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Atrial fibrillation (AF) is commonly associated with heart failure. A bidirectional relationship

exists between the two—AF exacerbates heart failure causing a significant increase

in heart failure symptoms, admissions to hospital and cardiovascular death, while

pathological remodeling of the atria as a result of heart failure increases the risk of AF.

A comprehensive understanding of the pathophysiology of AF is essential if we are to

break this vicious circle. In this review, the latest evidence will be presented showing

a fundamental role for calcium in both the induction and maintenance of AF. After

outlining atrial electrophysiology and calcium handling, the role of calcium-dependent

afterdepolarizations and atrial repolarization alternans in triggering AF will be considered.

The atrial response to rapid stimulation will be discussed, including the short-term

protection from calcium overload in the form of calcium signaling silencing and the

eventual progression to diastolic calcium leak causing afterdepolarizations and the

development of an electrical substrate that perpetuates AF. The role of calcium in the

bidirectional relationship between heart failure and AF will then be covered. The effects

of heart failure on atrial calcium handling that promote AF will be reviewed, including

effects on both atrial myocytes and the pulmonary veins, before the aspects of AF which

exacerbate heart failure are discussed. Finally, the limitations of human and animal studies

will be explored allowing contextualization of what are sometimes discordant results.

Keywords: atrial fibrillation, pathophysiology, calcium, heart failure, t-tubules

INTRODUCTION

Two highly prevalent forms of cardiovascular disease are atrial fibrillation (AF) and heart failure,
and in spite of recent advances in treatment these conditions remain important causes of morbidity
and mortality. AF is an abnormal heart rhythm affecting more than 30 million patients worldwide
(Chugh et al., 2014), and is characterized by rapid and disorganized electrical activity within
the cardiac atria (Kirchhof et al., 2016). This results in the loss of atrial contraction, irregular
ventricular contractions, and has a detrimental effect on the lives of those who suffer from it ranging
from a reduction in day-to-day quality of life secondary to symptoms such as palpitations and
exercise intolerance (Thrall et al., 2006), and an increased risk of heart failure (Stewart et al., 2002),
stroke (Wolf et al., 1991), and premature death (Benjamin et al., 1998). Heart failure is defined as
the presence of symptoms such as breathlessness resulting from cardiac structural or functional
abnormalities that in general cause impaired contraction and/or relaxation of the myocardium
(Ponikowski et al., 2016). This life-threatening condition affects 1–2% of the general population
in the developed world (Mosterd and Hoes, 2007), and carries higher mortality rates than many
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cancers (Mamas et al., 2017). Of increasing importance is the
bidirectional relationship between AF and heart failure. To put
it simply, those with AF are more likely to develop heart failure
and vice versa.

Heart failure occurs in up to one third of patients with
AF (Santhanakrishnan et al., 2016), which may be as a direct
result of rapid ventricular rates in AF [known as a tachycardia-
induced cardiomyopathy (Fujino et al., 2007)] or the association
of risk factors common to both conditions such as hypertension
(Benjamin et al., 1994; Levy et al., 1996). If heart failure occurs
in those with AF, the patient is likely to face an increased burden
of symptoms, more admissions to hospital and a lower chance of
restoring sinus rhythm (Silva-Cardoso et al., 2013; Odutayo et al.,
2017). On the other hand, in those who initially have a normal
cardiac rhythm, heart failure is associated with a 5-fold increase
in the risk of developing new AF (Benjamin et al., 1994) due
to electrical and structural remodeling in the atria (Nattel et al.,
2007; Nattel and Harada, 2014), which can also increase rates of
hospitalization, stroke, and death (Dries et al., 1998; McManus
et al., 2013; Odutayo et al., 2017).

Disordered calcium handling is a key link in the bidirectional
relationship between AF and heart failure and it is the aim of this
review to provide the reader with an up-to-date overview of this
important topic. We will start by exploring the role of calcium
in excitation-contraction coupling in healthy atria followed by
an overview of the general mechanisms of arrhythmias. While
the effects of AF on calcium handling have been reviewed
recently e.g., Dobrev and Wehrens (2017) and Landstrom et al.
(2017), here we focus firstly on the pathological remodeling
of calcium handling which determines the progression of AF
from short-lived paroxysms to longer durations of persistent
AF. To achieve this, we have attempted to stratify studies in
terms of the stage of AF (from early remodeling to persistent
AF). Secondly, we examine how heart failure promotes AF
with an emphasis on calcium cycling in the atria, providing
an insight into the fundamental changes which drive both
conditions, including the role played by t-tubules. In addition, we
describe the mechanisms by which AF exacerbates heart failure,
and how a vicious circle can be generated. Finally, this review
provides a critical appraisal of both human and animal studies
in this field, to highlight limitations that should influence future
research.

CALCIUM, EXCITATION-CONTRACTION
COUPLING, AND ARRHYTHMIAS

To appreciate the association between AF, heart failure, and
disturbances in calcium handling, we must first understand the
role of calcium in excitation contraction coupling in healthy atrial
tissue. The action potential is initiated by the rapid influx of
sodium (INa) resulting in membrane depolarization. The shape
of the atrial action potential differs from that of the ventricle, at
least in larger species, where generally the atrial action potential
is shorter and more triangulated (Hume and Uehara, 1985; Giles
and Imaizumi, 1988; Amos et al., 1996; Xu et al., 1999) as
reviewed in Nerbonne and Kass (2005). Depolarization activates

L-type calcium channels (LTCCs) allowing a small amount of
calcium to enter the cell. (ICa(L)) (Bers, 2002; Eisner et al.,
2017).

As in ventricular myocytes, a small influx of calcium via
ICa(L) triggers the release of a larger quantity of calcium
from the sarcoplasmic reticulum (SR) into the cytoplasm via
ryanodine receptors (RyRs) in a process known as calcium-
induced calcium release (CICR; Figure 1A) (Bers, 2002; Eisner
et al., 2017). It is important to mention that although this
process ismechanistically similar, the relative contributions of the
individual components differ (Walden et al., 2009).

CICR is rapid and in the healthy ventricle occurs near-
simultaneously throughout the cell due to two main factors.
Firstly, LTCCs on the cell membrane and RyRs on the SR
membrane associate closely to form dyads allowing efficient
triggering of calcium release. Secondly, deep invaginations of
the surface membrane known as transverse (t)-tubules allow
dyads to occur not only at the cell periphery but throughout
the cell interior, such that calcium rises in a more synchronous
manner in ventricular myocytes (Figure 1A). Calcium release
is not completely synchronous in atrial cells as there are fewer
t-tubules than in ventricular myocytes (Dibb et al., 2009; Caldwell
et al., 2014), and their abundance changes with cell width,
species, and location in the atria (Richards et al., 2011; Frisk
et al., 2014; Glukhov et al., 2015; Gadeberg et al., 2016). These
factors likely contribute to the diversity of atrial t-tubule density
reported, particularly in small mammalian species, where t-
tubules are either lacking (Huser et al., 1996; Brette et al., 2002),
sparse, and often longitudinally orientated (Kirk et al., 2003;
Woo et al., 2005) or can be more abundant (Frisk et al., 2014;
Glukhov et al., 2015). It is generally well established that atrial t-
tubules are common in large mammalian species e.g., sheep, cow,
horse, dog, and pig although t-tubule levels are heterogeneous
between cells and species (Wakili et al., 2010; Richards et al.,
2011; Frisk et al., 2014; Gadeberg et al., 2016). Since many of
these species are used as models of AF it is important that
atrial t-tubule levels mimic those found in the human. T-tubules
have been shown to be present to some extent in almost 70%
of human atrial cells (Richards et al., 2011) although only
sparse t-tubules have been reported in isolated human atrial
cells (Greiser et al., 2014). Differences between studies may
arise due to t-tubule damage, suggested to occur as a result of
enzymatic digestion (Chen et al., 2015), or to differences in the
underlying pathophysiology of patient samples and therefore the
reliance of systolic calcium on human atrial t-tubules is not well
understood.

Following the release of calcium from the SR, free
intracellular calcium is then available to bind to troponin
C, causing myocyte contraction. Relaxation is brought about
by the removal of calcium from the cytosol which occurs
via two main mechanisms: reuptake into the SR by the
sarcoplasmic reticulum calcium ATPase pump (SERCA)
regulated by the inhibitory proteins phospholamban and
sarcolipin, and removal from the cell via the sodium-calcium
exchanger (NCX) on the plasma membrane (Figure 1A).
Minor contributions to calcium removal come from the plasma
membrane calcium ATPase pump and the mitochondrial
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FIGURE 1 | Calcium cycling and mechanisms of arrhythmia. (A) The role of the calcium cycling mechanism in calcium induced calcium release (B) Early

afterdepolarizations arise through reactivation of ICa(L) and / or INa and are facilitated by INCX. (C) Delayed afterdepolarizations arise through spontaneous calcium

release from the sarcoplasmic reticulum. (D) (i) Wavebreak occurs when a smooth depolarizing wave front encounters an area of inexcitable tissue (ii) which may

progress to re-entry whereby the depolarizing wave continues to rotate around an inexcitable core. EAD, early afterdepolarization; DAD, delayed afterdepolarization;

LTCC, L-type calcium channel; RyR, ryanodine receptor; SR, sarcoplasmic reticulum; NCX, sodium/calcium exchanger; SERCA, sarco-endoplasmic reticulum calcium

ATPase.

calcium uniporter. When free cytoplasmic calcium falls, it
dissociates from troponin C, bringing about relaxation during
the diastolic phase of the action potential (phase 4) (Bers,
2001).

In the steady state, calcium influx and efflux are maintained
in balance. Any increase in calcium influx e.g., during
beta adrenergic stimulation, is met by a corresponding
increase in calcium efflux (Trafford et al., 1997; Eisner
et al., 2013). Under normal conditions, this ensures cells do
not become overloaded with calcium. SR calcium content
can be increased but only if influx exceeds efflux until a

new steady state of influx and efflux is achieved (Trafford
et al., 1997). In conditions such as AF and heart failure,
pathological remodeling of calcium handling can promote
arrhythmias.

The Basis of Arrhythmias
Like all tachyarrhythmias, the onset and maintenance of
AF is dependent on three key mechanisms: automaticity,
triggered activity, and re-entry (Antzelevitch and Burashnikov,
2011). Automaticity, whereby an excitable tissue spontaneously
depolarizes, is an inherent property of the specialized tissue
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within the cardiac conduction system. Abnormal automaticity
occurs when an area outside the conduction system becomes
capable of automatic activity faster than the leading pacemaker
site, or less commonly when disease accelerates the firing rate of
nodal tissue.

Triggered activity refers to additional impulses triggered
by an initial action potential, known as afterdepolarizations.
Although several mechanisms can lead to afterdepolarizations,
many of these relate to abnormalities in calcium handling.
There are two types of afterdepolarization termed “early” or
“delayed” afterdepolarizations. Early afterdepolarizations (EADs;
Figure 1B), occur within the action potential (phases 2–3) and
may arise from reactivation of ICa(L) or spontaneous calcium
release (Qi et al., 2009) driving reverse mode INCX as reviewed
by Weiss et al. (2010). Delayed afterdepolarizations (DADs;
Figure 1C), occurring after the action potential (within phase
4) arise from spontaneous calcium release from the SR in
the form of a calcium wave (Venetucci et al., 2008). This
spontaneous calcium transient leaves the cell via NCX in
exchange for sodium, creating a transient inward current (Iti). If
the depolarizations induced by EADs or DADs are large enough
they may lead to one or more additional premature action
potentials.

Both normal and arrhythmogenic calcium release from the
SR occurs via RyRs. Calcium sparks are the elementary calcium
release events of the SR which occur when RyRs within a
cluster open (Cheng et al., 1993; Rajagopal et al., 2015; Walker
et al., 2015). Under conditions of increased calcium loading,
spark frequency increases and calcium sparks are able to trigger
propagating calcium waves (Cheng et al., 1993). Therefore
calcium waves occur when the SR reaches a threshold calcium
content (Diaz et al., 1997; Venetucci et al., 2007). The calcium
release kinetics of the RyR can be modified by phosphorylation
at the protein kinase A site or at the CaMKII site resulting
in increased RyR calcium sensitivity and open probability
(Wehrens et al., 2004; Vest et al., 2005; Huke and Bers, 2008).
In addition, accessory proteins such as junctophilin (Beavers
et al., 2013), FKBP-12.6 (Marx et al., 2000), calsequestrin, triadin,
and junctin (Gyorke et al., 2004) can all modulate RyR open
probability.

The third main arrhythmic mechanism is re-entry
whereby waves of depolarization circle around an obstacle,
continuously reinitiating in the manner of a dog chasing
its tail (Figure 1D). This obstacle may be anatomical, such
as scar tissue, but functional obstacles such as a core of
tissue rendered inexcitable by continuous depolarization
can also permit re-entry. This functional re-entry is of
particular importance in AF (Allessie et al., 1977; Comtois
et al., 2005).

These fundamental mechanisms feed into several models of
AF including the classical model of multiple re-entrant circuits
continually forming and extinguishing (Allessie et al., 1996) and
the more recent view of one or more primary re-entrant drivers
or rotors which break down to fibrillatory conduction at the
peripheries (Berenfeld and Jalife, 2014). A discussion on the
merits of these models can be found elsewhere (Allessie and de
Groot, 2014; Narayan and Jalife, 2014).

THE PATHOPHYSIOLOGY OF ATRIAL
FIBRILLATION

The Natural History of Atrial Fibrillation
In many patients who are otherwise free from cardiovascular
disease, AF is first seen as short bursts of fibrillation that last from
minutes to hours before reverting spontaneously to a normal
sinus rhythm in a pattern known as paroxysmal AF (Kirchhof
et al., 2016). These bursts are initiated by electrical impulses
known as triggers, most commonly arising from the pulmonary
veins (Haissaguerre et al., 1998). Over time, the frequency and
duration of AF tends to increase until eventually the arrhythmia
becomes both continuous and self-sustaining (Gillis and Rose,
2000), and is known as persistent AF. The electrical properties
and structure of the atria that determine how well the atria
support AF are together known as the atrial substrate. The
increasing tendency to AF occurs due to changes in the atrial
substrate brought about by the rapid stimulation of the atria
during bouts of AF, and are summed up by the phrase “AF begets
AF” (Wijffels et al., 1995). However, the stepwise progression
from paroxysmal to persistent AF is not universal, as those
who have structural heart disease such as heart failure may
have developed a pro-arrhythmic substrate before AF arises, and
may therefore immediately present with persistent AF (Leclercq
et al., 2014). Dysregulation of calcium is involved both in the
triggering of AF, and the progression of the atrial substrate that
facilitates AF. In this section, we aim to describe the time course
of key changes in calcium cycling with regard to the stage of AF,
highlighting not only how “calcium cycling remodeling begets
further remodeling” but what may drive the atria down this path
rather than be bystander effects.

What Triggers Atrial Fibrillation?
In patients with “lone AF,” the early stages of the disease are
predominantly due to abnormally frequent triggering impulses.
In humans, the commonest sites for triggers are the pulmonary
veins from which rapid electrical activity can both initiate
and sustain AF (Oral et al., 2002). The pulmonary veins are
estimated to be the source of triggers in ∼ 90% of patients with
paroxysmal AF. This has led to the development of ablation
therapy which aims to electrically isolate the pulmonary veins
from the left atrium and thereby prevent triggers from reaching
the myocardium (Haissaguerre et al., 1998). Although triggers
can arise from other areas of the atria such as the left atrial
appendage (Santangeli et al., 2016), the key role of the pulmonary
vein sleeves is supported by mechanistic studies demonstrating
features that predispose these tissues to abnormal firing (Arora
et al., 2003).

The myocytes which extend up the pulmonary vein sleeves
can fire independently (Perez-Lugones et al., 2003), potentially
due to automaticity, triggered activity, and micro re-entry
[as reviewed in Takahara et al. (2014)]. These myocytes are
electrophysiologically distinct from those in the atria. For
example canine pulmonary vein sleeves display both decreased
IK1 and ICa(L) but increased delayed rectifier currents compared
to atrial myocardium (Ehrlich et al., 2003). The net effect of these
differences is a shorter action potential duration and less negative
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resting membrane potential which together facilitate calcium-
dependent afterdepolarizations and triggered activity (Patterson
et al., 2006).

The automaticity and triggered activity seen in pulmonary
vein myocytes may be calcium dependent, as some studies report
asynchronous spontaneous calcium transients in myocytes in
intact pulmonary veins (Chou et al., 2005; Logantha et al., 2010;
Rietdorf et al., 2014). Some have found that these spontaneously
active cells have higher SR calcium content and a corresponding
increase in the frequency of calcium sparks compared to atrial
myocytes which could contribute to these spontaneous events
(Chang et al., 2008). However, spontaneous pulmonary vein
activity has not been found in all studies, and the calcium
handling properties of canine pulmonary vein myocytes are
generally unaltered compared to those from the atria (Hocini
et al., 2002; Perez-Lugones et al., 2003; Coutu et al., 2006).
Increased firing from the veins has been reported during periods
of tachycardia (Chen et al., 2000; Honjo et al., 2003) and during
rapid changes in autonomic tone (Zimmermann and Kalusche,
2001; Tomita et al., 2003; Patterson et al., 2005) due to an increase
in the predisposition to calcium-dependent afterdepolarizations
at these times.

In addition to the electrophysiological and calcium handling
differences, the anatomy of the veins also promotes re-entry due
to the combination of abrupt changes in fiber orientation and
reduced electrical connectivity between muscle bundles creating
areas of heterogeneous conduction velocity and localized block
(Hocini et al., 2002; Arora et al., 2003). Calcium may also
play a role in the propagation of triggered impulses from the
pulmonary veins to the atria via small conductance calcium-
activated potassium channels. Rapid stimulation increases the
expression of these channels and shortens the action potential
in the pulmonary veins. However, the effect of blocking these
channels is unclear as both pro-arrhythmic (Hsueh et al., 2013)
and antiarrhythmic effects (Ozgen et al., 2007; Qi et al., 2014)
have been described.

Taken together, the available evidence supports a greater
propensity for the pulmonary veins to generate spontaneous
activity although the precise mechanism is controversial.

What Makes an Atrial Substrate Vulnerable
to Atrial Fibrillation?
The atrial substrate refers to the sum of all atrial characteristics
that influence how readily the atria support fibrillation. In
response to triggering impulses, a healthy atrial substrate may
generate fibrillation that extinguishes after a very short period,
or may not support fibrillation at all. On the other hand, a
diseased, remodeled and thence vulnerable atrial substrate will
often manifest prolonged fibrillation in response to the same
triggering impulses (Sanders et al., 2003; Cha et al., 2004a; Todd
et al., 2004). The atrial substrate changes over time and in
response to high atrial rates as seen during fibrillation, in part
mediated by intracellular calcium.

Many of the characteristics that contribute to the vulnerability
of the atrial substrate can be understood using the classical
multiple-wavelet paradigm of AF in which AF results from
many wavelets following re-entrant circuits that continuously
form and extinguish in a chaotic manner (Moe et al., 1964).

The size of these wavelets is a product of the conduction
velocity of the tissue and the effective refractory period (ERP),
referred to as the wavelength. The atrial ERP is primarily
determined by the action potential duration (Bode et al.,
2001). Atrial tissue with properties that support a shorter
wavelength exhibit wavelets that rotate around a smaller volume
of tissue (Zou et al., 2005). In this model, AF terminates when
all wavelets have extinguished at a single time-point, which
becomes increasingly unlikely the more wavelets the atria can
sustain.

Structural aspects of the atria therefore influence atrial
vulnerability. Larger atria as found in heart failure can sustain
more wavelets simultaneously, and are therefore more vulnerable
to AF (Sridhar et al., 2009; Melenovsky et al., 2015). Fibrosed
atria, arising as a consequence of heart failure (Li et al., 1999)
or obesity (Fukui et al., 2013), conduct electrical impulses more
slowly, leading to a shorter wavelength and allowing more re-
entrant circuits to co-exist in a givenmass of tissue (VanWagoner
and Nerbonne, 2000). Electrophysiological properties such as
the atrial refractory period also feed into to this model as a
shorter action potential (and thus shorter refractory period)
leads to a shorter wavelength permitting a greater number of
re-entrant wavelets and facilitating AF. Mechanisms to shorten
action potential duration include a decrease in ICa(L), decreased
forward mode INCX or an increase in potassium currents
(Johannsson and Wohlfart, 1980; Fermini and Schanne, 1991;
Viswanathan et al., 1999; Armoundas et al., 2003). To generate
these wavelets, the normally smooth and regular waves of
depolarization traversing the atria must be disrupted (Zhao et al.,
2013). Wavebreak occurs when a wavefront can pass in one
region of tissue but is blocked in an adjacent region, causing
the wavefront to begin to rotate. This wavebreak is more likely
to occur if the refractory periods of the atrial tissue differ
markedly from region to region, referred to as a dispersion of
repolarization (Allessie et al., 1977). While this dispersion can
be fixed, an important dynamic determinant of the dispersion
of repolarization is action potential alternans, often driven by
calcium dynamics.

Action potential alternans refers to a phenomenon whereby
a single cell or region of tissue generates action potentials in
a repeated long-short-long-short pattern when stimulated, as
reviewed by (Weiss et al., 2011). As this alternating sequence
passes through the myocardial tissue, it creates a discordant
pattern whereby at a single point in time the action potentials
in some regions will be short but in neighboring regions will be
long. If a premature triggering impulse occurs, it may potentially
block in regions with long action potentials but continue to
conduct where action potentials are short, creating wavebreak
and re-entry. In this context therefore atrial alternans acts as a
substrate for AF. Although action potential alternans can arise
from properties of the sarcolemmal ion channels, it can also
be driven by instabilities in calcium handling (Eisner et al.,
2005). Alternating calcium transient amplitudes can occur due
to high stimulation rates, elevated SR calcium content, and
alterations to RyR refractoriness, as reviewed by Qu et al. (2013).
These then lead to alternation of the action potential: large
transients increase calcium-dependent inactivation of ICa(L) and
enhance calcium efflux through NCX, simultaneously shortening
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the plateau of the action potential and extending terminal
repolarisation, while small calcium transients produce a longer
plateau but shorter terminal repolarization. Atrial alternans can
be measured in patients using standard electrophysiological
catheters and correlates with vulnerability to AF (Verrier et al.,
2016). It has been shown to track the progression of AF in a sheep
tachypacing model, to precede the transition from atrial flutter to
fibrillation in man, and to occur more frequently in the atria of
patients with AF than those without (Narayan et al., 2002, 2008,
2011; Monigatti-Tenkorang et al., 2014).

Another calcium-dependent aspect of the vulnerability of
the atrial substrate to AF is calcium loading of the cell during
brief periods of rapid atrial stimulation. When the atria are
exposed to rapid rates such as triggers from the pulmonary
veins, or artificially from rapid pacing, there is a net influx
of calcium into the cell via the more frequently activated
ICa(L) (Sun et al., 2001). This is presumably primarily driven
by the increased stimulation rate increasing influx per unit
time because with increasing rates, calcium entry via ICa(L)
decreases per beat (Dibb et al., 2007). This increased influx
of calcium leads to increased reuptake via SERCA, loading
the SR. A new steady state of calcium flux is created at a
higher SR calcium content when an increase in the fractional
release of calcium during the transient enables sufficient efflux
to balance the increased influx. The higher SR calcium content
also increases the frequency of RyR opening during diastole
promoting a greater Iti and increasing the probability of
inducing an afterdepolarization (Cheng, H. et al., 1996). Triggers
therefore produce immediate pro-arrhythmogenic changes in
the atrium encouraging calcium-dependent afterdepolarizations
(Ferrier et al., 1973; Terracciano et al., 1995; Santiago et al.,
2013) leading to additional action potentials (Burashnikov and
Antzelevitch, 2003), further increasing the atrial rate and calcium
influx into the cell.

Calcium handling is additionally remodeled as a consequence
of t-tubule loss which is evident following 7 days of atrial pacing
(Wakili et al., 2010) (classified in Table 1 as paroxysmal AF),
during persistent AF (Lenaerts et al., 2009) and during heart
failure induced by both rapid ventricular pacing (Dibb et al.,
2009) and myocardial infarction (Kettlewell et al., 2013). An
overview of all changes can be observed in Figure 2. While
t-tubule loss occurs as a consequence of AF, it may also
either facilitate AF occurrence in heart failure or arrhythmia
progression (in the absence of heart failure) by a number of the
mechanisms discussed above. Electrically, t-tubule loss, at least
in the ventricle, decreases the duration of the action potential
(Brette et al., 2006) and if a similar phenomenon occurs in
the atria then t-tubule loss may exacerbate action potential
shortening in AF and shorten the atrial refractory period. Loss of
t-tubular ICa(L) likely contributes to action potential shortening
(Brette et al., 2006) and also promotes the decrease in ICa(L)
(Lenaerts et al., 2009) which is a hallmark feature of AF.

Structurally, the loss or remodeling of t-tubules results in RyRs
becoming “orphaned” and producing dyssyncronous calcium
sparks which may promote calcium dependant arrhythmias in
the ventricle (Song et al., 2006). However the role of orphaned
ventricular RyRs is unclear since in dyssyncronous heart failure

loss of t-tubules from the cell ends is associated with higher RyR
density and a decrease in calcium sparks (Li et al., 2015). While
orphaned RyRs will inevitably arise following atrial t-tubule
loss, whether they promote atrial arrhythmias has not yet
been shown. It is well known that t-tubule loss reduces the
synchrony of ventricular calcium release (Louch et al., 2006;
Heinzel et al., 2008) which is aggravated by failed action potential
propagation into remodeled t-tubules (Sacconi et al., 2012).
Similarly, in the atria, t-tubule loss is associated with impaired
calcium release in the cell interior (Dibb et al., 2009; Lenaerts
et al., 2009; Wakili et al., 2010). Both orphaned RyRs and
heterogeneous calcium release have been suggested to contribute
to the increased alternans susceptibility which computer models
predict to occur due to t-tubule disruption and loss (Li Q.
et al., 2012; Nivala et al., 2015) providing a mechanism by
which t-tubule associated changes in calcium handling may
facilitate AF.

How do the Atria Respond to Excess
Calcium Influx Acutely?
Rapid atrial stimulation by triggering impulses increases
cellular calcium loading in the atria (Sun et al., 2001). It
might be expected that the heart would have a mechanism
to protect itself against rapid stimulation that would
otherwise cause uncontrolled calcium overload, and this
could be achieved by reducing calcium influx or increasing
calcium efflux. To explore whether such a mechanism
does indeed exist, animal models of short-term rapid
atrial pacing have been used. One adaptive mechanism
that has recently come to light is calcium signal silencing
(Greiser et al., 2014) which affects both calcium influx and
efflux.

