figure 1D. The hERG channels were sequentially activated at 0.1 Hz by 20-mV test pulses for
2 s from a holding potential (Vh) at −80 mV, whereas tail currents were recorded with a repolarizing step to −40 mV. EE2 at
1 nM was administered 5 min prior to the cumulative application of E-4031. (A). Representative traces in the presence of
EtOH (left) and EE2 (right) are shown by superimposing the traces before (control) and after the addition of E-4031 (3, 30
and 300 nM). Scale, 10 pA/pF, 1 s. (B). Time course of hERG inhibition by cumulative application of E-4031 in the presence
of 0.0001% EtOH (left) and 1 nM EE2 (right). After the current amplitudes were stabilized for 1 min, E-4031 was added in
the presence of EtOH or EE2. The timing of E-4031 applications (3, 30, and 300 nM) indicated by the arrowheads above the
plot. (C). Concentration-dependent inhibition of E-4031 was plotted as relative values of the tail amplitudes compared to
the right before the application of E-4031. Colored lines indicate the presence of EE2. Control (no EE2); n = 8, EE2 at 1 nM;
n = 8, EE2 at 10 nM; n = 8.

To assess whether later-administered EE2 can alter the hERG blockade by E-4031, EE2
at 1 nM was added after the hERG blockade was stabilized by E-4031 at 30 nM (Figure 3).
A time course of the peak tail hERG currents at −40 mV is depicted in Figure 3A. To
investigate the effects of EE2 on the hERG channel blockade by E-4031, the peak tail hERG
amplitudes were compared under each administrative condition (Figures 3 and 4). E-4031
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at 30 nM near IC50 [13] inhibited the peak tail currents of the hERG channel (Figure 3A,
blue plots), and the following addition of EE2 at 1 nM restored the tail amplitudes in a
time-dependent manner (Figure 3A, green plots). To examine the voltage dependence
of the effects, I-V relationships of the peak tail current amplitudes before and after the
administration of E-4031 and addition of EE2 were averaged (Figure 4B) and plotted
versus the preceding test pulses from −40 mV to 60 mV. E-4031 reduced the peak hERG
tail amplitudes measured after voltage steps to 20–60 mV, and the addition of EE2 at
1 nM partially recovered the reduced current amplitudes measured after voltage steps to
40–60 mV (Figure 4A,B). After normalization by the maximal peak amplitude recorded
during the preceding voltage step at 60 mV in the control (Figure 4C), EE2-induced recovery
from inhibition was observed in the tail amplitudes measured after voltage steps to −10 mV
and 0 mV, where the hERG channel played a significant role in repolarization of the cardiac
action potential. The tail current amplitude normalized to the maximum tail current
amplitude at each I-V challenge was used to fit the activation curves shown in Figure 4D.
No significant changes in midpoint voltage (V50) or slope factor (k) for activation were
found by the application of drugs, whereas the decreased Imax by E-4031 significantly
recovered after the addition of EE2 (Table 2), confirming the results shown in Figure 4.

–

–

Figure 3. Effects of EE2 on blockade of hERG currents by E-4031. HERG currents were recorded
from HEK293 cells stably expressing hERG as described in Figure 1. (A). Time course of hERG tail
current blockade by E-4031 at 30 nM and the following recovery by the addition of EE2 at 1 nM. Plots
from a representative experiment are normalized by the tail amplitude before E-4031 application
(time 0). The current-voltage (I–V) relationships were tested before drug application (control, black),
after E-4031 block (blue) and after the addition of EE2 (E-4031 + EE2, green). (B). Representative
traces elicited by 20-mV test pulse (closed circles in I–V relationships) are shown by superimposing
the traces before (control, black) and after the application of E-4031 only (blue) and E-4031 plus EE2
(green). Scale, 5 pA/pF, 1 s.
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−

Student’s t

Figure 4. Effects of EE2 on I–V relationships of hERG currents by E-4031. I–V relationships of the
hERG channel were activated by the same voltage protocol described in Figure 1D, and compared
before drug application (control, black), after 30 nM E-4031 block (blue), and after the addition of
EE2 (30 nM E-4031 + 1 nM EE2, green). (A), Representative traces elicited by step pulses (−40 mV to
60 mV). Tail peaks are indicated by arrows. Scale, 20 pA/pF, 1 s. (B), Tail I-V curves before (control),
after the application of E-4031, and after the addition of EE2 (E-4031 + EE2). p < 0.05 ANOVA with
repeated measures. * p < 0.05 vs. control. (C), Respective tail peak amplitudes were normalized
to the tail amplitude preceding 60 mV before drug applications (control). p < 0.05 ANOVA with
repeated measures. * p < 0.05, ** p < 0.01, vs. control, # p < 0.05 vs. E-4031. (D), Comparison of
channel availability curves obtained from tail I-Vs. Smooth lines are Boltzmann fits, as described
in the Methods, that generated V0.5 of activation in Control (black line), in E-4031 (blue line), and
in E-4031/EE2 (green line); ns, ANOVA. Seven experiments were performed. Significance was
evaluated using Student’s t-tests after repeated measures one-way ANOVA.

Table 2. Effects of EE2 at 1 nM on the change in voltage dependence of the hERG activation by E-4031
at 30 nM. The experimental condition and results are also shown in Figure 4. Seven experiments
were performed.

Control E-4031 E-4031 ± EE2

(n = 7)
V0.5 (mV)

Slope factor (k)
Imax (pA/pF)

9.6 ± 3.2
8.1 ± 0.4

20.0 ± 7.7

11.1 ± 2.2
11.4 ± 0.9
9.2 ± 4.6 *

8.7 ± 5.3
10.9 ± 1.3

13.3 ± 5.7 #

p < 0.05 ANOVA with repeated measures. * p < 0.05 Control vs. E-4031, # p < 0.05 E-4031 vs. E-4031 + EE2.
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4. Discussion

Synthetic estrogens, such as oral contraceptives, have medical applications world-
wide [18]. Ethinylestradiol (EE2) is an estrogen medication used widely in oral contracep-
tives in combination with progestins [18]. In this study, EE2 reduced the hERG block by
E-4031 without exhibiting detectable effects on the hERG channel function. As the hERG
blockade by selective IKr inhibitors like E-4031 is associated with QT prolongation and an
increased risk of arrhythmia, interaction with EE2 may reduce this risk. Because the risk of
drug-induced QT prolongation is associated with physiological conditions such as heart
rate [19] and genetic substrates such as LQT1 mutations [20], the clinical relevance of the
degree of recovery of partial hERG block by EE2 may be case-by-case. The concentrations
of EE2 used in this study (1–10 nM) are near or greater than peak concentrations in common
clinical doses (1–5 nM) [21]. Thus, oral contraceptives containing EE2 may alter the risk of
arrhythmia induction by a hERG inhibitor, E-4031.

We previously reported that 17-β-estradiol (E2), the most bio-active estrogen, promotes
hERG inhibition and rodent QT interval prolongation caused by E-4031 [13,14]. As shown
in Figure 1A, E2 alone partially inhibited the hERG channel described initially by Kurokawa
et al. [13], which is different from the interaction with EE2 described in the present study.
The partial inhibition of hERG channels by physiological serum concentrations of E2 [13]
or estrone sulfate [15], but not by its precursors dihydrotestosterone or progesterone, was
abolished when the aromatic side chain F656 located in the inner cavity of the hERG
channel was mutated to threonine or methionine [13], suggesting that the aromatic ring
in the chemical structure of E2 is the site of interaction. The interaction of E2 with hERG
inhibition via the aromatic ring has also been demonstrated in vivo, as the QT-prolonging
effects of E-4031 were increased by E2 in aromatase knockout mice lacking endogenous
estrogen [14]. The effects of E2 on the risk of QT prolongation by hERG inhibition [14]
suggest the general involvement of aromatic estrogens with or without independent
inhibition of hERG [15], but other interactions between estrogens and hERG blockers have
not been confirmed and require further investigation.

On the molecular level, we discuss the present results based on our previous MD
simulations of the interaction between E2 and dofetilide [22]. The MD simulation using an
hERG open state model identified a binding site for E2 which is defined by the aromatic
F656 side-chain, supplemented by a number of hydrophobic residues including L650 and
A653. Moreover, Y652 is also transiently involved at this site. The E2 intracellular cavity
binding site is adjacent to that of dofetilide, suggesting a likely interaction. Because the
chemical structure that binds it to the common binding site of hERG is almost identical for
dofetilide and E-4031, a similar interaction between E2 and E-4031could be speculated. It
is apparent that 17α-ethynylation of estradiol in EE2 alters the hydrophobic environment
around side chains of Y652 and F656, implying that the effects of E2 and EE2 are so
different. In the present study, we found that EE2 reduced the effects of E-4031 on hERG
channels, as opposed to enhancing them, suggesting that estrogens can alter the action
of hERG inhibitors in both directions. Whether EE2 was administered prior to (Figure 2)
or after (Figures 3 and 4) E-4031, EE2 similarly attenuated hERG inhibition. In addition,
alanine substitution of Y652, a typical drug-binding site of the hERG channel, did not
affect the action of E2 [13]. This suggests that the site of action of estrogens, including
F656 of the hERG channel, is distinct from the typical binding site of hERG inhibitors,
which includes both F656 and Y652. This is a reasonable hypothesis considering that hERG
potassium channels exhibit numerous interactions with diverse chemical scaffolds [23].
Further studies on the binding site of estrogens in the hERG channel are expected in the
future.

