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Calcium (Ca**) has been identified as an essential regulator of
cardiac function since 1883 [16]. To meet the ever-changing met-
abolic and energy demands placed on the heart by the body, there
is a strictly synchronized control of coupling between excitation
and contraction, which is defined by sequential dynamics of Ca**
signaling that links the cell membrane depolarization, ion channel
activation, and the events of Ca”*-induced-Ca”*-release from the
sarcoplasmic reticulum Ca”" store to the activation of the myofi-
brillar contractile machinery during each heartbeat. A balanced
intracellular Ca®* homeostasis is maintained by highly coordinat-
ed actions of the intracellular Ca®* cycling machinery including
Ca”" channels, Ca** pumps/transporters located on the plasma
membrane, endo/sarcoplasmic reticulum (ER/SR) and mitochon-
drion in myocytes and fibroblasts [1, 4, 9]. In this Special Issue,
we compiled a coherent set of review and original research articles
to introduce the major advances regarding our current understand-
ing of the cardiac Ca®* signaling via ion channels including
voltage-gated Ca®* channels, ligand-gated Ca®* channels,
ryanodine receptors (RyR2s), inositol 1,4,5-trisphosphate recep-
tors (IP5Rs), Ca®* pumps/transporters, and transient receptor po-
tential (TRP) channels (Fig. 1) under both physiological and path-
ological conditions. Moreover, translational studies aimed at de-
veloping novel therapeutic strategies to prevent and treat patients
with heart failure and cardiac arrhythmias were also discussed.
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In this Special Issue, several articles (Blatter et al., Lahiri et al.,
McKee et al., Hamilton et al., Wang et al., Xie et al., Rosenberg
etal, Filletal.) [2,7, 8, 12, 13, 17-19] have thoroughly reviewed
the physiological role of the excitation-contraction coupling
(ECC) in the cardiomyocyte and a well-established concept that
defective intracellular Ca®* cycling acts as a key contributing
factor to an elevated predisposition for arrhythmias and/or im-
paired cardiac contractility in pathologically altered hearts. Under
certain conditions such as exercise, aging, excessive alcohol ex-
posure, obesity, diabetes, inherited mutational burdens, ischemia,
systemic inflammation, these extrinsic/intrinsic stress stimuli trig-
ger adaptive remodeling of Ca** handling machinery and regu-
latory signaling pathways in cardiac cells that are necessary to
deliver an adequate acute response but also ensures long-term
survival. Unfortunately, sustained stimulation of these stress
stimuli ultimately disrupts the normal dynamics of cardiac Ca*
handling, which results in myocardial maladaptive remodeling
toward cardiac dysfunction. In addition, disrupted intracellular
Ca®* cycling and SR Ca®* mishandling critically contribute to
the development of fatal ventricular fibrillation (a major cause of
sudden cardiac death) and atrial fibrillation (the most common
arrthythmia, with a higher mortality due to significantly increased
risk for stroke and heart failure). Moreover, detailed discussions
by Lahiri et al., McKee et al., Hamilton et al., Wang et al.,
Rosenberg et al., [8, 12, 13, 17, 18] were also included regarding
the new findings of regulatory mechanisms of stress stimuli (i.e.,
aging, excessive alcohol abuse, inflammation, ischemic-reperfu-
sion) or inherited gene mutations (i.e., Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT) and Long QT
Syndrome (LQTS)) in disrupted SR Ca*t dynamics via altered
channel function of RyR2, IP;R2, and STIM1-Orail, which lead
to changed SR Ca?* load and significantly increased diastolic SR
Ca”* leak promoting the initiation or progression of arrhythmias
and heart failure. Altered enzyme activity and/or changed inter-
actions between kinases/protein phosphatases and ion channels
critically contribute to these stress-evoked changes in the Ca*
homeostasis and cardiac electrical and mechanical dysfunction.
While hyperactivation of CaMKII$ is well-known to promote

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00424-021-02532-3&domain=pdf
http://orcid.org/0000-0003-0739-0286
mailto:lyue@uchc.edu
mailto:Xun_Ai@rush.edu