Calcium influx is primarily determined by ICa(L) which is
decreased in the early stages of rapid atrial pacing both in
terms of current density and LTCC expression (Table 1). Studies
investigating rapid pacing (up to 7 days duration) show a
progressive reduction in ICa(L) (Bosch et al., 2003; Qi et al., 2008)
with decreased mRNA encoding the alpha subunit of the LTCC
seen after just 24 h (Bosch et al., 2003). The downregulation
in mRNA transcription is believed to be mediated by the
acute increase in intracellular calcium acting via the calcium
calmodulin-calcineurin-NFAT pathway to help keep cells in
calcium balance (Qi et al., 2008).

Calcium efflux is also increased in these early stages of
tachypacing. This occurs via an increase in NCX current for a
given level of intracellular calcium as opposed to any change
in NCX expression (Greiser et al., 2014). Taken alone this
might be expected to increase both action potential duration
and DADs via increased Iti, depolarizing the sarcolemma
reaching the threshold for triggering additional action potentials,
however, neither of these occur. Signal silencing firstly involves
shortening of the action potential where presumably factors
which include decreased ICa(L) offset any increase in INCX.
Secondly, the rate of arrhythmogenic calcium release in the
form of sparks is unaltered since increased INCX is balanced
by protective changes such as decreased RyR expression and
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FIGURE 2 | Alterations to atrial calcium handling (top left) in response to short-term rapid atrial stimulation, (top right) in paroxysmal atrial fibrillation, (bottom right) in

persistent atrial fibrillation, (bottom left) and in heart failure. APD, action potential duration; DAD, delayed afterdepolarization; LTCC, L-type calcium channel; RyR,

ryanodine receptor; SR, sarcoplasmic reticulum; NCX, sodium/calcium exchanger; SERCA, sarco-endoplasmic reticulum calcium ATPase; SLN, sarcolipin; PLB,

phospholamban.

reduced phosphorylation by calcium calmodulin dependent
kinase two (CaMKII), decreased intracellular sodium, and
increasing intracellular calcium buffering (Greiser, 2017). Overall
these factors in combination with a lack of change in SR
calcium content are the hallmarks of silencing that result in
no observable change in calcium sparks and a reduction in
calcium transient amplitude (Sun et al., 2001; Greiser et al.,
2014).

Calcium signal silencing has, to the best of our knowledge,
only been studied in a species where atrial t-tubules are generally
absent (Greiser et al., 2014). It is therefore unknown if early t-
tubule loss, as a result of rapid atrial stimulation (Wakili et al.,
2010), could facilitate signal silencing by reducing central calcium

release or if early t-tubule loss promotes calcium dependent
arrhythmias favoring the progression from signal silencing to AF.

Which Aspects of Calcium Cycling
Promote Paroxysmal Atrial Fibrillation?
Paroxysmal AF, characterized by initially short periods of self-
terminating AF, can be foundwhen the triggers for AF are present
but the atrial substrate has not yet remodeled to an extent that
supports persistent AF. Remodeling of calcium cycling is an
important step in the temporal progression to paroxysmal AF.
This will involve additional changes in calcium handling not seen
in silencing which ultimately lead to arrhythmogenic calcium
release and triggered activity thereby promoting AF.
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Paroxysmal Atrial Fibrillation Is Associated With

Diastolic Leak From Ryanodine Receptors
A key concept in the pathophysiology of paroxysmal AF is
increased diastolic leak of calcium from the SR, which can be
quantified by assessing the frequency of calcium sparks and
arrhythmogenic calcium waves. An increase in calcium sparks
and waves is well known to occur in paroxysmal AF (Table 1)
and is associated with RyR remodeling in a manner that favors
calcium release. Whereas in the early stages of rapid atrial
stimulation that lead to signal silencing RyR expression was
decreased, in paroxysmal AF the trend is toward an increase
in expression (Brundel et al., 1999; Greiser et al., 2014; Voigt
et al., 2014) with an increase in channel open probability (Beavers
et al., 2013; Chiang et al., 2014b; Voigt et al., 2014). In these
studies the main driver was thought to be an increase in RyR
phosphorylation. RyRs can be phosphorylated by both PKA (at
Ser2808) and CaMKII (at Ser2814). In paroxysmal AF increased
RyR open probability appears to arise from phosphorylation
at the CaMKII site whereas results regarding phosphorylation
at the PKA site are mixed (Chelu et al., 2009; Wakili et al.,
2010; Chiang et al., 2014b; Li et al., 2014; Voigt et al., 2014;
Lugenbiel et al., 2015). In terms of the CaMKII site evidence
suggests a progression from the earliest effects of signal silencing
in which RyR phosphorylation decreases (Greiser et al., 2014), to
the majority of papers in paroxysmal AF reporting an increase
in RyR phosphorylation (Chelu et al., 2009; Greiser et al., 2009;
Chiang et al., 2014b). For sustained calcium leak to occur a
mechanism is required to maintain SR calcium loading and this
is discussed in the following section. It is unknown if t-tubule
loss (Wakili et al., 2010), orphaned RyRs or RyR remodeling
(Song et al., 2006; Li et al., 2015) play a role in increased calcium
sparks and waves in paroxysmal AF. Following myocardial
infarction in the ventricle, CaMKII modulates only non-coupled
RyRs (Dries et al., 2013) but whether this mechanism promotes
calcium leak in the atria at sites following t-tubule loss remains
unknown.

Diastolic leak may also be implicated in rare inherited forms
of paroxysmal AF. Expressing mutations found in families with
inherited AF syndromes in mouse models has found that these
variants are frequently associated with RyR remodeling. Knock-
out of spinophilin-1 (a protein that links RyRs to protein
phosphatase (1) in mice leads to hyperphosphorylation of RyRs
at the CaMKII site and an increase in leak (Chiang et al.,
2014b). Mice with a loss of function mutation in junctophilin (a
protein which normally binds and stabilizes RyRs) show reduced
junctophilin binding to RyR, with a secondary increase in open
probability and leak (Beavers et al., 2013). Knock-out mice for
FKBP-12.6 (a protein which binds and stabilizes RyRs in their
unphosphorylated state) show increased leak (Sood et al., 2008),
which can be reversed by inhibiting CaMKII phosphorylation
of RyR (Li N. et al., 2012). Finally, a genetic mutation resulting
in loss of miRNA-106b-25 cluster increases vulnerability to AF
by increasing RyR expression (Chiang et al., 2014a). Overall,
increased leak in paroxysmal AF appears to be via CaMKII
phosphorylation of RyRs. As paroxysms of AF continue to
increase cellular calcium concentrations, and as CaMKII activity

is regulated by the concentration of calcium, it is easy to imagine
how this could result in a positive feedback loop perpetuating AF.

How Is RyR Leak Maintained and Translated to

Triggered Activity in Paroxysmal Atrial Fibrillation?
In addition to the properties of RyRs, diastolic leak is also
dependent on SR calcium content, with higher SR calcium
content leading to greater diastolic leak (Lukyanenko et al., 1996).
Importantly, simply making the RyR leaky without otherwise
manipulating SR content will not produce calcium waves in the
steady state—while this decreases the threshold for a calcium
wave, it also decreases SR calcium content below the threshold
(Diaz et al., 1997; Venetucci et al., 2007). Studies investigating the
absolute SR content in paroxysmal AF are inconsistent (Hove-
Madsen et al., 2004; Greiser et al., 2009; Wakili et al., 2010;
Voigt et al., 2014) and the relationship to threshold is unknown.
However, all studies we refer to in (Table 1) report an increase in
diastolic calcium leak in paroxysmal AF therefore we assume SR
calcium content must be above threshold.

For calcium waves to occur a mechanism is required to
maintain SR calcium content above threshold (Venetucci et al.,
2007; Ho et al., 2016). SERCA function increases in paroxysmal
AF (Xie et al., 2012; Voigt et al., 2014) which would explain
how SR calcium content could be maintained in spite of
an increase in RyR mediated calcium leak. The increase in
SERCA function occurs despite decreased expression of SERCA
protein (Voigt et al., 2014; Lugenbiel et al., 2015; Wang et al.,
2017), potentially caused by changes in regulatory proteins.
Phospholamban (PLB) inhibits SERCA function although this
inhibition can be relieved by phosphorylation by PKA (Ser16 site)
or CaMKII (Thr17 site). PLB protein expression does not change
in paroxysmal AF and investigation of its phosphorylation status
has produced inconsistent results (Brundel et al., 1999; Chelu
et al., 2009; Greiser et al., 2009; Voigt et al., 2014; Lugenbiel
et al., 2015). In the atria, in addition to PLB, sarcolipin can
also slow calcium reuptake by SERCA. We are unaware of any
studies measuring sarcolipin levels in paroxysmal AF. However,
sarcolipin knock-out mice show increased SERCA function and
an increased frequency of afterdepolarizations, supporting the
concept of maintained SR calcium content to promote leak
(Babu et al., 2007; Xie et al., 2012). It is important to appreciate
that increasing SERCA function can have either pro- or anti-
arrhythmic effects in different contexts. While increasing SERCA
function could overload the SR with calcium and thereby
promote afterdepolarizations, increased SERCA function might
also be expected to increased calcium buffering and thereby
increase the threshold for calcium waves (Briston et al., 2014).
Reflecting these different possibilities, while increasing SERCA
by gene transfer in the failing ventricle is anti-arrhythmic (Lyon
et al., 2011), overexpressing SERCA in mouse atria promotes
cellular correlates of AF (Nassal et al., 2015).

NCX is important in the conversion of calcium leak to
arrhythmias as the calcium released by a wave is removed from
the cytosol by NCX to generate the transient inward current
Iti which can trigger additional action potentials (Ferrier et al.,
1973). The increase in calcium sparks and waves in paroxysmal
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AF is associated with an increase in afterdepolarizations (Li N.
et al., 2012; Chiang et al., 2014a; Faggioni et al., 2014; Li et al.,
2014; Voigt et al., 2014). NCX remains relatively unchanged in
paroxysmal AF compared to sinus rhythm (Table 1), although
as NCX increased in the early stages of rapid atrial stimulation
that led to calcium signal silencing, the normalization of NCX in
paroxysmal AF may represent a fall from an initial rise. However,
insufficient evidence exists at this time to form firm conclusions
particularly around what drives the initial rise and subsequent
fall in NCX function as this does not relate to expression levels
(Table 1).

Similar to the acute response to rapid atrial pacing, both the
current density of ICa(L) and the expression of LTCCs are reduced
in paroxysmal AF (Brundel et al., 2001; Yagi et al., 2002; Cha
et al., 2004a; Wakili et al., 2010; Lugenbiel et al., 2015). It is
important to recognize that although ICa(L) density is generally
decreased, consistent with protection against calcium overload,
this is offset by rapid atrial rates during paroxysms of AF which
would be expected to promote calcium loading. Additionally
decreased ICa(L) could have further pro-arrhythmic effects due
to a shortening of the action potential duration, decreasing the
refractory period and therefore the wavelength of potential re-
entrant circuits.

Overall, paroxysmal AF is associated with increased RyR
diastolic leak, increased SERCA function despite unchanged
SERCA expression, decreased ICa(L) and t-tubule loss. These
changes appear to initiate a stepwise progression of remodeling
toward persistent AF in which an atrial substrate develops which
can support increasing durations of AF. This remodeling includes
a positive feedback mechanism in which activation of CaMKII
phosphorylates RyRs increasing diastolic leak and encouraging
further rises in intracellular calcium (Qi et al., 2008), and
substrate development by upregulation of pro-fibrotic pathways
such as the calcium calmodulin-calcineurin-NFAT pathway (Lin
et al., 2004;Wakili et al., 2011). Amajor question remains namely
by what mechanism does early silencing progress to paroxysmal
AF or, alternatively, why do some patients develop AF and others
not? One possible explanation may lie in the ability of the heart
to prevent calcium overload. Interestingly, when considering
susceptibility to AF, it was the patients with the greatest ICa(L)
who had an increased incidence of post-operative AF (Van
Wagoner et al., 1999). We might speculate that a lack of ability
to adapt to high rate by decreasing ICa(L) and protecting the atria
from excessive calcium loading could potentiate the development
of paroxysms of AF via calcium dependant arrhythmias.

How Does Remodeling of Calcium Cycling
Allow Paroxysmal Atrial Fibrillation to
Progress to Persistent Atrial Fibrillation?
The duration of the paroxysms of AF tends to prolong
until persistent AF develops, defined clinically as episodes of
arrhythmia that last more than seven days before returning to
sinus rhythm spontaneously, if at all (Kirchhof et al., 2016). The
progression to persistent AF involves alterations in the atrial
substrate and calcium handling such that ongoing elevations
in cytosolic calcium concentrations activate pathways leading

to structural remodeling of the atria. This, coupled with the
continued decrease in refractory period leads to the atrial
substrate becoming more vulnerable and assuming a greater role
in the maintenance of the arrhythmia (Cha et al., 2004b).

SR Calcium Leak in Persistent Atrial Fibrillation Is

Associated With RyR Phosphorylation at Both PKA

and CaMKII Sites
The enhanced diastolic leak of calcium found in paroxysmal AF
continues as AF becomes persistent, and continues to promote
triggered activity (Voigt et al., 2012; Purohit et al., 2013). RyR
expression tends to be unaltered or downregulated (Brundel
et al., 1999; Ohkusa et al., 1999; Schotten et al., 2002; Lenaerts
et al., 2009; Neef et al., 2010; Voigt et al., 2012) and is unlikely
to be a major factor in the increased SR calcium leak observed in
persistent AF. Instead, leak may be due altered kinetics of RyR
opening. As was seen in paroxysmal AF, RyR single channel open
probability is increased in persistent AF (Vest et al., 2005; Neef
et al., 2010; Voigt et al., 2012; Macquaide et al., 2015), which may
be due to RyR phosphorylation.

Persistent AF is associated with increased phosphorylation at
both the PKA and CaMKII site as well as hyperphosphorylation
at the CaMKII site (Vest et al., 2005; Neef et al., 2010; Voigt
et al., 2012). Hyperphosphorylation is thought to arise when all
four RyR subunits are phosphorylated instead of just two (Marx
et al., 2000; Voigt et al., 2012) further increasing their diastolic
open probability and leading to a higher frequency of calcium
sparks, waves and afterdepolarizations (Vest et al., 2005; Voigt
et al., 2012). This is in contrast to paroxysmal AF where RyR
leak appeared to be predominantly via CaMKII phosphorylation
(Table 1).

Experiments blocking RyR phosphorylation suggest that the
CaMKII site may be more important than the PKA site in
determining SR calcium leak in persistent AF (Neef et al., 2010;
Voigt et al., 2012), although the relative role of PKA vs. CaMKII
in promoting SR calcium leak is controversial. Evidence of the
importance of RyR phosphorylation by PKA come from studies
suggesting that PKA phosphorylation leads to dissociation of
FKBP12.6 from the RyR, enhancing the open probability of the
channel and facilitating SR calcium leak and arrhythmias (Marx
et al., 2000; Lehnart et al., 2006). However, this is not universally
accepted as other laboratories suggest that hyperphosphorylation
of RyR by PKA is not involved in cardiac dysfunction (Benkusky
et al., 2007; Zhang et al., 2012). For detailed reviews on this
topic we refer the reader to Houser (2014), Dobrev and Wehrens
(2014) or Landstrom et al. (2017).

The Mechanisms Maintaining SR Calcium Content

Despite Increased Leak in Persistent Atrial Fibrillation

Are Unclear
As was seen in paroxysmal AF, maintaining SR calcium leak
requires a mechanism to maintain SR calcium content. Despite
the increase in diastolic leak, SR calcium content does not change
in persistent AF (Lenaerts et al., 2009; Neef et al., 2010; Voigt
et al., 2012). While in paroxysmal AF this is likely to be due
to increased SERCA function, the mechanism responsible for
maintaining SR calcium content in persistent AF is unclear. In
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persistent AF, SERCA protein and mRNA levels are generally
similar to control (Hoit et al., 2002; Schotten et al., 2002; El-
Armouche et al., 2006; Lenaerts et al., 2009; Neef et al., 2010; Dai
et al., 2016) or may even decrease (Brundel et al., 1999; Lai et al.,
1999; Ohkusa et al., 1999; Cao et al., 2002) While expression of
PLB does not appear to change (Brundel et al., 1999; Lai et al.,
1999; Van Gelder et al., 1999; Schotten et al., 2002; Uemura
et al., 2004; El-Armouche et al., 2006; Lenaerts et al., 2009; Neef
et al., 2010), phosphorylation of PLBmay increase (El-Armouche
et al., 2006; Dai et al., 2016) but this is not universally reported
(Lenaerts et al., 2009; Neef et al., 2010). It is also unclear why
differential CaMKII phosphorylation of PLB and RyR can occur
within the same atria (Neef et al., 2010) raising the possibility that
CaMKII signaling is compartmentalized (Mishra et al., 2011).
It has also been shown that sarcolipin expression is reduced in
persistant AF, providing an additional mechanism to increase
SERCA function (Uemura et al., 2004; Shanmugam et al., 2011).
However, inconsistent results have been reported when SERCA
function has been directly measured in persistent AF (Kneller
et al., 2002; Shanmugam et al., 2011; Voigt et al., 2012).

How Does the Structure and Function of the

Sarcolemma Remodel in Persistant Atrial Fibrillation?
NCX expression and current may increase in response to high
burdens of persistent AF although these findings are not universal
(Brundel et al., 1999; Hoit et al., 2002; Kneller et al., 2002;
Schotten et al., 2002; El-Armouche et al., 2006; Lenaerts et al.,
2009; Voigt et al., 2012). A trend toward an increase in Iti
would support the hypothesis that an increase in diastolic leak
may result in the increased occurrence of afterdepolarizations
that might reinitiate or sustain persistent AF (Burashnikov and
Antzelevitch, 2003, 2006). However NCX expression is not
associated with the duration of AF in man (Brundel et al., 1999;
Van Gelder et al., 1999).

The decrease in ICa(L) seen early in response to rapid atrial
stimulation continues in response to repeated episodes of AF
(Yue et al., 1997; Van Wagoner et al., 1999; Workman et al.,
2001; Yagi et al., 2002; Christ et al., 2004; Lenaerts et al., 2009;
Voigt et al., 2012), potentially caused by lower levels of mRNA
for the alpha subunit (Brundel et al., 1999, 2001; Lai et al.,
1999; Van Gelder et al., 1999; van der Velden et al., 2000b;
Gaborit et al., 2005), reduced LTCC protein expression (Brundel
et al., 1999, 2001; Lenaerts et al., 2009), a shift in single channel
gating (Lenaerts et al., 2009) and potentially a reduction in single
channel open probability due to reduced phosphorylation (Christ
et al., 2004). The time course over which these changes occur has
been variably reported as between 2 and 6 months (Van Gelder
et al., 1999; van der Velden et al., 2000b), which may reflect
differences in AF burden between studies. Studies investigating
LTCCs during the progression of AF report decreased expression
in persistent AF but not in paroxysmal AF suggesting ICa(L)
might decrease over the time course of the disease (Brundel
et al., 1999; Van Gelder et al., 1999). However others report no
change in ICa(L) between paroxysmal and persistent AF (Yagi
et al., 2002). This discrepancy between decreased expression and
current density might be in part due to the reduction in calcium
transient amplitude in persistent AF (Schotten et al., 2002;

Lenaerts et al., 2009; Voigt et al., 2012) resulting in decreased
calcium dependent inactivation of ICa(L) maintaining current
amplitude. These differences may also explain why some studies
report the nadir of ICa(L) is reached quickly before remaining
stable, while others reported a slow downward trend inversely
proportional to increasing amounts of time in AF (Yagi et al.,
2002; Cha et al., 2004a; Wakili et al., 2010).

While atrial t-tubule loss contributes to the decrease of ICa(L)
in AF in some species (Lenaerts et al., 2009), the absence of atrial
t-tubules at baseline in other species precludes the involvement of
this mechanism e.g., Greiser et al. (2014) and likely contributes to
disparity between studies regarding the time course of ICa(L) loss.
While t-tubule loss could increase as AF develops and contribute
to the progressive loss of ICa(L) the available data does not support
this concept. Following 7 days of rapid atrial pacing in the dog
t-tubules were reduced by 60% (Wakili et al., 2010) but only
by ∼45% following 182 days of rapid atrial pacing in the sheep
(Lenaerts et al., 2009) suggesting t-tubule loss may facilitate AF
in the early stages but not the subsequent progression of AF.

Electrically, the decrease in ICa(L) contributes to the
progressive shortening of action potential duration seen in
persistent AF (Bosch et al., 1999; Workman et al., 2001; Kneller
et al., 2002; Wakili et al., 2010; Schmidt et al., 2015). This
shortening decreases the refractory period of the atrial myocytes,
in turn reducing the wavelength of potential re-entrant circuits,
allowing more circuits to co-exist within a given mass of atrial
tissue and reducing the likelihood of AF terminating. The
refractory period not only decreases, but also loses the ability to
adapt to changes in heart rate (Wijffels et al., 1995; Gaspo et al.,
1997b; Bosch et al., 1999; Willems et al., 2001; Workman et al.,
2001; Cha et al., 2004a; Todd et al., 2004; Anne et al., 2007). These
changes in action potential duration and refractory period are
also contributed to by a reduction in INa (Gaspo et al., 1997a)
and Ito (Le Grand et al., 1994; Yue et al., 1997; Bosch et al., 2003)
and an increase in IK1(Workman et al., 2001; Dobrev et al., 2005).
A full review of all ion channel remodeling at the various stages
of AF is beyond the scope of this article and the reader is directed
to Nattel et al. (2007).

Elevated Cytosolic Calcium Activates Pro-Fibrotic

Pathways Leading to Structural Remodeling
Calcium also plays a key role in the structural changes in the
atria caused by and facilitating the progression of persistent
AF. Despite the efforts of the myocyte to minimize calcium
entry via ICa(L), if calcium silencing fails then cytosolic calcium
concentrations inevitably rise. This rise activates intracellular
signaling pathways such as the pro-fibrotic Wnt pathway via
calcium sensitive enzymes such as protein kinase C, CaMKII
and calcineurin, and leads to myocyte hypertrophy, fibrosis and
atrial dilatation (Bukowska et al., 2006; De, 2011; Tao et al.,
2016). The consequence of atrial dilatation is a greater mass
of tissue able to harbor more simultaneous re-entrant circuits,
stabilizing the arrhythmia. In response to increased oxidative
stress and angiotensin-II levels in AF (Tsai et al., 2011), pro-
fibrotic pathways including the fibroblast transforming growth
factor beta pathway (Harada et al., 2012) encourage expansion
of the extracellular matrix with deposition of fibrillin and
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fibronectin, providing a substrate for re-entry by increasing
heterogeneity of impulse conduction (Spach et al., 1982; Li et al.,
1999). Furthermore, the gap junctions that electrically connect
adjacent myocytes are remodeled by AF, altering the relative
expression of their constituent proteins connexins 40, 43, and 45
and further disturbing atrial conduction (Elvan et al., 1997; van
der Velden, et al., 2000a; Dupont et al., 2001). Atrial structural
remodeling may be facilitated in part by changes in calcium
cycling within fibroblasts. For reviews of the role of calcium in
dictating structural remodeling in atrial myocytes and fibroblasts
we refer the interested reader to reviews by Wakili et al. (2011)
and Nattel (2017).

Elevated Intracellular Calcium Promotes

Mitochondrial Dysfunction
An additional effect of increasing intracellular calcium
concentrations is disturbed mitochondrial function. Calcium
cycling is an energetic process which is dependent upon the
bidirectional relationship between the SR and the mitochondria
(as reviewed in Dorn and Maack, 2013). Mitochondria act as a
calcium buffer, and the increased cytosolic calcium also leads
to increased calcium concentrations within the mitochondria
(Ausma et al., 2000). This increases the open probability of
the calcium-sensitive mitochondrial permeability transition
pore resulting in increased proton leak and disrupting ATP
synthesis (Parks et al., 2018). The proton leak in turn generates
reactive oxygen species (ROS) and promotes cell death (reviewed
in Griffiths, 2012). The mitochondrial dysfunction that can
occur at times of calcium overload is compounded by the
increased energy demand of active transporters such as SERCA
which are trying to restore homeostatic balance. If these energy
demands are not met, mitochondrial dysfunction can contribute
to calcium cycling remodeling including increasing RyR leak
(Anzai et al., 1998; Xie et al., 2015) and a greater frequency of
DADs (Beresewicz and Horackova, 1991).

The effects of mitochondrial dysfunction, increased ROS
production and increased oxidative stress have been observed
in patients with persistent AF (Mihm et al., 2001; Bukowska
et al., 2008; Yongjun et al., 2013; Xie et al., 2015) and can also
can predict vulnerability to AF following cardiac surgery (Carnes
et al., 2001; Montaigne et al., 2013; Anderson et al., 2014). A full
review of ROS and oxidative stress in AF can be found in Sovari
et al. (Sovari and Dudley, 2012).

Summary of the Role of Calcium Handling in Atrial

Fibrillation
In summary, triggering impulses, arising most commonly from
the pulmonary veins, lead to short bursts of rapid atrial activity
and an increase in the influx of calcium. The response of the
healthy atrium is to offset this net influx by increasing efflux in
calcium signal silencing. However since some patients develop
AF there must be factors which promote paroxysmal AF rather
than signal silencing. We speculate that this could include
(i) a failure in the ability of the calcium cycling mechanism
to adapt to increased rate, (ii) the presence of pre-existing
structural heart disease or, (iii) early loss of atrial t-tubules
promoting arrhythmogenic calcium release. Other, extra cardiac

factors, may also also determine the vulnerability to AF and
include roles for obesity (Goudis et al., 2015), aging (Steenman
and Lande, 2017) or alcohol (Voskoboinik et al., 2016), which
could further promote arrhythmogenic calcium release. These
factors, either individually or in combination may determine the
probability of developing persistent AF as well as the rate of
progression of the disease. It is clear that changes to calcium
cycling are a key component of this progression encouraging
electrical remodeling, structural remodeling, and mitochondrial
dysfunction, and ultimately promoting further AF. A downward
spiral ensues until the atrium is capable of sustaining AF
indefinitely, making it harder to restore and sustain sinus rhythm.

