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Ca2+ is a key second messenger in 
the intricate workings of the heart. 
In cardiac myocytes, Ca2+ signaling 
controls or modulates electrophysio-
logical function, excitation-contrac-
tion coupling, contractile function, 
energy balance, cell death, and gene 
transcription. Thus, diverse Ca2+-
dependent regulatory processes 
occur simultaneously within a cell. 
Yet, distinct signals can be resolved 
by local Ca2+ sensitive protein com-
plexes and differential Ca2+ signal 
integration. 

In addition to its importance to 
normal cardiac function, such reg-
ulation is also crucial in disease con-

ditions. Ca2+ is likely involved in ectopic cardiac rhythms in both atrial and ventricular tissues 
through generating triggered activity often appearing as delayed afterdepolarisations, particularly 
following cellular Ca overloading. Recent studies also implicate Ca2+ in Na+ channel expression 
and properties with consequences for conduction velocity and therefore arrhythmic substrate. At 
the cellular level, such regulation involves control of the activity of membrane ion channels and 
Ca2+ handling proteins. These in turn involve multiple extra- and intracellular signaling pathways. 

This e-book assembles review and original articles from experts in this field. It summarises major 
recent progress bearing on roles of Ca2+ in cardiac electrophysiological function encompassing 
both normal and abnormal cardiac function. These extend from physiological roles of Ca2+ 
signaling in pacemaker function, in particular generation of sino-atrial pacemaker potentials, to 
pathological roles of abnormal Ca2+ signaling in both atrial and ventricular arrhythmogenesis. It 
also seeks to bridge the gap between advances in basic science and development of new therapies. 
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The Editorial on the Research Topic

Ca2+ Signaling and Heart Rhythm

Ca2+ is a strategic intracellular secondmessenger regulatingmultifarious cardiac cellular processes.
This Frontiers issue on Ca2+ signaling and cardiac rhythm first focuses on the spontaneous
membrane depolarization triggering action potential (AP) pacing by sino-atrial node (SAN) cells.
These drive normal rhythmic atrial followed by ventricular depolarization initiating effective
systolic contraction (Mangoni and Nargeot, 2008). Classic pharmacological and immunological
localization studies had implicated sarcoplasmic reticular (SR)-mediated Ca2+ storage and release
(Rigg and Terrar, 1996) involving ryanodine receptor (RyR2)-Ca2+ release channels (Rigg et al.,
2000) as necessary components in an adrenergically-responsive, complex, Ca2+-dependent, sino-
atrial pacing process. Subsequent confocal imaging demonstrated spontaneous, precisely timed,
rhythmic, local, submembrane, SR Ca2+ release events (Bogdanov et al., 2001; Vinogradova
et al., 2004; Lakatta et al., 2010). Were these to activate Na+-Ca2+ exchange current, INCX, the
resulting depolarization could trigger surface inward L-type Ca2+ currents, ICa, thereby initiating
AP firing (Vinogradova et al., 2002). SAN cells possessed high basal cAMP and phosphokinase
A-dependent phosphorylation levels (Vinogradova et al., 2006) that could ensure RyR2-mediated
Ca2+ release activity (Yang et al., 2002) at the requisite frequencies (Vinogradova et al., 2002, 2006).
The resulting [Ca2+] (to >100 nM) increases produced the expected INCX changes (Bogdanov
et al., 2001) besides additionally activating strategic enzymes, particularly calcium/calmodulin-
dependent protein kinase II (CaMKII). Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels carrying If likely also importantly contribute to this process: Hcn4-/- and Hcn4-
R669Q/R669Q mouse embryos were bradycardic with 75–90% reduced If before eventual lethality
(Stieber et al., 2003; Chandra et al., 2006; Harzheim et al., 2008); tamoxiphen-inducible adult hearts
showed∼70% reduced If and progressive≤50% reductions in, nevertheless persistent, SAN pacing,
compromising its responses to isoproterenol challenge (Sohal et al., 2001; Baruscotti et al., 2011).

The present articles first complete necessary conditions for such a Ca2+-mediated pacing
system (Vinogradova et al., 2000; Bogdanov et al., 2001; Sanders et al., 2006; Maltsev and Lakatta,
2007) to exist. They explore recent evidence implicating INCX, combined with delayed rectifier
K+ current deactivation, in the pacemaker depolarization triggering ICa (Capel and Terrar).
Furthermore, intracellular [Ca2+] proved instrumental in determining pacing rates: 1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) dose-dependently slowed, ultimately
abolishing, AP firing in isolated guinea-pig SAN myocytes (Capel and Terrar). Involvement of
ICa in both SAN pacing and atrioventricular conduction was indicated in mice homozygously
lacking L-type, Cav1.3, or T-type, Cav3.1, channels normally expressed inmouse, rabbit and human
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pacemaker tissue (Mesirca et al.). Volume and pressure
overload-induced heart failure in rabbit SAN cells markedly
influenced both Ca2+ transients and pacemaker activity (Verkerk
et al.). Finally, the hypothesis generated schemes amenable to
quantitative modeling and reconstruction (Yaniv et al.).

The articles then explore further ion channel mechanisms
possibly contributing to this regulation. TRPC3 channels
mediating Ca2+ entry are up-regulated in clinical and
experimental atrial fibrillation (AF), and are implicated in
SAN dysfunction and atrioventricular block (Yanni et al., 2011;
Harada et al., 2012; Sabourin et al., 2012). Ju et al. report that
the Trpc3-/- variant rescued pacing-induced AF in angiotensin
II-treated mice (Ju et al.). Similarly, intracellular Ca2+ store
depletion increased Ca2+ entry in isolated firing mouse SAN
pacemaker cells, findings reduced by store-operated Ca2+

entry (SOCE) blockers. SAN pacemaker cells further expressed
the endoplasmic reticular, Ca2+-sensing, stromal interacting
molecules (STIM) and surface membrane Orai1 channels likely
involved in SOCE. Ca2+ store depletion redistributed STIM1 to
the cell periphery increasing STIM1-Ora1 co-localization (Liu
et al.).

SAN and surrounding atrial tissue form a SAN-atrial
pacemaker complex. SAN disorders accordingly can produce re-
entrant substrate causing AF in addition to bradycardic, sinus
node, dysfunction (Nattel et al., 2007). Altered intracellular
Ca2+ transients and diastolic SR Ca2+ release appear to be
important AF triggers in murine hearts (Zhang et al., 2009,
2010). Ai explores possible interactions between key Ca2+

handling proteins in such arrhythmia. These include RyR2,
phospholamban, L-type Ca2+ channels (Cav1.2) (Schulman et al.,
1992), and possible actions upon these of the intrinsic stress-
related family of mitogen-activated protein kinase (MAPK)
cascades including c-Jun N-terminal kinase, extracellular signal-
regulated kinases, and p38 MAPKs whose activity alters in aging
and failing hearts (Ai).