The clinical significance of our cell-based assay is that we confirmed that synthetic
estrogens used in medicine can influence the action of hERG blockers. There is a worldwide
debate concerning whether oral contraceptives increase the risk of arrhythmias caused by
QT-prolonging drugs, and there are reports that some oral contraceptives increase the risk
of TdP caused by d,l-sotalol [16]. In summary, this study suggests that the accuracy of the
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assessment of cardiotoxicity due to arrhythmogenesis caused by hERG inhibition can be
improved by considering the interaction with estrogens.
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Abstract: The heart is a significant organ in mammalian life, and the heartbeat mechanism has been
an essential focus of science. However, few studies have focused on species differences. Accordingly,
challenges remain in studying genes that have universal functions across species and genes that
determine species differences. Here, we analyzed transcriptome data in mouse, rat, and human
atria, ventricles, and sinoatrial nodes (SA) obtained from different platforms and compared them
by calculating specificity measure (SPM) values in consideration of species differences. Among
the three heart regions, the species differences in SA were the greatest, and we searched for genes
that determined the essential characteristics of SA, which was SHOX2 in our criteria. The SPM value
of SHOX2 was prominently high across species. Similarly, by calculating SPM values, we identified
3 atrial-specific, 11 ventricular-specific, and 17 SA-specific markers. Ontology analysis identified
70 cardiac region- and species-specific ontologies. These results suggest that reanalyzing existing
data by calculating SPM values may identify novel tissue-specific genes and species-dependent gene
expression. This study identified the importance of SHOX2 as an SA-specific transcription factor,
a novel cardiac regional marker, and species-dependent ontologies.

Keywords: transcriptome; heart; SHOX2

1. Introduction

The heart is the principal organ of mammalian lives, which functions first in an early
developmental stage, and never stops for the rest of life. Thus, the molecular processes
underlying heart function have been a significant focus of science for a long time. From
the 1950s to the 1970s, actin-myosin sliding filament theory revealed the contraction mecha-
nisms in response to intracellular Ca2+ ([Ca2+]i) elevation accompanied by the membrane
depolarization via voltage-gated ion channels [1–3]. From the 1980s to the 1990s, molec-
ular cloning strategies identified the gene sequences and primary structures of the ion
channels [4–7]. The hyperpolarization-activated current (Ih) in the sinoatrial node (SA)
was recorded in 1976 [8], which become known as the If current [9] via the HCN4 chan-
nel [10]. It is thought that [Ca2+]i initiates the SA beating [11] as well as the ventricular
contraction. These cardiac activities are regulated by the autonomic nervous system. One is
the sympathetic control with the adrenergic stimulation. Intracellular signaling under
the β-adrenaline receptor reinforces the ion currents and [Ca2+]i movements, increasing
the contraction’s capability and accelerating the heart rate. The other is the parasympa-
thetic control with the cholinergic signaling, which oppositely suppresses the sympathetic
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effects [12,13]. As such, muscle filament, ion channels, Ca2+ handling, and cell signaling
networks are regarded as fundamental factors in cardiac physiology.

However, while the essential functions of the heart are believed to be well established,
biophysical cardiac parameters at the molecular and cellular levels are not consistent
throughout the species. For example, a Na+-Ca2+ exchanger (NCX) is a device that converts
[Ca2+]i elevation into membrane potential, which is essential for driving SA automaticity
in rabbits and mice, as mentioned above. Meanwhile, the guinea-pig SA beats indepen-
dently of changes in [Ca2+]i [14] and is not suppressed by an NCX inhibitor [15]. The L-type
Ca2+ current (LCC) responses to intracellular cGMP differ in guinea-pigs, rats, and humans.
cGMP magnifies the β-adrenergic LCC enhancement in guinea-pigs [16] while it exhibits
the opposite effect in rats [17]. Further study using human myocytes uncovered that cGMP
itself increased LCC without other effectors. Rivet-Bastide et al. proposed that different ac-
tions of cGMP on LCC were mainly attributable to the difference in the phosphodiesterase
isotype [17]. In the case of potassium current, the 4-aminopyridine sensitive transient
outward current observed in mouse, rat, and human cardiomyocytes [18,19] is unrecogniz-
able in guinea-pigs [20]. By contrast, an isoprenaline-stimulable Cl- current of the heart
is prominent in guinea-pigs rather than in other mammals [21,22]. A comparative study
of Ih was recently demonstrated in rat, guinea pig, and rabbit pulmonary vein cardiomy-
ocytes [23,24]. Surprisingly, Ih in rats is neither If nor IKH [25], but ClC-2 current [26]. In this
careful and refined consideration of the data, species differences in molecular function
within the heart have generally been observed. Therefore, a comprehensive comparison
of species differences in molecular information within the heart is a critical challenge for
future cardiac research. Thus, to compare species differences in gene expressions in a high-
throughput manner, we acquired unpublished transcriptome data. We acquired these data
from academic institutions or a pharmaceutical company that had launched experiments
and remained unpublished because they failed to achieve their original purposes.

In the current study, we present an analysis of the transcriptomes in three different
animal species—mice, rats, and humans—separately for atria, ventricles, and SA. The bioin-
formatical evaluation across the species disclosed the essential genes of the heart and
the crucial difference among the species.

2. Materials and Methods

2.1. RNA Extractions from Experimental Animals

In order to extract endogenous RNAs from different parts of cardiac tissues, 16 C57/BL6
male mice (5–10 weeks) and 12 Wistar male rats (8–11 weeks) were sacrificed. Three mice
and two rats were required to prepare an adequate RNA sample for the sinoatrial node
(SA). In the surgical operation, the animals were deeply anesthetized by 320–450 mg/kg
pentobarbital sodium with 100 UI heparin. After checking suppression of the nociceptive
reflex, the chest cavity was opened, and the heart and lungs were excised in a block and
then perfused sequentially with ice-cold, Ca2+ free, and heparinized external solution
until most of the blood was washed out from the heart and lungs. The composition of
the external solution (mM) was: NaCl 136.9, KCl 5.4, NaH2PO4 0.33, HEPES 5.0, MgCl 0.5
and glucose 5.5 (pH 7.4 with NaOH). The heart-lung block was pinned to the tissue
bath. Soft tissue containing the vagus nerve and adipose tissue was trimmed off under
a stereomicroscope, then cardiopulmonary tissues were isolated one by one. The left atrium
(LA) adjacent to the pulmonary vein (PV), a mass of the left ventricle (LV), and the free-wall
of the right ventricle (RV) were isolated. Each LV mass was dissected into three pieces
as samples. Because the SAN isolation procedure takes approximately 20 min, SA was
isolated separately. The SA region was delimited by the borders of the crista terminalis,
the interatrial septum, the superior vena cava, and the right atrium (RA) (Supplementary
Figure S1). Our SA-cutting technique was confirmed by quantitative PCR for mice and
by the microarray data itself for rats (Supplementary Figure S2). Because the SAN is
a tiny cardiac area, three mice and two rats were needed to extract the required amount of
RNA for the microarray. All cardiopulmonary tissues were isolated within 30 min after
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the heart was removed from the body. During tissue isolation, the external solution was
perfused at a rate of 10 mL/min on ice. In addition to PV, LV, RV, SA, and RA samples,
pulmonary arteries were added to the samples for the rat microarray. All tissue samples
were fresh-frozen in liquid nitrogen and stored at −80 ◦C for later RNA extraction. RNAs
were extracted using QIAGEN RNeasy mini columns (QIAGEN, Venlo, The Netherland).

2.2. RNA Extractions from Heart Donations

Human heart samples 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. In the current study, three normal hearts were separated
into LA, RA, LV, RV, and SAN. These samples were frozen in RNAlater (Thermo Fisher
Science, Waltham, MA, USA) at −20 ◦C. RNAs were extracted in our laboratory using
QIAGEN RNeasy mini columns (QIAGEN).

2.3. Mouse Gene Expression Microarrays (Illumina)

Five hundred ng total RNA was labeled according to the manufacturer’s instructions
using the Illumina TotalPrepTM RNA amplification kit (Illumina, San Diego, CA, USA),
and 750 ng biotinylated RNA per sample hybridized overnight to Illumina Mouse Ref-8 v2
BeadChips. Following post-hybridization rinses, arrays were incubated with streptavidin-
conjugated Cy3, and scanned at a resolution of 0.53 µm using an Illumina iScan scanner.
Hybridization intensity data were extracted using Illumina BeadStudio GenomeStudio
software, ver. 2011.1 (Illumina).

A total of 18 microarray data samples were used for the mouse data, consisting of 4, 2, 4,
4, 4 samples of LA, LV, RA, RV, and SA. Signal values were transformed by log2(intensity + 1)
and standardized using the normalizeBetweenArrays function in the limma package to
align the medians of all arrays [27]. The probe information was converted to gene informa-
tion corresponding to unique Ensemble Gene IDs. This conversion was done via Entrez
Gene ID using DAVID web tool [27]. When multiple probes corresponded to a single gene,
the maximum signal intensity value was adopted.

2.4. Rat Gene Expression Microarrays (Agilent)

RNAs from rat samples were amplified as complementary RNA (cRNA) and labeled
with Cy3 using the Low-Input QuickAmp Labeling kit (Agilent Technologies, Santa Clara,
CA, USA). Cy3-labeled cRNA was fragmented and hybridized to SurePrint G3 Rat GE
microarray 8 × 60K v2 (Agilent Technologies). SurePrint Array was scanned by the Agilent
DNA Microarray Scanner (G2505C).

A total of 23 microarray data samples were used for the rat data, with 4, 4, 4, 4, 4, 4, 3,
4 samples of LA, LV, PA, PV, RV, and SA. All background-subtracted data were detrended
and normalized by 90 percentile normalization. Probes containing missing values were
removed, and probe information was converted to gene information corresponding to
unique Ensemble Gene IDs. This conversion was done via the Ensemble Transcriptome ID.
Here, when multiple probes corresponded to a single gene, the maximum signal intensity
value was adopted. The gene expression signal values thus obtained were converted by
log2(intensity + 1) and used as gene expression intensity in subsequent analyses.