THE INTERPLAY BETWEEN HEART
FAILURE AND ATRIAL FIBRILLATION

Heart failure is a leading cause of death worldwide that arises as
an endpoint of many cardiovascular diseases including ischaemic
heart disease, valvular heart disease, hypertension, and inherited
cardiomyopathies (Ziaeian and Fonarow, 2016). In addition to
ventricular arrhythmias that can lead to sudden cardiac death
(Bardy et al., 2005), heart failure is also associated with an
increased risk of atrial arrhythmias including AF (Benjamin et al.,
1994). AF, if seen, is associated with a worsening of symptoms
and prognosis (Dries et al., 1998; McManus et al., 2013; Odutayo
et al., 2017). The relationship between heart failure and AF is
summarized in Figure 3.

Heart failure is defined as the presence of symptoms
such as breathlessness resulting from structural or functional
abnormalities that in general cause impaired contraction and
/ or relaxation of the myocardium (Ponikowski et al., 2016).
This broad definition aids clinicians in adopting a standard
approach to patient investigation and treatment, but generates a
heterogeneous group that requires further subdivision in order
to make sense of the range of human and animal studies
performed. The commonest way of subdividing heart failure
based on cardiac performance is into two groups: heart failure
with a reduced ejection fraction vs. heart failure with a preserved
ejection fraction (Ponikowski et al., 2016). The majority of
studies examining calcium handling in the atria in heart failure
have focused on those with reduced ejection fraction and we
will therefore focus on this group, although it is important to
remember that all types of heart failure are associated with AF
(McManus et al., 2013).

In this section, we will not only show that the atria in heart
failure undergo remodeling in calcium cycling, but this bears
a number of similarities to the remodeling in AF presented in
the previous section and that the two conditions are inexorably
linked.

Does Heart Failure Promote Atrial
Fibrillation Through Changes in Atrial
Calcium Cycling?
In contrast to the large body of work exploring the role of
calcium handling in AF, far less has been published regarding
the effects of heart failure on atrial calcium handling. However,
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FIGURE 3 | The bidirectional relationship between atrial fibrillation and heart failure. Text highlighted in Blue indicates that perturbed calcium handling is implicated in

this aspect of the pathophysiology.

heart failure appears to be associated with changes to atrial
calcium cycling with decreased ICa(L) contributed to by loss of
atrial t-tubules, increased SR calcium content despite unchanged
or lower calcium reuptake by SERCA, and increased diastolic
calcium leak. These effects may be mediated by atrial stretch
caused by elevated intra-atrial pressure (Eckstein et al., 2008).
Heart failure also affects the pulmonary veins, increasing their
spontaneous activity (Lin et al., 2016). Overall many aspects of
calcium handling remodeling are common to both AF and heart
failure and therefore it is plausible that AF could exacerbate heart
failure remodeling and vice versa.

Heart Failure Is Associated With Decreased Atrial

ICa(L) and Increased Sarcoplasmic Reticulum Calcium

Content
Atrial ICa(L) has generally been found to decrease in heart failure
(Ouadid et al., 1995; Li et al., 2000; Boixel et al., 2001; Cha et al.,
2004a,b; Sridhar et al., 2009; Clarke et al., 2015) although these
findings have not been universally replicated in human studies
(Cheng T. H. et al., 1996; Workman et al., 2009). Interestingly,
this reduction in ICa(L) has also been found in those with dilated
atria and other forms of structural heart disease associated
with an increased susceptibility to AF (Le Grand et al., 1994;
Deroubaix et al., 2004; Dinanian et al., 2008). The reduction in
ICa(L) appears to be due to a reduction in the expression of LTCCs
(Ouadid et al., 1995). Decreased atrial t-tubule density may
contribute to the reduced abundance of LTCCs (Dibb et al., 2009;
Lenaerts et al., 2009). T-tubules are disordered in hypertrophied
atria (Brandenburg et al., 2016) and lost in heart failure and
myocardial infarction (Dibb et al., 2009; Kettlewell et al., 2013;
Caldwell et al., 2014) to a greater extent than is seen in the

ventricle (Dibb et al., 2009; Caldwell et al., 2014). In addition the
amplitude of ICa(L) on the t-tubules that remain in heart failure
is also reduced (Glukhov et al., 2015) further decreasing overall
ICa(L). The decrease in atrial ICa(L) is contributed to by a reduced
baseline response to beta stimulation (Boixel et al., 2001), while
single channel voltage gating and recovery from inactivation do
not appear to change (Li et al., 2000; Boixel et al., 2001; Cha et al.,
2004b). Overall, there appears to be a decrease in atrial ICa(L) in
heart failure (Ouadid et al., 1995; Li et al., 2000; Boixel et al., 2001;
Cha et al., 2004a,b,b; Dinanian et al., 2008; Sridhar et al., 2009;
Clarke et al., 2015) which can also have effects on SR calcium
content (Trafford et al., 2001; Clarke et al., 2015, 2017).

Increasing SR calcium content is generally pro-arrhythmic
as this can lead to an increased frequency of delayed
afterdepolarizations, and this is often seen in the atria of
those with heart failure (Yeh et al., 2008; Hohendanner et al.,
2015, 2016; Aistrup et al., 2017). While in rodents a decrease
in SR calcium content (Saba et al., 2005) is associated with
reduced SERCA, PLB, and sarcolipin expression (Shanmugam
et al., 2011), a somewhat different story predominates in large
mammals in which atrial SR calcium content increases in heart
failure (Yeh et al., 2008; Clarke et al., 2015; Aistrup et al., 2017)
despite decreased calcium reuptake by SERCA (Clarke et al.,
2015; Hohendanner et al., 2016). This apparently paradoxical
finding has been explained by the decrease in atrial ICa(L) where
inhibiting ICa(L) in control cells reproduces the increase in
SR calcium content. Here, decreased ICa(L) can paradoxically
increase SR calcium content (Trafford et al., 2001; Clarke et al.,
2015, 2017). It is less clear how SERCA function is reduced in
these models of heart failure. Generally in large mammals and
man, SERCA and PLB levels remain unchanged but can decrease
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(Yeh et al., 2008; Shanmugam et al., 2011; Clarke et al., 2015).
However, other changes have been observed which would be
expected to increase SERCA function in heart failure including
an increase in phosphorylation of PLB at the CaMKII site (Yeh
et al., 2008; Clarke et al., 2015) and a decrease in sarcolipin levels
(Shanmugam et al., 2011).

In keeping with the recurring theme seen in paroxysmal
and persistent AF, heart failure is also associated with increased
diastolic calcium leak (Saba et al., 2005; Yeh et al., 2008;
Johnsen et al., 2013; Hohendanner et al., 2015, 2016; Aistrup
et al., 2017). The increase in leak appears to occur despite no
change or even a decrease in RyR expression (Yeh et al., 2008;
Shanmugam et al., 2011; Brandenburg et al., 2016). Unlike in
AF, the phosphorylation of RyRs does not appear to change
in heart failure (Yeh et al., 2008; Brandenburg et al., 2016),
and the increased leak is therefore likely to be caused by the
increased atrial SR calcium content generally reported in large
mammals with heart failure (Yeh et al., 2008; Clarke et al.,
2015; Aistrup et al., 2017). As opposed to AF, atrial t-tubule loss
in heart failure may facilitate calcium dependant arrhythmias
by “orphaning” RyRs, promoting heterogenous calcium release
and facilitating atrial alternans as has observed in the ventricle
(Louch et al., 2006; Song et al., 2006; Heinzel et al., 2008;
Li Q. et al., 2012; Nivala et al., 2015). It is noteworthy that
atrial t-tubule loss in heart failure appears more severe than
that observed in AF [at least in the sheep (Dibb et al., 2009;
Lenaerts et al., 2009)] although whether the greater loss of t-
tubules in heart failure increases the likelihood of AF remains to
be determined.

In heart failure the amplitude of the calcium transient is
important since impaired ventricular filling results in a greater
reliance on atrial contraction (Kono et al., 1992). While it is clear
that SR function is remodeled in heart failure, how decreased
ICa(L) and increased SR calcium content interact to give rise
to the systolic calcium transient is unclear, with both increased
and decreased calcium transient amplitude reported (Table 1).
One discrepancy may lie in experimental conditions. Under
voltage clamp conditions decreased ICa(L) may decrease calcium
transient amplitude (Clarke et al., 2015) whereas prolongation
of the heart failure atrial action potential in current clamp
recordings (Koumi et al., 1994) would be expected to promote
ICa(L) or reverse mode INCX which together with increased
SR calcium content could increase calcium transient amplitude
(Yeh et al., 2008). This effect however does not explain all
discrepancies.

Compounding the increased SR calcium content, atrial
NCX activity generally increases in heart failure (Li et al.,
2000; Cha et al., 2004a,b; Hohendanner et al., 2015, 2016)
although some have found otherwise (Clarke et al., 2015). The
combination of elevated SR calcium content and increased
NCX favors the generation of delayed afterdepolarizations, and
an increase in atrial afterdepolarizations in heart failure is
indeed consistently reported (Yeh et al., 2008; Hohendanner
et al., 2015, 2016; Aistrup et al., 2017), along with a higher
propensity for these calcium waves to trigger action potentials
(Hohendanner et al., 2016) potentially leading to re-initiation
of AF.

Atrial Stretch may Mediate the Changes in Calcium

Cycling
One of the mechanisms by which heart failure induces changes
in atrial calcium cycling is the mechanical stress placed on the
atrial wall, caused by the increase in left ventricular end diastolic
pressure elevating left atrial pressure. Thismechanical stress takes
two forms, and both have important effects on calcium cycling.
Stretch is the result of tension placed on the atrial myocyte as
the left atrium dilates, while shear stress results from elevated
pressure in the atrium deforming the myocyte (Schonleitner
et al., 2017).

Atrial stretch increases contractility acutely under
physiological conditions and is commonly known as the
Frank-Starling mechanism [as reviewed in Sequeira et al.
(Sequeira and van der Velden, 2015)]. This rapid increase in
contractile force is due to an increase in the myofilament calcium
sensitivity and was originally described in the ventricle (Allen
and Kurihara, 1982; Hibberd and Jewell, 1982) although the
same mechanism has been shown to occur in the atria (Tavi
et al., 1998). A second, slower increase in contractility also occurs
in response to myocardial stretch and is known as the slow
force response (Parmley and Chuck, 1973; von Lewinski et al.,
2004). Much of the initial work characterizing this phenomenon
focused on the ventricle and showed it was brought about
by an increase in the calcium transient (Alvarez et al., 1999),
whereby myocyte stretch activates the sodium-proton exchanger
increasing intracellular sodium providing a gradient to increase
calcium influx via reverse NCX (Alvarez et al., 1999; von
Lewinski et al., 2003; Kockskamper et al., 2008). In ventricular
myocytes, this is associated with an increase in the frequency of
sparks (Iribe and Kohl, 2008; Iribe et al., 2009) with one potential
mechanism being via enhanced ROS production leading to
increased open probability of RyRs (Prosser et al., 2013). This
NCX dependant mechanism however has not been shown to
occur in the atria, with instead a dependence on angiotensin II
and endothelin-1 signaling (Kockskamper et al., 2008).

Both acute (Bode et al., 2000; Eijsbouts et al., 2003; Kuijpers
et al., 2011) and chronic (Solti et al., 1989) atrial stretch
have been shown to promote AF and are comprehensively
reviewed in Eckstein et al. (2008) and Nazir and Lab
(1996). One of the better described mechanisms of AF
vulnerability in chronic atrial stretch is dependent upon
endothelin-1 signaling [as reviewed in Drawnel et al
(Drawnel et al., 2013)]. Endothelin-1 concentrations in the
left atrium increase in both AF and heart failure (Mayyas
et al., 2010) and this may act locally to enhance diastolic
leak and ectopy via inositol 1,4,5-triphosphate signaling
(Proven et al., 2006; Tinker et al., 2016), as well as by
upregulating profibrotic pathways implicated in structural
remodeling (Ruwhof and van der Laarse, 2000; Burstein et al.,
2008).

Atrial shear stress has also been shown to increase calcium
sparks and waves (Woo et al., 2007; Kim and Woo, 2015; Son
et al., 2016), but is less well studied than stretch. It is also unclear
whether stretch and shear stress can produce additive effects
on calcium cycling. Although the increase in calcium sparks is
not believed to be pro-arrhythmic in the absence of structural
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heart disease (Schonleitner et al., 2017), the greater degree of
stretch in heart failure compounded by the loss of atrial t-tubules
(Dibb et al., 2009) may contribute to an increased frequency of
afterdepolarizations. For comprehensive reviews of atrial stretch
and shear stress see Thanigaimani et al. (2017) or Ravelli (2003).

Impaired Energy Supply may Also Contribute to the

Changes in Calcium Cycling and Ion Channel

Homeostasis
Heart failure may also cause changes in atrial calcium cycling
through mitochondrial dysfunction. Mitochondrial dysfunction,
increased ROS production and increased oxidative stress occur in
heart failure and have been extensively reviewed elsewhere (Dorn
and Maack, 2013; Bertero and Maack, 2018). The mitochondrial
dysfunction that occurs in failing ventricular myocytes also
occurs in the atria of those with heart failure (Cha et al., 2003;
Marin-Garcia et al., 2009). This results in a mismatch of energy
demand and supply within the myocyte and necessitates a change
in cellular metabolism to try to correct this (Fukushima et al.,
2015). There is evidence in both heart failure and AF that
myocytes undergo a change in transcription of key metabolic
and cell signaling pathways (Barth et al., 2011, 2016). The
downregulation of the metabolic pathways correlates with a
reduction in transcription of calcium cycling proteins such as
the LTCC, RyR, SERCA, and PLB, which suggests the metabolic
shift in response to an energy deficit is associated with changes in
calcium cycling although a direct cause has not been established
(Barth et al., 2016). The upregulation of calcium-dependent
signaling pathways such as the Wnt pathway may encourage
further structural remodeling to occur to support AF (Barth et al.,
2011).

Pulmonary Vein Firing Accelerates in Heart Failure
In addition to its effects on the atrial myocardium, heart failure
also influences the pulmonary veins, potentially increasing their
spontaneous firing rate. Increasing intra-atrial pressure, as found
in heart failure, accelerates pulmonary vein firing in intact sheep
hearts (Kalifa et al., 2003). While this increase appears to be
mediated by changes in calcium cycling leading to more delayed
afterdepolarizations (Chang et al., 2008; Loh et al., 2009; Lin et al.,
2016), the cellular changes responsible for this are unclear. While
increased levels of circulating B-type natriuretic peptide have
been suggested to increase the rate of spontaneous firing due to
increased ICa(L) and INCX but decreased late INa (Lin et al., 2016),
others report an increase in DADs in the setting of heart failure
with decreased ICa(L) and increased late INa (Chang et al., 2008).
Overall, heart failure appears to increase the rate of pulmonary
vein firing, but the discordant results and lack of studies in
large mammals make the precise mechanism underlying this
unclear.

The Effects of Heart Failure on the Atrial Action

Potential Are Unclear
Heart failure has been shown to affect atrial electrophysiology
although the current evidence is inconsistent. Some describe
a prolongation of the atrial action potential in heart failure
(Koumi et al., 1994; Li et al., 2000; Yeh et al., 2008)

associated with prolongation of the refractory period, which
has been suggested to promote AF by facilitating early
afterdepolarizations. However, others have described shorter
action potentials and refractory periods in association with
heart failure (Koumi et al., 1997; Schreieck et al., 2000; Sridhar
et al., 2009; Workman et al., 2009; Clarke et al., 2015) and
argued that this might facilitate AF by decreasing the wavelength
of re-entrant circuits allowing a greater number to co-exist.
While experimental differences between studies such as species,
rate of stimulation, stage of heart failure and level of t-tubule
loss likely contribute to the disparate literature this suggests
that the influence of heart failure on action potential duration
and refractory period may be of secondary importance in the
initiation of AF. This is supported by evidence from models of
heart failure that have not found any difference in refractory
period but still shown markedly increased vulnerability to
AF (Li et al., 1999), and from tachy-paced models of heart
failure that have been allowed to recover demonstrating that
increased vulnerability to AF remains despite the refractory
period returning to baseline (Cha et al., 2004b).

Heart Failure Promotes Structural Remodeling of the

Atria
A major determinant of the susceptibility to AF in those with
heart failure is remodeling of the atrial structure in the form of
atrial dilatation (Sridhar et al., 2009; Melenovsky et al., 2015)
and fibrosis (Li et al., 1999; Shinagawa et al., 2002; Cha et al.,
2004a,b; Todd et al., 2004). While similar structural changes
can occur in AF, the structural remodeling associated with heart
failure is more extensive and progresses more rapidly than is
seen as a response to AF (Li et al., 1999). Macroscopically,
this remodeling takes the form of left atrial dilatation, which
regardless of its underlying cause is associated with an increased
risk of developing AF (Solti et al., 1989; Huang et al., 2003) and
can be used clinically to predict the success of treatments aimed at
restoring sinus rhythm (Brodsky et al., 1989; Helms et al., 2009;
Montefusco et al., 2010). In heart failure, this dilatation occurs
due to a rise in left ventricular end diastolic pressure (Melenovsky
et al., 2015). At a microscopic scale, the dilatation is accompanied
by atrial fibrosis. The atrial fibrosis induced by heart failure
leads to slower, heterogeneous conduction promoting wavebreak
and re-entry (Li et al., 1999; Sanders et al., 2003; Akkaya et al.,
2013). In an effort to prevent the deleterious effects of structural
remodeling, anti-fibrotic agents have been explored and shown to
reduce atrial fibrosis and vulnerability to AF in models of heart
failure (Lee et al., 2006; Le Grand et al., 2014) and appear to
reduce the incidence of AF in clinical trials (Chaugai et al., 2016).

How Does Atrial Fibrillation Exacerbate
Heart Failure?
When AF develops in those with heart failure it is associated
with worsening symptoms and prognosis, in part due to a
loss of atrial contraction further impairing ventricular filling.
However, other factors influencing the worsening of heart failure
include rapid heart rates and an irregular ventricular response
compromising ventricular performance, atrial stunning, and

Frontiers in Physiology | www.frontiersin.org 16 October 2018 | Volume 9 | Article 1380

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

valvular dysfunction,mediated in part by alterations in both atrial
and ventricular calcium handling.

Cardiac Output Is Impaired During Atrial Fibrillation
In sinus rhythm, atrial contraction contributes to ventricular
filling. Loss of meaningful atrial contraction during AF can
reduce cardiac output by up to 25% (Hecht and Lange, 1956;
Naito et al., 1983). Many of those with heart failure are less
able to increase their cardiac output in response to exercise
(Mc et al., 1939), or may even have a lower cardiac output
at rest (Stead et al., 1948), and the additional loss from
AF exacerbates symptoms such as breathlessness and exercise
tolerance (Ponikowski et al., 2016).

In addition to the loss of atrial contractility, the rapid
ventricular rates which frequently occur in untreated AF reduce
ventricular diastolic filling compared to a physiological heart rate
(Raymond et al., 1998), further decreasing cardiac output. If these
episodes of rapid ventricular rates are prolonged, they can impair
ventricular function, although this can be reversed by restoring
sinus rhythm or by slowing the ventricular rate in AF (Khan et al.,
2008). The impaired ventricular function may be a primary cause
for heart failure (a tachycardia-induced cardiomyopathy), or may
be appreciated as a worsening of left ventricular function that is
already impaired for another reason (Grogan et al., 1992; Fujino
et al., 2007; Simantirakis et al., 2012). Rapid cardiac stimulation
reliably induces dilated cardiomyopathy and end stage heart
failure and is therefore commonly used as an experimental model
of heart failure (Li et al., 2000; He et al., 2001; Cha et al., 2004a;
Clarke et al., 2015). In this context, impaired ventricular systolic
function is associated with remodeling of calcium handling—
the high ventricular rates lead to t-tubule loss and a decreased
ventricular calcium transient amplitude which can arise by a
decrease in either SR calcium content or peak ICa(L) (He et al.,
2001; Hobai and O’Rourke, 2001; Briston et al., 2011). It seems
likely that the effects of tachycardia (as a result of AF) on
ventricular function seen clinically may be mediated by a similar
mechanism although these animal models do not take into
account any change in rhythm which can occur in AF.

AF also results in an irregular ventricular response which has
compounding effects on cardiac output. Short-term irregularity
in ventricular contraction is associated with lower cardiac output
independently of heart rate in dogs (Naito et al., 1983), and
impaired systolic function in man (Sramko et al., 2016). The
effects of an irregular ventricular rate may develop further over
time driven by changes in calcium handling, as ventricular
myocytes paced in an irregular rhythm for 24 h demonstrate
lower calcium transient amplitude, reduced expression of
SERCA, and reduced phosphorylation of phospholamban
compared to control (Ling et al., 2012).

AF is also associated with the development of valve
dysfunction in the form of mitral regurgitation (Skinner et al.,
1964). While mitral regurgitation can affect atrial structure
in ways which promote AF, AF also appears to promote
mitral regurgitation (Liang and Silvestry, 2016). The irregular
ventricular response acutely influences mitral regurgitation
(Naito et al., 1983), while in the longer term, persistent AF causes
dilatation of the mitral valve annulus leading to functional mitral

regurgitation (Liang and Silvestry, 2016). Mitral regurgitation
contributes to the increase in pulmonary capillary wedge pressure
associated with AF (Clark et al., 1997) which leads to fluid leaking
from the pulmonary capillaries to cause pulmonary oedema
giving rise to breathlessness.

Overall, the decrease in cardiac output due to a combination
of: loss of atrial function, loss of regular ventricular contraction
and increased mitral regurgitation can exacerbate pre-existing
heart failure.

Atrial Function Remains Depressed After Atrial

Fibrillation has Terminated
Atrial function remains temporarily depressed following the
restoration of sinus rhythm in patients who have periods of
AF, known as atrial stunning (Schotten et al., 2003a). This
effect is unsurprising, as the changes in calcium handling that
take place during AF which lead to decreased calcium transient
amplitude and hence decreased contractility require time to
resolve (Schotten et al., 2002; Lenaerts et al., 2009; Voigt et al.,
2012). The effects of stunning can last for up to a month, and the
time to recovery is proportional to the duration of AF prior to
cardioversion (Harjai et al., 1997; Sparks et al., 1999). It appears
that a major determinant of the residual decreased contractility
seen in stunned atrial myocytes is decreased ICa(L), although
pathological remodeling of contractile proteins contributes to
this process (Schotten et al., 2001). While electrical reverse
remodeling can occur between short bouts of AF (Todd et al.,
2004), it is possible that the structural remodeling that occurs in
persistent AFmay have an irreversible effect on atrial contraction
despite restoration of sinus rhythm, but evidence for this is
lacking.

IS THE PATHOPHYSIOLOGY OF ATRIAL
FIBRILLATION IN HEART FAILURE
DIFFERENT TO ATRIAL FIBRILLATION IN
THE ABSENCE OF STRUCTURAL HEART
DISEASE?

AF can also develop in the absence of heart failure, and one
subtype of AF which has historically been described in the
literature is that of lone AF. “Lone AF,” defined by the absence
of overt heart disease or precipitating illness is relatively unusual,
accounting for only 10% of new diagnoses of AF (Kim et al.,
2016). Some argue that even this figure may be an overestimate
as more thorough investigation might reveal underlying disease
in many of these patients (Wyse et al., 2014). Even in the absence
of overt heart disease, many young patients who develop AF
may still have an underlying cause in the form of a genetic
predisposition caused by variants in ion channels (Weng et al.,
2017). We recognize the term “lone AF” is controversial based
on inconsistencies in the definition and a lack of a distinct
pathophysiological mechanism (Potpara and Lip, 2014; Wyse
et al., 2014). For that reason, we have compared AF that occurs on
the background of heart failure vs. AF in the absence of structural
heart disease or a major risk factor.
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The abnormalities in atrial calcium handling that occur in
response to heart failure have some similarities with those that
occur in AF (Table 1). The decrease in atrial ICa(L) in heart
failure mirrors that seen in both paroxysmal and persistent
AF. SR calcium content increases in heart failure as some
studies report in early or paroxysmal AF although this is
not found in persistent AF. There is limited data on the
effects of heart failure on atrial RyRs but, unlike in AF, heart
failure does do not appear to lead to RyR phosphorylation.
However, the net effect of these modifications leads to a
similar endpoint of increased RyR leak and afterdepolarizations
in heart failure and AF. Although the pulmonary veins are
the source of triggers for AF in the majority of patients
with lone AF (Haissaguerre et al., 1998), the remodeling
of atrial calcium cycling that promotes afterdepolarizations
throughout the atria theoretically increases the chance of
triggers occurring from non-pulmonary vein sources, potentially
diminishing the relative importance of the pulmonary veins in
patients with heart failure. This may be of significant practical
importance as it may influence the ablation strategies used
in clinical practice which typically focus on the pulmonary
veins, and may contribute to the lower success rates of
ablation described in those with heart failure (Anselmino et al.,
2014).

Amajor difference between the AF that occurs alongside heart
failure and the early stages of AF that occurs without evidence
of overt heart disease is the atrial structure. As we have seen,
heart failure leads to atrial dilatation and fibrosis, promoting
heterogeneous conduction, wavebreak, and a substrate that
supports multiple simultaneous re-entrant circuits. The atrial
structural remodeling found in heart failure occurs more rapidly
and to a greater extent than in AF without heart failure (Li
et al., 1999). This appears to be an important determinant of
atrial vulnerability in canine models of heart failure, in which far
longer durations of AF were observed in dogs with heart failure
compared to control animals (Li et al., 1999). This experimental
work has parallels with epidemiological studies in man. Patients
with heart failure are less likely to have a paroxysmal form of the
disease and more likely to have persistent or permanent AF than
those without heart failure (Silva-Cardoso et al., 2013). Although
this data does not describe the initial presentation of patients
with AF, it is possible that while the natural history of lone AF
typically begins with paroxysmal AF in structurally normal atria,
in those with heart failure AF may be more likely to present with
persistent AF. Structural remodeling of the atria is associated
with a lower chance of maintaining sinus rhythm in response
to medication, cardioversion, or ablation when assessed using
left atrial diameter e.g., (Nedios et al., 2015) or fibrosis assessed
by MRI scanning (Marrouche et al., 2014). Maintaining sinus
rhythm is accordingly less likely in those with heart failure than
those without (Anselmino et al., 2014; Fredersdorf et al., 2014).
Even though these structural changes occur more rapidly in
heart failure, atrial dilatation and fibrosis also occur in advanced
forms of AF in those without heart failure (Schotten et al.,
2003a).

Overall, the pathophysiology of AF in those with heart failure
sharesmany similarities to the advanced AF seen in those without

heart failure. Heart failure patients often present with AF some
distance along their journey of atrial remodeling.