Further articles bear upon modulatory influences upon
the complex of Ca2+ signaling pathways. Thus, SR Ca2+

uptake mechanisms proved affected by p21-activated kinase
(Pak1) deficiency, previously identified with hypertrophic
ventricular remodeling in heart failure, through altered
post-transcriptional activity of key Ca2+-handling proteins,

particularly SR Ca2+-ATPase (Wang et al.). Similarly, altered
protein phosphatase 2A expression and activity, likely acting
downstream of Pak1, may compromise responses to β-adrenergic
stimulation with implications for arrhythmia and cardiac failure
(Lei et al.). Finally, membrane protein regulation, trafficking
and recycling are fundamental to all cellular physiological
processes including those involving Ca2+ homeostasis. This
prompted review of a particular, endosome-based, trafficking
process, involving endocytic C-terminal Eps15 homology
domain-containing regulatory proteins (Curran et al.).

Ultimately, quantitative analysis of Ca2+-mediated
modulatory effects on cardiac function as a whole must extend
such molecular and cellular analysis from Ca2+ homeostatic to
contractile function in entire cardiac chambers (cf. Adeniran
et al., 2013; Davies et al., 2014). This reconstruction will require
further, more quantitative, data on the processes involved.

Nevertheless, one such article succeeds in integrating abnormal
Ca2+ homeostasis, ion channel and structural remodeling with
ventricular electro-mechanical dynamics in the clinical problem
of heart failure with preserved ejection fraction. It emerges
with testable predictions of reduced systolic Ca2+ and therefore
systolic force, but increased diastolic Ca2+ and therefore residual
diastolic force, despite conserved ejection fraction, particularly
at increased heart rates (Adeniran et al.). Simulations of this
kind offer openings into more detailed and quantitative studies
of sino-atrial and atrial intricacies.

Explorations of the kind described in this series of articles
thus contribute to development of a systems basis for sinus
node disorder (SND), atrial arrhythmia, and their translational
consequences (Nattel, 2002). SND is the commonest clinical
indication requiring pacemaker implantation. AF, for which
available treatment is limited (Kannel and Benjamin, 2009), is
a major contributor to cardiovascular morbidity and mortality,
particularly in aging human populations (Juhaszova et al., 2005).
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The importance of Ca2+-dependent
mechanisms for the initiation of the
heartbeat
Rebecca A. Capel and Derek A. Terrar *

British Heart Foundation Centre of Research Excellence, Department of Pharmacology, University of Oxford, Oxford, UK

Mechanisms underlying pacemaker activity in the sinus node remain controversial, with

some ascribing a dominant role to timing events in the surface membrane (“membrane

clock”) and others to uptake and release of calcium from the sarcoplasmic reticulum

(SR) (“calcium clock”). Here we discuss recent evidence on mechanisms underlying

pacemaker activity with a particular emphasis on the many roles of calcium. There are

particular areas of controversy concerning the contribution of calcium spark-like events

and the importance of I(f) to spontaneous diastolic depolarisation, though it will be

suggested that neither of these is essential for pacemaking. Sodium-calcium exchange

(NCX) is most often considered in the context of mediatingmembrane depolarisation after

spark-like events. We present evidence for a broader role of this electrogenic exchanger

which need not always depend upon these spark-like events. Short (milliseconds or

seconds) and long (minutes) term influences of calcium are discussed including direct

regulation of ion channels and NCX, and control of the activity of calcium-dependent

enzymes (including CaMKII, AC1, and AC8). The balance between the many contributory

factors to pacemaker activity may well alter with experimental and clinical conditions, and

potentially redundant mechanisms are desirable to ensure the regular spontaneous heart

rate that is essential for life. This review presents evidence that calcium is central to the

normal control of pacemaking across a range of temporal scales and seeks to broaden

the accepted description of the “calcium clock” to cover these important influences.

Keywords: sino-atrial node, cardiac, pacemaking, cytosolic calcium, calcium clock, membrane clock

A Rudimentary Pacemaker

The aim of this review is to discuss the many different roles of Ca2+ in regulating pace-
maker function in the sino-atrial node (SAN). The major determinants of pacemaker activ-
ity remain controversial, as illustrated by reviews from the Lakatta and DiFrancesco groups
(Lakatta and DiFrancesco, 2009; DiFrancesco and Noble, 2012a,b; Lakatta and Maltsev, 2012;
Maltsev and Lakatta, 2012). Other important reviews have been published in the last 10
years (Dobrzynski et al., 2007; Imtiaz et al., 2007; Wu and Anderson, 2014). A compre-
hensive review from Mangoni and Nargeot also presents a valuable overview of pacemaker
mechanisms, particularly with respect to conclusions drawn from genetic abnormalities and
genetic manipulations (Mangoni and Nargeot, 2008). The starting point for the discussion
here will be the broadly excellent review by Irisawa et al. (1993) (see also Irisawa (1978) and
Noma (1996)) which is a very comprehensive in its discussion of surface membrane currents.
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Irisawa et al. make little or no inclusion of the possible influence
of cytosolic Ca2+, particularly that released from the sarcoplas-
mic reticulum (SR), since little was known on this aspect of pace-
maker mechanisms at the time the review was written. In recent
years much of the debate concerning the origin of pacemaker
activity in the heart has been presented as a choice between two
alternative mechanisms, a “membrane clock” in which I(f) acti-
vated by hyperpolarization plays the dominant role or a “Ca2+

clock” in which the timing of uptake and release of Ca2+ by the
SR is the major determinant of the cardiac rhythm (DiFrancesco
and Noble, 2012a,b; Lakatta and Maltsev, 2012; Maltsev and
Lakatta, 2012).

This review seeks to discuss broader aspects of the influence
of Ca2+ on pacemaker activity than are frequently considered
in debates on the relative importance of Ca2+ and membrane
clocks. The evidence discussed below supports the view that a
variety of ionic currents in addition to I(f) can contribute to the
timing of the membrane clock, that these events are potentially
modulated by intracellular Ca2+ in a number of ways and that the
relative importance of these pathways might vary under different
physiological and clinical conditions. We consider data relating
to the role of the Ca2+ clock under a range of conditions, and dis-
cuss whether such a clock needs to depend solely on spontaneous
Ca2+ sparks or local calcium releases (LCRs) or whether other
rhythmic Ca2+-dependent mechanisms should also be taken into
account to form a complete picture. It appears that the Ca2+ clock
could play a fundamentally important role for the timing mech-
anism of the cardiac pacemaker under particular conditions, but
in many circumstances might play a cooperative interacting role
with the membrane clock.