314

Pflugers Arch - Eur J Physiol (2021) 473:313-316

Cardiomyocyte °

-

T-tubule

Aging, Alcohol, Inflammation,
Obesity, Ischemic injury, Inherited
utations, Mechanical stress, ROS;
Ang Il, TGFB1, Endothelin-1

myofibrils

Intracellular Ca?* Cycling

(Heart Failure, Arrhythmias)

Maladaptive Cardiac Remodeling

Fig. 1 Schematic diagram of demonstrated mechanisms of intracellular Ca®* cycling-mediated cardiac maladaptive remodeling which could lead to
various types of cardiac functional abnormalities such as heart failure and arrhythmias

maladaptive cardiac remodeling during disease onset and pro-
gression, recent studies have uncovered crucial roles of several
important kinases and protein phosphatases including stress-
response kinase JNK?2, striated muscle preferentially expressed
protein kinase (SPEG), protein phosphatases PP1, PP2A, and
endogenous PP1 inhibitor protein (I-1) in intracellular Ca™ cy-
cling and SR Ca®* dynamics as well as enhanced
arrhythmogenicity in the stressed heart. These newly identified
channel modifiers within the macro-molecular complex of the
Ca®* handling machinery suggest the complexity of the regula-
tion of the ion channel activities and intercellular Ca®* homeo-
stasis in cardiac myocytes.

The beat-to-beat Ca”* signaling event occurs in both atrial
and ventricular cells but with some notable functionally rele-
vant and structurally based differences. Blatter et al. [2] pro-
vide a timely review regarding the distinctive mechanisms of
ECC in the atria and ventricles, while the functional role of an
“auxiliary” pathway of Ca®* release involving the less studied
cardiac IP5R type 2 (InsP;R-2) Ca** release channel for atrial
ECC and atrial alternans in arrhythmogenesis were also pre-
sented. Moreover, accumulating studies suggest that mito-
chondrial Ca®* and the mitochondrial Ca** handling units
such as mitochondrial Ca®* uniporters (MCU) are also in-
volved in physiological Ca®* homeostasis as well as patholog-
ical intracellular Ca** mishandling in diseased hearts. Ernst
et al. [5] reported a new approach to assess the coupling be-
tween mitochondrial Ca®* and cytosolic Ca** dynamics using
genetically-encoded Ca** indicators (GECIs) in human-
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induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) and adult cardiomyocytes (ACMs). It should
be noted that cardiac maladaptive function during the process
of pathological myocardial remodeling (i.e., HF, AF) is well
known to result in structural and biochemical changes related
to the complex alterations of ion channel function, protein
abundance, and protein post-translational modifications.
Biochemical assays and proteomic analyses have thus been
commonly employed. Rennison et al. [15] reported studies
using a proteomic approach on the left atrial appendage from
AF patients undergoing mitral valve repair and Maze surgery,
showing significant expression changes in proteins related to
mitochondrial energy production, which could contribute to
cardiac contraction and electrophysiological remodeling in
promoting AF pathogenesis. In addition, Yang et al. [20] also
reported alterations of several housekeeping proteins in hu-
man heart tissue that were heart chamber-specific and highly
disease context dependent in their expression levels. Past ge-
netic studies have suggested that a strong heritable component
is associated with the risk of AF and is inclusive of genes
related to transcription factors. Due to the complexity of the
etiology and progression of cardiac diseases, contributions of
expression of genes and proteins in pathological Ca®*
mishandling and cardiac dysfunction are clearly worthy of
future investigation. A much better understanding of the com-
plex genetic regulatory networks involved in the cardiac path-
ogenesis will be critical for developing novel personalized
therapies for patients.
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In addition to the critical regulation of ECC, excitation-
transcriptional coupling, and various other intracellular signal-
ing cascades in cardiac contractile dysfunction and cardiac
arrhythmia development, other ion channels including Ca*-
activated K* channels and TRP channels also contribute to the
intracellular Ca®* homeostasis. Ca**-activated small conduc-
tance K* channels, SK, or apamin-sensitive SK (Ixag) are
differentially expressed in the heart. Zhang et al. [21] present-
ed an excellent review covering the discovery of SK channels
in the heart to the most recent update in the understanding of
the roles of SK channels in arrhythmias and HF. Chen et al. [3]
concisely summarized how Ix a5 channels are regulated and
are involved in arrhythmias and proposed that sexual dimor-
phism in autonomic control of Ix g plays a role in J wave
syndrome. In contrast to the SK channel, the Ca**-activated
TRPM isoform 4 (TRPM4) is a non-selective monovalent
cation channel impermeable to Ca** ions. Dysfunction of
TRPM4 contributions to electrophysiological abnormalities
under a variety of inherited cardiac conduction block condi-
tions and Brugada syndrome and is also associated with var-
ious forms of acquired heart defects such as arrhythmias and
heart failure. Hu et al. [10] elegantly demonstrated how
TRPM4 contributes to early afterdepolarization (EAD) and
promotes arrhythmogenicity via CaMKII-dependent abnor-
mal Ca** homeostasis. Feng et al. [6] provided new evidence
suggesting that TRPM4 significantly upregulated in cardiac
fibroblasts in heart failure patients; however its contribution in
enhanced arrhythmogenicity in heart failure requires further
investigation. Medert et al. [14] knocked down TRPM4 in
adult hearts by using a myocyte-targeted AAV9-RNAI ap-
proach, providing a nice tool for future investigation regarding
the functional role of TRPM4 in the heart. Whereas the ionic
homeostasis of cardiac cells is finely tuned by multiple ion
channels, transporters, and ionic exchangers in the plasma
membrane, the ionic homeostasis of intracellular organelles
is also delicately maintained by influx and efflux of different
ions. Although it remains debatable in this research field, the
potential contribution of the TRIC-A channel in mediating K*
influx to ER/SR to counter-balance Ca** release was thor-
oughly reviewed by Zhou et al. [22]. Not only is the ionic
homeostasis in cardiac cells essential for normal heart func-
tion, but abnormal extracellular ionic concentrations resulting
from pathological conditions such as ischemia and renal fail-
ure could also promote arrhythmias, which indicates the need
for further investigation. In addition, King et al. [11] nicely
demonstrated how the combined effects of Na* and Ca®* can
differentially modulate conduction during hyperkalemia and
how enhancing determinants of ephaptic coupling may atten-
uate conduction changes in various physiologic conditions.