WHAT ARE THE LIMITATIONS OF
RESEARCH IN UNDERSTANDING THE
PATHOPHYSIOLOGY OF ATRIAL
FIBRILLATION?

Although there is strong evidence to support the role of calcium
remodeling as a whole in AF and heart failure, some aspects
of this process show wide variation in the experimental data
which often produces conflicting results. There are a number of
potential reasons for the differences in findings, and herein we
provide a critical review of these.

Studies of Human Myocytes Are Hampered by

Comorbid Conditions and Medications
Obtaining human atrial myocytes to study calcium handling
can be performed by using samples of atrial appendage that
are routinely discarded following cardiac surgery (Voigt et al.,
2015). While patient samples offer a unique opportunity to
study the disease in which we are interested this approach
suffers from several disadvantages. Research participants need
to have an indication for cardiac surgery and therefore have
other cardiovascular conditions that confound interpretation
of results. Common indications for surgery include coronary
artery bypass grafting for ischaemic heart disease and valve
replacement for mitral valve disease, both of which are
independently associated with structural remodeling of the
atria and an increased vulnerability to AF. Furthermore,
these patients are often taking medications that influence
cellular electrophysiology and calcium handling such as beta-
adrenoceptor blockers. While atrial tissue would ideally be
obtained from humans without pre-existing cardiac disease,
access to this tissue is extremely limited as the risks associated
with an atrial biopsy far outweigh any potential benefit (From
et al., 2011).

Some Animal Models may not be Fully

Representative of Human Atrial Fibrillation
To avoid the limitations of using human tissue, animal models
are frequently used which include rodents and large mammals
such as dogs, sheep, or goats. However, spontaneously occurring
AF in these animal models is rare (Heijman et al., 2016) and
an artificial trigger is required. The artificial trigger is often in
the form of rapid atrial pacing which mimics pulmonary vein
triggers (Morillo et al., 1995), although othermodels such as vagal
stimulation are also used and are reviewed further by Nishida
et al. (2010). These models have been helpful in characterizing
the early steps in the development of AF, as episodes of AF early
on in the disease course in humans may occur infrequently and
take months or years to diagnose (Kirchhof et al., 2016).

Animal models of AF benefit from the fact that the frequency
and duration of arrhythmia can be quantified allowing a time
course of remodeling to be determined. However, it is uncertain
whether the atrial changes induced artificially by rapid atrial
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pacing which produce persistent AF within days to weeks are
truly comparable to the human condition in which persistent
AF typically develops over months to years. Furthermore, the
atrial arrhythmias seen in rodents may be a poor comparator
for human AF due to the differences in ion channel expression
between rodents and man (Gussak et al., 2000), the differences in
the relative importance of SERCA and NCX in clearing cytosolic
calcium (Bassani et al., 1994), and the lack of an extensive t-tubule
network in rodents that is found in larger mammals (Richards
et al., 2011). On the other hand genetic manipulation of rodents
can result in powerful models for understanding arrhythmic
mechanisms.

The results from animal models of atrial electrophysiology in
heart failure may also be confounded by the technique used to
induce ventricular dysfunction. Many large animal models use
ventricular tachypacing to produce a dilated cardiomyopathy.
While this technique is likely to be representative of end stage
heart failure, it must be borne in mind that tachycardiompathy
accounts for only a minority of the causes of heart failure
seen in humans (Mosterd and Hoes, 2007) and may therefore
differ in important regards from more representative aetiologies
of heart failure such as ischaemic heart disease. For example,
ventricular tachypacing may inadvertently cause rapid atrial
pacing via retrograde conduction through the atrioventricular
node, mimicking AF. It is therefore important that this potential
confounder is pre-empted, measured, and if necessary addressed
by blocking the AV node (Li et al., 1999).

Overall, interpreting the results of studies of calcium handling
in AF requires careful attention to the methods used including
species, duration of AF, and confounding comorbidities and
medications.

CONCLUSIONS

Calcium plays a fundamental role in the pathophysiology of
AF, as well as in the bidirectional relationship between AF and
heart failure. Remodeling of calcium cycling in response to rapid

atrial stimulation can be seen within days in the form of calcium
signaling silencing. However, these initially protective changes
eventually become pathological as paroxysmal AF develops and
can facilitate the progression to persistent AF. A recurring
theme throughout this progression is increased diastolic leak of
calcium from RyRs which promotes afterdepolarizations. The
rise in intracellular calcium concentrations also activates pro-
fibrotic pathways leading to structural remodeling in the atria
that produces a substrate that can support the complex re-
entry seen in AF. This review has provided a comprehensive
stepwise description of the fundamental aspects of calcium
cycling remodeling.

Heart failure leads to remodeling of calcium cycling and
structural changes within the atria which support persistent
AF. In return, AF exacerbates heart failure by reducing cardiac
output, due in part to a loss of atrial contraction but also by
affecting ventricular calcium cycling. A vicious circle ensues
whereby one condition begets the other. Questions remain
surrounding the complex interaction between AF and heart
failure, but the undeniable importance of calcium cycling
remodeling in both conditions should prompt the exploration of
these mechanisms as potential novel therapeutic targets.

AUTHOR CONTRIBUTIONS

NDprepared the first draft of themanuscript, which was critically
revised by CP, JC, GM, DE, AT, and KD. JC produced the figures.
All authors agree with its final content.

FUNDING

The authors ND, CP, JC, AT, DE, and AT, are supported by
funding from the British Heart Foundation (FS/17/54/33126;
FS/15/28/31476; FS12/34/29565; FS12/57/29717;
PG/12/89/29970 and FS/09/002/26487). GM is funded by a
Medical Research Council Award 1637974. CP is a clinical
lecturer funded by the National Institute for Health Research.

REFERENCES

Aistrup, G. L., Arora, R., Grubb, S., Yoo, S., Toren, B., Kumar, M., et al.

(2017). Triggered intracellular calcium waves in dog and human left atrial

myocytes from normal and failing hearts. Cardiovasc. Res. 113, 1688–1699.

doi: 10.1093/cvr/cvx167

Akkaya, M., Higuchi, K., Koopmann, M., Damal, K., Burgon, N. S., Kholmovski,

E., et al. (2013). Higher degree of left atrial structural remodeling in patients

with atrial fibrillation and left ventricular systolic dysfunction. J. Cardiovasc.

Electrophysiol. 24, 485–491. doi: 10.1111/jce.12090

Allen, D. G., and Kurihara, S. (1982). The effects of muscle length on intracellular

calcium transients in mammalian cardiac muscle. J. Physiol. 327, 79–94.

doi: 10.1113/jphysiol.1982.sp014221

Allessie, M., and de Groot, N. (2014). CrossTalk opposing view: rotors have

not been demonstrated to be the drivers of atrial fibrillation. J. Physiol. 592,

3167–3170. doi: 10.1113/jphysiol.2014.271809

Allessie, M. A., Bonke, F. I., and Schopman, F. J. (1977). Circus movement in rabbit

atrial muscle as a mechanism of tachycardia. III. The “leading circle” concept: a

new model of circus movement in cardiac tissue without the involvement of an

anatomical obstacle. Circ. Res. 41, 9–18. doi: 10.1161/01.RES.41.1.9

Allessie, M. A., Konings, K., Kirchhof, C. J., and Wijffels, M. (1996).

Electrophysiologic mechanisms of perpetuation of atrial fibrillation. Am. J.

Cardiol. 77, 10a−23a. doi: 10.1016/S0002-9149(97)89114-X

Alvarez, B. V., Perez, N. G., Ennis, I. L., Camilion de Hurtado, M. C., and

Cingolani, H. E. (1999). Mechanisms underlying the increase in force and Ca2+

transient that follow stretch of cardiac muscle: a possible explanation of the

Anrep effect. Circ. Res. 85, 716–722. doi: 10.1161/01.RES.85.8.716

Amos, G. J., Wettwer, E., Metzger, F., Li, Q., Himmel, H.M., and Ravens, U. (1996).

Differences between outward currents of human atrial and subepicardial

ventricular myocytes. J. Physiol. 491(Pt. 1), 31–50.

Anderson, E. J., Efird, J. T., Davies, S. W., O’Neal, W. T., Darden, T. M., Thayne,

K. A., et al. (2014). Monoamine oxidase is a major determinant of redox

balance in human atrial myocardium and is associated with postoperative atrial

fibrillation. J. Am. Heart Assoc. 3:e000713. doi: 10.1161/JAHA.113.000713

Anne, W., Willems, R., Holemans, P., Beckers, F., Roskams, T., Lenaerts, I., et al.

(2007). Self-terminating AF depends on electrical remodeling while persistent

AF depends on additional structural changes in a rapid atrially paced sheep

model. J. Mol. Cell. Cardiol. 43, 148–158. doi: 10.1016/j.yjmcc.2007.05.010

Anselmino, M., Matta, M., D’Ascenzo, F., Bunch, T. J., Schilling, R. J., Hunter,

R. J., et al. (2014). Catheter ablation of atrial fibrillation in patients with

Frontiers in Physiology | www.frontiersin.org 19 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1093/cvr/cvx167
https://doi.org/10.1111/jce.12090
https://doi.org/10.1113/jphysiol.1982.sp014221
https://doi.org/10.1113/jphysiol.2014.271809
https://doi.org/10.1161/01.RES.41.1.9
https://doi.org/10.1016/S0002-9149(97)89114-X
https://doi.org/10.1161/01.RES.85.8.716
https://doi.org/10.1161/JAHA.113.000713
https://doi.org/10.1016/j.yjmcc.2007.05.010
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

left ventricular systolic dysfunction: a systematic review and meta-analysis.

Circ. Arrhythm. Electrophysiol. 7, 1011–1018. doi: 10.1161/CIRCEP.114.0

01938

Antzelevitch, C., and Burashnikov, A. (2011). Overview of basic

mechanisms of cardiac arrhythmia. Card. Electrophysiol. Clin. 3, 23–45.

doi: 10.1016/j.ccep.2010.10.012

Anzai, K., Ogawa, K., Kuniyasu, A., Ozawa, T., Yamamoto, H., and Nakayama,

H. (1998). Effects of hydroxyl radical and sulfhydryl reagents on the open

probability of the purified cardiac ryanodine receptor channel incorporated

into planar lipid bilayers. Biochem. Biophys. Res. Commun. 249, 938–942.

doi: 10.1006/bbrc.1998.9244

Armoundas, A. A., Hobai, I. A., Tomaselli, G. F., Winslow, R. L., and O’Rourke, B.

(2003). Role of sodium-calcium exchanger in modulating the action potential

of ventricular myocytes from normal and failing hearts. Circ. Res. 93, 46–53.

doi: 10.1161/01.RES.0000080932.98903.D8

Arora, R., Verheule, S., Scott, L., Navarrete, A., Katari, V., Wilson,

E., et al. (2003). Arrhythmogenic substrate of the pulmonary veins

assessed by high-resolution optical mapping. Circulation 107, 1816–1821.

doi: 10.1161/01.CIR.0000058461.86339.7E

Ausma, J., Dispersyn, G. D., Duimel, H., Thone, F., Ver Donck, L., Allessie, M. A.,

et al. (2000). Changes in ultrastructural calcium distribution in goat atria during

atrial fibrillation. J. Mol. Cell. Cardiol. 32, 355–364. doi: 10.1006/jmcc.1999.1090

Babu, G. J., Bhupathy, P., Timofeyev, V., Petrashevskaya, N. N., Reiser, P. J.,

Chiamvimonvat, N., et al. (2007). Ablation of sarcolipin enhances sarcoplasmic

reticulum calcium transport and atrial contractility. Proc. Natl. Acad. Sci. U. S.

A. 104, 17867–17872. doi: 10.1073/pnas.0707722104

Bardy, G. H., Lee, K. L., Mark, D. B., Poole, J. E., Packer, D. L., Boineau, R., et al.

(2005). Amiodarone or an implantable cardioverter-defibrillator for congestive

heart failure. N. Engl. J. Med. 352, 225–237. doi: 10.1056/NEJMoa043399

Barth, A. S., Kumordzie, A., Frangakis, C., Margulies, K. B., Cappola, T. P., and

Tomaselli, G. F. (2011). Reciprocal transcriptional regulation of metabolic

and signaling pathways correlates with disease severity in heart failure. Circ.

Cardiovasc. Genet. 4, 475–483. doi: 10.1161/CIRCGENETICS.110.957571

Barth, A. S., Kumordzie, A., and Tomaselli, G. F. (2016). Orchestrated regulation

of energy supply and energy expenditure: transcriptional coexpression

of metabolism, ion homeostasis, and sarcomeric genes in mammalian

myocardium. Heart Rhythm 13, 1131–1139. doi: 10.1016/j.hrthm.2016.01.009

Bassani, J. W., Bassani, R. A., and Bers, D. M. (1994). Relaxation in rabbit and rat

cardiac cells: species-dependent differences in cellular mechanisms. J. Physiol.

476, 279–293. doi: 10.1113/jphysiol.1994.sp020130

Beavers, D. L., Wang, W., Ather, S., Voigt, N., Garbino, A., Dixit, S. S.,

et al. (2013). Mutation E169K in junctophilin-2 causes atrial fibrillation

due to impaired RyR2 stabilization. J. Am. Coll. Cardiol. 62, 2010–2019.

doi: 10.1016/j.jacc.2013.06.052

Benjamin, E. J., Levy, D., Vaziri, S. M., D’Agostino, R. B., Belanger, A. J., and Wolf,

P. A. (1994). Independent risk factors for atrial fibrillation in a population-

based cohort. The Framingham Heart Study. JAMA. 271, 840–844.

Benjamin, E. J., Wolf, P. A., D’Agostino, R. B., Silbershatz, H., Kannel,

W. B., and Levy, D. (1998). Impact of atrial fibrillation on the risk

of death: the Framingham Heart Study. Circulation 98, 946–952.

doi: 10.1161/01.CIR.98.10.946

Benkusky, N. A.,Weber, C. S., Scherman, J. A., Farrell, E. F., Hacker, T. A., John,M.

C., et al. (2007). Intact beta-adrenergic response and unmodified progression

toward heart failure in mice with genetic ablation of a major protein kinase A

phosphorylation site in the cardiac ryanodine receptor. Circ. Res. 101, 819–829.

doi: 10.1161/CIRCRESAHA.107.153007

Berenfeld, O., and Jalife, J. (2014). Mechanisms of atrial fibrillation: rotors,

ionic determinants, and excitation frequency. Cardiol. Clin. 32, 495–506.

doi: 10.1016/j.ccl.2014.07.001

Beresewicz, A., and Horackova, M. (1991). Alterations in electrical

and contractile behavior of isolated cardiomyocytes by hydrogen

peroxide: possible ionic mechanisms. J. Mol. Cell. Cardiol. 23, 899–918.

doi: 10.1016/0022-2828(91)90133-7

Bers, D. M. (2001). Excitation-Contraction Coupling and Cardiac Contractile Force.

2nd Edn. Dordrecht; London: Kluwer Academic.

Bers, D. M. (2002). Cardiac excitation-contraction coupling. Nature 415, 198–205.

doi: 10.1038/415198a

Bertero, E., and Maack, C. (2018). Calcium signaling and reactive

oxygen species in mitochondria. Circ. Res. 122, 1460–1478.

doi: 10.1161/CIRCRESAHA.118.310082

Bode, F., Katchman, A., Woosley, R. L., and Franz, M. R. (2000). Gadolinium

decreases stretch-induced vulnerability to atrial fibrillation. Circulation 101,

2200–2205. doi: 10.1161/01.CIR.101.18.2200

Bode, F., Kilborn, M., Karasik, P., and Franz, M. R. (2001). The repolarization-

excitability relationship in the human right atrium is unaffected by cycle

length, recording site and prior arrhythmias. J. Am. Coll. Cardiol. 37, 920–925.

doi: 10.1016/S0735-1097(00)01189-X

Boixel, C., Gonzalez, W., Louedec, L., and Hatem, S. N. (2001). Mechanisms of L-

type Ca2+ current downregulation in rat atrial myocytes during heart failure.

Circ. Res. 89, 607–613. doi: 10.1161/hh1901.096702

Bonilla, I. M., Long, V. P. III., Vargas-Pinto, P., Wright, P., Belevych, A.,

Lou, Q., et al. (2014). Calcium-activated potassium current modulates

ventricular repolarization in chronic heart failure. PLoS ONE 9:e108824.

doi: 10.1371/journal.pone.0108824

Bosch, R. F., Scherer, C. R., Rub, N., Wohrl, S., Steinmeyer, K., Haase,

H., et al. (2003). Molecular mechanisms of early electrical remodeling:

transcriptional downregulation of ion channel subunits reduces I(Ca,L) and

I(to) in rapid atrial pacing in rabbits. J. Am. Coll. Cardiol. 41, 858–869.

doi: 10.1016/S0735-1097(02)02922-4

Bosch, R. F., Zeng, X., Grammer, J. B., Popovic, K., Mewis, C., and Kuhlkamp,

V. (1999). Ionic mechanisms of electrical remodeling in human atrial

fibrillation. Cardiovasc. Res. 44, 121–131. doi: 10.1016/S0008-6363(99)0

0178-9

Brandenburg, S., Kohl, T., Williams, G. S., Gusev, K., Wagner, E., Rog-Zielinska, E.

A., et al. (2016). Axial tubule junctions control rapid calcium signaling in atria.

J. Clin. Invest. 126, 3999–4015. doi: 10.1172/JCI88241

Brette, F., Komukai, K., and Orchard, C. H. (2002). Validation of formamide as

a detubulation agent in isolated rat cardiac cells. Am. J. Physiol. Heart Circ.

Physiol. 283, H1720–H1728. doi: 10.1152/ajpheart.00347.2002

Brette, F., Salle, L., and Orchard, C. H. (2006). Quantification of calcium entry at

the T-tubules and surface membrane in rat ventricular myocytes. Biophys. J. 90,

381–389. doi: 10.1529/biophysj.105.069013

Briston, S. J., Caldwell, J. L., Horn, M. A., Clarke, J. D., Richards, M. A.,

Greensmith, D. J., et al. (2011). Impaired beta-adrenergic responsiveness

accentuates dysfunctional excitation-contraction coupling in an ovine model

of tachypacing-induced heart failure. J. Physiol. 589 (Pt. 6), 1367–1382.

doi: 10.1113/jphysiol.2010.203984

Briston, S. J., Dibb, K. M., Solaro, R. J., Eisner, D. A., and Trafford, A. W. (2014).

Balanced changes in Ca buffering by SERCA and troponin contribute to Ca

handling during beta-adrenergic stimulation in cardiac myocytes. Cardiovasc.

Res. 104, 347–354. doi: 10.1093/cvr/cvu201

Brodsky,M. A., Allen, B. J., Capparelli, E. V., Luckett, C. R., Morton, R., andHenry,

W. L. (1989). Factors determining maintenance of sinus rhythm after chronic

atrial fibrillation with left atrial dilatation. Am. J. Cardiol. 63, 1065–1068.

doi: 10.1016/0002-9149(89)90079-9

Brundel, B. J., Van Gelder, I. C., Henning, R. H., Tieleman, R. G., Tuinenburg, A.

E., Wietses, M., et al. (2001). Ion channel remodeling is related to intraoperative

atrial effective refractory periods in patients with paroxysmal and persistent

atrial fibrillation. Circulation 103, 684–690. doi: 10.1161/01.CIR.103.5.684

Brundel, B. J., van Gelder, I. C., Henning, R. H., Tuinenburg, A. E., Deelman,

L. E., Tieleman, R. G., et al. (1999). Gene expression of proteins influencing

the calcium homeostasis in patients with persistent and paroxysmal atrial

fibrillation. Cardiovasc. Res. 42, 443–454. doi: 10.1016/S0008-6363(99)00045-0

Bukowska, A., Lendeckel, U., Hirte, D., Wolke, C., Striggow, F., Rohnert,

P., et al. (2006). Activation of the calcineurin signaling pathway induces

atrial hypertrophy during atrial fibrillation. Cell. Mol. Life Sci. 63, 333–342.

doi: 10.1007/s00018-005-5353-3

Bukowska, A., Schild, L., Keilhoff, G., Hirte, D., Neumann, M., Gardemann,

A., et al. (2008). Mitochondrial dysfunction and redox signaling in atrial

tachyarrhythmia. Exp. Biol. Med. 233, 558–574. doi: 10.3181/0706-RM-155

Burashnikov, A., and Antzelevitch, C. (2003). Reinduction of atrial fibrillation

immediately after termination of the arrhythmia is mediated by late

phase 3 early afterdepolarization-induced triggered activity. Circulation 107,

2355–2360. doi: 10.1161/01.CIR.0000065578.00869.7C

Frontiers in Physiology | www.frontiersin.org 20 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1161/CIRCEP.114.001938
https://doi.org/10.1016/j.ccep.2010.10.012
https://doi.org/10.1006/bbrc.1998.9244
https://doi.org/10.1161/01.RES.0000080932.98903.D8
https://doi.org/10.1161/01.CIR.0000058461.86339.7E
https://doi.org/10.1006/jmcc.1999.1090
https://doi.org/10.1073/pnas.0707722104
https://doi.org/10.1056/NEJMoa043399
https://doi.org/10.1161/CIRCGENETICS.110.957571
https://doi.org/10.1016/j.hrthm.2016.01.009
https://doi.org/10.1113/jphysiol.1994.sp020130
https://doi.org/10.1016/j.jacc.2013.06.052
https://doi.org/10.1161/01.CIR.98.10.946
https://doi.org/10.1161/CIRCRESAHA.107.153007
https://doi.org/10.1016/j.ccl.2014.07.001
https://doi.org/10.1016/0022-2828(91)90133-7
https://doi.org/10.1038/415198a
https://doi.org/10.1161/CIRCRESAHA.118.310082
https://doi.org/10.1161/01.CIR.101.18.2200
https://doi.org/10.1016/S0735-1097(00)01189-X
https://doi.org/10.1161/hh1901.096702
https://doi.org/10.1371/journal.pone.0108824
https://doi.org/10.1016/S0735-1097(02)02922-4
https://doi.org/10.1016/S0008-6363(99)00178-9
https://doi.org/10.1172/JCI88241
https://doi.org/10.1152/ajpheart.00347.2002
https://doi.org/10.1529/biophysj.105.069013
https://doi.org/10.1113/jphysiol.2010.203984
https://doi.org/10.1093/cvr/cvu201
https://doi.org/10.1016/0002-9149(89)90079-9
https://doi.org/10.1161/01.CIR.103.5.684
https://doi.org/10.1016/S0008-6363(99)00045-0
https://doi.org/10.1007/s00018-005-5353-3
https://doi.org/10.3181/0706-RM-155
https://doi.org/10.1161/01.CIR.0000065578.00869.7C
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

Burashnikov, A., and Antzelevitch, C. (2006). Late-phase 3 EAD. A unique

mechanism contributing to initiation of atrial fibrillation. Pacing Clin.

Electrophysiol. 29, 290–295. doi: 10.1111/j.1540-8159.2006.00336.x

Burstein, B., Libby, E., Calderone, A., andNattel, S. (2008). Differential behaviors of

atrial versus ventricular fibroblasts: a potential role for platelet-derived growth

factor in atrial-ventricular remodeling differences. Circulation 117, 1630–1641.

doi: 10.1161/CIRCULATIONAHA.107.748053

Caldwell, J. L., Smith, C. E., Taylor, R. F., Kitmitto, A., Eisner, D. A., Dibb,

K. M., et al. (2014). Dependence of cardiac transverse tubules on the

BAR domain protein amphiphysin II (BIN-1). Circ. Res. 115, 986–996.

doi: 10.1161/CIRCRESAHA.116.303448

Cao, K., Xia, X., Shan, Q., Chen, Z., Chen, X., and Huang, Y. (2002). Changes of

sarcoplamic reticular Ca2+-ATPase and IP(3)-I receptor mRNA expression in

patients with atrial fibrillation. Chin. Med. J. 115, 664–667. Available online

at: http://124.205.33.103:81/ch/reader/view_abstract.aspx?file_no=20025664&

flag=1

Carnes, C. A., Chung, M. K., Nakayama, T., Nakayama, H., Baliga, R.

S., Piao, S., et al. (2001). Ascorbate attenuates atrial pacing-induced

peroxynitrite formation and electrical remodeling and decreases the

incidence of postoperative atrial fibrillation. Circ. Res. 89, E32–E38.

doi: 10.1161/hh1801.097644

Cha, T. J., Ehrlich, J. R., Zhang, L., and Nattel, S. (2004a). Atrial ionic remodeling

induced by atrial tachycardia in the presence of congestive heart failure.

Circulation 110, 1520–1526. doi: 10.1161/01.CIR.0000142052.03565.87

Cha, T. J., Ehrlich, J. R., Zhang, L., Shi, Y. F., Tardif, J. C., Leung, T. K., et al. (2004b).

Dissociation between ionic remodeling and ability to sustain atrial fibrillation

during recovery from experimental congestive heart failure. Circulation 109,

412–418. doi: 10.1161/01.CIR.0000109501.47603.0C

Cha, Y. M., Dzeja, P. P., Shen, W. K., Jahangir, A., Hart, C. Y., Terzic, A.,

et al. (2003). Failing atrial myocardium: energetic deficits accompany structural

remodeling and electrical instability. Am. J. Physiol. Heart Circ. Physiol. 284,

H1313–H1320. doi: 10.1152/ajpheart.00337.2002

Chang, S. H., Chen, Y. C., Chiang, S. J., Higa, S., Cheng, C. C., Chen, Y.

J., et al. (2008). Increased Ca2+ sparks and sarcoplasmic reticulum Ca2+

stores potentially determine the spontaneous activity of pulmonary vein

cardiomyocytes. Life Sci. 83, 284–292. doi: 10.1016/j.lfs.2008.06.014

Chaugai, S., Meng, W. Y., and Ali Sepehry, A. (2016). Effects of RAAS blockers on

atrial fibrillation prophylaxis: an updated systematic review and meta-analysis

of randomized controlled trials. J. Cardiovasc. Pharmacol. Ther. 21, 388–404.

doi: 10.1177/1074248415619490

Chelu, M. G., Sarma, S., Sood, S., Wang, S., van Oort, R. J., Skapura, D. G.,

et al. (2009). Calmodulin kinase II-mediated sarcoplasmic reticulum Ca2+

leak promotes atrial fibrillation in mice. J. Clin. Invest. 119, 1940–1951.

doi: 10.1172/JCI37059

Chen, B., Zhang, C., Guo, A., and Song, L. S. (2015). In situ single photon confocal

imaging of cardiomyocyte T-tubule system from Langendorff-perfused hearts.