2.5. RNA-Seq on the Donated Hearts

The high-throughput sequence was demonstrated with NovaSeq 6000 (Illumina).
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. During the polymerase
reactions, deoxy UTP (dUTP) was mixed in nucleotide materials. Both ends of double-
stranded DNA (ds DNA) were ligated to a 13 bp adapter sequence. Next, the ds DNAs
were subjected to PCR amplification for the multi-sized DNA library preparation. NovaSeq
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Control software v1.4.0 analyzed the sequencing runs and tag sequences classified each
read in the raw sequencing data. A total of 21 RNA-seq data were used for human
data, three samples each of LA, left atrial appendage (LAA), LV, pulmonary vein (PV),
RA, RV, and SA. Fastp software (version 0.12.4, see reference [28]) was used for reading
quality control and adapter removal [28]. In the raw data, the number of the generated
pair-end reads per sample ranges between 49,720,696 to 368,429,512 reads (92,267,671
reads per sample on average). Further, we confirmed that Q30 > 90% is satisfied in all
samples. Reads were aligned using STAR software (version 2.7.0a, see [29]). The fasta
and gtf files of GRCh38/release105 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 [30]). We calculated
the Transcripts Per Kilobase Million (TPM) values based on the calculated gene lengths
and gene counts [31,32]. These values were converted by log2(intensity + 1) and used
as gene expression intensity in subsequent analyses. As the quality check of this data,
we compared our data with the public RNA-seq data in human RA, RV, LA, and LV
samples (GSE112339 [33]). We confirmed the high correlation (Spearman’s correlation
coefficient > 0.9) between the mean expression value of each region of our and previous
data (Supplementary Figure S3).

2.6. The Evaluation of Similarities of Expression Intensity among Species or Regions

Hierarchical clustering was applied to the gene expression matrices of humans, mice,
and rats to evaluate the similarity of regions. It was performed using the R package TCC’s
clusterSample function with default setting [34]. The dendextend package was used to
draw the results [35]. A comparison of transcriptome data among species was performed
using gene ortholog relationships. Human–mouse, human–rat, and mouse–rat ortholog
conversion tables were obtained from Ensemble Biomart. Using this table, scatter plots of
gene expression profiles between species were created with one species as the x-axis and
another species as the y-axis. We calculated Spearman’s correlation coefficient of expression
values. For each gene of the x-axis species, an orthologous counterpart gene of the y-axis
species was mapped. If more than one gene of the y-axis species corresponded to one gene
of the x-axis species, the average value was applied.

2.7. Identification of Heart Region-Specific Expressed Genes

Heart region-specific genes were identified in each species. Three heart regions were
targeted: LA, SA, and V. Here, LV and RV were grouped together as V. Genes whose
expression values exceeded a certain threshold in at least one sample were used for subse-
quent analysis. These threshold values were defined as >1, >4, and >6 for humans, rats,
and mice, respectively. They are determined based on the distribution of expression levels.
For human RNA-seq data, one was added to all elements of the gene expression matrix
before subsequent analysis to avoid zero values affecting the results. For each gene, differ-
ences in expression levels among regions were tested by analysis of variance (ANOVA),
and p-values were calculated. The p-values were adjusted by the Benjamini–Hochberg
(BH) method considering multiple testing problems. In addition to the statistical tests,
the region specificity of LA, V, and SA was calculated as the specificity measure (SPM)
value for each gene [36]. SPM is obtained by dividing the average expression value of
a region by the absolute values of the average expression vector of three regions. SPM
values range from zero to one; the larger the value, the more specific the region. A gene was
defined as a specifically expressed gene at a region if SPM was above a certain threshold
and BH adjusted p-value < 0.05. This threshold was defined as the 95th percentile point of
the null SPM values calculated from one label permutation per gene. The same procedure
as in the evaluation of similarities of expression intensity was used to calculate the corre-
spondence of SPM values in human–mouse and human–rat. We conducted the clustering
analysis for nine species-region pairs for the SPM values obtained for the human genes
with orthologs in both rats and mice. The distance metric used in the clustering was
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the 1—Spearman’s correlation coefficient for SPM values, and the hclust function in R was
used with default settings. The z-score normalized SPM was calculated by the standard
normalization of SPM values for each species-region pair.

2.8. Comparison of Region-Specific Expressed Genes among Three Species

We conducted the biological interpretations of the region-specific gene sets (LA-specific,
V-specific, and SA-specific) and compared them among species. First, we focused on com-
monly LA-specific, V-specific, or SA-specific gene sets in all three species. These are three
gene sets: common LA-specific, common V-specific, and common SA-specific. This was
defined as a region-specific gene in humans whose orthologous gene is also identically
region-specific in both mice and rats. In addition, we focused on the species-selective region-
specific gene set, which is a region-specific gene set for only one species. These are nine
gene sets: human-selective LA-specific, human-selective V-specific, and human-selective
SA-specific, mouse-selective LA-specific, mouse-selective V-specific, and mouse-selective
SA-specific, rat-selective LA-specific, rat-selective V-specific, and rat-selective SA-specific.
We focused on the transcription factor genes defined as the genes with Gene Ontology
term GO:0003700 (DNA-binding transcription factor activity). Enrichment analysis for gene
ontology was performed on the gene sets using the clusterProfiler package in R to identify
the Gene Ontology (BH adjusted p-value < 0.05) associated with each gene set [37]. The back-
ground gene set of this enrichment analysis is all genes included in the region-specific
gene analysis for the other two species. We used the R package (The R Project for Statisti-
cal Computing, https://www.r-project.org/) org.Hs.eg.db (version 3.13.0), org.Rn.eg.db
(version 3.13.0), org.Mm.eg.db (version 3.13.0) as the databases for Gene Ontology and
gene annotation.

2.9. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Quantitative RT-PCR was performed using SYBR Green (BioRad, Hercules, CA, USA
or Roche, Basel, Switzerland) on an ABI PRISM 799HT Sequence Detection System (Ap-
plied Biosystems, Waltham, MA, USA). PCR efficiency was evaluated by using a standard
curve of four serial dilution points. Data were analyzed using Applied Biosystems software,
and mRNA was normalized to the housekeeping genes, H1 or cardiac β-tubulin. All reactions
were carried out in quadruplicate, and each average was in use. The PCR result measures
the expression of the ventricle with arbitrary unit 1 and shows how many times more than
the expression of the ventricle. Statistical significances of RT-PCR results were determined by
an ordinary one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test,
using GraphPad Prism ver. 9.0.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Classification of Cardiac Regions Based on Gene Expression Patterns

Microarray data of mice using Illumina’s Bead chip clustered gene expression patterns
according to anatomic segments of the heart. The ventricles were further divided into
the left ventricle (LV) and right ventricle (RV), and the atria into the right atrium (RA) and
left atrium (LA) (Figure 1A). The rat microarray data using Agilent’s SurePrint included
pulmonary artery (PA) and pulmonary vein (PV) samples and no RA sample compared to
the mouse microarray sample. PA, being extracardiac tissue, is naturally clustered outside
of the cardiac zone. Although clusters of ventricles were present, LV and RV were not
cleanly separated. LA, SA, and PV were roughly clustered (Figure 1B).
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Figure 1. The clustering for the transcriptome samples and the distributions of expression intensity of
gene expression intensities for mouse (A) and rat (B) array data (Illumina bead chip or SurePrint GE
microarray) and (C) human RNA-seq data. (D) Interspecies comparisons of transcriptome data were
performed using human gene ortholog relationships. For each gene, differences in expression levels
between sites were tested by analysis of variance (ANOVA), and p values were calculated. For each
gene, the site-specificity of the three sites was calculated as the specificity measure (SPM) value. Most of
the analysis was performed on a single platform by SPM values. The results of hierarchical clustering of
SPM values for site-specificity. Human genes with orthologs in mice and rats were targeted. The analysis
was limited to the left atrium (LA), ventricles (V) (right ventricle (RV), and left ventricle (LV) data were
combined), and sinoatrial nodes (SA), which are cardiac regions that are common in the transcriptome
data. LAA; left atrial appendage, RA; right atrium, PA; pulmonary artery, PV; pulmonary vein. Each
cardiopulmonary region is color-coded, with a corresponding panel in (A).

On the other hand, unlike experimental animals, for which we controlled for strain
and age in months, the human RNA-seq data had sizable individual variability, and it was
difficult to achieve statistically superior clustering with only three samples for each cardiac
region. The expression pattern was roughly divided into ventricular and non-ventricular,
and ventricles were not separated into LV and RV (Figure 1C). We challenged academic
discovery by cross-platform analysis of these unpublished transcriptome data, which
were acquired for several different research projects. Samples were limited to LA, V,
and SA; RA was not present in the rat microarray; LV and RV were computationally
indistinguishable from the data in our possession. The specificity measure (SPM) values
(see Section 2) were then calculated for each cardiac region (LA, V, SA) for a unified
analysis of transcriptome data with different medians and units for expression levels. Cross-
platform clustering of the SPM values of orthologous genes among mice, rats, and humans
clustered the data by cardiac region rather than by platform (Figure 1D). Hierarchical
clustering reflects the relative distance of relationships within the samples. In Figure 1A–C,
the transcriptome sample in humans and rats did not separate well because the differences
between regions were not very large compared to the differences between individuals. Our
data processing method using SPM averages out the inter-individual differences, removes
some of the platform differences and reflects the differences among regions in Figure 1D.
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3.2. Interspecies Correlation of the Transcriptome

Figure 2 displays scatter plots visualizing the relationship of gene expressions for each
animal pair. The upper three panels show the LA, the middle three panels show the V,
and the lower three panels show the SA from left to right the gene expression relationships
in mouse–rat, human–mouse, and human–rat. The transcriptome data demonstrated a mod-
erate correlation with Spearman’s correlation coefficient of 0.53–0.63 among the species.
The correlation between mice and rats, both of which are rodents, was relatively high, being
more than 0.6 in each cardiac region. Although rodents and humans are different order
animals, the correlation coefficients between LA and V transcriptomes were 0.56–0.58. It is
noteworthy that the SA transcriptome showed a correlation coefficient of less than 0.55
between rodents and humans and had the largest species difference in the heart region
analyzed in this study (Figure 2 bottom, Supplementary Table S1).

 

Figure 2. The expression intensity correlations between species are compared in the left atrium
(LA), ventricle (V), and sinus node (SA), in order from top to bottom. The leftmost panels show
the correlation between mice and rats, the middle panels show the correlation between rats and
humans, and the rightmost panels show the correlation between humans and mice. Spearman’s
correlation coefficient is displayed at the top of each graph.