Timing mechanisms for different sorts of pacemaker activity
have been discussed in many different tissues including oscilla-
tions in smooth muscle, interstitial cells, brain and heart (e.g.,
Berridge and Galione, 1988). Mechanisms include what have
been called membrane oscillators and cytosolic Ca2+ oscillators
in smooth muscle and brain, and ideas concerning a Ca2+ clock
are not unique to the heart (Imtiaz et al., 2006; McHale et al.,
2006; Berridge, 2008; Imtiaz, 2012).

In the heart, a key feature that distinguishes pacemaker tissue
from surrounding atrial muscle is the absence of the stabilizing
influence of IK1. Other important characteristics are the presence
of the connexin protein Cx45 (Coppen et al., 1999) and I(f) (Biel
et al., 2002) and lack of Cx43 (ten Velde et al., 1995), but the
lack of IK1 is particularly functionally important for the follow-
ing reasons. The presence of IK1 channels in atrial and ventricu-
lar myocytes is responsible for the ∼−90mV resting membrane
potential in these cells, dominated by the equilibrium potential
for potassium ions in physiological solutions. In the absence of
IK1 the SAN membrane potential is not forced to “rest” at this
potential. In addition, lack of the IK1 conducting pathway leads to
a greatly increased membrane resistance (reduced conductance)
in SAN cells in comparison to atrial and ventricularmyocytes and
this allows very small ionic currents to exert a profound influ-
ence on membrane potential. In this regard, it is also relevant
to consider that SAN myocytes exhibit small cell capacitance (of
the order of 30–40 pF) in turn requiring only small currents to
charge or discharge the membrane capacitance. The significance

of the lack of IK1 in mammalian SAN pacemaker tissue was first
demonstrated in an important paper from Irisawa (Noma et al.,
1984) (see also Shibata and Giles, 1985 for similar observations
in amphibian pacemaker tissue). The susceptibility to oscilla-
tions causing spontaneous activity when IK1 is suppressed in
ventricular tissue was also shown by Miake et al. (2002).

Although there is no “resting” potential in a pacemaker cell
showing continuous electrical activity, an important observation
is that when pacemaker activity is arrested (for example by the
L-type Ca2+ channel blocker nifedipine (Kodama et al., 1997), or
by blockers of voltage-gated potassium channels (Lei et al., 2001)
the membrane adopts a potential at least for a period of seconds
at approximately −30 to −40mV. A similar potential is adopted
when spontaneous activity is stopped by chelation of cytosolic
Ca2+ with intracellular BAPTA (Capel and Terrar, this issue, and
see later). A “resting potential” of −38mV was also described in
rabbit SA node by Noma and Irisawa (1975). Again, a similar
potential is recorded in amphibian sinus venosus when sponta-
neous activity is “arrested” by nifedipine (Bramich et al., 1993).
Verheijck et al. (1995) also described a “background current with
a reversal potential of −32mV in rabbit SA node in the presence
of nifedipine and E-4031.”

With this “background” conductance as a starting point, a
very simple pacemaker can be constructed in which an action
potential upstroke carried by calcium ions leads to a depolarisa-
tion that then activates a voltage-gated potassium conductance
and this in turn brings about repolarisation. Potassium chan-
nel de-activation will then lead to a removal of hyperpolariz-
ing influence and allow the membrane to move back toward its
“resting” level as a consequence of the influence of the back-
ground conductance pathway (Figure 1A). Early modeling work
suggested that this mechanism is capable of sustaining sponta-
neous action potential generation (Hauswirth et al., 1968) and see
(Noble et al., 1992).

Amore comprehensivemodel that will be used as a framework
for later discussion is shown for comparison in Figure 1B.

Even in a review with an emphasis on themany roles for Ca2+,
the existence of a background current with a reversal potential
in the region of −30 to −40mV is so fundamentally important
for pacemaker mechanisms that it deserves further discussion. It
is also conceivable that this poorly understood pathway is itself
Ca2+-dependent. The first question that arises from the sim-
ple model is how the “pseudo resting” level of −30 to −40mV
is determined and what, in turn, is the selectivity of the mem-
brane to different ions at such a “pseudo resting” potential when
voltage-gated channels are not active.

What is Background Current?

Another way of phrasing the question in the previous paragraph
is what is the “background current,” or perhaps better what is
the background conductance because little or no net current
will flow at the “pseudo resting” potential. Although the evi-
dence presented above in favor of the existence of a background
conductance is compelling, there is surprisingly little evidence
or agreement on the ion conducting pathways that give rise to
this conductance. One approach is to block everything we think
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FIGURE 1 | (A) shows a simple model of pacemaker function in which there

is a “background” current/conductance with a zero current level

between −30 and −40 mV. There is extensive evidence for such a pathway,

although as discussed in the text the nature of the conductance(s)

contributing to this pathway remain poorly understood. However, given the

existence of this pathway, pacemaker activity can be maintained by

sequential activation of voltage-gated K+ and Ca2+ ion channels, noting that

de-activation of K+ conductance (gK ) after repolarization will be associated

with the “diastolic” or pacemaker depolarization as the potential moves

toward the zero current level for the “background” conductance. When the

membrane potential reaches the threshold for voltage-gated Ca2+ channels,

activation of these channels (increasing gCa) will lead to the upstroke of the

action potential and the depolarization will activate voltage-gated potassium

channels to complete the cycle of repetitive activity. The vertical dotted lines

show an approximate division of the time period of the pacemaker cycle to

represent these phases of channel activation and de-activation. The

experimental record that is shown to illustrate these phases was recorded

from a guinea-pig SAN myocyte in our laboratory and is similar to records in

Figures 2, 5 (and also to records in Capel and Terrar in this issue). A formal

mathematical representation of these changes in conductance was not

constructed, but the analysis is broadly similar to the principles used for the

basic mathematical model presented by Hauswirth, Noble, and Tsien in 1968

to account for spontaneous activity in Purkinje fibers (Hauswirth et al.,

1968).(B) shows a more comprehensive description of the ionic

conductances and currents underlying pacemaker activity, including gCaL
and gCaT (conductance provided by the two varieties of voltage-gated Ca2+

channel in cardiac muscle), gKs and gKr (the slowly and rapidly activating

voltage-gated K+ channels), gf (the conductance associated with channels

activated by hyperpolarization and carrying the “funny” current), gst (the

sustained inward current channels), and INCX (the NCX current thought to

flow throughout the cardiac cycle as outlined in more detail in Figure 2).