Over the past few decades, significant progress has been made
in understanding the underlying mechanisms by which intracel-
lular Ca®* cycling mediates various types of cardiac functional
abnormalities such has heart failure and arrhythmias. This

Special Issue highlights some of the major progresses that have
been made regarding changes of intracellular Ca>* homeostasis
via ion channels regulated by either Ca**-induced SR Ca** re-
lease or a number of ion channel modifiers including kinases and
protein phosphatases in response to various intrinsic or extrinsic
stimuli. All of these exciting new perspectives lay the ground-
work for future investigation such as the inter-relationship be-
tween kinases and protein phosphatases as well as between or-
ganelles in calcium handling and homeostasis in both normal
function and in the pathological state. The complexity of the
genetic regulatory networks in the dysfunction of intracellular
cycling and maladaptive cardiac remodeling and disease onset
and progression are also worthy of further investigation.
Moreover, the interactions between SR, mitochondrion, and nu-
cleus in orchestrating normal intracellular Ca”* homeostasis as
well as aberrant Ca®* handling under pathological conditions are
an interesting research direction deserving more attention. While
the functional role of fibroblasts in cardiac electrophysiology and
structural remodeling has recently emerged as a research point of
interest, the interaction between myocytes and fibroblasts is
clearly another new research direction in need of attention.
These novel discoveries and new directions in future research
will hopefully lead to targeted and effective therapies to prevent
the maladaptive remodeling and disease progression in the heart.
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