3.3. Identification of Cardiac Region-Specific Transcription Factors

By calculating the SPM value, we can identify the cardiac region-specific genes in each
platform (i.e., each animal species). 762 LA-specific genes were identified in mice, 220 in rats,
and 29 in humans (Figure 3A). 748 V-specific genes were identified in mice, 355 in rats,
and 21 in humans (Figure 3B). SA-specific genes were identified as 1220 in mice, 150 in rats,
and 170 in humans (Figure 3C). The area-proportional Venn diagram in Figure 3 displays
up to five transcription factors in each space, representing the specific genes of each animal
species in each cardiac region. Some specific genes overlap between species; others do not.
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Three common LA-specific genes were identified across the species, MYBPHL, IGFBPL1,
and KCNJ3; no transcription factors were among them (Figure 3A). There were 99 LA-
specific genes common to mice and rats, and among these, nine transcription factors that
dominantly regulate LA gene expression were found, including PITX2, FOXC1, BCN1,
SOX5, TBX5, FOXC2, ETV1, NR2F2, and ZBTB7C. Figure 3A highlights three transcription
factors (PITX2, FOXC1, and BCN1) that commonly rank in the top five SPM values in mouse
and rat LA. 11 V-specific genes were identified throughout the species, of which IRX5,
IRX2, and HEY2 were transcription factors, and were considered to characterize the cardiac
ventricle functionally or anatomically [38–40]. There were 81 V-specific genes common
to mice and rats, of which three were transcription factors in IRX4, ZSCAN20, and EBF3.
17 SA-specific genes were common throughout the species, of which SHOX2 and HOXA2
were transcription factors. Transcription factors strongly expressed in SA have been studied
for nearly 20 years as genes controlling cardiac automaticity. Not only SHOX2 [41,42] and
HOXA2 [43] but also TBX18 [44–47], ISL1 [48,49], TBX3 [46,50,51], and TBX5 [52] have
been reported. In our analysis, there were 81 SA-specific genes common to mice and
humans, including seven transcription factors such as SHOX2 and HOXA2, and TBX18
and ISL1 (Supplementary File S1). There were 80 SA-specific genes common to mice and
rats, including six transcription factors (Supplementary File S1). There were 1075 mouse
SA-specific genes not classified as human or rat SA-specific genes, 39 of which were
transcription factors, and TBX3 was among these 39 genes. TBX5 was one of the atrium-
specific genes common to mice and rats, as described above. Figure 4 plots the SPM values
of these six transcription factors of interest in SA. Each axis of the 3D or 2D plot corresponds
to the animal species from which the data originated, with the SPM values increasing from
left to right or from bottom to top. Therefore, SHOX2 in the upper right corner of the 3D
plot in Figure 1A is a transcription factor with high SA specificity across species. Upon
interpretation of the data, it is important to note that the selection of specific genes is based
on an artificial threshold. Two continuous values, the p-value of ANOVA and the SPM value,
are referenced to determine the threshold value. Not only SHOX2 and HOXA2, which were
selected as specific transcription factors by our criteria, but also ISL1 satisfied the criteria
for specific genes in terms of SPM value. The reason why ISL1 cannot be concluded as
an SA-specific transcription factor was due to its relatively low expression in rat SA, which
failed to reach the threshold for the adjusted p-value (see Section 4). To confirm SA-specific
transcription factors, quantitative PCR was performed using mouse samples. The relative
PCR results in Figure 5 indicate how many times more than the ventricular expression level
as an arbitrary unit. An analysis of variance accompanied by Tukey’s multiple comparisons
test revealed that Etv1 was predominantly expressed in LA and RA (p < 0.0001), while Tbx3,
Shox2, and Isl1 were predominantly expressed in SA (p < 0.0001). Tbx5 was predominantly
expressed in SA (p = 0.0002 vs. LA, p = 0.0032 vs. RA, p < 0.0001 vs. LV, RV). No significant
differences in Hoxa2 expression were observed.
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Figure 3. Cardiac region-specific genes. The number of left atrial (LA, (A)), ventricular (V, (B)),
and sinoatrial node (SA, (C)) specific genes selected based on SPM values are indicated by numbers
in parentheses beside the area-proportional Venn diagram. Animal species are color-coded as human
(pink), mouse (green), and rat (blue). Transcription factors are shown as representatives of specific
genes, with a maximum of five top-ranked transcription factors in each space. The rank is determined
by the magnitude of the SPM value. Specific transcription factors that are conserved across more than
two species are underlined; specific transcription factors that are conserved among the three species
are shown in red.
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Figure 4. Specificity of six selected transcription factors with respect to sinoatrial nodes across three
animal species. (A) Plot of z-score normalized specificity measure (SPM) values for three animal
species: human on the x-axis, rat on the y-axis, and mouse on the z-axis. Scatter plots showing
the relationship between (B) mouse–rat, (C) human–mouse, and (D) human–rat raw SPM values.
The dotted lines indicate the threshold SPM values for specificity in this study. SHOX2, HOXA2,
and ISL1 exceed the threshold values in all species. SHOX2, HOXA2, and ISL1 exceed the threshold
values in all species.

 

Figure 5. Quantitative PCR validation of selected transcripts. The PCR result measures the expression of
the ventricle with arbitrary unit 1, and shows how many times more than the expression of the ventricle.
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In our transcriptome analysis, Etv1 is atrium-specific, Tbx3, Shox2 and Isl1 are SA-specific genes
in mice. With respect to Hoxa2, our specificity measure (SPM) criteria could not be confirmed. Each
heart region is color-coded at the bottom. LA; left atrium, RA; right atrium, SA; sinoatrial node, LV;
left ventricle, RV; right ventricle.

3.4. Heart Region-Specific Genes across Species, and Ontology Analysis of Heart Region and
Species-Specific Genes

By calculating SPM values, we identified three atrial-specific, 11 ventricular-specific,
and 17 SA-specific markers displayed in Figure 6A–C, respectively. These include MYBPHL,
a known atrial marker ([53], Figure 6A), and MYL3, a known ventricular marker ([54],
Figure 6B), which may have found novel cardiac region-specific markers. Unfortunately,
HCN4, the most well-known marker of SA, was not on the mouse microarray chip and was
therefore missing from our analysis; among the SA-specific genes, GAP-43 is a marker of
innervation in SA ([55,56]), suggesting similar innervation across species in SA. Ontology
analysis revealed 70 ontologies that were cardiac region-specific and even species-specific
(Supplementary File S2). Three examples of these are displayed in Figure 7A–C. Among
human atrial-specific genes, MYOT and KCNA5 both have the function of binding to
the actin skeleton (Figure 7A), and although KCNA5 is often considered an atrial marker,
it is not an atrial-specific gene in mice or rats in our analysis. In rat ventricles, P2Y receptors
(P2ry10, P2yr13, P2yr2), Toll-like receptors (Tlr2), G protein-coupled receptors (Gpr171,
Gpr65, Gpr176), and IL18 receptors seem to be selectively expressed (Figure 7B). Although
HCN4, an essential marker of SA, was dropped from the analysis as previously mentioned
above, HCN2 was a mouse-selective SA-specific gene (Figure 7C).

 

Figure 6. (A) is a heat map of z-score normalized SPM values in left atrial (LA)-specific genes that
are common across species. Similarly, (B,C) show ventricle-specific gene groups and sinoatrial node
(SA)-specific gene groups, respectively.
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Figure 7. (A), A heat map of the human-selective LA-specific genes with the representative enriched
gene ontology. Similarly, (B,C) show representative rat ventricle-specific ontologies and mouse
SA-specific ontologies, respectively.

4. Discussions

4.1. Major Findings

This is the first study to analyze the transcriptomes of three separate cardiac re-
gions in three different animal species. SPM values are a powerful normalization method,
enabling region-specific gene analysis on cross-platform (Figure 1). The transcriptome,
a comprehensive set of gene expression data, showed moderate correlation across species,
but among the cardiac regions, SA showed the largest species differences (Figure 2, Supple-
mentary Table S1). Therefore, we attempted to identify SA-specific transcription factors
as a model for identifying special genes by cross-platform analysis using SPM values.
Although transcription factors that characterize the SA function have been intensively
investigated for a couple of decades, these studies technically had to take into account
the differences among animal species. For examples, TBX18 [44–47], TBX3 [46,50,51],
and TBX5 [52,57,58] have been repeatedly reported as important transcription factors char-
acterizing SA. Tbx18 is identified by in situ hybridizations from the superior vena cava
to 75% of the SA head, and Tbx5 is expressed throughout the SA at 14.5 days of mouse
embryonic development. Gene deletion of Tbx18 results in abnormal SA morphology, while
knockout of Tbx3 results in no abnormal morphology but Cx40 and Cx43 gene, unrequired
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for SA function, is expressed in mice [46]. In 2013, Kapoor et al. selected Tbx18 among five
transcription factors, including Shox2, Tbx3, and Tbx5, as a transcription factor with a potent
ability to form cardiac rhythm in screening using cultured cardiac cells [47]. They reported
that the transfection of Tbx18 can convert quiescent cells into pacemaker cells, and the Tbx18
transfection strategy is becoming the basis of bioengineering to create bio-pacemakers [45].
Tbx3 is believed to be important for the functional maturation of SA, as ectopic arrhythmias
occur in conditionally knockout mice [51], and pacemaker currents are observed when
Tbx3 is overexpressed in stem cells [50].

TBX5 is a transcription factor that regulates the electrical conduction system, rather
than an SA-specific transcription factor. In human disease [57] and mouse models of TBX5
deficiency [52,58], the PR interval on electrocardiogram is prolonged.

On the other hand, these three T-box transcription factors did not correspond to SA-
specific genes in our criteria (Figure 3C and Supplementary File S1). Tbx18 did not have
a high enough SPM value in rat SAN, and TBX3 did not have a high enough SPM value
in both rat, and human SA. TBX5 probably underlies the entire supraventricular area of
the heart rather than the SA-specific (Figures 3C and 5).