Again, the vertical dotted lines show an approximate division of the time

period of the pacemaker cycle to represent different phases of channel

activation and de-activation.

we understand and to label what is left as background current
e.g., Hagiwara et al. (1992), and this approach leads to the sug-
gestion that background conductance is determined by a bal-
ance between potassium conductance (which if dominant would
lead to a membrane potential close to the potassium equilibrium
potential of perhaps −90mV) and sodium and/or Ca2+ conduc-
tances (that if dominant would take the potential to more positive
values determined by their equilibrium potentials of∼+60mV in
the case of Na+ and more positive than +100mV in the case of
Ca2+). This balance could lead to a “pseudo resting” potential
of −30 to −40mV. Chloride ions cannot be excluded and might
also contribute [while a contribution of Cl− to “background cur-
rent” was not detected by Hagiwara et al. (1992), other observa-
tions from Seyama (1979) and from Huang (Huang et al., 2009)
support a role for Cl−].

At rest, single channels with a zero current potential close
to the “pseudo resting” level have not been described. Ito et al.
(1994) observed activity of IKACh channels in the absence of
ACh. These were the only K+ channels recorded “at rest” in
105 experiments on SA node cells. These authors concluded
that an additional pathway carrying inward current at −50mV
must also exist. These channels could be difficult to find and
record from (if they were too scarce, low conductance or too fast
and short lived to allow easy detection). One possibility is that

a major contributor to background conductance is not an ion
channel but NCX in a leak mode as first suggested by Kang and
Hilgemann (2004), see later.

Another relevant pathway is the sustained inward current
described by Noma and colleagues (Mitsuiye et al., 2000). This
pathway cannot contribute to the “pseudo resting” level when
nifedipine is used to cause cessation of pacemaker activity, since
this drug blocks I(st) in addition to blocking L-type Ca2+ chan-
nels. However, I(st) is carried by channels that allow passage of
monovalent cations and the kinetics of this time and voltage-
dependent pathway are sufficiently slow that it could play a
role similar to that proposed for the “leak” or background con-
ductance pathway. Under physiological conditions this pathway
allows passage of both sodium and potassium ions, with a rever-
sal potential for the current of approximately−20mV. The single
channel conductance of the I(st) pathway has been reported to
be 13 pS, and to have an open probability that is regulated by
protein kinase A (PKA). In rabbit SAN this pathway gives rise to
an approximately 50 pA current at −50mV in an isolated SAN
myocyte (Mitsuiye et al., 1999).

The I(f) current activated by hyperpolarization will be dis-
cussed in more detail later, but it is worth mentioning that its
kinetics are also slow at potentials close to −60mV and it could
feasibly contribute to conductance over many seconds as well
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as playing a role in “pacemaker depolarization” during a single
cardiac cycle. In this context, Verkerk and Wilders have argued
that de-activation of I(f) near the overshoot of the action poten-
tial, though fast, is not instantaneous, and significant I(f) can
be present in their models at the start of diastolic depolariza-
tion, persisting from activation of this pathway during preced-
ing action potentials (Verkerk and Wilders, 2013). In addition,
Proenza et al. (2002) suggested that an “instantaneous” current
(that could contribute to steady current) might flow via HCN2
channels.

Store Operated Ca2+ Channels (STOCCs) could influence
heart rate through the generation of a background current that is
modulated through beat to beat SR Ca2+ content changes (Ju and
Allen, 2007) and (Liu et al., 2015). Roles have also been suggested
for TRPM4 (Hof et al., 2013) and TRPM7 (Sah et al., 2013).

Other channels that might contribute include BK channels
(Lai et al., 2014), SK channels (Chen et al., 2013) and Ca2+

activated Cl channels (Verkerk et al., 2002).

The Roles of NCX

NCX During the Later Stages of the Pacemaker
Depolarization, Perhaps Associated with Ca2+

Sparks/LCRs
There are at least three possible ways in which electrogenic NCX
could contribute to pacemaker activity (Figure 2). The most dis-
cussed mechanism, often given so much prominence that other
possibilities could be overlooked, is the suggestion that there are
there are spontaneous events resulting from Ca2+ release from
the SR [sometimes referred to as Ca2+ “sparks” (Huser et al.,
2000) or local Ca2+ release events (LCRs) (Bogdanov et al., 2001;
Vinogradova et al., 2005)] and that the accompanying rises in
subsarcolemmal Ca2+ cause local depolarizations arising from
Ca2+ extrusion by electrogenic NCX. These sparks/LCRs can
occur in the later stages of the pacemaker depolarization pre-
ceding the upstroke of the action potential (Huser et al., 2000;
Bogdanov et al., 2001; Vinogradova et al., 2002a, 2005). Although
it seems very likely that this is an important component of elec-
trogenic NCX, evidence supports other possibilities listed below
that might be equally or under some conditions more important.

NCX Associated with the Upstroke of the Action
Potential
In addition to the spontaneous Ca2+ release events toward the
end of the pacemaker depolarization, there will be the rise
in cytosolic Ca2+ that is the result of Ca2+ entry through
Ca2+channels during the upstroke of the action potential, and
the consequent Ca2+-induced Ca2+ release (CICR) from the SR.
CICR occurs as a global release event (meaning a release that
occurs synchronously across all of the SR) arising from ryanodine
receptor Ca2+ release channels. The global, substantial rise in
subsarcolemmal Ca2+ accompanying CICR during the upstroke
of the action potential will nevertheless be accompanied by a
major component of Ca2+ extrusion through electrogenic NCX
(Figure 2). Even when SR function is suppressed, the substantial

FIGURE 2 | This figure seeks to show in cartoon form the various

contributions of NCX to pacemaker activity [that are not confined just

to rises in subsarcolemmal Ca2+ associated with spontaneous Ca2+

release from the SR described as Ca2+ sparks or local calcium release

events (LCRs)]. The magnitude of the NCX currents will broadly follow the

magnitude of the Ca2+ transient (though if there are sufficient changes in

subsarcolemmal Ca2+ and Na+, these changes will influence the equilibrium

potentials for these ions and therefore the driving force for NCX). The time

course of the Ca2+ transient as reported by the Ca2+ probe indo-1

(fluorescence ratio with emission at 405 and 485 nm) is shown overlaid with an

action potential in a pacemaker cell in the upper pair of traces. It is recognized

that the indo-1 fluorescence ratio (noisy trace) will show a lag as a

consequence of the kinetics of Ca2+ binding to the probe, and there may be a

delay in the decline in Ca2+ as a consequence of slow dissociation of Ca2+

from the probe (although this delay seems not to be severely limiting since

isoprenaline was able to speed the Ca2+ signals recorded with this probe, see

Figure 5). There is a rise in Ca2+ that precedes the rapid upstroke of the

action potential, and under conditions in which spontaneous Ca2+

sparks/LCRs occur these events will contribute to the early phase of NCX.