Front. Physiol. 6:134. doi: 10.3389/fphys.2015.00134

Chen, Y. J., Chen, S. A., Chang, M. S., and Lin, C. I. (2000). Arrhythmogenic

activity of cardiac muscle in pulmonary veins of the dog: implication

for the genesis of atrial fibrillation. Cardiovasc. Res. 48, 265–273.

doi: 10.1016/S0008-6363(00)00179-6

Cheng, H., Lederer,M. R., Lederer,W. J., and Cannell, M. B. (1996). Calcium sparks

and [Ca2+]i waves in cardiac myocytes. Am. J. Physiol. 270 (Pt. 1), C148–C159.

doi: 10.1152/ajpcell.1996.270.1.C148

Cheng, H., Lederer, W. J., and Cannell, M. B. (1993). Calcium sparks: elementary

events underlying excitation-contraction coupling in heart muscle. Science 262,

740–744. doi: 10.1126/science.8235594

Cheng, T. H., Lee, F. Y., Wei, J., and Lin, C. I. (1996). Comparison of calcium-

current in isolated atrial myocytes from failing and nonfailing human hearts.

Mol. Cell. Biochem. 157, 157–162.

Chiang, D. Y., Kongchan, N., Beavers, D. L., Alsina, K. M., Voigt, N., Neilson, J.

R., et al. (2014a). Loss of microRNA-106b-25 cluster promotes atrial fibrillation

by enhancing ryanodine receptor type-2 expression and calcium release. Circ.

Arrhythm. Electrophysiol. 7, 1214–1222. doi: 10.1161/CIRCEP.114.001973

Chiang, D. Y., Li, N., Wang, Q., Alsina, K. M., Quick, A. P., Reynolds, J. O., et al.

(2014b). Impaired local regulation of ryanodine receptor type 2 by protein

phosphatase 1 promotes atrial fibrillation. Cardiovasc. Res. 103, 178–187.

doi: 10.1093/cvr/cvu123

Chou, C. C., Nihei, M., Zhou, S., Tan, A., Kawase, A., Macias, E. S.,

et al. (2005). Intracellular calcium dynamics and anisotropic reentry in

isolated canine pulmonary veins and left atrium. Circulation 111, 2889–2897.

doi: 10.1161/CIRCULATIONAHA.104.498758

Christ, T., Boknik, P., Wohrl, S., Wettwer, E., Graf, E. M., Bosch, R.

F., et al. (2004). L-type Ca2+ current downregulation in chronic

human atrial fibrillation is associated with increased activity of protein

phosphatases. Circulation 110, 2651–2657. doi: 10.1161/01.CIR.0000145659.80

212.6A

Chugh, S. S., Havmoeller, R., Narayanan, K., Singh, D., Rienstra, M.,

Benjamin, E. J., et al. (2014). Worldwide epidemiology of atrial fibrillation:

a Global Burden of Disease 2010 Study. Circulation 129, 837–847.

doi: 10.1161/CIRCULATIONAHA.113.005119

Clark, D. M., Plumb, V. J., Epstein, A. E., and Kay, G. N. (1997).

Hemodynamic effects of an irregular sequence of ventricular cycle

lengths during atrial fibrillation. J. Am. Coll. Cardiol. 30, 1039–1045.

doi: 10.1016/S0735-1097(97)00254-4

Clarke, J. D., Caldwell, J. L., Horn, M. A., Bode, E. F., Richards, M. A., Hall, M.

C., et al. (2015). Perturbed atrial calcium handling in an ovine model of heart

failure: potential roles for reductions in the L-type calcium current. J. Mol. Cell.

Cardiol. 79, 169–179. doi: 10.1016/j.yjmcc.2014.11.017

Clarke, J. D., Caldwell, J. L., Pearman, C. M., Eisner, D. A., Trafford, A. W.,

and Dibb, K. M. (2017). Increased Ca buffering underpins remodelling of

Ca2+ handling in old sheep atrial myocytes. J. Physiol. 595, 6263–6279.

doi: 10.1113/JP274053

Comtois, P., Kneller, J., andNattel, S. (2005). Of circles and spirals: bridging the gap

between the leading circle and spiral wave concepts of cardiac reentry. Europace

7 (Suppl. 2), 10–20. doi: 10.1016/j.eupc.2005.05.011

Coutu, P., Chartier, D., and Nattel, S. (2006). Comparison of Ca2+-

handling properties of canine pulmonary vein and left atrial

cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 291, H2290–H2300.

doi: 10.1152/ajpheart.00730.2005

Dai, J., Zhang, H., Chen, Y., Chang, Y., Yuan, Q., Ji, G., et al. (2016).

Characterization of Ca+ handling proteins and contractile proteins

in patients with lone atrial fibrillation. Int. J. Cardiol. 202, 749–751.

doi: 10.1016/j.ijcard.2015.10.010

De, A. (2011). Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim.

Biophys. Sin. 43, 745–756. doi: 10.1093/abbs/gmr079

Deroubaix, E., Folliguet, T., Rucker-Martin, C., Dinanian, S., Boixel,

C., Validire, P., et al. (2004). Moderate and chronic hemodynamic

overload of sheep atria induces reversible cellular electrophysiologic

abnormalities and atrial vulnerability. J. Am. Coll. Cardiol. 44, 1918–1926.

doi: 10.1016/j.jacc.2004.07.055

Diaz, M. E., Trafford, A. W., O’Neill, S. C., and Eisner, D. A. (1997). Measurement

of sarcoplasmic reticulum Ca2+ content and sarcolemmal Ca2+ fluxes in

isolated rat ventricular myocytes during spontaneous Ca2+ release. J. Physiol.

501, 3–16.

Dibb, K. M., Clarke, J. D., Horn, M. A., Richards, M. A., Graham, H. K.,

Eisner, D. A., et al. (2009). Characterization of an extensive transverse

tubular network in sheep atrial myocytes and its depletion in heart

failure. Circ. Heart Fail. 2, 482–489. doi: 10.1161/CIRCHEARTFAILURE.109.8

52228

Dibb, K. M., Eisner, D. A., and Trafford, A. W. (2007). Regulation of systolic

[Ca2+]i and cellular Ca2+ flux balance in rat ventricular myocytes by SR Ca2+,

L-type Ca2+ current and diastolic [Ca2+]i. J. Physiol. 585 (Pt. 2), 579–592.

doi: 10.1113/jphysiol.2007.141473

Dinanian, S., Boixel, C., Juin, C., Hulot, J. S., Coulombe, A., Rucker-Martin, C.,

et al. (2008). Downregulation of the calcium current in human right atrial

myocytes from patients in sinus rhythm but with a high risk of atrial fibrillation.

Eur. Heart J. 29, 1190–1197. doi: 10.1093/eurheartj/ehn140

Dobrev, D., Friedrich, A., Voigt, N., Jost, N., Wettwer, E., Christ, T., et al.

(2005). The G protein-gated potassium current I(K,ACh) is constitutively

active in patients with chronic atrial fibrillation. Circulation 112, 3697–3706.

doi: 10.1161/CIRCULATIONAHA.105.575332

Dobrev, D., and Wehrens, X. H. (2014). Role of RyR2 phosphorylation

in heart failure and arrhythmias: Controversies around ryanodine

receptor phosphorylation in cardiac disease. Circ. Res. 114, 1311–1319.

doi: 10.1161/CIRCRESAHA.114.300568

Frontiers in Physiology | www.frontiersin.org 21 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1111/j.1540-8159.2006.00336.x
https://doi.org/10.1161/CIRCULATIONAHA.107.748053
https://doi.org/10.1161/CIRCRESAHA.116.303448
http://124.205.33.103:81/ch/reader/view_abstract.aspx?file_no=20025664&flag=1
http://124.205.33.103:81/ch/reader/view_abstract.aspx?file_no=20025664&flag=1
https://doi.org/10.1161/hh1801.097644
https://doi.org/10.1161/01.CIR.0000142052.03565.87
https://doi.org/10.1161/01.CIR.0000109501.47603.0C
https://doi.org/10.1152/ajpheart.00337.2002
https://doi.org/10.1016/j.lfs.2008.06.014
https://doi.org/10.1177/1074248415619490
https://doi.org/10.1172/JCI37059
https://doi.org/10.3389/fphys.2015.00134
https://doi.org/10.1016/S0008-6363(00)00179-6
https://doi.org/10.1152/ajpcell.1996.270.1.C148
https://doi.org/10.1126/science.8235594
https://doi.org/10.1161/CIRCEP.114.001973
https://doi.org/10.1093/cvr/cvu123
https://doi.org/10.1161/CIRCULATIONAHA.104.498758
https://doi.org/10.1161/01.CIR.0000145659.80212.6A
https://doi.org/10.1161/CIRCULATIONAHA.113.005119
https://doi.org/10.1016/S0735-1097(97)00254-4
https://doi.org/10.1016/j.yjmcc.2014.11.017
https://doi.org/10.1113/JP274053
https://doi.org/10.1016/j.eupc.2005.05.011
https://doi.org/10.1152/ajpheart.00730.2005
https://doi.org/10.1016/j.ijcard.2015.10.010
https://doi.org/10.1093/abbs/gmr079
https://doi.org/10.1016/j.jacc.2004.07.055
https://doi.org/10.1161/CIRCHEARTFAILURE.109.852228
https://doi.org/10.1113/jphysiol.2007.141473
https://doi.org/10.1093/eurheartj/ehn140
https://doi.org/10.1161/CIRCULATIONAHA.105.575332
https://doi.org/10.1161/CIRCRESAHA.114.300568
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

Dobrev, D., and Wehrens, X. H. T. (2017). Calcium-mediated cellular triggered

activity in atrial fibrillation. J. Physiol. 595, 4001–4008. doi: 10.1113/JP273048

Dorn, G. W. II., and Maack, C. (2013). SR and mitochondria: calcium

cross-talk between kissing cousins. J. Mol. Cell. Cardiol. 55, 42–49.

doi: 10.1016/j.yjmcc.2012.07.015

Drawnel, F. M., Archer, C. R., and Roderick, H. L. (2013). The role

of the paracrine/autocrine mediator endothelin-1 in regulation of

cardiac contractility and growth. Br. J. Pharmacol. 168, 296–317.

doi: 10.1111/j.1476-5381.2012.02195.x

Dries, D. L., Exner, D. V., Gersh, B. J., Domanski, M. J., Waclawiw, M. A., and

Stevenson, L. W. (1998). Atrial fibrillation is associated with an increased risk

for mortality and heart failure progression in patients with asymptomatic and

symptomatic left ventricular systolic dysfunction: a retrospective analysis of the

SOLVD trials. Studies of Left Ventricular Dysfunction. J. Am. Coll. Cardiol. 32,

695–703. doi: 10.1016/S0735-1097(98)00297-6

Dries, E., Bito, V., Lenaerts, I., Antoons, G., Sipido, K. R., and Macquaide,

N. (2013). Selective modulation of coupled ryanodine receptors during

microdomain activation of calcium/calmodulin-dependent kinase II in the

dyadic cleft. Circ. Res. 113, 1242–1252. doi: 10.1161/CIRCRESAHA.113.3

01896

Dupont, E., Ko, Y., Rothery, S., Coppen, S. R., Baghai, M., Haw, M., et al.

(2001). The gap-junctional protein connexin40 is elevated in patients

susceptible to postoperative atrial fibrillation. Circulation 103, 842–849.

doi: 10.1161/01.CIR.103.6.842

Eckstein, J., Verheule, S., de Groot, N. M., Allessie, M., and Schotten, U. (2008).

Mechanisms of perpetuation of atrial fibrillation in chronically dilated atria.

Prog. Biophys. Mol. Biol. 97, 435–451. doi: 10.1016/j.pbiomolbio.2008.02.019

Ehrlich, J. R., Cha, T. J., Zhang, L., Chartier, D., Melnyk, P., Hohnloser, S. H., et al.

(2003). Cellular electrophysiology of canine pulmonary vein cardiomyocytes:

action potential and ionic current properties. J. Physiol. 551 (Pt. 3), 801–813.

doi: 10.1113/jphysiol.2003.046417

Eijsbouts, S. C., Majidi, M., van Zandvoort, M., and Allessie, M. A.

(2003). Effects of acute atrial dilation on heterogeneity in conduction

in the isolated rabbit heart. J. Cardiovasc. Electrophysiol. 14, 269–278.

doi: 10.1046/j.1540-8167.2003.02280.x

Eisner, D., Bode, E., Venetucci, L., and Trafford, A. (2013). Calcium flux balance

in the heart. J. Mol. Cell. Cardiol. 58, 110–117. doi: 10.1016/j.yjmcc.2012.

11.017

Eisner, D. A., Caldwell, J. L., Kistamas, K., and Trafford, A. W. (2017). Calcium

and excitation-contraction coupling in the heart. Circ. Res. 121, 181–195.

doi: 10.1161/CIRCRESAHA.117.310230

Eisner, D. A., Diaz, M. E., Li, Y., O’Neill, S. C., and Trafford, A. W. (2005). Stability

and instability of regulation of intracellular calcium. Exp. Physiol. 90, 3–12.

doi: 10.1113/expphysiol.2004.029231

El-Armouche, A., Boknik, P., Eschenhagen, T., Carrier, L., Knaut, M.,

Ravens, U., et al. (2006). Molecular determinants of altered Ca2+

handling in human chronic atrial fibrillation. Circulation 114, 670–680.

doi: 10.1161/CIRCULATIONAHA.106.636845

Elvan, A., Huang, X. D., Pressler, M. L., and Zipes, D. P. (1997). Radiofrequency

catheter ablation of the atria eliminates pacing-induced sustained atrial

fibrillation and reduces connexin 43 in dogs. Circulation 96, 1675–1685.

doi: 10.1161/01.CIR.96.5.1675

Faggioni, M., Savio-Galimberti, E., Venkataraman, R., Hwang, H. S., Kannankeril,

P. J., Darbar, D., et al. (2014). Suppression of spontaneous ca elevations prevents

atrial fibrillation in calsequestrin 2-null hearts. Circ. Arrhythm. Electrophysiol.

7, 313–320. doi: 10.1161/CIRCEP.113.000994

Fermini, B., and Schanne, O. F. (1991). Determinants of action potential

duration in neonatal rat ventricle cells. Cardiovasc. Res. 25, 235–243.

doi: 10.1093/cvr/25.3.235

Ferrier, G. R., Saunders, J. H., and Mendez, C. (1973). A cellular mechanism for

the generation of ventricular arrhythmias by acetylstrophanthidin. Circ. Res.

32, 600–609. doi: 10.1161/01.RES.32.5.600

Fredersdorf, S., Ucer, E., Jungbauer, C., Dornia, C., Eglmeier, J., Eissnert, C.,

et al. (2014). Lone atrial fibrillation as a positive predictor of left atrial

volume reduction following ablation of atrial fibrillation. Europace 16, 26–32.

doi: 10.1093/europace/eut152

Frisk, M., Koivumaki, J. T., Norseng, P. A., Maleckar, M. M., Sejersted, O.

M., and Louch, W. E. (2014). Variable t-tubule organization and Ca2+

homeostasis across the atria. Am. J. Physiol.Heart Circ. Physiol. 307, H609–

H620. doi: 10.1152/ajpheart.00295.2014

From, A. M., Maleszewski, J. J., and Rihal, C. S. (2011). Current

status of endomyocardial biopsy. Mayo Clin. Proc. 86, 1095–1102.

doi: 10.4065/mcp.2011.0296

Fujino, T., Yamashita, T., Suzuki, S., Sugiyma, H., Sagara, K., Sawada, H.,

et al. (2007). Characteristics of congestive heart failure accompanied by atrial

fibrillation with special reference to tachycardia-induced cardiomyopathy.Circ.

J. 71, 936–940. doi: 10.1253/circj.71.936

Fukui, A., Takahashi, N., Nakada, C., Masaki, T., Kume, O., Shinohara, T., et al.

(2013). Role of leptin signaling in the pathogenesis of angiotensin II-mediated

atrial fibrosis and fibrillation. Circ. Arrhythm. Electrophysiol. 6, 402–409.

doi: 10.1161/CIRCEP.111.000104

Fukushima, A., Milner, K., Gupta, A., and Lopaschuk, G. D. (2015).

Myocardial energy substrate metabolism in heart failure : from

pathways to therapeutic targets. Curr. Pharm. Des. 21, 3654–3664.

doi: 10.2174/1381612821666150710150445

Gaborit, N., Steenman, M., Lamirault, G., Le Meur, N., Le Bouter, S., Lande, G.,

et al. (2005). Human atrial ion channel and transporter subunit gene-expression

remodeling associated with valvular heart disease and atrial fibrillation.

Circulation 112, 471–481. doi: 10.1161/CIRCULATIONAHA.104.506857

Gadeberg, H. C., Bond, R. C., Kong, C. H., Chanoit, G. P., Ascione, R., Cannell,

M. B., et al. (2016). Heterogeneity of T-tubules in pig hearts. PLoS ONE

11:e0156862. doi: 10.1371/journal.pone.0156862

Gaspo, R., Bosch, R. F., Bou-Abboud, E., and Nattel, S. (1997a). Tachycardia-

induced changes in Na+ current in a chronic dog model of atrial fibrillation.

Circ. Res. 81, 1045–1052. doi: 10.1161/01.RES.81.6.1045

Gaspo, R., Bosch, R. F., Talajic, M., and Nattel, S. (1997b). Functional mechanisms

underlying tachycardia-induced sustained atrial fibrillation in a chronic dog

model. Circulation 96, 4027–4035. doi: 10.1161/01.CIR.96.11.4027

Giles, W. R., and Imaizumi, Y. (1988). Comparison of potassium

currents in rabbit atrial and ventricular cells. J. Physiol. 405, 123–145.

doi: 10.1113/jphysiol.1988.sp017325

Gillis, A. M., and Rose, M. S. (2000). Temporal patterns of paroxysmal atrial

fibrillation following DDDR pacemaker implantation. Am. J. Cardiol. 85,

1445–1450. doi: 10.1016/S0002-9149(00)00792-X

Glukhov, A. V., Balycheva, M., Sanchez-Alonso, J. L., Ilkan, Z., Alvarez-

Laviada, A., Bhogal, N., et al. (2015). Direct evidence for microdomain-

specific localization and remodeling of functional L-type calcium

channels in rat and human atrial myocytes. Circulation 132, 2372–2384.

doi: 10.1161/CIRCULATIONAHA.115.018131

Goudis, C. A., Korantzopoulos, P., Ntalas, I. V., Kallergis, E. M., and Ketikoglou,

D. G. (2015). Obesity and atrial fibrillation: a comprehensive review of

the pathophysiological mechanisms and links. J. Cardiol. 66, 361–369.

doi: 10.1016/j.jjcc.2015.04.002

Greiser, M. (2017). Calcium signalling silencing in atrial fibrillation. J. Physiol. 595,

4009–4017. doi: 10.1113/JP273045

Greiser, M., Kerfant, B. G., Williams, G. S., Voigt, N., Harks, E., Dibb, K. M., et al.

(2014). Tachycardia-induced silencing of subcellular Ca2+ signaling in atrial

myocytes. J. Clin. Invest. 124, 4759–4772. doi: 10.1172/JCI70102

Greiser, M., Neuberger, H. R., Harks, E., El-Armouche, A., Boknik, P., de Haan,

S., et al. (2009). Distinct contractile and molecular differences between two

goat models of atrial dysfunction: AV block-induced atrial dilatation and atrial

fibrillation. J. Mol. Cell. Cardiol. 46, 385–394. doi: 10.1016/j.yjmcc.2008.11.012

Griffiths, E. J. (2012). Mitochondria and heart disease. Adv. Exp. Med. Biol. 942,

249–267. doi: 10.1007/978-94-007-2869-1_11

Grogan, M., Smith, H. C., Gersh, B. J., and Wood, D. L. (1992). Left

ventricular dysfunction due to atrial fibrillation in patients initially believed

to have idiopathic dilated cardiomyopathy. Am. J. Cardiol. 69, 1570–1573.

doi: 10.1016/0002-9149(92)90705-4

Gussak, I., Chaitman, B. R., Kopecky, S. L., and Nerbonne, J. M. (2000). Rapid

ventricular repolarization in rodents: electrocardiographic manifestations,

molecular mechanisms, and clinical insights. J. Electrocardiol. 33, 159–170.

doi: 10.1016/S0022-0736(00)80072-2

Gyorke, I., Hester, N., Jones, L. R., and Gyorke, S. (2004). The role

of calsequestrin, triadin, and junctin in conferring cardiac ryanodine

receptor responsiveness to luminal calcium. Biophys. J. 86, 2121–2128.

doi: 10.1016/S0006-3495(04)74271-X

Frontiers in Physiology | www.frontiersin.org 22 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1113/JP273048
https://doi.org/10.1016/j.yjmcc.2012.07.015
https://doi.org/10.1111/j.1476-5381.2012.02195.x
https://doi.org/10.1016/S0735-1097(98)00297-6
https://doi.org/10.1161/CIRCRESAHA.113.301896
https://doi.org/10.1161/01.CIR.103.6.842
https://doi.org/10.1016/j.pbiomolbio.2008.02.019
https://doi.org/10.1113/jphysiol.2003.046417
https://doi.org/10.1046/j.1540-8167.2003.02280.x
https://doi.org/10.1016/j.yjmcc.2012.11.017
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1113/expphysiol.2004.029231
https://doi.org/10.1161/CIRCULATIONAHA.106.636845
https://doi.org/10.1161/01.CIR.96.5.1675
https://doi.org/10.1161/CIRCEP.113.000994
https://doi.org/10.1093/cvr/25.3.235
https://doi.org/10.1161/01.RES.32.5.600
https://doi.org/10.1093/europace/eut152
https://doi.org/10.1152/ajpheart.00295.2014
https://doi.org/10.4065/mcp.2011.0296
https://doi.org/10.1253/circj.71.936
https://doi.org/10.1161/CIRCEP.111.000104
https://doi.org/10.2174/1381612821666150710150445
https://doi.org/10.1161/CIRCULATIONAHA.104.506857
https://doi.org/10.1371/journal.pone.0156862
https://doi.org/10.1161/01.RES.81.6.1045
https://doi.org/10.1161/01.CIR.96.11.4027
https://doi.org/10.1113/jphysiol.1988.sp017325
https://doi.org/10.1016/S0002-9149(00)00792-X
https://doi.org/10.1161/CIRCULATIONAHA.115.018131
https://doi.org/10.1016/j.jjcc.2015.04.002
https://doi.org/10.1113/JP273045
https://doi.org/10.1172/JCI70102
https://doi.org/10.1016/j.yjmcc.2008.11.012
https://doi.org/10.1007/978-94-007-2869-1_11
https://doi.org/10.1016/0002-9149(92)90705-4
https://doi.org/10.1016/S0022-0736(00)80072-2
https://doi.org/10.1016/S0006-3495(04)74271-X
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

Haissaguerre, M., Jais, P., Shah, D. C., Takahashi, A., Hocini, M., Quiniou,

G., et al. (1998). Spontaneous initiation of atrial fibrillation by ectopic

beats originating in the pulmonary veins. N. Engl. J. Med. 339, 659–666.

doi: 10.1056/NEJM199809033391003

Harada, M., Luo, X., Qi, X. Y., Tadevosyan, A., Maguy, A., Ordog, B.,

et al. (2012). Transient receptor potential canonical-3 channel-dependent

fibroblast regulation in atrial fibrillation. Circulation 126, 2051–2064.

doi: 10.1161/CIRCULATIONAHA.112.121830

Harjai, K. J., Mobarek, S. K., Cheirif, J., Boulos, L. M., Murgo, J. P., and Abi-Samra,

F. (1997). Clinical variables affecting recovery of left atrial mechanical function

after cardioversion from atrial fibrillation. J. Am. Coll. Cardiol. 30, 481–486.

doi: 10.1016/S0735-1097(97)00173-3

He, J., Conklin,M.W., Foell, J. D.,Wolff,M. R., Haworth, R. A., Coronado, R., et al.

(2001). Reduction in density of transverse tubules and L-type Ca2+ channels

in canine tachycardia-induced heart failure. Cardiovasc. Res. 49, 298–307.

doi: 10.1016/S0008-6363(00)00256-X

Hecht, H. H., and Lange, R. L. (1956). The hemodynamic consequences of atrial

fibrillation.Mod. Concepts Cardiovasc. Dis. 25, 351–353.

Heijman, J., Algalarrondo, V., Voigt, N., Melka, J., Wehrens, X. H., Dobrev,

D., et al. (2016). The value of basic research insights into atrial fibrillation

mechanisms as a guide to therapeutic innovation: a critical analysis.Cardiovasc.

Res. 109, 467–479. doi: 10.1093/cvr/cvv275

Heinzel, F. R., Bito, V., Biesmans, L., Wu, M., Detre, E., von Wegner, F., et al.

(2008). Remodeling of T-tubules and reduced synchrony of Ca2+ release in

myocytes from chronically ischemic myocardium. Circ. Res. 102, 338–346.

doi: 10.1161/CIRCRESAHA.107.160085

Helms, A. S., West, J. J., Patel, A., Lipinski, M. J., Mangrum, J. M., Mounsey, J. P.,

et al. (2009). Relation of left atrial volume from three-dimensional computed

tomography to atrial fibrillation recurrence following ablation. Am. J. Cardiol.

103, 989–993. doi: 10.1016/j.amjcard.2008.12.021

Hibberd, M. G., and Jewell, B. R. (1982). Calcium- and length-dependent

force production in rat ventricular muscle. J. Physiol. 329, 527–540.

doi: 10.1113/jphysiol.1982.sp014317

Ho, H. T., Belevych, A. E., Liu, B., Bonilla, I. M., Radwanski, P. B., Kubasov, I.

V., et al. (2016). Muscarinic stimulation facilitates sarcoplasmic reticulum Ca

release by modulating ryanodine receptor 2 phosphorylation through protein

kinase, G., and Ca/calmodulin-dependent protein kinase, II. Hypertension 68,

1171–1178. doi: 10.1161/HYPERTENSIONAHA.116.07666

Hobai, I. A., and O’Rourke, B. (2001). Decreased sarcoplasmic reticulum calcium

content is responsible for defective excitation-contraction coupling in canine

heart failure. Circulation 103, 1577–1584. doi: 10.1161/01.CIR.103.11.1577

Hocini, M., Ho, S. Y., Kawara, T., Linnenbank, A. C., Potse, M., Shah,

D., et al. (2002). Electrical conduction in canine pulmonary veins:

electrophysiological and anatomic correlation. Circulation 105, 2442–2448.

doi: 10.1161/01.CIR.0000016062.80020.11

Hohendanner, F., DeSantiago, J., Heinzel, F. R., and Blatter, L. A. (2016).