Interestingly, these T-box genes (TBX18, TBX3, and TBX5) exceed the criteria in mouse
SA. In other words, our analysis reproduces the results of previous studies while at the same
time suggesting that the previous studies have relied on mouse data. In our cross-species
analysis, the only SA-specific transcription factors that are common across species are
SHOX2 and HOXA2, and the importance of SHOX2 exceeds that of other transcription
factors, especially given its high SPM value (Figures 3C and 4, and Supplementary File S1).
The SPM value is indicated as a measure of the degree of regional specificity. With this
value, new candidate markers for atria, ventricles, and SA are shown in Figure 6. It is
expected to be utilized in future studies. KCNA5, previously considered an atrial-specific
ion channel [59], is an example. This gene is supposed to be a human-only atrial marker
(Figure 6A). It is thought that the difficulty in developing atrial antiarrhythmic drugs
targeting KCNA5 is due to the fact that different K+ channels from KCNA5 are the main
source of outward current in experimental animals such as rats and mice [18].

4.2. Priority of SHOX2 over HOXA2 and ISL1

SHOX2 is highly expressed in SA compared to other cardiac regions in every species,
and both the ANOVA and SPM values strongly suggest its SA-specificity. Shox2 was first
reported as a transcription factor for SA differentiation 15 years ago. In situ hybridiza-
tion identified Shox2 as being expressed locally in the SA region, and Shox2 knockout
mice express Nkx2.5, a transcription factor required for differentiation of the working
cardiac muscle, rather than SA, and promote expression of Cx40 and Cx43, which interfere
with SA function [41]. As a result, regular heartbeat is impaired in Shox2 knockout mice
in vivo [42]. In humans, mutations that disrupt SHOX2 function also affect heart rhythm
and are inherited as familial atrial fibrillation [60]. Our analysis reinforces that Shox2 is
a critically important gene for the healthy heartbeat. On the other hand, the calculation
results concerning HOXA2 and ISL1 are not assured of reproducibility in the present anal-
ysis alone. HOXA2 exhibits high SPM values in rat and human SA but only marginally
above the threshold in mouse SA (Figure 4). In addition, significantly high expression
in SA of this gene could not be confirmed by RT-PCR. It is not easy to define HOXA2
as a common SA-specific transcription factor from our study. The number of samples
and selected cardiac regions varies from experiment to experiment, and the threshold of
the SPM value can change in future studies. Hoxa2 has been previously mentioned once
in other SA transcriptome analyses [43] and has rarely been studied as a gene involved
in the cardiac beating. The function and locational information of HOXA2 in the heart
may be a research topic for future studies. ISL1 had a high SPM value in SA in all species
(Figure 4). In 2013, Isl1 was identified as a binding target of Shox2 [61]. Two years later,
using a combination of genetically engineered mice and high-throughput analysis, two
teams reported that Isl1 is a genetic marker for SA and is involved in SA function [48,49].
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Isl1 may play a role in the maintenance of SA function comparable to Shox2. However,
this well-known gene was not qualified as an SA-specific transcription factor in the cur-
rent study because, as shown in Supplementary File S3, ISL1 is not significantly higher
in the rat expression intensity data. Furthermore, it is interesting that HOXA2 and ISL1
are most highly expressed in the pulmonary artery (PA), which is an extracardiac tissue
(Supplementary File S3). Since the pulmonary artery is part of the secondary heart field
in early development, HOXA2 and ISL1 may be genes whose expression was suppressed
as the heart field differentiated [62,63]. In contrast, SHOX2 was specifically and strongly
expressed in the regions responsible for cardiac automaticity, including SA and pulmonary
veins [64,65].

4.3. Validation of Our Analysis from Other Transcriptome Analysis

We checked the previous bulk-RNA-seq data set (GSE112339), which measured
the transcriptome of human LA, LV, RV, and RA [33]. We compared the mean expres-
sion values of each region between our study and this previous study (Supplementary
Figure S3). Spearman’s correlation coefficients are all greater than 0.9 (0.91 in LA, 0.90 in LV,
0.94 in RV, 0.93 in RA), indicating that although the sample size of our data is relatively
small, it is sufficiently representative of previous data to be considered reliable. Recently,
single-cell genomics analysis has become more prevalent in genomics analysis. Single-cell
RNA-seq (scRNA-seq) data can provide information on cellular heterogeneity and quantify
the cellular subset [66]. For example, the scRNA-seq study for the human heart reported
V-common transcription factors IRX5 and HEY2 as the transcription factors enriched in ven-
tricular cardiomyocytes [67] as the same as our results. From a future perspective, it would
be interesting to expand our computational workflow to single cell RNA-seq data and
perform interspecies comparisons of heart single cell expression profiles. Such analysis
may lead to further findings on the mechanisms behind the region-specific genes and heart
biology interspecies differences.

4.4. Limitations

The present analysis is methodologically indirect since the raw data were normalized
in multi-steps. The selection criteria for statistically significant specific genes were arbitrar-
ily determined with consulting distributions of expression levels. For example, even though
TBX3 has recently been reported to be an important transcription factor for SA function
in humans as well as mice [43], our analysis did not detect this gene as an SA-specific
transcription factor. As such, our artificial threshold settings have limitations, and even
if we fail to detect a gene as specific, the analytic results will not be universally reproduced.
Despite this, the PCR data and the literature seem to support the certainty of our analy-
sis to some extent, and the priority of SHOX2 as SA-specific transcription factor may be
established. Our strategy of using SPM values to identify unique genes is beneficial as
long as we are aware of the limitations. From our view, the major limitation in the current
study is that the number of the region-specific genes were small in humans. The cause
could be the more considerable genetic or environmental diversity compared to laboratory
animals, in addition to the limited sample size of human data, which leads to low detection
power in human region-specific gene analysis. The region-specific genes with adjusted
p-value < 0.05 were 43% in mice, and 36% in rats, compared to 6% in humans. In the case
of human data analysis, the variation due to genetic or environmental effects is more signif-
icant than that of laboratory animals. Therefore, the detection power in the human data
set would be smaller than laboratory animals, and the analysis of human samples requires
a larger sample size than the analysis of laboratory animal samples to obtain the same
detection power. Our analysis possibly did not contain enough region-specific human
genes. In addition, because we limited our analysis to genes that are orthologous among
the three species, we ignored genes expressed in mice and rats that are not orthologous.
In other words, genes that are genuinely selective for mice and rats have been omitted.
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Furthermore, microarray platforms often do not carry determinant genes, and the absence
of HCN4 in the mouse array in our analysis damages the reliability of the SA data.

4.5. Future Perspectives

We identified species-dependent or cross-species information in the present study by
comprehensively analyzing species differences in three cardiac regions. Such methods for
refining information on genes of interest are not only species difference-based analyses
but have also been used in previous analyses based on differences among animal strains.
For example, Swindell et al. conducted the comparative transcriptomes between calorie-
restricted and control mice using several strains of mice and reported the genes that
respond in a strain-specific manner [68]. Another genomics study has reported the vital
conservation of RNA editing sites among mouse strains, including wild-derived strains [69].
Such strain comparisons for the heart region-specific genes are a candidate application of
the computational approach used in this study as a future perspective because it is already
known that there are differences in heart size and function between strains of mice or rats.
In a study comparing eight strains of mice, three strains had significantly reduced cardiac
function after ex vivo ischemia, while two of these strains had significantly preserved
cardiac function during in vivo acute hypoxia [70]. Twenty-three strains and a four-way
crossbred strain of rats were examined for heart weight, and the strain differences in heart
weight were significant, with the degree of genetic determination estimated to be 65% to
75% [71]. These differences between strains may be attributable to differences in genetic
background. Considering that our analysis resulted in greater power to detect specific
genes in laboratory animal samples than in human samples, it may be meaningful to
identify common genes and strain-dependent genes based on strain differences.

5. Conclusions

In this study, we reanalyzed unpublished transcriptome data from three different
platforms and employed the method of calculating the SPM values to examine species
differences in transcriptomes from different cardiac regions. The analytic results were
sufficiently robust to include findings that challenge existing knowledge. TBX18, TBX3,
and ISL1, which were previously thought to be sinus node (SA)-specific transcription factors,
are not classified as SA-specific transcription factors in humans or rats, and SHOX2 and
HOX2A are common SA marker candidates across species. In particular, the predominance
of SHOX2 as an SA-specific transcription factor was definitive. It was strongly likely
that this transcription factor was essential for inducing biological pacemakers from stem
cells. Thus, the identification of specific genes using SPM values can reveal tissue-specific
and animal species-dependent genes. Novel cardiac region-specific genes may have been
discovered in our study. It, thus, was suggested that what had been previously thought to
be atrial and SA markers may be restricted to animal species such as humans and mice.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom12060859/s1, Figure S1: Preparation of mouse sinoatrial
node; Figure S2: Validation of SA node isolation technique; Figure S3: Validation of our human RNA-
seq data by another study; Table S1: Correlation coefficient of transcriptomes among species; File S1:
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species dependent ontologies. File S3: Rat microarray raw intensity data for six transcription factors.
Reference [72] is cited in the Supplementary Materials.
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Abstract: Intracellular Ca2+-mediated mechanisms for pacemaker depolarization were studied in
sinus node tissue preparations from mice and guinea pigs. Microelectrode recordings revealed
that the sinus node of the mouse, which had a higher beating rate, had a steeper slope of the
pacemaker depolarization than that of the guinea pig. BAPTA and ryanodine, agents that interfere
with intracellular Ca2+, significantly decreased the slope of the pacemaker depolarization in both
species. In contrast, SEA0400, a specific inhibitor of the Na+-Ca2+ exchanger (NCX), as well as change
to low Na+ extracellular solution, significantly decreased the slope in the mouse, but not in the
guinea pig. Niflumic acid, a blocker of the Ca2+ activated Cl− channel, decreased the slope in both
species. Confocal microscopy revealed the presence of spontaneous Ca2+ oscillations during the
interval between Ca2+ transients; such phenomenon was more pronounced in the mouse than in the
guinea pig. Thus, although intracellular Ca2+-mediated mechanisms were involved in the pacemaker
depolarization of the sinus node in both species, the NCX current was involved in the mouse but not
in the guinea pig.