This is followed by CICR triggered by Ca2+ entry largely through ICaL, and the

accompanying large rise in subsarcolemmal Ca2+ will be associated with a

substantial additional component of NCX. It is thought that the cytosolic and

subsarcolemmal Ca2+ concentrations remain greater than 100 nM even at the

most negative membrane potential between action potentials and this is

associated with the third component of NCX represented in the bottom trace,

with a dotted line to represent zero NCX current that would be expected to

occur at approximately 100 nM Ca2+. Although the components of NCX are

shown as separate in this diagrammatic representation to emphasize the many

roles of NCX, it is recognized that in reality these components run together as

a continuum and cannot easily be dissected experimentally. In addition to

these three components of electrogenic NCX with a 3 Ca2+:1 Na+

stoichiometry, there may be an additional “leakage” component (see text). The

experimental traces are from Rigg et al. (2000).

influx of Ca2+ through L-type channels during the upstroke of
the action potential will be accompanied by extrusion of Ca2+

and at least some electrogenic extrusion could be fast enough to
re-inforce this action potential upstroke. Note that ryanodine has
been reported to reduce the maximum rate of rise of the pace-
maker action potential, consistent with a contribution of NCX
associated with CICR in addition to the charge carried by L-type
Ca2+ channels (Rigg and Terrar, 1996; Rigg et al., 2000), although
other Ca2+ dependent mechanisms such as effects of CaMKII on
L-type channels could also contribute to this.
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NCX during Diastole, Including at the Most
Negative Potential
The third aspect of possible contribution of NCX to pacemaker
activity is a consequence of slower changes in Ca2+concentration.
It is clear that the level of Ca2+ activity in SAN cells between beats
does not typically fall to the ∼100 nM that is measured in qui-
escent ventricular or atrial myocytes (e.g., Cannell et al., 1987;
Schaub et al., 2006), and has been reported as 225 nM (Sanders
et al., 2006). If the level of Ca2+ concentration between beats
were approximately 200 nM, there would be continuous extru-
sion of Ca2+ even during the intervals between beats. Ca2+ bal-
ance must be maintained in the steady state, but this does not
necessitate discrete entry and extrusion phases. Net Ca2+ entry is
clearly exhibited during the later stages of pacemaker depolarisa-
tion and upstroke of the action potential but Sanders et al suggest
that the balancing role of Ca2+ extrusion (mainly through NCX)
occurs throughout the cycle including themost negative potential
between beats. Thus, there could be a maintained depolarizing
influence of NCX (Figure 2).

The three aspects of electrogenic 3:1 NCX have been dis-
cussed as separate entities above, in order to emphasize their
contributions in different parts of the pacemaker cycle, but it is
recognized that in reality they represent a continuum of activ-
ity that overlap and cannot be easily distinguished. The clear
point is that electrogenic 3:1 NCX can play a role throughout
the cardiac cycle and will be dependent on the subsarcolemmal
Ca2+concentration under the control of both local and global
events.

The average current through the combined contribution of
these three components of NCX is substantial since NCX is
thought to be the major method of Ca2+ extrusion. Every Ca2+

ion that enters the cell via a Ca2+ channel (L-type or T-type)
adds two charges to the cell interior, while extrusion of each Ca2+

by NCX adds one charge (with three sodium ions entering in
exchange for each divalent Ca2+), and it therefore follows that
if the major component of Ca2+ extrusion is via NCX then the
average depolarizing current through NCX in the steady state
throughout the cardiac cycle must be approximately half that
through the total Ca2+ entry mechanisms.

NCX Acting as a Possible Sodium Leak Pathway
A fourth mechanism by which NCX could contribute to pace-
maker activity is the leak pathway proposed by Kang and Hilge-
mann (2004) that was briefly mentioned above in the context
of “background current.” The Kang and Hilgemann model was
based on extensive experimental evidence using conventional
voltage-clamp methods to measure current and voltage across
“macro” patches combined with the use of ion sensitive elec-
trodes to give information concerning the sodium and Ca2+

gradients close to these membranes. The comprehensive experi-
mental data collected in this way led to the conclusion that the
stoichiometry of NCX was 3.2 sodium ions to 1 Ca2+, rather
than exactly 3:1. The explanation of a 3.2:1 stoichiometry was that
there were additional “modes” of NCX. In particular, a mode with
slower kinetics that allowed a single external Ca2+ together with
a single external sodium ion to be exchanged for a single internal
Ca2+, resulting in electrogenic sodium ion leak without net flux

of Ca2+, was suggested as a possible contributor to “background
current” in pacemaker cells.

The sodium “leak” mode of NCX proposed by Kang and
Hilgemann requires the presence of Ca2+on both sides of the
membrane, but since there is no netmovement of Ca2+ thismode
is not dependent on the driving force for Ca2+ entry into the cell.
It seems likely, however, that such a pathway could not operate if
the cytosolic Ca2+ were too low to occupy the internal site on the
NCX protein.

Other Aspects of the Contribution of NCX for
Pacemaking
The discussion above focuses on the importance of NCX as a
direct contributor to membrane currents. However, in addition
to its direct effects as a charge carrier, NCX may have additional
functionally important roles in the context of pacemaker mech-
anisms. In particular these roles include influencing the overall
Ca2+ balance of the cell (including Ca2+ content of the SR),
and controlling Ca2+ concentrations in cytosolic microdomains
within the cell that might influence the behavior/sensitivity of
intracellular release channels such as ryanodine receptors (or per-
haps IP3 receptors see Ju et al., 2011) or Ca

2+-dependent proteins
(see below). Relevant to the present discussion is the thought-
ful review by Ottolia et al. (2013) on the importance of NCX in
ventricular myocytes. One aspect concerns the balance between
NCX and SERCA in determining the amount of Ca2+ loaded
into the SR which in turn will have an influence on oscillatory
Ca2+ mechanisms and therefore on Ca2+-dependent currents
(whether global or local). Although the interplay between NCX
and degree of Ca2+ loading of the SR has not yet been studied in
detail in pacemaker cells, it seems very likely that themechanisms
that operate in ventricular myocytes will have a close parallel in
cardiac pacemaker tissue.

A final point that is relevant here is that NCX might be reg-
ulated by protein kinases and these could include Ca2+-sensitive
enzymes (Zhang and Hancox, 2009) as discussed below.