Dyssynchronous calcium removal in heart failure-induced atrial

remodeling. Am. J. Physiol. Heart Circ. Physiol. 311, H1352–H1359.

doi: 10.1152/ajpheart.00375.2016

Hohendanner, F., Walther, S., Maxwell, J. T., Kettlewell, S., Awad, S., Smith, G. L.,

et al. (2015). Inositol-1,4,5-trisphosphate induced Ca2+ release and excitation-

contraction coupling in atrial myocytes from normal and failing hearts. J.

Physiol. 593, 1459–1477. doi: 10.1113/jphysiol.2014.283226

Hoit, B. D., Takeishi, Y., Cox, M. J., Gabel, M., Kirkpatrick, D., Walsh, R. A., et al.

(2002). Remodeling of the left atrium in pacing-induced atrial cardiomyopathy.

Mol. Cell. Biochem. 238, 145–150. doi: 10.1023/A:1019988024077

Honjo, H., Boyett, M. R., Niwa, R., Inada, S., Yamamoto, M., Mitsui, K.,

et al. (2003). Pacing-induced spontaneous activity in myocardial sleeves of

pulmonary veins after treatment with ryanodine. Circulation 107, 1937–1943.

doi: 10.1161/01.CIR.0000062645.38670.BD

Houser, S. R. (2014). Role of RyR2 phosphorylation in heart failure and

arrhythmias: protein kinase A-mediated hyperphosphorylation of the

ryanodine receptor at serine 2808 does not alter cardiac contractility

or cause heart failure and arrhythmias. Circ. Res. 114, 1320–1327.

doi: 10.1161/CIRCRESAHA.114.300569

Hove-Madsen, L., Llach, A., Bayes-Genis, A., Roura, S., Rodriguez Font,

E., Aris, A., et al. (2004). Atrial fibrillation is associated with increased

spontaneous calcium release from the sarcoplasmic reticulum in human atrial

myocytes. Circulation 110, 1358–1363. doi: 10.1161/01.CIR.0000141296.59

876.87

Hsueh, C. H., Chang, P. C., Hsieh, Y. C., Reher, T., Chen, P. S., and Lin, S.

F. (2013). Proarrhythmic effect of blocking the small conductance calcium

activated potassium channel in isolated canine left atrium. Heart Rhythm 10,

891–898. doi: 10.1016/j.hrthm.2013.01.033

Huang, J. L., Tai, C. T., Chen, J. T., Ting, C. T., Chen, Y. T., Chang,

M. S., et al. (2003). Effect of atrial dilatation on electrophysiologic

properties and inducibility of atrial fibrillation. Basic Res. Cardiol. 98, 16–24.

doi: 10.1007/s00395-003-0385-z

Huke, S., and Bers, D. M. (2008). Ryanodine receptor phosphorylation at Serine

2030, 2808 and 2814 in rat cardiomyocytes. Biochem. Biophys. Res. Commun.

376, 80–85. doi: 10.1016/j.bbrc.2008.08.084

Hume, J. R., and Uehara, A. (1985). Ionic basis of the different action potential

configurations of single guinea-pig atrial and ventricular myocytes. J. Physiol.

368, 525–544. doi: 10.1113/jphysiol.1985.sp015874

Huser, J., Lipsius, S. L., and Blatter, L. A. (1996). Calcium gradients during

excitation-contraction coupling in cat atrial myocytes. J. Physiol. 494 (Pt. 3),

641–51.

Iribe, G., and Kohl, P. (2008). Axial stretch enhances sarcoplasmic

reticulum Ca2+ leak and cellular Ca2+ reuptake in guinea pig ventricular

myocytes: experiments and models. Prog. Biophys. Mol. Biol. 97, 298–311.

doi: 10.1016/j.pbiomolbio.2008.02.012

Iribe, G., Ward, C. W., Camelliti, P., Bollensdorff, C., Mason, F., Burton, R.

A., et al. (2009). Axial stretch of rat single ventricular cardiomyocytes causes

an acute and transient increase in Ca2+ spark rate. Circ. Res. 104, 787–795.

doi: 10.1161/CIRCRESAHA.108.193334

Johannsson, M., and Wohlfart, B. (1980). Cellular calcium as a determinant of

action potential duration in rabbit myocardium. Acta Physiol. Scand. 110,

241–247. doi: 10.1111/j.1748-1716.1980.tb06660.x

Johnsen, A. B., Hoydal, M., Rosbjorgen, R., Stolen, T., and Wisloff, U. (2013).

Aerobic interval training partly reverse contractile dysfunction and impaired

Ca2+ handling in atrial myocytes from rats with post infarction heart failure.

PLoS ONE 8:e66288. doi: 10.1371/journal.pone.0066288

Kalifa, J., Jalife, J., Zaitsev, A. V., Bagwe, S., Warren, M., Moreno, J., et al.

(2003). Intra-atrial pressure increases rate and organization of waves emanating

from the superior pulmonary veins during atrial fibrillation. Circulation 108,

668–671. doi: 10.1161/01.CIR.0000086979.39843.7B

Kettlewell, S., Burton, F. L., Smith, G. L., and Workman, A. J. (2013).

Chronic myocardial infarction promotes atrial action potential alternans,

after depolarizations, and fibrillation. Cardiovasc. Res. 99, 215–224.

doi: 10.1093/cvr/cvt087

Khan, M. N., Jais, P., Cummings, J., Di Biase, L., Sanders, P., Martin, D. O., et al.

(2008). Pulmonary-vein isolation for atrial fibrillation in patients with heart

failure. N. Engl. J. Med. 359, 1778–1785. doi: 10.1056/NEJMoa0708234

Kim, E. J., Yin, X., Fontes, J. D., Magnani, J. W., Lubitz, S. A., McManus, D. D.,

et al. (2016). Atrial fibrillation without comorbidities: prevalence, incidence

and prognosis (from the FraminghamHeart Study).Am. Heart J. 177, 138–144.

doi: 10.1016/j.ahj.2016.03.023

Kim, J. C., and Woo, S. H. (2015). Shear stress induces a longitudinal Ca2+ wave

via autocrine activation of P2Y1 purinergic signalling in rat atrial myocytes. J.

Physiol. 593, 5091–5109. doi: 10.1113/JP271016

Kirchhof, P., Benussi, S., Kotecha, D., Ahlsson, A., Atar, D., Casadei, B.,

et al. (2016). 2016 ESC Guidelines for the management of atrial fibrillation

developed in collaboration with EACTS. Eur. Heart J. 37, 2893–2962.

doi: 10.1093/eurheartj/ehw210

Kirk, M. M., Izu, L. T., Chen-Izu, Y., McCulle, S. L., Wier, W. G., Balke, C.W., et al.

(2003). Role of the transverse-axial tubule system in generating calcium sparks

and calcium transients in rat atrial myocytes. J. Physiol. 547 (Pt. 2), 441–451.

doi: 10.1113/jphysiol.2002.034355

Klein, G., Schroder, F., Vogler, D., Schaefer, A., Haverich, A., Schieffer, B., et al.

(2003). Increased open probability of single cardiac L-type calcium channels in

patients with chronic atrial fibrillation. role of phosphatase 2A. Cardiovasc. Res.

59, 37–45. doi: 10.1016/S0008-6363(03)00357-2

Kneller, J., Sun, H., Leblanc, N., and Nattel, S. (2002). Remodeling of

Ca2+-handling by atrial tachycardia: evidence for a role in loss of

rate-adaptation. Cardiovasc. Res. 54, 416–426. doi: 10.1016/S0008-6363(02)

00274-2

Frontiers in Physiology | www.frontiersin.org 23 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1056/NEJM199809033391003
https://doi.org/10.1161/CIRCULATIONAHA.112.121830
https://doi.org/10.1016/S0735-1097(97)00173-3
https://doi.org/10.1016/S0008-6363(00)00256-X
https://doi.org/10.1093/cvr/cvv275
https://doi.org/10.1161/CIRCRESAHA.107.160085
https://doi.org/10.1016/j.amjcard.2008.12.021
https://doi.org/10.1113/jphysiol.1982.sp014317
https://doi.org/10.1161/HYPERTENSIONAHA.116.07666
https://doi.org/10.1161/01.CIR.103.11.1577
https://doi.org/10.1161/01.CIR.0000016062.80020.11
https://doi.org/10.1152/ajpheart.00375.2016
https://doi.org/10.1113/jphysiol.2014.283226
https://doi.org/10.1023/A:1019988024077
https://doi.org/10.1161/01.CIR.0000062645.38670.BD
https://doi.org/10.1161/CIRCRESAHA.114.300569
https://doi.org/10.1161/01.CIR.0000141296.59876.87
https://doi.org/10.1016/j.hrthm.2013.01.033
https://doi.org/10.1007/s00395-003-0385-z
https://doi.org/10.1016/j.bbrc.2008.08.084
https://doi.org/10.1113/jphysiol.1985.sp015874
https://doi.org/10.1016/j.pbiomolbio.2008.02.012
https://doi.org/10.1161/CIRCRESAHA.108.193334
https://doi.org/10.1111/j.1748-1716.1980.tb06660.x
https://doi.org/10.1371/journal.pone.0066288
https://doi.org/10.1161/01.CIR.0000086979.39843.7B
https://doi.org/10.1093/cvr/cvt087
https://doi.org/10.1056/NEJMoa0708234
https://doi.org/10.1016/j.ahj.2016.03.023
https://doi.org/10.1113/JP271016
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1113/jphysiol.2002.034355
https://doi.org/10.1016/S0008-6363(03)00357-2
https://doi.org/10.1016/S0008-6363(02)00274-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

Kockskamper, J., von Lewinski, D., Khafaga, M., Elgner, A., Grimm, M.,

Eschenhagen, T., et al. (2008). The slow force response to stretch

in atrial and ventricular myocardium from human heart: functional

relevance and subcellular mechanisms. Prog. Biophys. Mol. Biol. 97, 250–267.

doi: 10.1016/j.pbiomolbio.2008.02.026

Kono, T., Sabbah, H. N., Rosman, H., Alam, M., Stein, P. D., and

Goldstein, S. (1992). Left atrial contribution to ventricular filling

during the course of evolving heart failure. Circulation 86, 1317–1322.

doi: 10.1161/01.CIR.86.4.1317

Koumi, S., Arentzen, C. E., Backer, C. L., andWasserstrom, J. A. (1994). Alterations

in muscarinic K+ channel response to acetylcholine and to G protein-mediated

activation in atrial myocytes isolated from failing human hearts. Circulation 90,

2213–2224. doi: 10.1161/01.CIR.90.5.2213

Koumi, S. I., Martin, R. L., and Sato, R. (1997). Alterations in ATP-sensitive

potassium channel sensitivity to ATP in failing human hearts. Am. J. Physiol.

272, H1656–H1665.

Kuijpers, N. H., Potse, M., van Dam, P. M., ten Eikelder, H. M., Verheule, S.,

Prinzen, F. W., et al. (2011). Mechanoelectrical coupling enhances initiation

and affects perpetuation of atrial fibrillation during acute atrial dilation. Heart

Rhythm 8, 429–436. doi: 10.1016/j.hrthm.2010.11.020

Lai, L. P., Su, M. J., Lin, J. L., Lin, F. Y., Tsai, C. H., Chen, Y. S., et al. (1999). Down-

regulation of L-type calcium channel and sarcoplasmic reticular Ca2+-ATPase

mRNA in human atrial fibrillation without significant change in the mRNA

of ryanodine receptor, calsequestrin and phospholamban: an insight into the

mechanism of atrial electrical remodeling. J. Am. Coll. Cardiol. 33, 1231–1237.

doi: 10.1016/S0735-1097(99)00008-X

Landstrom, A. P., Dobrev, D., and Wehrens, X. H. T. (2017). Calcium

signaling and cardiac arrhythmias. Circ. Res. 120, 1969–1993.

doi: 10.1161/CIRCRESAHA.117.310083

Le Grand, B., Letienne, R., Dupont-Passelaigue, E., Lantoine-Adam, F., Longo,

F., David-Dufilho, M., et al. (2014). F 16915 prevents heart failure-induced

atrial fibrillation: a promising new drug as upstream therapy. Naunyn

Schmiedeberg’s Arch. Pharmacol. 387, 667–677. doi: 10.1007/s00210-014-

0975-3

Le Grand, B. L., Hatem, S., Deroubaix, E., Couetil, J. P., and Coraboeuf, E. (1994).

Depressed transient outward and calcium currents in dilated human atria.

Cardiovasc. Res. 28, 548–556. doi: 10.1093/cvr/28.4.548

Leclercq, J. F., Halimi, F., Fiorello, P., Bertrand, C., and Attuel, P. (2014).

Evaluation of time course and predicting factors of progression of paroxysmal

or persistent atrial fibrillation to permanent atrial fibrillation. Pacing Clin.

Electrophysiol. 37, 345–355. doi: 10.1111/pace.12264

Lee, K. W., Everett, T. H IV., Rahmutula, D., Guerra, J. M., Wilson, E., Ding, C.,

et al. (2006). Pirfenidone prevents the development of a vulnerable substrate for

atrial fibrillation in a canine model of heart failure. Circulation 114, 1703–1712.

doi: 10.1161/CIRCULATIONAHA.106.624320

Lehnart, S. E., Terrenoire, C., Reiken, S., Wehrens, X. H., Song, L. S., Tillman, E. J.,

et al. (2006). Stabilization of cardiac ryanodine receptor prevents intracellular

calcium leak and arrhythmias. Proc. Natl. Acad. Sci. U. S. A. 103, 7906–7910.

doi: 10.1073/pnas.0602133103

Lenaerts, I., Bito, V., Heinzel, F. R., Driesen, R. B., Holemans, P., D’Hooge,

J., et al. (2009). Ultrastructural and functional remodeling of the coupling

between Ca2+ influx and sarcoplasmic reticulum Ca2+ release in right

atrial myocytes from experimental persistent atrial fibrillation. Circ. Res. 105,

876–885. doi: 10.1161/CIRCRESAHA.109.206276

Levy, D., Larson, M. G., Vasan, R. S., Kannel, W. B., and Ho, K. K. (1996).

The progression from hypertension to congestive heart failure. JAMA. 275,

1557–1562. doi: 10.1001/jama.1996.03530440037034

Li, D., Fareh, S., Leung, T. K., and Nattel, S. (1999). Promotion of atrial fibrillation

by heart failure in dogs: atrial remodeling of a different sort. Circulation 100,

87–95. doi: 10.1161/01.CIR.100.1.87

Li, D., Melnyk, P., Feng, J., Wang, Z., Petrecca, K., Shrier, A., et al. (2000). Effects

of experimental heart failure on atrial cellular and ionic electrophysiology.

Circulation 101, 2631–2638. doi: 10.1161/01.CIR.101.22.2631

Li, H., Lichter, J. G., Seidel, T., Tomaselli, G. F., Bridge, J. H., and Sachse,

F. B. (2015). Cardiac resynchronization therapy reduces subcellular

heterogeneity of ryanodine receptors, T-Tubules, and Ca2+ sparks

produced by dyssynchronous heart failure. Circ. Heart Fail. 8, 1105–1114.

doi: 10.1161/CIRCHEARTFAILURE.115.002352

Li, N., Chiang, D. Y., Wang, S., Wang, Q., Sun, L., Voigt, N., et al. (2014).

Ryanodine receptor-mediated calcium leak drives progressive development of

an atrial fibrillation substrate in a transgenic mouse model. Circulation 129,

1276–1285. doi: 10.1161/CIRCULATIONAHA.113.006611

Li, N., Wang, T., Wang, W., Cutler, M. J., Wang, Q., Voigt, N., et al.

(2012). Inhibition of CaMKII phosphorylation of RyR2 prevents induction

of atrial fibrillation in FKBP12.6 knockout mice. Circ. Res. 110, 465–470.

doi: 10.1161/CIRCRESAHA.111.253229

Li, Q., O’Neill, S. C., Tao, T., Li, Y., Eisner, D., and Zhang, H. (2012). Mechanisms

by which cytoplasmic calcium wave propagation and alternans are generated

in cardiac atrial myocytes lacking T-tubules-insights from a simulation study.

Biophys. J. 102, 1471–1482. doi: 10.1016/j.bpj.2012.03.007

Liang, J. J., and Silvestry, F. E. (2016).Mechanistic insights intomitral regurgitation

due to atrial fibrillation: “atrial functional mitral regurgitation”. Trends

Cardiovasc. Med. 26, 681–689. doi: 10.1016/j.tcm.2016.04.012

Lin, C. C., Lin, J. L., Lin, C. S., Tsai, M. C., Su, M. J., Lai, L. P., et al.

(2004). Activation of the calcineurin-nuclear factor of activated T-cell

signal transduction pathway in atrial fibrillation. Chest 126, 1926–1932.

doi: 10.1016/S0012-3692(15)31443-4

Lin, Y. K., Chen, Y. C., Chen, Y. A., Yeh, Y. H., Chen, S. A., and Chen, Y. J. (2016).

B-type natriuretic peptide modulates pulmonary vein arrhythmogenesis: a

novel potential contributor to the genesis of atrial tachyarrhythmia in heart

failure. J. Cardiovasc. Electrophysiol. 27, 1462–1471. doi: 10.1111/jce.13093

Ling, L. H., Khammy, O., Byrne, M., Amirahmadi, F., Foster, A., Li, G.,

et al. (2012). Irregular rhythm adversely influences calcium handling

in ventricular myocardium: implications for the interaction between

heart failure and atrial fibrillation. Circ. Heart Fail. 5, 786–793.

doi: 10.1161/CIRCHEARTFAILURE.112.968321

Logantha, S. J., Cruickshank, S. F., Rowan, E. G., and Drummond, R. M. (2010).

Spontaneous and electrically evoked Ca2+ transients in cardiomyocytes of the

rat pulmonary vein. Cell Calcium 48, 150–160. doi: 10.1016/j.ceca.2010.08.002

Loh, Y. X., Wu, K. H., Chen, Y. C., Hsu, C. H., Wei, J., and Lin, C. I.

(2009). Reduced Ca2+ transport across sarcolemma but enhanced spontaneous

activity in cardiomyocytes isolated from left atrium-pulmonary veins tissue of

myopathic hamster. J. Biomed. Sci. 16:114. doi: 10.1186/1423-0127-16-114

Louch, W. E., Mork, H. K., Sexton, J., Stromme, T. A., Laake, P., Sjaastad, I., et al.

(2006). T-tubule disorganization and reduced synchrony of Ca2+ release in

murine cardiomyocytes following myocardial infarction. J. Physiol. 574 (Pt. 2),

519–533. doi: 10.1113/jphysiol.2006.107227

Lugenbiel, P., Wenz, F., Govorov, K., Schweizer, P. A., Katus, H. A., and

Thomas, D. (2015). Atrial fibrillation complicated by heart failure induces

distinct remodeling of calcium cycling proteins. PLoS ONE 10:e0116395.

doi: 10.1371/journal.pone.0116395

Lukyanenko, V., Gyorke, I., and Gyorke, S. (1996). Regulation of calcium release

by calcium inside the sarcoplasmic reticulum in ventricular myocytes. Pflugers

Arch. 432, 1047–1054. doi: 10.1007/s004240050233

Lyon, A. R., Bannister, M. L., Collins, T., Pearce, E., Sepehripour, A. H., Dubb, S. S.,

et al. (2011). SERCA2a gene transfer decreases sarcoplasmic reticulum calcium

leak and reduces ventricular arrhythmias in a model of chronic heart failure.

Circ. Arrhythm. Electrophysiol. 4, 362–372. doi: 10.1161/CIRCEP.110.961615

Macquaide, N., Tuan, H. T., Hotta, J., Sempels, W., Lenaerts, I., Holemans, P.,

et al. (2015). Ryanodine receptor cluster fragmentation and redistribution

in persistent atrial fibrillation enhance calcium release. Cardiovasc. Res. 108,

387–398. doi: 10.1093/cvr/cvv231

Mamas, M. A., Sperrin, M., Watson, M. C., Coutts, A., Wilde, K., Burton, C., et al.

(2017). Do patients have worse outcomes in heart failure than in cancer? A

primary care-based cohort study with 10-year follow-up in Scotland. Eur. J.

Heart Fail. 19, 1095–1104. doi: 10.1002/ejhf.822

Marin-Garcia, J., Goldenthal, M. J., Damle, S., Pi, Y., and Moe, G. W.

(2009). Regional distribution of mitochondrial dysfunction and apoptotic

remodeling in pacing-induced heart failure. J. Card. Fail. 15, 700–708.

doi: 10.1016/j.cardfail.2009.04.010

Marrouche, N. F., Wilber, D., Hindricks, G., Jais, P., Akoum, N., Marchlinski,

F., et al. (2014). Association of atrial tissue fibrosis identified by delayed

enhancement MRI and atrial fibrillation catheter ablation: the DECAAF study.

JAMA. 311, 498–506. doi: 10.1001/jama.2014.3

Marx, S. O., Reiken, S., Hisamatsu, Y., Jayaraman, T., Burkhoff, D., Rosemblit,

N., et al. (2000). PKA phosphorylation dissociates FKBP12.6 from the calcium

Frontiers in Physiology | www.frontiersin.org 24 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1016/j.pbiomolbio.2008.02.026
https://doi.org/10.1161/01.CIR.86.4.1317
https://doi.org/10.1161/01.CIR.90.5.2213
https://doi.org/10.1016/j.hrthm.2010.11.020
https://doi.org/10.1016/S0735-1097(99)00008-X
https://doi.org/10.1161/CIRCRESAHA.117.310083
https://doi.org/10.1007/s00210-014-0975-3
https://doi.org/10.1093/cvr/28.4.548
https://doi.org/10.1111/pace.12264
https://doi.org/10.1161/CIRCULATIONAHA.106.624320
https://doi.org/10.1073/pnas.0602133103
https://doi.org/10.1161/CIRCRESAHA.109.206276
https://doi.org/10.1001/jama.1996.03530440037034
https://doi.org/10.1161/01.CIR.100.1.87
https://doi.org/10.1161/01.CIR.101.22.2631
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002352
https://doi.org/10.1161/CIRCULATIONAHA.113.006611
https://doi.org/10.1161/CIRCRESAHA.111.253229
https://doi.org/10.1016/j.bpj.2012.03.007
https://doi.org/10.1016/j.tcm.2016.04.012
https://doi.org/10.1016/S0012-3692(15)31443-4
https://doi.org/10.1111/jce.13093
https://doi.org/10.1161/CIRCHEARTFAILURE.112.968321
https://doi.org/10.1016/j.ceca.2010.08.002
https://doi.org/10.1186/1423-0127-16-114
https://doi.org/10.1113/jphysiol.2006.107227
https://doi.org/10.1371/journal.pone.0116395
https://doi.org/10.1007/s004240050233
https://doi.org/10.1161/CIRCEP.110.961615
https://doi.org/10.1093/cvr/cvv231
https://doi.org/10.1002/ejhf.822
https://doi.org/10.1016/j.cardfail.2009.04.010
https://doi.org/10.1001/jama.2014.3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

release channel (ryanodine receptor): defective regulation in failing hearts. Cell

101, 365–376. doi: 10.1016/S0092-8674(00)80847-8

Mayyas, F., Niebauer, M., Zurick, A., Barnard, J., Gillinov, A. M., Chung, M. K.,

et al. (2010). Association of left atrial endothelin-1 with atrial rhythm, size, and

fibrosis in patients with structural heart disease. Circ. Arrhythm. Electrophysiol.

3, 369–379. doi: 10.1161/CIRCEP.109.924985

Mc, G. J., Shore, R., Hauenstein, V., and Goldman, F. (1939). Influence of exercise

on cardiac output in congestive heart failure. Arch. Intern. Med. 63, 469–475.

doi: 10.1001/archinte.1939.00180200038004

McManus, D. D., Hsu, G., Sung, S. H., Saczynski, J. S., Smith, D. H., Magid, D.

J., et al. (2013). Atrial fibrillation and outcomes in heart failure with preserved

versus reduced left ventricular ejection fraction. J. Am. Heart Assoc. 2:e005694.

doi: 10.1161/JAHA.112.005694

Melenovsky, V., Hwang, S. J., Redfield, M. M., Zakeri, R., Lin, G., and Borlaug,

B. A. (2015). Left atrial remodeling and function in advanced heart failure

with preserved or reduced ejection fraction. Circ. Heart Fail. 8, 295–303.

doi: 10.1161/CIRCHEARTFAILURE.114.001667

Mihm, M. J., Yu, F., Carnes, C. A., Reiser, P. J., McCarthy, P. M.,

Van Wagoner, D. R., et al. (2001). Impaired myofibrillar energetics and

oxidative injury during human atrial fibrillation. Circulation 104, 174–180.

doi: 10.1161/01.CIR.104.2.174

Mishra, S., Gray, C. B., Miyamoto, S., Bers, D.M., and Brown, J. H. (2011). Location

matters: clarifying the concept of nuclear and cytosolic CaMKII subtypes. Circ.

Res. 109, 1354–1362. doi: 10.1161/CIRCRESAHA.111.248401

Moe, G. K., Rheinboldt, W. C., and Abildskov, J. A. (1964). A computer model of

atrial fibrillation.Am. Heart J. 67, 200–220. doi: 10.1016/0002-8703(64)90371-0

Monigatti-Tenkorang, J., Jousset, F., Pascale, P., Vesin, J. M., Ruchat, P., Fromer,

M., et al. (2014). Intermittent atrial tachycardia promotes repolarization

alternans and conduction slowing during rapid rates, and increases

susceptibility to atrial fibrillation in a free-behaving sheep model. J. Cardiovasc.

Electrophysiol. 25, 418–427. doi: 10.1111/jce.12353

Montaigne, D., Marechal, X., Lefebvre, P., Modine, T., Fayad, G., Dehondt, H.,

et al. (2013). Mitochondrial dysfunction as an arrhythmogenic substrate: a

translational proof-of-concept study in patients with metabolic syndrome in

whom post-operative atrial fibrillation develops. J. Am. Coll. Cardiol. 62,

1466–1473. doi: 10.1016/j.jacc.2013.03.061

Montefusco, A., Biasco, L., Blandino, A., Cristoforetti, Y., Scaglione, M., Caponi,

D., et al. (2010). Left atrial volume at MRI is the main determinant

of outcome after pulmonary vein isolation plus linear lesion ablation for

paroxysmal-persistent atrial fibrillation. J. Cardiovasc. Med. 11, 593–598.

doi: 10.2459/JCM.0b013e32833831e4

Morillo, C. A., Klein, G. J., Jones, D. L., and Guiraudon, C. M. (1995).