Keywords: cardiac pacemaking; Na+-Ca2+ exchanger; pacemaker depolarization; sinus node

1. Introduction

The contraction of the myocardium is driven by the action potential originating in the
sinus node, the cardiac pacemaker. The action potential of the sinus node has a characteristic
pacemaker depolarization phase (phase 4 depolarization) in the membrane voltage range
of −60–−40 mV which leads the membrane potential to the threshold level for the rapid
action potential upstroke (phase 0 depolarization). The pacemaker depolarization is formed
by multiple inward membrane currents including the hyperpolarization-activated current
(If), L-type and T-type Ca2+ currents, and the sustained inward current (Ist) [1–5]. The
combination of membrane currents involved in the pacemaker depolarization appears to be
different among animal species. For example, the If current manifests in sinus node cells of
most species including mice, guinea pigs, and rabbits, while it was masked by the inwardly
rectifying K+ current (IK1) in rats and monkeys [6]. The current density and function of the
T-type Ca2+ current was reported to be larger in the sinus nodes from smaller animals [3,7].

It has been postulated that the pacemaker depolarization is also influenced by intracel-
lular Ca2+. The Ca2+ released from the sarcoplasmic reticulum (SR) causes the Na+-Ca2+

exchanger (NCX) to generate a depolarizing current and accelerate the pacemaker depolar-
ization. This mechanism was referred to as the Ca2+ clock and was considered to function
in coordination with the ion channels of the cell membrane (membrane clock) to form the
pacemaker depolarization [8,9]. However, the related experimental results appear to vary
among researchers, and definitive conclusions have not been reached for the involvement
of intracellular Ca2+-mediated mechanisms or the precise pacemaking mechanisms in each
animal species. For example, in the guinea pig sinus node, some researchers emphasize the
involvement of the Ca2+-clock while others reported negative results [4,9,10].
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One of the possible reasons for this discrepancy is the use of isolated sinus node
cells. The sinus node consists of cardiomyocytes with different electrophysiological
properties [5,11], and these cells work as a functional syncytium to form the pacemaker
depolarization. Thus, in a strict sense, none of the cells isolated from the sinus node region
exactly represent the sinus node pacemaker. Thus, it is of value to obtain information on
the function of the sinus node as a whole. In the present study, we intended to clarify the
involvement of intracellular Ca2+-mediated mechanisms in the pacemaker depolarization
of the mouse and guinea pig sinus node using tissue preparations. We performed standard
microelectrode measurements of action potentials with sinus node tissue preparations and
applied selective pharmacological agents.

2. Materials and Methods

Standard glass microelectrode experiments were performed with isolated sinus node
tissue from the mouse and the guinea pig as described previously [2,3]. Microelectrode
penetrations into the sinus node region were made from the epicardial surface. The
extracellular solution was of the following composition (mM concentration): NaCl 118.4,
KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 24.9, and glucose 11.1 (pH 7.4), and
the solution was gassed with 95% O2-5% CO2 and maintained at 36 ± 0.5 ◦C. The low
Na+ extracellular solution was prepared with the equimolar substitution of NaCl with
LiCl so that the final Na+ concentration was 70 mM. Change to low Na+ solution and
return to normal solution were performed with a flow-switching device which enabled
change of the extracellular solution within approximately 1 s. To chelate intracellular
Ca2+ with O,O’-Bis (2-aminophenyl) ethyleneglycol-N,N,N′,N′-tetraacetic acid (BAPTA),
its cell-permeable tetraacetoxymethyl ester (BAPTA-AM) was applied to the preparations
at a final concentration of 300 µM.

The action potential parameters measured were firing rate, cycle length, maximum
diastolic potential, threshold potential, the slope of the pacemaker depolarization (slope),
maximum rate of rise of the action potential upstroke (maximum rate of rise; (dV/dt)max),
peak potential, and duration at 50% repolarization (APD50). To obtain the slope value, the
middle portion of the pacemaker depolarization phase was fitted by a straight line; the
curved regions close to the maximum diastolic potential and threshold potential were not
included in the fitting. The spontaneous firing of the sinus node tissue preparations was
well maintained; the change in firing rate at 10 and 30 min after the addition of vehicle was
less than 1% and 2% of the basal value, respectively.

For the analysis of intracellular Ca2+ movements, the sinus node tissue preparations
were incubated with a Ca2+ indicator (Cal-590 AM) at 10 µM for 1 h at 37 ◦C in the following
composition: NaCl 143, KCl 4.7, MgCl2 1.0, NaH2PO4 0.33, glucose 5.5, and HEPES 5 (mM).
The recording chamber, the bottom of which was a coverslip, was placed on the stage of
an inverted microscope. Preparations were placed at the bottom of the recording chamber
epicardial surface down. The normal extracellular solution (NaCl 143, KCl 4.7, MgCl2 1.0,
CaCl2 1.8, NaH2PO4 0.33, glucose 5.5, and HEPES 5 (mM) maintained at 32 ◦C) was contin-
uously perfused. Confocal microscopic analyses of the Ca2+ oscillations in the myocardial
layer were performed with a rapid scanning confocal microscope A1R (Nikon, Tokyo,
Japan). The emission 570–620 nm on excitation at 561 nm was detected for Cal-590 fluores-
cence, and the scanning was performed at a speed of frame/16.9–33.8 ms. The fluorescent
intensity of Cal-590 at each time point was normalized against the basal intensity.

BAPTA-AM (Tokyo Chemical Industry, Tokyo, Japan), ryanodine (Wako Pure Chemical
Industries, Osaka, Japan), SEA0400 (synthesized in our faculty), niflumic acid (Sigma-
Aldrich, St. Louis, MO, USA), and Cal-590 AM (Cosmo Bio, Tokyo, Japan) were dissolved
in dimethyl sulfoxide (DMSO). All data were expressed as the mean ± standard error of
the mean (S.E.M). Data were analyzed by the paired t-test. A p value less than 0.05 was
considered statistically significant.
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3. Results

Microelectrode recordings showed that the sinus node of the mouse, which had a
higher firing rate, had a steeper slope of the pacemaker depolarization and a shorter
action potential duration than that of the guinea pig. There was no difference in the
maximum diastolic potential and threshold potential between the mouse and guinea pig;
the maximum diastolic potential was about −60 mV, and the threshold potential was about
−40 mV in both species.

In the mouse sinus node, chelation of intracellular Ca2+ with BAPTA (300 µM) induced
significant decreases in the firing rate and the slope of the pacemaker depolarization
(Figure 1 and Table 1). BAPTA had no significant effect on other parameters in the mouse.
In the guinea pig sinus node, BAPTA induced significant decreases in the firing rate and
the slope of the pacemaker depolarization (Figure 1 and Table 1). BAPTA shifted the
maximum diastolic potential and the threshold potential towards depolarized potentials in
the guinea pig.

In the mouse and guinea pig sinus node, ryanodine (0.1 µM) significantly decreased the
firing rate and the slope of the pacemaker depolarization (Figure 1 and Table 1). Ryanodine
had no significant effect on other parameters in both species.

In the mouse sinus node, SEA0400 (1 and 10 µM) decreased the firing rate and the slope
of the pacemaker depolarization (Figure 2 and Table 2). SEA0400 shifted the maximum
diastolic potential and the threshold potential towards depolarized potentials and decreased
the maximum rate of rise and the peak potential in the mouse. Further, when the effect
of SEA0400 on the beating rate of the mouse right atria was examined after the beating
rate was decreased with carbachol, SEA0400 significantly decreased the beating rate; the
beating rate in the presence of 0.3 µM carbachol before and after the application of SEA0400
(1 µM) was 234.1 ± 10.7 and 163.8 ± 29.1 (n = 6), respectively.

In the guinea pig sinus node, SEA0400 had no effect on the action potential wave-
form (Figure 2 and Table 2). Further, when the effect of SEA0400 on the beating rate of
the guinea pig right atria was examined after the beating rate was increased with nora-
drenaline, SEA0400 had no effect on the beating rate; the beating rate in the presence of
3 µM noradrenaline before and after the application of SEA0400 (1 µM) was 328.4 ± 8.9
and 324.6 ± 8.9 (n = 5), respectively.

To support the results obtained with SEA0400, we intended to reduce the inward
NCX current with low Na+ extracellular solution. In the mouse sinus node, changing
the extracellular solution to low Na+ solution significantly decreased the firing rate and
the slope of the pacemaker depolarization (Figure 3 and Table 3). The low Na+ solution
shifted the maximum diastolic potential and the threshold potential towards depolarized
potentials and decreased the maximum rate of rise and the peak potential. In the guinea
pig, changing the extracellular solution to low Na+ solution had no significant effect on the
firing rate and the slope of the pacemaker depolarization. The low Na+ solution did not
affect any of the action potential parameters (Figure 3 and Table 3).

In the mouse sinus node, niflumic acid (30 µM), a blocker of the Ca2+-activated Cl−

channel, significantly decreased the firing rate and the slope of the pacemaker depolariza-
tion (Figure 4 and Table 4). Niflumic acid had no significant effect on other parameters in
the mouse. In the guinea pig sinus node, niflumic acid significantly decreased the firing rate
and the slope of the pacemaker depolarization (Figure 4 and Table 4). The action potential
duration was shortened by niflumic acid in the guinea pig.
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Figure 1. Effects of BAPTA and ryanodine on the sinus node action potential of the mouse and guinea
pig. Typical traces before (black lines) and after (red lines) application of 300 µM BAPTA (upper) and
0.1 µM ryanodine (lower).

Table 1. Action potential parameters before and after application of BAPTA and ryanodine.