Is NCX Essential for Pacemaking?
It is difficult to determine the various contributions of NCX to
pacemaker activity by experimental study. There are two prob-
lems concerning the use of drugs. The first is selectivity, but even
if a drug were available with perfect selectivity for NCX over other
cellular targets, the importance of NCX as the major mechanism
for Ca2+ extrusion under normal conditionsmeans that blockade
of NCX would lead to rises in intracellular Ca2+concentrations
that would have extensive secondary effects. As discussed below,
cytosolic Ca2+ influences somany ion channels and other aspects
of cell function it is difficult to separate primary and secondary
effects of NCX suppression. An “ideal” experiment would require
instantaneous blockade of NCX so that effects can be observed
before substantial secondary effects have time to occur.

Rapid block of NCX can be achieved by reduction of the extra-
cellular solution by replacing some or all of the Na+ with Li+

(which can pass through most of the ion channels that are per-
meated by sodium ions but which do not substitute for sodium
in NCX). Switch to low sodium does suppress the initiation
of spontaneous action potentials, but this suppression can take
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many beats to establish in toad sinus venosus (Ju and Allen, 1998)
and rabbit SA node cells (Bogdanov et al., 2001) when the speed
of solution change is modest. When Bogdanov et al caused a
rapid but transient solution exchange lasting less than 1 s using
a “picospritzer,” they showed that replacement of Na+ with Li+

could suppress a single action potential (while leaving a slightly
depressed Ca2+ transient with approximately the same timing as
the missing action potential). Sanders et al. (2006) used a rapid
switch system that could exchange the solution flowing over indi-
vidual pacemaker cells in less than 1 s and maintain the flow of
this solution. Using this system in guinea-pig SA node cells, rapid
switch to low sodium caused immediate cessation of spontaneous
activity (both of action potentials and spontaneous Ca2+ tran-
sients), and this cessation was maintained for the full several sec-
onds of exposure. During this time cytosolic Ca2+ asmeasured by
the fluorescent probe fluo-5F fell rather than rose (presumably as
a consequence of Ca2+ uptake by the SR; see Figure 2 in Sanders
et al., 2006).

A possible criticism of sodium replacement experiments is
that if the reduction in sodium is very large (e.g., to 14.5mM
or approximately 10%) there may be outward currents through
NCX that could complicate interpretation. However, immedi-
ate cessation of activity was also seen with smaller reductions of
extracellular sodium to 50mM and even 75mM (Sanders et al.,
2006).

Cessation of SAN myocyte AP firing by low-sodium switch
is demonstrably not solely due to suppression of LCR-mediated
depolarisation events. Inhibition of Ca2+ uptake into the SR
using cyclopiazonic acid (CPA), which would be expected after
prolonged exposure to abolish SR Ca2+ loading, slowed but did
not abolish pacemaker activity, and switch to low sodium under
these conditions again caused immediate cessation (Sanders et al.,
2006). This observation demonstrates the fundamental impor-
tance of NCX under these conditions even though the SR is not
functional.

Another experimental point arising from the rapid switch
experiments is that immediately after the switch back from low
sodium to normal sodium the spontaneous rate was restored, but
was transiently greater than that observed under control condi-
tions (see Figure 1 in Sanders et al., 2006). This would be con-
sistent with an influence of increased intracellular Ca2+ (perhaps
an increase in the SR Ca2+ load) during the period of exposure
to low sodium. In the absence of CPA, when the SR was func-
tional, Sanders et al consistently observed a reduction in cytosolic
Ca2+ when beating was stopped by the switch to low sodium even
though the major mechanism for Ca2+ extrusion was inhibited,
and this was thought to be accompanied by SR Ca2+ uptake (see
later).

The observed effects of several drugs that block NCX in
causing cessation of pacemaker activity are also consistent with
the view that this pathway exerts a profound influence and is
probably essential for pacemaking under most conditions (e.g.,
rapid switch to 5µM KB-R7943 caused cessation of beating
in approximately 20 s, perhaps as a consequence of the time
taken to block NCX Sanders et al., 2006), but these observations
must be treated with caution because of off target effects of the
compounds.

The importance of NCX for pacemaking has also been investi-
gated using genetic approaches to suppress expression of NCX
proteins. A knockout of NCX does not survive because it is
lethal at the embryonic stage (Cho et al., 2000; Koushik et al.,
2001; Reuter et al., 2002). Conditional knockouts in which NCX
is selectively suppressed in atrial or SA node tissue have been
made. As is the case of drugs, the difficulty of separating direct
and indirect effects of NCX suppression applies, and there are
compensatory changes that may occur. One recent paper con-
cludes that genetic inhibition (not complete abolition) of NCX1
disables the ability of the SA node to show its normal increase
in rate as a “fight or flight” response, but that resting heart rate
continues unchanged (Gao et al., 2013). Herrmann et al. (2013)
used an inducible SA-node specific Cre transgene to create mice
lacking NCX1 in the pacemaker region and showed that abla-
tion of NCX1 was accompanied by a progressive slowing of heart
rate and severe arrhythmias. Another recent paper concludes that
complete atrial-specific knockout of NCX1 eliminates SA node
pacemaker activity (Groenke et al., 2013). In this case the mice
were able to survive with the AV node taking over the normal
pacemaker function, while the atria appeared to be quiescent.
Further, SAN myoyctes isolated when NCX was eliminated also
failed to show pacemaker activity.

Taken together the observations above using low sodium,
drugs and genetic approaches are consistent with the view that
NCX is very important and probably essential for pacemaker
mechanisms in the SA node.

The Funny Current I(f)

Is the I(f) Current Essential for Pacemaking?
The “funny” current, I(f) was first described by DiFrancesco and
reviewed in DiFrancesco (2010). Similar currents [normally des-
ignated I(h)] have been described in neurons showing bursting
activity (He et al., 2014). The ion channels carrying the current
(HCN channels) are activated by hyperpolarization and the mag-
nitude of the currents in the physiological range is increased
when the cyclic nucleotide, cAMP, is bound to the channels
[since the activation kinetics are quickened (Wainger et al., 2001)
and the activation curve is shifted to less negative potentials,
(DiFrancesco and Mangoni, 1994)]. Of the four HCN subtypes,
HCN4 is the predominant form in the pacemaker region of the
heart, though HCN1 and HCN2 also contribute, and there are
species differences between the balance of contributions from
different subtypes (Baruscotti and Difrancesco, 2004; Biel et al.,
2009; DiFrancesco, 2010).

To answer the question whether or not I(f) is essential for
pacemaking, it would be helpful either to block the current phar-
macologically, or use the techniques of molecular biology to
knock down expression of the channel.