Chronic rapid atrial pacing. Structural, functional, and electrophysiological

characteristics of a new model of sustained atrial fibrillation. Circulation 91,

1588–1595. doi: 10.1161/01.CIR.91.5.1588

Mosterd, A., and Hoes, A. W. (2007). Clinical epidemiology of heart failure. Heart

93, 1137–1146. doi: 10.1136/hrt.2003.025270

Naito, M., David, D., Michelson, E. L., Schaffenburg, M., and Dreifus, L. S.

(1983). The hemodynamic consequences of cardiac arrhythmias: evaluation

of the relative roles of abnormal atrioventricular sequencing, irregularity of

ventricular rhythm and atrial fibrillation in a canine model. Am. Heart J. 106,

284–291. doi: 10.1016/0002-8703(83)90194-1

Narayan, S. M., Bode, F., Karasik, P. L., and Franz, M. R. (2002). Alternans

of atrial action potentials during atrial flutter as a precursor to atrial

fibrillation. Circulation 106, 1968–1973. doi: 10.1161/01.CIR.0000037062.35

762.B4

Narayan, S. M., Franz, M. R., Clopton, P., Pruvot, E. J., and Krummen, D. E. (2011).

Repolarization alternans reveals vulnerability to human atrial fibrillation.

Circulation 123, 2922–2930. doi: 10.1161/CIRCULATIONAHA.110.

977827

Narayan, S. M., and Jalife, J. (2014). CrossTalk proposal: rotors have been

demonstrated to drive human atrial fibrillation. J. Physiol. 592, 3163–3166.

doi: 10.1113/jphysiol.2014.271031

Narayan, S. M., Kazi, D., Krummen, D. E., and Rappel, W. J. (2008). Repolarization

and activation restitution near human pulmonary veins and atrial fibrillation

initiation: a mechanism for the initiation of atrial fibrillation by premature

beats. J. Am. Coll. Cardiol. 52, 1222–1230. doi: 10.1016/j.jacc.2008.

07.012

Nassal, M. M., Wan, X., Laurita, K. R., and Cutler, M. J. (2015). Atrial SERCA2a

overexpression has no affect on cardiac alternans but promotes arrhythmogenic

SR Ca2+ triggers. PLoS ONE 10:e0137359. doi: 10.1371/journal.pone.0137359

Nattel, S. (2017). Molecular and cellular mechanisms of atrial

fibrosis in atrial fibrillation. JACC Clin. Electrophysiol. 3, 425–435.

doi: 10.1016/j.jacep.2017.03.002

Nattel, S., and Harada, M. (2014). Atrial remodeling and atrial fibrillation: recent

advances and translational perspectives. J. Am. Coll. Cardiol. 63, 2335–2345.

doi: 10.1016/j.jacc.2014.02.555

Nattel, S., Maguy, A., Le Bouter, S., and Yeh, Y. H. (2007). Arrhythmogenic ion-

channel remodeling in the heart: heart failure, myocardial infarction, and atrial

fibrillation. Physiol. Rev. 87, 425–456. doi: 10.1152/physrev.00014.2006

Nazir, S. A., and Lab, M. J. (1996). Mechanoelectric feedback and atrial

arrhythmias. Cardiovasc. Res. 32, 52–61. doi: 10.1016/S0008-6363(96)00054-5

Nedios, S., Kosiuk, J., Koutalas, E., Kornej, J., Sommer, P., Arya, A., et al. (2015).

Comparison of left atrial dimensions in CT and echocardiography as predictors

of long-term success after catheter ablation of atrial fibrillation. J. Interv. Card.

Electrophysiol. 43, 237–244. doi: 10.1007/s10840-015-0010-8

Neef, S., Dybkova, N., Sossalla, S., Ort, K. R., Fluschnik, N., Neumann, K., et al.

(2010). CaMKII-dependent diastolic SR Ca2+ leak and elevated diastolic Ca2+

levels in right atrial myocardium of patients with atrial fibrillation. Circ. Res.

106, 1134–1144. doi: 10.1161/CIRCRESAHA.109.203836

Nerbonne, J. M., and Kass, R. S. (2005). Molecular physiology of cardiac

repolarization. Physiol. Rev. 85, 1205–1253. doi: 10.1152/physrev.00002.2005

Nishida, K., Michael, G., Dobrev, D., and Nattel, S. (2010). Animal models for atrial

fibrillation: clinical insights and scientific opportunities. Europace 12, 160–172.

doi: 10.1093/europace/eup328

Nivala, M., Song, Z., Weiss, J. N., and Qu, Z. (2015). T-tubule disruption

promotes calcium alternans in failing ventricular myocytes: mechanistic

insights from computational modeling. J. Mol. Cell. Cardiol. 79, 32–41.

doi: 10.1016/j.yjmcc.2014.10.018

Odutayo, A., Wong, C. X., Williams, R., Hunn, B., and Emdin, C. A. (2017).

Prognostic importance of atrial fibrillation timing and pattern in adults with

congestive heart failure: a systematic review and meta-analysis. J. Card. Fail. 23,

56–62. doi: 10.1016/j.cardfail.2016.08.005

Ohkusa, T., Ueyama, T., Yamada, J., Yano, M., Fujumura, Y., Esato, K., et al. (1999).

Alterations in cardiac sarcoplasmic reticulum Ca2+ regulatory proteins in the

atrial tissue of patients with chronic atrial fibrillation. J. Am. Coll. Cardiol. 34,

255–263. doi: 10.1016/S0735-1097(99)00169-2

Oral, H., Ozaydin, M., Tada, H., Chugh, A., Scharf, C., Hassan, S., et al.

(2002). Mechanistic significance of intermittent pulmonary vein tachycardia

in patients with atrial fibrillation. J. Cardiovasc. Electrophysiol. 13, 645–650.

doi: 10.1046/j.1540-8167.2002.00645.x

Ouadid, H., Albat, B., and Nargeot, J. (1995). Calcium currents in

diseased human cardiac cells. J. Cardiovasc. Pharmacol. 25, 282–291.

doi: 10.1097/00005344-199502000-00014

Ozgen, N., Dun, W., Sosunov, E. A., Anyukhovsky, E. P., Hirose, M., Duffy, H. S.,

et al. (2007). Early electrical remodeling in rabbit pulmonary vein results from

trafficking of intracellular SK2 channels to membrane sites. Cardiovasc. Res. 75,

758–769. doi: 10.1016/j.cardiores.2007.05.008

Parks, R. J., Murphy, E., and Liu, J. C. (2018). Mitochondrial permeability

transition pore and calcium handling. Methods Mol. Biol. 1782, 187–196.

doi: 10.1007/978-1-61779-382-0_15

Parmley, W. W., and Chuck, L. (1973). Length-dependent changes in myocardial

contractile state. Am. J. Physiol. 224, 1195–1199.

Patterson, E., Lazzara, R., Szabo, B., Liu, H., Tang, D., Li, Y. H., et al. (2006).

Sodium-calcium exchange initiated by the Ca2+ transient: an arrhythmia

trigger within pulmonary veins. J. Am. Coll. Cardiol. 47, 1196–1206.

doi: 10.1016/j.jacc.2005.12.023

Patterson, E., Po, S. S., Scherlag, B. J., and Lazzara, R. (2005). Triggered firing

in pulmonary veins initiated by in vitro autonomic nerve stimulation. Heart

Rhythm 2, 624–631. doi: 10.1016/j.hrthm.2005.02.012

Perez-Lugones, A., McMahon, J. T., Ratliff, N. B., Saliba, W. I., Schweikert, R.

A., Marrouche, N. F., et al. (2003). Evidence of specialized conduction cells

in human pulmonary veins of patients with atrial fibrillation. J. Cardiovasc.

Electrophysiol. 14, 803–809. doi: 10.1046/j.1540-8167.2003.03075.x

Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G., Coats, A. J.,

et al. (2016). 2016 ESC guidelines for the diagnosis and treatment of acute and

Frontiers in Physiology | www.frontiersin.org 25 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1016/S0092-8674(00)80847-8
https://doi.org/10.1161/CIRCEP.109.924985
https://doi.org/10.1001/archinte.1939.00180200038004
https://doi.org/10.1161/JAHA.112.005694
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001667
https://doi.org/10.1161/01.CIR.104.2.174
https://doi.org/10.1161/CIRCRESAHA.111.248401
https://doi.org/10.1016/0002-8703(64)90371-0
https://doi.org/10.1111/jce.12353
https://doi.org/10.1016/j.jacc.2013.03.061
https://doi.org/10.2459/JCM.0b013e32833831e4
https://doi.org/10.1161/01.CIR.91.5.1588
https://doi.org/10.1136/hrt.2003.025270
https://doi.org/10.1016/0002-8703(83)90194-1
https://doi.org/10.1161/01.CIR.0000037062.35762.B4
https://doi.org/10.1161/CIRCULATIONAHA.110.977827
https://doi.org/10.1113/jphysiol.2014.271031
https://doi.org/10.1016/j.jacc.2008.07.012
https://doi.org/10.1371/journal.pone.0137359
https://doi.org/10.1016/j.jacep.2017.03.002
https://doi.org/10.1016/j.jacc.2014.02.555
https://doi.org/10.1152/physrev.00014.2006
https://doi.org/10.1016/S0008-6363(96)00054-5
https://doi.org/10.1007/s10840-015-0010-8
https://doi.org/10.1161/CIRCRESAHA.109.203836
https://doi.org/10.1152/physrev.00002.2005
https://doi.org/10.1093/europace/eup328
https://doi.org/10.1016/j.yjmcc.2014.10.018
https://doi.org/10.1016/j.cardfail.2016.08.005
https://doi.org/10.1016/S0735-1097(99)00169-2
https://doi.org/10.1046/j.1540-8167.2002.00645.x
https://doi.org/10.1097/00005344-199502000-00014
https://doi.org/10.1016/j.cardiores.2007.05.008
https://doi.org/10.1007/978-1-61779-382-0_15
https://doi.org/10.1016/j.jacc.2005.12.023
https://doi.org/10.1016/j.hrthm.2005.02.012
https://doi.org/10.1046/j.1540-8167.2003.03075.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

chronic heart failure: the task force for the diagnosis and treatment of acute and

chronic heart failure of the European Society of Cardiology (ESC). Eur Heart J.

18, 891–975. doi: 10.1002/ejhf.592

Potpara, T. S., and Lip, G. Y. (2014). Lone atrial fibrillation - an overview. Int. J.

Clin. Pract. 68, 418–433. doi: 10.1111/ijcp.12281

Prosser, B. L.,Ward, C.W., and Lederer,W. J. (2013). X-ROS signalling is enhanced

and graded by cyclic cardiomyocyte stretch. Cardiovasc. Res. 98, 307–314.

doi: 10.1093/cvr/cvt066

Proven, A., Roderick, H. L., Conway, S. J., Berridge, M. J., Horton, J. K., Capper,

S. J., et al. (2006). Inositol 1,4,5-trisphosphate supports the arrhythmogenic

action of endothelin-1 on ventricular cardiac myocytes. J. Cell Sci. 119 (Pt. 16),

3363–3375. doi: 10.1242/jcs.03073

Purohit, A., Rokita, A. G., Guan, X., Chen, B., Koval, O. M., Voigt,

N., et al. (2013). Oxidized Ca2+/calmodulin-dependent protein

kinase II triggers atrial fibrillation. Circulation 128, 1748–1757.

doi: 10.1161/CIRCULATIONAHA.113.003313

Qi, X., Yeh, Y. H., Chartier, D., Xiao, L., Tsuji, Y., Brundel, B. J.,

et al. (2009). The calcium/calmodulin/kinase system and arrhythmogenic

afterdepolarizations in bradycardia-related acquired long-QT syndrome. Circ.

Arrhythm. Electrophysiol. 2, 295–304. doi: 10.1161/CIRCEP.108.815654

Qi, X. Y., Diness, J. G., Brundel, B. J., Zhou, X. B., Naud, P., Wu, C. T., et al.

(2014). Role of small-conductance calcium-activated potassium channels in

atrial electrophysiology and fibrillation in the dog. Circulation 129, 430–440.

doi: 10.1161/CIRCULATIONAHA.113.003019

Qi, X. Y., Yeh, Y. H., Xiao, L., Burstein, B., Maguy, A., Chartier, D., et al. (2008).

Cellular signaling underlying atrial tachycardia remodeling of L-type calcium

current. Circ. Res. 103, 845–854. doi: 10.1161/CIRCRESAHA.108.175463

Qu, Z., Nivala, M., and Weiss, J. N. (2013). Calcium alternans in cardiac

myocytes: order from disorder. J. Mol. Cell. Cardiol. 58, 100–109.

doi: 10.1016/j.yjmcc.2012.10.007

Rajagopal, V., Bass, G., Walker, C. G., Crossman, D. J., Petzer, A.,

Hickey, A., et al. (2015). Examination of the effects of heterogeneous

organization of RyR clusters, myofibrils and mitochondria on Ca2+

release patterns in cardiomyocytes. PLoS Comput. Biol. 11:e1004417.

doi: 10.1371/journal.pcbi.1004417

Ravelli, F. (2003). Mechano-electric feedback and atrial fibrillation. Prog. Biophys.

Mol. Biol. 82, 137–149. doi: 10.1016/S0079-6107(03)00011-7

Raymond, R. J., Lee, A. J., Messineo, F. C., Manning, W. J., and Silverman, D. I.

(1998). Cardiac performance early after cardioversion from atrial fibrillation.

Am. Heart J. 136, 435–442. doi: 10.1016/S0002-8703(98)70217-0

Richards, M. A., Clarke, J. D., Saravanan, P., Voigt, N., Dobrev, D., Eisner, D. A.,

et al. (2011). Transverse tubules are a common feature in large mammalian

atrial myocytes including human. Am. J. Physiol. Heart Circ. Physiol. 301,

H1996–H2005. doi: 10.1152/ajpheart.00284.2011

Rietdorf, K., Bootman, M. D., and Sanderson, M. J. (2014). Spontaneous, pro-

arrhythmic calcium signals disrupt electrical pacing in mouse pulmonary vein

sleeve cells. PLoS ONE 9:e88649. doi: 10.1371/journal.pone.0088649

Ruwhof, C., and van der Laarse, A. (2000). Mechanical stress-induced cardiac

hypertrophy: mechanisms and signal transduction pathways. Cardiovasc. Res.

47, 23–37. doi: 10.1016/S0008-6363(00)00076-6

Saba, S., Janczewski, A. M., Baker, L. C., Shusterman, V., Gursoy, E. C., Feldman,

A. M., et al. (2005). Atrial contractile dysfunction, fibrosis, and arrhythmias in a

mouse model of cardiomyopathy secondary to cardiac-specific overexpression

of tumor necrosis factor-{alpha}. Am. J. Physiol. Heart Circ. Physiol. 289,

H1456–H1467. doi: 10.1152/ajpheart.00733.2004

Sacconi, L., Ferrantini, C., Lotti, J., Coppini, R., Yan, P., Loew, L. M., et al.

(2012). Action potential propagation in transverse-axial tubular system is

impaired in heart failure. Proc. Natl. Acad. Sci. U. S. A. 109, 5815–5819.

doi: 10.1073/pnas.1120188109

Sanders, P., Morton, J. B., Davidson, N. C., Spence, S. J., Vohra, J. K., Sparks, P.

B., et al. (2003). Electrical remodeling of the atria in congestive heart failure:

electrophysiological and electroanatomic mapping in humans. Circulation 108,

1461–1468. doi: 10.1161/01.CIR.0000090688.49283.67

Santangeli, P., Zado, E. S., Hutchinson, M. D., Riley, M. P., Lin, D., Frankel,

D. S., et al. (2016). Prevalence and distribution of focal triggers in persistent

and long-standing persistent atrial fibrillation. Heart Rhythm 13, 374–382.

doi: 10.1016/j.hrthm.2015.10.023

Santhanakrishnan, R., Wang, N., Larson, M. G., Magnani, J. W., McManus,

D. D., Lubitz, S. A., et al. (2016). Atrial fibrillation begets heart

failure and vice versa: temporal associations and differences in

preserved versus reduced ejection fraction. Circulation 133, 484–492.

doi: 10.1161/CIRCULATIONAHA.116.022835

Santiago, D. J., Rios, E., and Shannon, T. R. (2013). Isoproterenol increases

the fraction of spark-dependent RyR-mediated leak in ventricular myocytes.

Biophys. J. 104, 976–985. doi: 10.1016/j.bpj.2013.01.026

Schmidt, C., Wiedmann, F., Voigt, N., Zhou, X. B., Heijman, J., Lang, S.,

et al. (2015). Upregulation of K(2P)3.1 K+ current causes action potential

shortening in patients with chronic atrial fibrillation. Circulation 132, 82–92.

doi: 10.1161/CIRCULATIONAHA.114.012657

Schonleitner, P., Schotten, U., and Antoons, G. (2017). Mechanosensitivity of

microdomain calcium signalling in the heart. Prog. Biophys. Mol. Biol. 130 (Pt.

B), 288–301. doi: 10.1016/j.pbiomolbio.2017.06.013

Schotten, U., Ausma, J., Stellbrink, C., Sabatschus, I., Vogel, M., Frechen,

D., et al. (2001). Cellular mechanisms of depressed atrial contractility

in patients with chronic atrial fibrillation. Circulation 103, 691–698.

doi: 10.1161/01.CIR.103.5.691

Schotten, U., Duytschaever, M., Ausma, J., Eijsbouts, S., Neuberger, H. R.,

and Allessie, M. (2003a). Electrical and contractile remodeling during the

first days of atrial fibrillation go hand in hand. Circulation 107, 1433–1439.

doi: 10.1161/01.CIR.0000055314.10801.4F

Schotten, U., Greiser, M., Benke, D., Buerkel, K., Ehrenteidt, B., Stellbrink,

C., et al. (2002). Atrial fibrillation-induced atrial contractile dysfunction:

a tachycardiomyopathy of a different sort. Cardiovasc. Res. 53, 192–201.

doi: 10.1016/S0008-6363(01)00453-9

Schotten, U., Haase, H., Frechen, D., Greiser,M., Stellbrink, C., Vazquez-Jimenez, J.

F., et al. (2003b). The L-type Ca2+-channel subunits alpha1C and beta2 are not

downregulated in atrial myocardium of patients with chronic atrial fibrillation.

J. Mol. Cell. Cardiol. 35, 437–443. doi: 10.1016/S0022-2828(03)00012-9

Schreieck, J., Wang, Y., Overbeck, M., Schomig, A., and Schmitt, C. (2000).

Altered transient outward current in human atrial myocytes of patients with

reduced left ventricular function. J. Cardiovasc. Electrophysiol. 11, 180–192.

doi: 10.1111/j.1540-8167.2000.tb00318.x

Sequeira, V., and van der Velden, J. (2015). Historical perspective on

heart function: the Frank-Starling Law. Biophys. Rev. 7, 421–447.

doi: 10.1007/s12551-015-0184-4

Shan, J., Xie, W., Betzenhauser, M., Reiken, S., Chen, B. X., Wronska, A., et al.

(2012). Calcium leak through ryanodine receptors leads to atrial fibrillation in 3

mouse models of catecholaminergic polymorphic ventricular tachycardia. Circ.

Res. 111, 708–717. doi: 10.1161/CIRCRESAHA.112.273342

Shanmugam, M., Molina, C. E., Gao, S., Severac-Bastide, R., Fischmeister, R.,

and Babu, G. J. (2011). Decreased sarcolipin protein expression and enhanced

sarco(endo)plasmic reticulum Ca2+ uptake in human atrial fibrillation.

Biochem. Biophys. Res. Commun. 410, 97–101. doi: 10.1016/j.bbrc.2011.

05.113

Shinagawa, K., Shi, Y. F., Tardif, J. C., Leung, T. K., and Nattel, S. (2002).

Dynamic nature of atrial fibrillation substrate during development

and reversal of heart failure in dogs. Circulation.105, 2672–2678.

doi: 10.1161/01.CIR.0000016826.62813.F5

Silva-Cardoso, J., Zharinov, O. J., Ponikowski, P., Naditch-Brule, L., Lewalter,

T., Brette, S., et al. (2013). Heart failure in patients with atrial fibrillation is

associated with a high symptom and hospitalization burden: the RealiseAF

survey. Clin. Cardiol. 36, 766–774. doi: 10.1002/clc.22209

Simantirakis, E. N., Koutalas, E. P., and Vardas, P. E. (2012). Arrhythmia-induced

cardiomyopathies: the riddle of the chicken and the egg still unanswered?

Europace 14, 466–473. doi: 10.1093/europace/eur348

Skinner, N. S. Jr., Mitchell, J. H., Wallace, A. G., and Sarnoff, S. J. (1964).

Hemodynamic consequences of atrial fibrillation at constant ventricular rates.

Am. J. Med. 36, 342–350. doi: 10.1016/0002-9343(64)90160-3

Solti, F., Vecsey, T., Kekesi, V., and Juhasz-Nagy, A. (1989). The effect of atrial

dilatation on the genesis of atrial arrhythmias. Cardiovasc. Res. 23, 882–886.

doi: 10.1093/cvr/23.10.882

Son, M. J., Kim, J. C., Kim, S. W., Chidipi, B., Muniyandi, J., Singh, T. D., et al.

(2016). Shear stress activates monovalent cation channel transient receptor

potential melastatin subfamily 4 in rat atrial myocytes via type 2 inositol

Frontiers in Physiology | www.frontiersin.org 26 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1002/ejhf.592
https://doi.org/10.1111/ijcp.12281
https://doi.org/10.1093/cvr/cvt066
https://doi.org/10.1242/jcs.03073
https://doi.org/10.1161/CIRCULATIONAHA.113.003313
https://doi.org/10.1161/CIRCEP.108.815654
https://doi.org/10.1161/CIRCULATIONAHA.113.003019
https://doi.org/10.1161/CIRCRESAHA.108.175463
https://doi.org/10.1016/j.yjmcc.2012.10.007
https://doi.org/10.1371/journal.pcbi.1004417
https://doi.org/10.1016/S0079-6107(03)00011-7
https://doi.org/10.1016/S0002-8703(98)70217-0
https://doi.org/10.1152/ajpheart.00284.2011
https://doi.org/10.1371/journal.pone.0088649
https://doi.org/10.1016/S0008-6363(00)00076-6
https://doi.org/10.1152/ajpheart.00733.2004
https://doi.org/10.1073/pnas.1120188109
https://doi.org/10.1161/01.CIR.0000090688.49283.67
https://doi.org/10.1016/j.hrthm.2015.10.023
https://doi.org/10.1161/CIRCULATIONAHA.116.022835
https://doi.org/10.1016/j.bpj.2013.01.026
https://doi.org/10.1161/CIRCULATIONAHA.114.012657
https://doi.org/10.1016/j.pbiomolbio.2017.06.013
https://doi.org/10.1161/01.CIR.103.5.691
https://doi.org/10.1161/01.CIR.0000055314.10801.4F
https://doi.org/10.1016/S0008-6363(01)00453-9
https://doi.org/10.1016/S0022-2828(03)00012-9
https://doi.org/10.1111/j.1540-8167.2000.tb00318.x
https://doi.org/10.1007/s12551-015-0184-4
https://doi.org/10.1161/CIRCRESAHA.112.273342
https://doi.org/10.1016/j.bbrc.2011.05.113
https://doi.org/10.1161/01.CIR.0000016826.62813.F5
https://doi.org/10.1002/clc.22209
https://doi.org/10.1093/europace/eur348
https://doi.org/10.1016/0002-9343(64)90160-3
https://doi.org/10.1093/cvr/23.10.882
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

1,4,5-trisphosphate receptors and Ca2+ release. J. Physiol. 594, 2985–3004.

doi: 10.1113/JP270887

Song, L. S., Sobie, E. A., McCulle, S., Lederer, W. J., Balke, C. W., and Cheng, H.

(2006). Orphaned ryanodine receptors in the failing heart. Proc. Natl. Acad. Sci.

U. S. A. 103, 4305–4310. doi: 10.1073/pnas.0509324103

Sood, S., Chelu, M. G., van Oort, R. J., Skapura, D., Santonastasi, M., Dobrev, D.,

et al. (2008). Intracellular calcium leak due to FKBP12.6 deficiency in mice

facilitates the inducibility of atrial fibrillation. Heart Rhythm 5, 1047–1054.

doi: 10.1016/j.hrthm.2008.03.030

Sovari, A. A., Dudley, S. C. Jr. (2012). Reactive oxygen species-targeted

therapeutic interventions for atrial fibrillation. Front. Physiol. 3:311.

doi: 10.3389/fphys.2012.00311

Spach, M. S., Miller, W. T. III, Dolber, P. C., Kootsey, J. M., Sommer, J. R.,

Mosher, C. E., et al. (1982). The functional role of structural complexities in

the propagation of depolarization in the atrium of the dog. Cardiac conduction

disturbances due to discontinuities of effective axial resistivity. Circ. Res. 50,

175–191. doi: 10.1161/01.RES.50.2.175

Sparks, P. B., Jayaprakash, S., Mond, H. G., Vohra, J. K., Grigg, L. E., and Kalman, J.

M. (1999). Left atrial mechanical function after brief duration atrial fibrillation.

J. Am. Coll. Cardiol. 33, 342–349. doi: 10.1016/S0735-1097(98)00585-3

Sramko,M.,Wichterle, D., and Kautzner, J. (2016). Feasibility of in-vivo simulation

of acute hemodynamics in human atrial fibrillation. PLoS ONE 11:e0165241.

doi: 10.1371/journal.pone.0165241

Sridhar, A., Nishijima, Y., Terentyev, D., Khan, M., Terentyeva, R., Hamlin, R.

L., et al. (2009). Chronic heart failure and the substrate for atrial fibrillation.

Cardiovasc. Res. 84, 227–236. doi: 10.1093/cvr/cvp216

Stead, E. A. Jr., Warren, J. V., and Brannon, E. S. (1948). Cardiac output in

congestive heart failure; an analysis of the reasons for lack of close correlation

between the symptoms of heart failure and the resting cardiac output. Am.

Heart J. 35, 529–541. doi: 10.1016/0002-8703(48)90640-1

Steenman, M., and Lande, G. (2017). Cardiac aging and heart disease in humans.