BAPTA Ryanodine

Mouse Guinea Pig Mouse Guinea Pig

Firing rate (bpm) 423.7 ± 10.1 241.4 ± 16.1 453.6 ± 10.0 248.7 ± 11.7
396.0 ± 6.4 * 213.1 ± 12.2 * 414.3 ± 13.9 * 237.4 ± 12.6 *

Cycle length (ms) 141.9 ± 3.4 254.2 ± 17.0 132.5 ± 2.9 241.3 ± 13.4
151.7 ± 2.4 * 286.7 ± 17.2 * 145.5 ± 4.7 * 256.7 ± 13.6 *

Maximum diastolic potential (mV) −60.6 ± 1.4 −62.9 ± 1.2 −58.8 ± 1.2 −63.2 ± 1.3
−60.0 ± 1.7 −58.9 ± 2.1 * −55.9 ± 1.7 −60.9 ± 1.7

Slope of pacemaker depolarization
(mV/s)

192.0 ± 26.2 147.4 ± 14.7 223.5 ± 25.8 138.2 ± 10.4
130.0 ± 17.7 * 104.8 ± 9.8 * 110.0 ± 24.5 * 119.2 ± 9.1 *

Threshold potential (mV) −50.4 ± 1.6 −49.0 ± 1.6 −46.9 ± 1.9 −52.6 ± 1.9
−51.6 ± 1.5 −46.4 ± 2.1 * −45.8 ± 3.0 −49.1 ± 2.3

Maximum rate of rise (V/s)
10.3 ± 2.6 9.0 ± 2.2 8.7 ± 2.7 18.7 ± 9.4
9.0 ± 2.2 8.1 ± 1.9 7.8 ± 2.2 15.6 ± 7.8

Peak potential (mV) 0.9 ± 2.5 18.9 ± 1.1 4.6 ± 1.2 18.3 ± 1.7
−0.9 ± 3.2 17.7 ± 1.5 4.2 ± 1.0 17.8 ± 1.6

Duration at 50% repolarization
(ms)

30.3 ± 1.7 81.8 ± 2.0 28.3 ± 0.9 75.4 ± 5.9
30.2 ± 1.4 85.6 ± 6.3 28.9 ± 1.4 77.4 ± 6.4

Upper and lower values in each row indicate the parameters obtained before and after (10 min for BAPTA
and 5 min for ryanodine) the application of agents, respectively. Values indicate the mean ± S.E.M. from
5–6 preparations. Asterisks indicate significant difference from corresponding values before the application of
agents as evaluated by the paired t-test (p < 0.05).
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Figure 2. Effect of SEA0400 on the sinus node action potential of the mouse and guinea pig. Typical
traces before (black lines) and after (red lines) application of 1 µM (upper) and 10 µM (lower).

Table 2. Action potential parameters before and after application of SEA0400.

SEA0400 (1 µM) SEA0400 (10 µM)

Mouse Guinea Pig Mouse Guinea Pig

Firing rate (bpm) 449.7 ± 24.9 239.0 ± 9.2 428.2 ± 27.2 239.4 ± 8.9
396.8 ± 29.0 * 240.1 ± 9.2 363.8 ± 17.7 * 237.4 ± 11.6

Cycle length (ms) 135.2 ± 8.1 253.0 ± 10.1 142.1 ± 8.0 252.0 ± 9.0
155.0 ± 12.2 * 251.8 ± 9.7 166.4 ± 7.6 * 255.1 ± 12.3

Maximum diastolic potential (mV) −55.8 ± 1.8 −62.6 ± 2.5 −59.2 ± 1.0 −61.7 ± 2.1
−51.7 ± 1.9 * −62.1 ± 2.4 −55.9 ± 1.3 * −59.1 ± 3.0

Slope of pacemaker depolarization
(mV/s)

217.0 ± 22.2 148.3 ± 16.2 215.4 ± 26.6 172.5 ± 6.0
173.2 ± 22.9 * 150.8 ± 13.8 161.0 ± 20.9 * 177.0 ± 16.3

Threshold potential (mV) −46.0 ± 1.2 −49.8 ± 2.7 −48.6 ± 1.2 −48.3 ± 2.5
−41.9 ± 1.4 * −48.7 ± 2.5 −45.5 ± 1.3 * −43.9 ± 3.1

Maximum rate of rise (V/s)
6.7 ± 0.6 7.0 ± 1.5 7.9 ± 1.6 5.8 ± 1.5

5.6 ± 0.7 * 7.7 ± 2.2 4.5 ± 0.8 * 4.8 ± 1.1

Peak potential (mV) 4.8 ± 0.7 12.0 ± 2.1 4.7 ± 1.6 11.9 ± 1.6
−0.5 ± 1.3 * 12.8 ± 1.8 −11.2 ± 3.0 * 12.0 ± 1.6

Duration at 50% repolarization
(ms)

33.5 ± 2.1 80.4 ± 5.4 31.3 ± 2.2 85.4 ± 6.2
35.5 ± 1.5 79.8 ± 4.4 36.2 ± 2.2 83.6 ± 5.3

Upper and lower values in each row indicate the parameters obtained before and after (10 min) the application
of agents, respectively. Values indicate the mean ± S.E.M. from 5–6 preparations. Asterisks indicate significant
difference from corresponding values before the application of agents as evaluated by the paired t-test (p < 0.05).
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−

frequently observed in the guinea pig (Figure 6).

Figure 3. Effect of low Na+ solution on the sinus node action potential of the mouse and guinea pig.
Typical traces before (black lines) and after (red lines) rapid change of the extracellular solution to
low Na+ solution.

Table 3. Action potential parameters before and after the rapid change of the extracellular solution to
low Na+ solution.

Low Na+

Mouse Guinea Pig

Firing rate (bpm) 498.4 ± 17.1 232.7 ± 9.5
455.5 ± 20.5 * 232.7 ± 9.9

Cycle length (ms) 121.1 ± 4.0 260.2 ± 12.0
133.1 ± 5.9 * 260.5 ± 12.6

Maximum diastolic potential (mV) −60.4 ± 1.1 −63.2 ± 0.9
−56.9 ± 0.9 * −64.0 ± 1.6

Slope of pacemaker depolarization (mV/s) 251.4 ± 25.3 166.3 ± 17.4
206.7 ± 30.7 * 187.3 ± 20.4

Threshold potential (mV) −49.8 ± 1.1 −48.2 ± 1.1
−47.6 ± 1.0 * −48.1 ± 1.8

Maximum rate of rise (V/s)
8.6 ± 1.1 4.0 ± 0.7

5.6 ± 0.6 * 3.6 ± 0.6 *

Peak potential (mV) 1.9 ± 1.3 11.0 ± 1.2
−5.1 ± 2.4 * 8.3 ± 2.4

Duration at 50% repolarization (ms) 28.7 ± 1.3 89.3 ± 3.5
32.2 ± 1.3 * 88.8 ± 4.2

Upper and lower values in each row indicate the parameters obtained before and after (1 min) the application of
low Na+ solution. Values indicate the mean ± S.E.M. from 6 preparations. Asterisks indicate significant difference
from corresponding values before the application of agent as evaluated by the paired t-test (p < 0.05).

To analyze intracellular Ca2+ movements, the sinus node tissue preparations loaded
with the Ca2+ sensitive fluoroprobe, Cal-590, were observed with a rapid scanning confocal
microscope. In both species, Ca2+ transients, synchronized elevations of Ca2+ fluorescence
throughout the myocardial tissue, were observed at a constant frequency. In mouse sinus
node, spontaneous Ca2+ oscillations, non-synchronized local rises in Ca2+ fluorescence,
were observed in roughly one third of the cells (Figure 5). Such Ca2+ oscillations were less
frequently observed in the guinea pig (Figure 6).
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Figure 4. Effect of niflumic acid on the sinus node action potential of the mouse and guinea pig.
Typical traces before (black lines) and after (red lines) application of 30 µM niflumic acid.

Table 4. Action potential parameters before and after application of niflumic acid.

Niflumic Acid

Mouse Guinea Pig

Firing rate (bpm) 444.5 ± 18.1 236.6 ± 14.1
418.4 ± 21.0 * 205.0 ± 12.5 *

Cycle length (ms) 136.1 ± 5.5 258.4 ± 15.9
145.3 ± 7.6 * 298.0 ± 17.7 *

Maximum diastolic potential (mV) −61.0 ± 1.1 −62.7 ± 3.1
−60.6 ± 1.8 −61.8 ± 2.8

Slope of pacemaker depolarization (mV/s) 221.5 ± 40.9 152.2 ± 20.2
173.8 ± 35.7 * 104.8 ± 12.4 *

Threshold potential (mV) −50.5 ± 1.7 −48.8 ± 3.2
−51.7 ± 2.5 −49.0 ± 3.5

Maximum rate of rise (V/s)
14.5 ± 6.5 8.4 ± 2.1
14.7 ± 6.8 6.9 ± 1.3

Peak potential (mV) 5.8 ± 0.8 19.4 ± 4.0
5.2 ± 1.6 17.8 ± 3.4

Duration at 50% repolarization (ms) 31.3 ± 1.2 78.5 ± 2.6
32.1 ± 1.0 74.3 ± 3.2 *

Upper and lower values in each row indicate the parameters obtained before and after (10 min) the application of
niflumic acid. Values indicate the mean ± S.E.M. from 6 preparations. Asterisks indicate significant difference
from corresponding values before the application of agent as evaluated by the paired t-test (p < 0.05).

In the mouse sinus node, SEA0400 (1 µM) markedly reduced the firing frequency of
spontaneous Ca2+ transients (Figure 5); the frequency before and 10 min after the addition
of 1 µM SEA0400 was 185.8 ± 24.1 and 110.3 ± 23.2 bpm (n = 5; p < 0.05), respectively.
SEA0400 caused an increase in basal Ca2+ concentration; the basal Ca2+ fluorescence at
10 min after the addition of 1 µM SEA0400 was 110.3 ± 8.7% (n = 5) of the value before
application. SEA0400 had no apparent effect on the local Ca2+ oscillations.