In the case of pharmacological approaches there are a vari-
ety of drugs including ZD7288, zetabradine and ivabradine (Bar-
uscotti et al., 2005). Cesium ions have also been used to block
the currents (Denyer and Brown, 1990). In all cases the drugs
slow but do not completely stop pacemaking. In an early study
on SAN myocytes isolated from rabbit SA node 2mM Cs+ was
observed to cause close to complete blockade of I(f) without
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effects on voltage-gated Ca2+ and potassium currents. This con-
centration reduced pacemaker rate by about 30% but did not
stop the initiation of action potentials (Denyer and Brown, 1990).
The authors concluded that I(f) is not essential, and that there
must be an additional “background” current during the pace-
maker depolarization (see above discussion). The more recent
drugs ZD7288 and ivabradine also slow but do not stop pace-
maker activity (BoSmith et al., 1993; Baruscotti et al., 2005). It
is, however, difficult to exclude the argument that blockade of
I(f) by the drugs is incomplete under the conditions of these
experiments, and that only a very small residual current would
be necessary for pacemaking. The use of greater concentrations
would not be persuasive because of possible non-specific effects
such as blockade of L-type Ca2+ channels or voltage-gated potas-
sium channels, either or both of which can cause cessation of
pacemaker activity.

There has been discussion in the past about whether the I(f)
current is sufficiently large to make an important contribution
to pacemaking, particularly in the context of conventional exper-
iments in which the cell is held at a constant negative poten-
tial (commonly −40mV) and hyperpolarizing voltage steps are
applied. Although large currents are recorded when the cell is
hyperpolarized to potentials that are not often experienced in
normal physiology (such as −80 or −100mV), the currents
recorded at potentials less negative than−70mV are small. Con-
vincing evidence for a role of I(f) under conditions that approx-
imate those of normal pacemaker activity is provided by “action
potential clamp” experiments (Zaza et al., 1997). The essence of
this approach is to record and store the action potential wave-
form from a single myocyte, and then re-apply this waveform
under voltage-clamp conditions. In a single cell the net current
under control conditions is zero (since ionic currents charge and
discharge the membrane capacitance), but interesting informa-
tion is provided when blockers are applied to reveal a “differ-
ence current” that reflects the particular current pathways that
are suppressed by the blocker. Zaza et al. used 2mM Cs+ to
block I(f), and concluded that I(f) currents played an important
role during the pacemaker depolarization, and that these cur-
rents were larger than would have been predicted by conventional
voltage-clamp experiments applying only hyperpolarizing pulses,
but that other inward currents besides I(f) contribute during this
phase.

In the case of genetic experiments, several studies show that
suppression of expression of HCN4 proteins also causes a slow-
ing without cessation of activity in the SAN. Themost recent uses
a conditional knockout system in which HCN4 expression is sup-
pressed only in cardiac tissue of the mouse (Mesirca et al., 2014a).
The reduction in spontaneous rate of beating in the SAN reached
plateau of about 50% as the I(f) was progressively reduced to very
low levels. Interestingly, while the rate reduction in the SAN was
reduced by∼50%, there was a cessation of activity in the AV node
leading to heart block and death. The apparently greater sensitiv-
ity of AV conduction to I(f) suppression seems surprising, but
is consistent with the effect of the I(f) blocker ZD7288, which
also stops murine AV function at a concentration of 3µM while
reducing spontaneous activity in the SAN by ∼50% (Yuill and
Hancox, 2002).

In summary, both genetic studies to reduce expression of
HCN channels and the effects of selective blockers of I(f) in
the mouse show similar effects in that as the severity of action
increases to a maximal level the effect on spontaneous rate in the
SAN appears to plateau at about a 50% reduction in rate.

There may be other functions of I(f) current in the SAN than
determining rate. HCN1 and HCN2 proteins are also present in
SAN, and show different kinetics of activation and de-activation
compared to HCN4 (Wahl-Schott et al., 2014). Recently knock-
down of HCN1 proteins has been shown to influence the stability
of pacemaking (and the pacemaker region, Fenske et al., 2013)
but not to be essential for pacemaker activity.

Are I(f) Currents Influenced by Cytosolic Ca2+?
Observations from Hagiwara and Irisawa (1989) provide very
convincing evidence that that the magnitude of I(f) is influenced
by cytosolic Ca2+. These authors found that buffering Ca2+ at
10−10M caused a substantial (approximately 75%) decrease in
current amplitudes, while under the conditions of their exper-
iments 10−7M caused an increase. In experiments in which
the cytosol was perfused with different concentrations of Ca2+,
it appeared that a log(concentration)-response curve could be
established showing increases in the amplitude of I(f) over the
range of Ca2+ concentrations 10−10–10−6M with the steepest
part of the curve covering the range 10−8–10−7 M. Although the
authors concluded that there was a direct effect of Ca2+ on I(f)
since the effects of Ca2+ were not abolished by the calmodulin
inhibitor calmidazolium, it seems likely that the concentration
of this compound (10−6 M) was not sufficient to cause effec-
tive inhibition. This view is supported by the observations of
Zaza et al. (1991) who demonstrated that there were no direct
effects of Ca2+ on I(f) in experiments on inside out patches. Rigg
et al. (2003) provided evidence that I(f) is regulated by a Ca2+-
calmodulin pathway that could at least in part result from aCa2+-
calmodulin regulation of adenylyl cyclase, and this possibility is
discussed in more detail below.

Are T-Type Ca2+ Channels Essential for
Pacemaking?

The importance of T-type Ca2+ channels for cardiac pacemaker
activity has recently been reviewed by Mesirca et al. (2014b).
The first evidence for a role for T-type Ca2+ channels during
pacemaking activity in the SA node was provided by drugs with
moderate selectivity, and it was concluded that blockade of these
channels caused a slowing but not cessation of rate (Hagiwara
et al., 1998). Huser et al. (2000) emphasized a role for T-type
channels in triggering Ca2+ sparks, though others report that
Ca2+ sparks can occur without involvement of these channels
(Vinogradova et al., 2002a). Genetic studies, particularly con-
cerning CaV3.1 which is the dominant form of T-type Ca2+

channel in the adult SA node, show that suppression of this
protein causes only modest reduction in heart rate (Mangoni
et al., 2006b). It appears from these observations that T-type
Ca2+ channels can contribute to pacemaker depolarization but
make only a modest contribution to pacemaker rate under most
conditions.
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Ca2+ Release from Intracellular Stores