Biophys. Rev. 9, 131–137. doi: 10.1007/s12551-017-0255-9

Stewart, S., Hart, C. L., Hole, D. J., and McMurray, J. J. (2002). A population-

based study of the long-term risks associated with atrial fibrillation: 20-

year follow-up of the Renfrew/Paisley study. Am. J. Med. 113, 359–364.

doi: 10.1016/S0002-9343(02)01236-6

Sun, H., Chartier, D., Leblanc, N., and Nattel, S. (2001). Intracellular calcium

changes and tachycardia-induced contractile dysfunction in canine atrial

myocytes. Cardiovasc. Res. 49, 751–761. doi: 10.1016/S0008-6363(00)00294-7

Sun, H., Gaspo, R., Leblanc, N., and Nattel, S. (1998). Cellular mechanisms of atrial

contractile dysfunction caused by sustained atrial tachycardia. Circulation 98,

719–727. doi: 10.1161/01.CIR.98.7.719

Takahara, A., Hagiwara, M., Namekata, I., and Tanaka, H. (2014). Pulmonary vein

myocardium as a possible pharmacological target for the treatment of atrial

fibrillation. J. Pharmacol. Sci. 126, 1–7. doi: 10.1254/jphs.14R09CP

Tao, H., Yang, J. J., Shi, K. H., and Li, J. (2016). Wnt signaling pathway in

cardiac fibrosis: new insights and directions. Metab. Clin. Exp. 65, 30–40.

doi: 10.1016/j.metabol.2015.10.013

Tavi, P., Han, C., and Weckstrom, M. (1998). Mechanisms of stretch-induced

changes in [Ca2+]i in rat atrial myocytes: role of increased troponin

C affinity and stretch-activated ion channels. Circ. Res. 83, 1165–1177.

doi: 10.1161/01.RES.83.11.1165

Terracciano, C. M., Naqvi, R. U., andMacLeod, K. T. (1995). Effects of rest interval

on the release of calcium from the sarcoplasmic reticulum in isolated guinea pig

ventricular myocytes. Circ. Res. 77, 354–360. doi: 10.1161/01.RES.77.2.354

Thanigaimani, S., McLennan, E., Linz, D., Mahajan, R., Agbaedeng, T. A., Lee, G.,

et al. (2017). Progression and reversibility of stretch induced atrial remodeling:

characterization and clinical implications. Prog. Biophys.Mol. Biol. 130 (Pt. B),

376–86. doi: 10.1016/j.pbiomolbio.2017.07.010

Thrall, G., Lane, D., Carroll, D., and Lip, G. Y. (2006). Quality of life in patients

with atrial fibrillation: a systematic review. Am. J. Med. 119, 448.e1–19.

doi: 10.1016/j.amjmed.2005.10.057

Tinker, A., Finlay, M., Nobles, M., and Opel, A. (2016). The contribution

of pathways initiated via the Gq\11 G-protein family to atrial fibrillation.

Pharmacol. Res. 105, 54–61. doi: 10.1016/j.phrs.2015.11.008

Todd, D. M., Fynn, S. P., Walden, A. P., Hobbs, W. J., Arya, S., and

Garratt, C. J. (2004). Repetitive 4-week periods of atrial electrical remodeling

promote stability of atrial fibrillation: time course of a second factor involved

in the self-perpetuation of atrial fibrillation. Circulation 109, 1434–1439.

doi: 10.1161/01.CIR.0000124006.84596.D9

Tomita, T., Takei, M., Saikawa, Y., Hanaoka, T., Uchikawa, S., Tsutsui, H., et al.

(2003). Role of autonomic tone in the initiation and termination of paroxysmal

atrial fibrillation in patients without structural heart disease. J. Cardiovasc.

Electrophysiol. 14, 559–564. doi: 10.1046/j.1540-8167.2003.02462.x

Trafford, A. W., Diaz, M. E., and Eisner, D. A. (2001). Coordinated control of cell

Ca2+ loading and triggered release from the sarcoplasmic reticulum underlies

the rapid inotropic response to increased L-type Ca2+ current. Circ. Res. 88,

195–201. doi: 10.1161/01.RES.88.2.195

Trafford, A.W., Diaz, M. E., Negretti, N., and Eisner, D. A. (1997). Enhanced Ca2+

current and decreased Ca2+ efflux restore sarcoplasmic reticulumCa2+ content

after depletion. Circ. Res. 81, 477–484. doi: 10.1161/01.RES.81.4.477

Tsai, C. T., Tseng, C. D., Hwang, J. J., Wu, C. K., Yu, C. C., Wang, Y. C., et al.

(2011). Tachycardia of atrial myocytes induces collagen expression in atrial

fibroblasts through transforming growth factor beta1. Cardiovasc. Res. 89,

805–815. doi: 10.1093/cvr/cvq322

Uemura, N., Ohkusa, T., Hamano, K., Nakagome, M., Hori, H., Shimizu,

M., et al. (2004). Down-regulation of sarcolipin mRNA expression

in chronic atrial fibrillation. Eur. J. Clin. Invest. 34, 723–730.

doi: 10.1111/j.1365-2362.2004.01422.x

van der Velden, H. M., Ausma, J., Rook, M. B., Hellemons, A. J., van Veen,

T. A., Allessie, M. A., et al. (2000a). Gap junctional remodeling in relation

to stabilization of atrial fibrillation in the goat. Cardiovasc. Res. 46, 476–486.

doi: 10.1016/S0008-6363(00)00026-2

van der Velden, H. M. W., van der Zee, L., Wijffels, M. C., van Leuven,

C., Dorland, R., Vos, M. A., et al. (2000b). Atrial fibrillation in the goat

induces changes in monophasic action potential and mRNA expression of

ion channels involved in repolarization. J. Cardiovasc. Electrophysiol. 11,

1262–1269. doi: 10.1046/j.1540-8167.2000.01262.x

VanGelder, I. C., Brundel, B. J., Henning, R. H., Tuinenburg, A. E., Tieleman, R. G.,

Deelman, L., et al. (1999). Alterations in gene expression of proteins involved

in the calcium handling in patients with atrial fibrillation. J. Cardiovasc.

Electrophysiol. 10, 552–560. doi: 10.1111/j.1540-8167.1999.tb00712.x

Van Wagoner, D. R., and Nerbonne, J. M. (2000). Molecular basis of electrical

remodeling in atrial fibrillation. J. Mol. Cell. Cardiol. 32, 1101–1117.

doi: 10.1006/jmcc.2000.1147

Van Wagoner, D. R., Pond, A. L., Lamorgese, M., Rossie, S. S., McCarthy,

P. M., and Nerbonne, J. M. (1999). Atrial L-type Ca2+ currents and

human atrial fibrillation. Circ. Res. 85, 428–436. doi: 10.1161/01.RES.

85.5.428

Venetucci, L. A., Trafford, A. W., and Eisner, D. A. (2007). Increasing ryanodine

receptor open probability alone does not produce arrhythmogenic calcium

waves: threshold sarcoplasmic reticulum calcium content is required. Circ. Res.

100, 105–111. doi: 10.1161/01.RES.0000252828.17939.00

Venetucci, L. A., Trafford, A. W., O’Neill, S. C., and Eisner, D. A. (2008). The

sarcoplasmic reticulum and arrhythmogenic calcium release. Cardiovasc. Res.

77, 285–292. doi: 10.1093/cvr/cvm009

Verrier, R. L., Fuller, H., Justo, F., Nearing, B. D., Rajamani, S., and Belardinelli,

L. (2016). Unmasking atrial repolarization to assess alternans, spatiotemporal

heterogeneity, and susceptibility to atrial fibrillation. Heart Rhythm 13,

953–961. doi: 10.1016/j.hrthm.2015.11.019

Vest, J. A., Wehrens, X. H., Reiken, S. R., Lehnart, S. E., Dobrev, D.,

Chandra, P., et al. (2005). Defective cardiac ryanodine receptor

regulation during atrial fibrillation. Circulation 111, 2025–2032.

doi: 10.1161/01.CIR.0000162461.67140.4C

Viswanathan, P. C., Shaw, R. M., and Rudy, Y. (1999). Effects of IKr and

IKs heterogeneity on action potential duration and its rate dependence: a

simulation study. Circulation 99, 2466–2474. doi: 10.1161/01.CIR.99.18.2466

Voigt, N., Heijman, J., Wang, Q., Chiang, D. Y., Li, N., Karck, M., et al.

(2014). Cellular and molecular mechanisms of atrial arrhythmogenesis

in patients with paroxysmal atrial fibrillation. Circulation 129, 145–156.

doi: 10.1161/CIRCULATIONAHA.113.006641

Voigt, N., Li, N., Wang, Q., Wang, W., Trafford, A. W., Abu-Taha, I.,

et al. (2012). Enhanced sarcoplasmic reticulum Ca2+ leak and increased

Na+-Ca2+ exchanger function underlie delayed afterdepolarizations

in patients with chronic atrial fibrillation. Circulation 125, 2059–2070.

doi: 10.1161/CIRCULATIONAHA.111.067306

Frontiers in Physiology | www.frontiersin.org 27 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1113/JP270887
https://doi.org/10.1073/pnas.0509324103
https://doi.org/10.1016/j.hrthm.2008.03.030
https://doi.org/10.3389/fphys.2012.00311
https://doi.org/10.1161/01.RES.50.2.175
https://doi.org/10.1016/S0735-1097(98)00585-3
https://doi.org/10.1371/journal.pone.0165241
https://doi.org/10.1093/cvr/cvp216
https://doi.org/10.1016/0002-8703(48)90640-1
https://doi.org/10.1007/s12551-017-0255-9
https://doi.org/10.1016/S0002-9343(02)01236-6
https://doi.org/10.1016/S0008-6363(00)00294-7
https://doi.org/10.1161/01.CIR.98.7.719
https://doi.org/10.1254/jphs.14R09CP
https://doi.org/10.1016/j.metabol.2015.10.013
https://doi.org/10.1161/01.RES.83.11.1165
https://doi.org/10.1161/01.RES.77.2.354
https://doi.org/10.1016/j.pbiomolbio.2017.07.010
https://doi.org/10.1016/j.amjmed.2005.10.057
https://doi.org/10.1016/j.phrs.2015.11.008
https://doi.org/10.1161/01.CIR.0000124006.84596.D9
https://doi.org/10.1046/j.1540-8167.2003.02462.x
https://doi.org/10.1161/01.RES.88.2.195
https://doi.org/10.1161/01.RES.81.4.477
https://doi.org/10.1093/cvr/cvq322
https://doi.org/10.1111/j.1365-2362.2004.01422.x
https://doi.org/10.1016/S0008-6363(00)00026-2
https://doi.org/10.1046/j.1540-8167.2000.01262.x
https://doi.org/10.1111/j.1540-8167.1999.tb00712.x
https://doi.org/10.1006/jmcc.2000.1147
https://doi.org/10.1161/01.RES.85.5.428
https://doi.org/10.1161/01.RES.0000252828.17939.00
https://doi.org/10.1093/cvr/cvm009
https://doi.org/10.1016/j.hrthm.2015.11.019
https://doi.org/10.1161/01.CIR.0000162461.67140.4C
https://doi.org/10.1161/01.CIR.99.18.2466
https://doi.org/10.1161/CIRCULATIONAHA.113.006641
https://doi.org/10.1161/CIRCULATIONAHA.111.067306
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Denham et al. Calcium in the Pathophysiology of AF and Heart Failure

Voigt, N., Pearman, C. M., Dobrev, D., and Dibb, K. M. (2015). Methods for

isolating atrial cells from large mammals and humans. J. Mol. Cell. Cardiol. 86,

187–198. doi: 10.1016/j.yjmcc.2015.07.006

von Lewinski, D., Stumme, B., Fialka, F., Luers, C., and Pieske, B.

(2004). Functional relevance of the stretch-dependent slow force

response in failing human myocardium. Circ. Res. 94, 1392–1398.

doi: 10.1161/01.RES.0000129181.48395.ff

von Lewinski, D., Stumme, B., Maier, L. S., Luers, C., Bers, D. M.,

and Pieske, B. (2003). Stretch-dependent slow force response in isolated

rabbit myocardium is Na+ dependent. Cardiovasc. Res. 57, 1052–1061.

doi: 10.1016/S0008-6363(02)00830-1

Voskoboinik, A., Prabhu, S., Ling, L. H., Kalman, J. M., and Kistler, P. M. (2016).

Alcohol and atrial fibrillation: a sobering review. J. Am. Coll. Cardiol. 68,

2567–2576. doi: 10.1016/j.jacc.2016.08.074

Wakili, R., Voigt, N., Kaab, S., Dobrev, D., and Nattel, S. (2011). Recent advances

in the molecular pathophysiology of atrial fibrillation. J. Clin. Invest. 121,

2955–2968. doi: 10.1172/JCI46315

Wakili, R., Yeh, Y. H., Yan Qi, X., Greiser, M., Chartier, D., Nishida, K., et al.

(2010). Multiple potential molecular contributors to atrial hypocontractility

caused by atrial tachycardia remodeling in dogs. Circ. Arrhythm. Electrophysiol.

3, 530–541. doi: 10.1161/CIRCEP.109.933036

Walden, A. P., Dibb, K. M., and Trafford, A. W. (2009). Differences in intracellular

calcium homeostasis between atrial and ventricular myocytes. J. Mol. Cell.

Cardiol. 46, 463–473. doi: 10.1016/j.yjmcc.2008.11.003

Walker, M. A., Kohl, T., Lehnart, S. E., Greenstein, J. L., Lederer, W. J., and

Winslow, R. L. (2015). On the adjacencymatrix of RyR2 cluster structures. PLoS

Comput. Biol. 11:e1004521. doi: 10.1371/journal.pcbi.1004521

Wang, H. L., Zhou, X. H., Li, Z. Q., Fan, P., Zhou, Q. N., Li, Y. D., et al.

(2017). Prevention of atrial fibrillation by using sarcoplasmic reticulum calcium

ATPase pump overexpression in a rabbit model of rapid atrial pacing.Med. Sci.

Monit. 23, 3952–3960. doi: 10.12659/MSM.904824

Wehrens, X. H., Lehnart, S. E., Reiken, S. R., and Marks, A. R. (2004).

Ca2+/calmodulin-dependent protein kinase II phosphorylation

regulates the cardiac ryanodine receptor. Circ. Res. 94, e61–e70.

doi: 10.1161/01.RES.0000125626.33738.E2

Weiss, J. N., Garfinkel, A., Karagueuzian, H. S., Chen, P. S., andQu, Z. (2010). Early

afterdepolarizations and cardiac arrhythmias. Heart Rhythm 7, 1891–1899.

doi: 10.1016/j.hrthm.2010.09.017

Weiss, J. N., Nivala, M., Garfinkel, A., and Qu, Z. (2011). Alternans

and arrhythmias: from cell to heart. Circ. Res. 108, 98–112.

doi: 10.1161/CIRCRESAHA.110.223586

Weng, L. C., Choi, S. H., Klarin, D., Smith, J. G., Loh, P. R., Chaffin, M., et al.

(2017). Heritability of atrial fibrillation. Circ. Cardiovasc. Genet. 10:e001838.

doi: 10.1161/CIRCGENETICS.117.001838

Wijffels, M. C., Kirchhof, C. J., Dorland, R., and Allessie, M. A. (1995). Atrial

fibrillation begets atrial fibrillation. A study in awake chronically instrumented

goats. Circulation 92, 1954–1968. doi: 10.1161/01.C. I. R.92.7.1954

Willems, R., Sipido, K. R., Holemans, P., Ector, H., Van de Werf, F., and

Heidbuchel, H. (2001). Different patterns of angiotensin II and atrial natriuretic

peptide secretion in a sheep model of atrial fibrillation. J. Cardiovasc.

Electrophysiol. 12, 1387–1392. doi: 10.1046/j.1540-8167.2001.01387.x

Wolf, P. A., Abbott, R. D., and Kannel, W. B. (1991). Atrial fibrillation as an

independent risk factor for stroke: the Framingham Study. Stroke 22, 983–988.

doi: 10.1161/01.STR.22.8.983

Woo, S. H., Cleemann, L., and Morad, M. (2005). Diversity of atrial local Ca2+

signalling: evidence from 2-D confocal imaging in Ca2+-buffered rat atrial

myocytes. J. Physiol. 567 (Pt. 3), 905–921. doi: 10.1113/jphysiol.2005.092270

Woo, S. H., Risius, T., and Morad, M. (2007). Modulation of local Ca2+ release

sites by rapid fluid puffing in rat atrial myocytes. Cell Calcium 41, 397–403.

doi: 10.1016/j.ceca.2006.09.005

Workman, A. J., Kane, K. A., and Rankin, A. C. (2001). The contribution

of ionic currents to changes in refractoriness of human atrial myocytes

associated with chronic atrial fibrillation. Cardiovasc. Res. 52, 226–235.

doi: 10.1016/S0008-6363(01)00380-7

Workman, A. J., Pau, D., Redpath, C. J., Marshall, G. E., Russell, J. A., Norrie,

J., et al. (2009). Atrial cellular electrophysiological changes in patients with

ventricular dysfunction may predispose to AF. Heart Rhythm 6, 445–451.

doi: 10.1016/j.hrthm.2008.12.028

Wyse, D. G., Van Gelder, I. C., Ellinor, P. T., Go, A. S., Kalman, J. M., Narayan, S.

M., et al. (2014). Lone atrial fibrillation: does it exist? J. Am. Coll. Cardiol. 63,

1715–1723. doi: 10.1016/j.jacc.2014.01.023

Xie, L. H., Shanmugam, M., Park, J. Y., Zhao, Z., Wen, H., Tian, B., et al. (2012).

Ablation of sarcolipin results in atrial remodeling. Am. J. Physiol. Cell physiol.

302, C1762–C1771. doi: 10.1152/ajpcell.00425.2011

Xie, W., Santulli, G., Reiken, S. R., Yuan, Q., Osborne, B. W., Chen, B. X., et al.

(2015). Mitochondrial oxidative stress promotes atrial fibrillation. Sci. Rep.

5:11427. doi: 10.1038/srep11427

Xu, H., Li, H., and Nerbonne, J. M. (1999). Elimination of the transient outward

current and action potential prolongation in mouse atrial myocytes expressing

a dominant negative Kv4 alpha subunit. J. Physiol. 519 (Pt. 1), 11–21.

doi: 10.1111/j.1469-7793.1999.0011o.x

Yagi, T., Pu, J., Chandra, P., Hara, M., Danilo, P. Jr., Rosen, M. R., et al.

(2002). Density and function of inward currents in right atrial cells

from chronically fibrillating canine atria. Cardiovasc. Res. 54, 405–415.

doi: 10.1016/S0008-6363(02)00279-1

Yeh, Y. H., Wakili, R., Qi, X. Y., Chartier, D., Boknik, P., Kaab, S., et al.

(2008). Calcium-handling abnormalities underlying atrial arrhythmogenesis

and contractile dysfunction in dogs with congestive heart failure.

Circ. Arrhythm. Electrophysiol. 1, 93–102. doi: 10.1161/CIRCEP.107.

754788

Yongjun, Q., Huanzhang, S., Wenxia, Z., Hong, T., and Xijun, X. (2013).

Histopathological characteristics and oxidative injury secondary

to atrial fibrillation in the left atrial appendages of patients with

different forms of mitral valve disease. Cardiovasc. Pathol. 22, 211–218.

doi: 10.1016/j.carpath.2012.10.002

Yue, L., Feng, J., Gaspo, R., Li, G. R., Wang, Z., and Nattel, S. (1997).

Ionic remodeling underlying action potential changes in a canine

model of atrial fibrillation. Circ. Res. 81, 512–525. doi: 10.1161/01.RES.

81.4.512

Yue, L., Melnyk, P., Gaspo, R., Wang, Z., and Nattel, S. (1999). Molecular

mechanisms underlying ionic remodeling in a dog model of atrial fibrillation.

Circ. Res. 84, 776–784. doi: 10.1161/01.RES.84.7.776

Zhang, H., Makarewich, C. A., Kubo, H., Wang, W., Duran, J. M., Li, Y., et al.

(2012). Hyperphosphorylation of the cardiac ryanodine receptor at serine 2808

is not involved in cardiac dysfunction aftermyocardial infarction.Circ. Res. 110,

831–840. doi: 10.1161/CIRCRESAHA.111.255158

Zhao, J., Butters, T. D., Zhang, H., LeGrice, I. J., Sands, G. B., and Smaill, B.

H. (2013). Image-based model of atrial anatomy and electrical activation: a

computational platform for investigating atrial arrhythmia. IEEE Trans. Med.

Imaging 32, 18–27. doi: 10.1109/TMI.2012.2227776

Ziaeian, B., and Fonarow, G. C. (2016). Epidemiology and aetiology of heart failure.

Nat. Rev. Cardiol. 13, 368–378. doi: 10.1038/nrcardio.2016.25

Zimmermann, M., and Kalusche, D. (2001). Fluctuation in autonomic tone is

a major determinant of sustained atrial arrhythmias in patients with focal

ectopy originating from the pulmonary veins. J. Cardiovasc. Electrophysiol. 12,

285–291. doi: 10.1046/j.1540-8167.2001.00285.x

Zou, R., Kneller, J., Leon, L. J., and Nattel, S. (2005). Substrate size as a

determinant of fibrillatory activity maintenance in a mathematical model

of canine atrium. Am. J. Physiol. Heart Circ. Physiol. 289, H1002–H1012.

doi: 10.1152/ajpheart.00252.2005

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Denham, Pearman, Caldwell, Madders, Eisner, Trafford and Dibb.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Physiology | www.frontiersin.org 28 October 2018 | Volume 9 | Article 1380

https://doi.org/10.1016/j.yjmcc.2015.07.006
https://doi.org/10.1161/01.RES.0000129181.48395.ff
https://doi.org/10.1016/S0008-6363(02)00830-1
https://doi.org/10.1016/j.jacc.2016.08.074
https://doi.org/10.1172/JCI46315
https://doi.org/10.1161/CIRCEP.109.933036
https://doi.org/10.1016/j.yjmcc.2008.11.003
https://doi.org/10.1371/journal.pcbi.1004521
https://doi.org/10.12659/MSM.904824
https://doi.org/10.1161/01.RES.0000125626.33738.E2
https://doi.org/10.1016/j.hrthm.2010.09.017
https://doi.org/10.1161/CIRCRESAHA.110.223586
https://doi.org/10.1161/CIRCGENETICS.117.001838
https://doi.org/10.1161/01.C.
https://doi.org/10.1046/j.1540-8167.2001.01387.x
https://doi.org/10.1161/01.STR.22.8.983
https://doi.org/10.1113/jphysiol.2005.092270
https://doi.org/10.1016/j.ceca.2006.09.005
https://doi.org/10.1016/S0008-6363(01)00380-7
https://doi.org/10.1016/j.hrthm.2008.12.028
https://doi.org/10.1016/j.jacc.2014.01.023
https://doi.org/10.1152/ajpcell.00425.2011
https://doi.org/10.1038/srep11427
https://doi.org/10.1111/j.1469-7793.1999.0011o.x
https://doi.org/10.1016/S0008-6363(02)00279-1
https://doi.org/10.1161/CIRCEP.107.754788
https://doi.org/10.1016/j.carpath.2012.10.002
https://doi.org/10.1161/01.RES.81.4.512
https://doi.org/10.1161/01.RES.84.7.776
https://doi.org/10.1161/CIRCRESAHA.111.255158
https://doi.org/10.1109/TMI.2012.2227776
https://doi.org/10.1038/nrcardio.2016.25
https://doi.org/10.1046/j.1540-8167.2001.00285.x
https://doi.org/10.1152/ajpheart.00252.2005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Calcium in the Pathophysiology of Atrial Fibrillation and Heart Failure
	Introduction
	Calcium, Excitation-contraction Coupling, and Arrhythmias
	The Basis of Arrhythmias

	The Pathophysiology of Atrial Fibrillation
	The Natural History of Atrial Fibrillation
	What Triggers Atrial Fibrillation?
	What Makes an Atrial Substrate Vulnerable to Atrial Fibrillation?
	How do the Atria Respond to Excess Calcium Influx Acutely?
	Which Aspects of Calcium Cycling Promote Paroxysmal Atrial Fibrillation?
	Paroxysmal Atrial Fibrillation Is Associated With Diastolic Leak From Ryanodine Receptors
	How Is RyR Leak Maintained and Translated to Triggered Activity in Paroxysmal Atrial Fibrillation?

	How Does Remodeling of Calcium Cycling Allow Paroxysmal Atrial Fibrillation to Progress to Persistent Atrial Fibrillation?
	SR Calcium Leak in Persistent Atrial Fibrillation Is Associated With RyR Phosphorylation at Both PKA and CaMKII Sites
	The Mechanisms Maintaining SR Calcium Content Despite Increased Leak in Persistent Atrial Fibrillation Are Unclear
	How Does the Structure and Function of the Sarcolemma Remodel in Persistant Atrial Fibrillation?
	Elevated Cytosolic Calcium Activates Pro-Fibrotic Pathways Leading to Structural Remodeling
	Elevated Intracellular Calcium Promotes Mitochondrial Dysfunction
	Summary of the Role of Calcium Handling in Atrial Fibrillation


	The Interplay Between Heart Failure and Atrial Fibrillation
	Does Heart Failure Promote Atrial Fibrillation Through Changes in Atrial Calcium Cycling?
	Heart Failure Is Associated With Decreased Atrial ICa(L) and Increased Sarcoplasmic Reticulum Calcium Content
	Atrial Stretch may Mediate the Changes in Calcium Cycling
	Impaired Energy Supply may Also Contribute to the Changes in Calcium Cycling and Ion Channel Homeostasis
	Pulmonary Vein Firing Accelerates in Heart Failure
	The Effects of Heart Failure on the Atrial Action Potential Are Unclear
	Heart Failure Promotes Structural Remodeling of the Atria

	How Does Atrial Fibrillation Exacerbate Heart Failure?
	Cardiac Output Is Impaired During Atrial Fibrillation
	Atrial Function Remains Depressed After Atrial Fibrillation has Terminated


	Is the Pathophysiology of Atrial Fibrillation in Heart Failure Different to Atrial Fibrillation in the Absence of Structural Heart Disease?
	What are the Limitations of Research in Understanding the Pathophysiology of Atrial Fibrillation?
	Studies of Human Myocytes Are Hampered by Comorbid Conditions and Medications
	Some Animal Models may not be Fully Representative of Human Atrial Fibrillation

	Conclusions
	Author Contributions
	Funding
	References