In the guinea pig sinus node, SEA0400 had no effect on the firing frequency of spon-
taneous Ca2+ transients (Figure 6); the frequency before and 10 min after the addition of
1 µM SEA0400 was 157.2 ± 5.9 and 158.2 ± 8.5 bpm (n = 5), respectively. SEA0400 caused
an increase in basal Ca2+ concentration; the basal Ca2+ fluorescence at 10 min after the
addition of 1 µM SEA0400 was 112.0 ± 4.5% (n = 5) of the value before application.
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Figure 5. Effect of SEA0400 on spontaneously occurring Ca2+ transients in the mouse sinus node
tissue. (A) Typical x-y images of the myocardium loaded with Cal-590 before (a–c) and 10 min after
the addition of 1µM SEA0400 (d–f). Panels c and f are the images at the peak of the Ca2+ transient.
Note that Ca2+ oscillations were observed during the interval between the Ca2+ transients (arrows).
(B) Time course of the changes in fluorescence before addition (a–c) and 10 min after the addition of
1 µM SEA0400 (d–f). Time course of the fluorescence intensity quantified in the whole field of view
(a,d), cell 1 (b,e), and cell 2 (c,f) as shown in panel (A)/(c).
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Figure 6. Effect of SEA0400 on spontaneously occurring Ca2+ transients in the guinea pig sinus node
tissue. (A) Typical x-y images of the myocardium loaded with Cal-590 before (a–c) and 10 min after
the addition of 1µM SEA0400 (d–f). Panels c and f are the images at the peak of the Ca2+ transient.
Note that no Ca2+ oscillation was observed during the interval between the Ca2+ transients (a,b,d,e).
(B) Time course of the changes in fluorescence before addition (a–c) and 10 min after the addition of
1 µM SEA0400 (d–f). Time course of the fluorescence intensity quantified in the whole field of view
(a,d), cell 1 (b,e), and cell 2 (c,f) as shown in panel (A)/(c).
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4. Discussion

In the present study, we intended to clarify the involvement of intracellular Ca2+-
mediated mechanisms in the pacemaker depolarization of the mouse and guinea pig sinus
node. We applied standard microelectrode techniques on tissue preparations and used
selective pharmacological agents. Compared to isolated cardiomyocytes, myocardial tissue
preparations may have disadvantages such as less efficient delivery of oxygen and phar-
macological agents to the cells of interest. On the other hand, they have advantages such
as absence of cell isolation damage and cell selection bias. Above all, tissue preparations
enable the observation of the sinus node as a whole working as a functional syncytium.

First of all, we examined whether or not intracellular Ca2+-mediated mechanisms
are involved in the pacemaking of the sinus node. Treatment of the sinus node tissue
preparations with either BAPTA or ryanodine, agents that interfere with intracellular
Ca2+, decreased the firing rate and the slope of the pacemaker depolarization both in the
mouse and guinea pig. These results indicated that Ca2+ released from the SR through
the ryanodine receptor contributes to the formation of the pacemaker depolarization of
the sinus node in both species. As both BAPTA and ryanodine may have a broad effect
on intracellular Ca2+-mediated events, their effects may also reflect changes other than
the instantaneous reduction of intracellular Ca2+ [4]. Thus, we intended to clarify the
transporters that convert intracellular Ca2+ into the pacemaker depolarization.

The Na+/Ca2+ exchanger (NCX) is the major pathway for transsarcolemal Ca2+ ex-
trusion from the cytoplasm; it pumps out one Ca2+ ion in exchange for three Na+ ions
(forward mode NCX). It has been postulated that the net inward current that occurs in this
process contributes to the pacemaker depolarization of the sinus node. To examine this
hypothesis in sinus node tissue preparations, we used SEA0400, a potent and selective
inhibitor of NCX. In voltage-clamped guinea pig ventricular myocytes, 1 µM SEA0400
inhibited the NCX current by more than 80%, with no effect on the sodium current, L-type
calcium current, delayed rectifier potassium current, and the inwardly rectifying potassium
current [12]. The effectiveness of SEA0400 on tissue preparations was also confirmed in the
mouse and guinea pig myocardium [13–15].

In the mouse sinus node, the slope of the pacemaker depolarization, as well as the
firing rate of action potentials and Ca2+ transients, was decreased by SEA0400. Similar
results were obtained with low Na+ extracellular solution. Thus, the NCX current activated
by the Ca2+ released from the SR contributes to the pacemaker depolarization in mouse
sinus node. These results were consistent with the observation that the firing frequency
of the sinus node was lower in atrial-specific NCX knock out mice than in wild type
mice [16]. In contrast, in the guinea pig sinus node, treatment with SEA0400, as well as low
Na+ extracellular solution, affected neither the firing rate nor the slope of the pacemaker
depolarization. SEA0400 caused a small increase in the basal Ca2+ concentration. These
results indicated that NCX contributes to transarcolemmal Ca2+ efflux but does not play
an essential role in the pacemaker depolarization of the guinea pig sinus node. This
lack of SEA0400 effect in the guinea pig sinus node was not due to its lower firing rate
because SEA0400 was ineffective in the guinea pig right atria even after its beating rate
was increased by noradrenaline to a level similar to that of the mouse, and effective in the
mouse right atria even after its beating rate was decreased by carbachol to a level similar to
that of the guinea pig.

The effects of SEA0400 and low Na+ on the maximum rate of rise and the peak
potential could be explained by their effect on the pacemaker depolarization. SEA0400 and
low Na+ markedly reduced the slope of pacemaker depolarization in the mouse sinus node.
This means that the membrane potential is kept in a partially depolarized potential range
close to the threshold potential for a longer time, which may cause increased inactivation of
the L-type Ca2+ channel leading to a reduced maximum rate of rise and peak potential. In
contrast, in the guinea pig sinus node, in which the slope of the pacemaker depolarization
was unchanged, neither the maximum rate of rise nor the peak potential was affected.
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The pacemaker depolarization is considered to be formed by several inward currents
such as the hyperpolarization-activated current (If), L-type and T-type Ca2+ currents, and
the sustained inward current (Ist) [1–5]. In addition, the deactivation of IK is dominant
in the early phase of pacemaker depolarization in the guinea pig sinus node [4,6]. The
NCX current in the sinus node was detected both in the mouse and guinea pig; the current
density was not different between the two species under voltage-clamp conditions [17,18].
Since the NCX currents observed were relatively small (<5 pA/pF), they may possibly be
masked by other membrane currents. As the NCX current density in the intact sinus node
is affected by the intracellular supply of Ca2+ to the NCX, it is possible that some difference
in intracellular Ca2+ handling properties causes a difference in NCX current density in
the spontaneously firing sinus node. In fact, spontaneous Ca2+ oscillations were observed
during the interval between Ca2+ transients in sinus node tissue preparations, which was
more pronounced in the mouse than in the guinea pig. This appears to be consistent with
the observation in isolated sinus node cardiomyocytes that the number of Ca2+ sparks
occurring during the pacemaker depolarization was larger in the mouse than in the guinea
pig [9,19].

Concerning the sinus node of other animal species, it was reported that SEA0400 had
no effect on the heart rate in the isolated rabbit heart [20] and in anesthetized dogs [21]. To
the best of our knowledge, there is no information on the effect of SEA0400 on the human
sinus node. Concerning ectopic pacemakers, we observed in the guinea pig pulmonary vein
that both SEA0400 and ryanodine inhibited the spontaneous electrical activity [22]. Ca2+

sparks occurred during the interval between Ca2+ transients, and the frequency of Ca2+

spark firing increased abruptly just before the onset of Ca2+ transients [23]. These results
indicated that the NCX current activated by Ca2+ released from the SR was involved in the
pacemaker depolarization of the pulmonary vein myocardium. Thus, the contribution of
NCX to myocardial pacemaking varies among animal species and type of myocardium.

To obtain further information on the Ca2+-mediated pacemaking mechanisms of the
sinus node, we examined the effect of niflumic acid, a blocker of the Ca2+-activated Cl−

channel, which was identified in sinus node cells [24,25]. As the estimated reversal potential
for Cl− ions in cardiomyocytes was about −30 mV [26], activation of the Ca2+-activated
Cl− channel could generate a depolarizing current during the pacemaker depolarization.
Niflumic acid reduced the firing rate and the slope of pacemaker depolarization in the sinus
node of both mouse and guinea pig. These results indicated that the inward current through
the Cl− channel activated by Ca2+ released from the SR contributes to the pacemaker
depolarization of the sinus node both in the mouse and guinea pig.

The mouse has a high heart rate (400 bpm>), and its sinus node has a steeper slope of
pacemaker depolarization among experimental animal species. The present study showed
that the Ca2+-activated Cl− current (IClCa) was involved in the pacemaker depolarization
of both mouse and guinea pig, but the NCX current contributed to cardiac pacemaking
only in the mouse. Using similar experimental techniques, we previously showed that
the contribution of the T-type Ca2+ channel to cardiac pacemaking differs among animal
species; the effects of R-(−)-efonidipine, which is a selective T-type Ca2+ channel inhibitor,
was prominent in the mouse, small but significant in the guinea pig, and was not observed
in the rabbit [2]. Voltage gated Na+ channels, which are considered not to play a role in
pacemaker activity in the majority of mammalian species including the guinea pig [10],
was reported to play a certain role in the pacemaking of the mouse sinus node [27]. The
present and earlier studies revealed that the guinea pig sinus node depends on ICaL, Ist, If,
and IClCa, but not INCX for its pacemaking [4,5,11]. In the mouse sinus node, additional
currents including the ICaT, INCX, and INa also contribute to pacemaking [2,7,16,27]. Thus,
the mouse sinus node appears to have a greater variety of ionic mechanisms to maintain its
high firing rate.
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5. Conclusions

Intracellular Ca2+-mediated mechanisms were involved in the pacemaker depolariza-
tion of the sinus node both in the mouse and guinea pig. The NCX current was involved in
the mouse but not in the guinea pig. This difference could partly explain the higher firing
rate of the mouse sinus node.
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