Are Ca2+ sparks/LCRs Necessary for
Pacemaking?
Huser et al. (2000) first suggested a pacemaker role for Ca2+

sparks and associated NCX currents during the later stage of
the pacemaker depolarization that precedes the upstroke of the
action potential in both subsidiary pacemaker and normal pace-
maker myocytes from the cat. Extensive work from the Lakatta
laboratory on rabbit SA node cells also shows LCRs as key play-
ers in pacemaking (Vinogradova et al., 2002a,b, 2004, 2005, 2006,
2008, 2010; Vinogradova and Lakatta, 2009). Although we have
consistently argued for a role of SR Ca2+ release in pacemak-
ing (Rigg and Terrar, 1996; Rigg et al., 2000), and this could
include an important role for Ca2+ sparks/LCRs, it is interest-
ing to note that in our experiments on Ca2+ signals in guinea-
pig SAN myocytes using both linescan and Nipkow disk tech-
niques (Rakovic et al., 2001; Jackson et al., 2002) we frequently
observe cells with apparently normal spontaneous activity that
appear to lack detectable Ca2+ sparks/LCRs (although the frac-
tion of cells showing this behavior must be regarded as unpub-
lished observations). In addition, it is observed that under most
conditions ryanodine slows but does not stop pacemaker activity
and as expected this also suppresses LCRs (Vinogradova et al.,
2002a). CPA also abolishes LCRs but does not normally cause
cessation of pacemaker activity. It therefore appears that Ca2+

sparks/LCRs are not essential for pacemaker activity, though
when they occur the associated electrogenic Ca2+ extrusion via
NCX can contribute to the later stages of diastolic depolarization.

Are synchronized Spontaneous Ca2+ Releases
Associated with a Ca2+ clock Essential for
Pacemaking?
A Ca2+ clock mechanism allows for the possibility that there can
be generalized Ca2+ releases from the SR alternating with periods
of Ca2+ uptake. Although such a mechanism is normally dis-
cussed in the context of LCRs, it is not a requirement for a Ca2+

clock mechanisms to have separate local Ca2+ events since the
release of Ca2+ from the SR could be synchronized over all or a
large part of the cell when the Ca2+ within the SR reaches a criti-
cal concentration (leading to a “global” Ca2+ release event similar
to the CICR described above but arising from events/conditions
within the SR). Note that when membrane potential is clamped
at a fixed level close to the most negative potential following a
period of normal spontaneous beating it is observed that Ca2+

transients can occur with a timing and frequency which is close
to the frequency and timing that would have been adopted by
spontaneous action potentials if firing had not been interrupted
(Vinogradova et al., 2004). The spatial dimensions of these spon-
taneous releases are frequently much greater than those of LCRs,
and it seems possible that these large events arise spontaneously
as a consequence of properties of the Ca2+ release mechanism in
the SR. The timing will depend on the kinetics of Ca2+ uptake by
SERCA and the time it takes for the Ca2+ concentration within
the SR to reach a critical level for synchronous Ca2+ release. The
suggestion of the requirement to reach a critical level of Ca2+

within the SR is one way in which such a Ca2+ clock could
operate, though other timing mechanisms are possible for exam-
ple arising from the time constants of activation/de-activation of
critical proteins in the uptake-release sequence controlling Ca2+

handling by the SR. The “global” Ca2+ clock (whether arising
from the time for Ca2+ to reach a critical level or from other
kinetic properties of the uptake/release process) could provide a
driving mechanism for pacemaker activity, but may not be essen-
tial for pacemaker activity. The observation that spontaneous
pacemaker activity in the form of action potentials is slowed
but not stopped (Rigg and Terrar, 1996; Rigg et al., 2000; Bog-
danov et al., 2006) when SR function is suppressed with ryan-
odine and/or CPA shows that synchronized spontaneous Ca2+

release from the Ca2+ clock is not always essential for pacemaker
activity.

Although under most conditions, ryanodine does not stop
spontaneous activity, we have sometimes observed cessation
when we have used Ca2+ probes with high Ca2+ affinity, such
as indo-1 (perhaps associated with the additional Ca2+ buffer-
ing properties of such probes, Rigg et al., 2000). Figure 6 from
Rigg et al. is reproduced here showing the progressive devel-
opment of the effect of ryanodine with a high concentration of
isoprenaline present (Figure 3). After 4min exposure to ryan-
odine, there is oscillating electrical activity that is so small that it
must be subthreshold for the normal action potential mechanism
but which nevertheless shows a repeating activity with the same
period as the underlying Ca2+ signal (and is slightly slowed com-
pared with spontaneous action potentials recorded in the same
cell). The observed oscillations recorded during the development
of the effect are best explained by a Ca2+ clock that is driving
electrical activity presumably through NCX.

There is a very impressive body of evidence showing that the
timing of the Ca2+ clock (as judged from the frequency of spon-
taneous Ca2+ events when the membrane potential is held at a
constant membrane potential) is correlated with the timing of
the action potentials on the surface membrane recorded when
spontaneous electrical activity is allowed to occur (Vinogradova
et al., 2002a,b, 2004, 2005, 2006, 2008, 2010; Bogdanov et al.,
2006; Vinogradova and Lakatta, 2009). This has been examined
over a broad range of frequencies when the rate is either increased
by adrenoceptor agonists or decreased with muscarinic agonists,
and the correlation between membrane and Ca2+ oscillations
remains very strong throughout the range of frequencies stud-
ied. There is a parallel correlation between timing of the Ca2+

clock and the degree of phosphorylation and dephosphorylation
of functionally important proteins such as L-type Ca2+ chan-
nels and phospholamban (Vinogradova et al., 2006). Although
the correlation between the timing of the Ca2+ clock and the fre-
quency of spontaneous action potentials is impressive, this does
not establish that the relationship is always causal.

It could be argued that the timing of release and uptake of
Ca2+ by the SR needs to keep pace with events in the surface
membrane in order for a pacemaker mechanism driven primar-
ily by the surface membrane to be maintained in an efficient way,
without any disturbance that might otherwise arise from compe-
tition with these SR-dependent mechanisms. In other words, the
primarymechanism driving the timing of the SA node pacemaker
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FIGURE 3 | This figure shows the effect of ryanodine in a

pacemaker cell in the presence of the calcium probe indo-1

and isoprenaline. Although in our experience, ryanodine slows but

does not normally stop spontaneous activity, we have observed

cessation of activity after ryanodine when calcium probes are present,

particularly those with a high Ca2+ affinity, and we have attributed this

to the additional Ca2+ buffering effects of the probe (see text).

Despite these limitations, the trace is instructive in that before

cessation of activity (which occurs at a potential close to that shown

in Figure 1A and described in the text as the zero current level for

“background” conductance, see pair of traces on right) subthreshold

oscillations occur (middle pair of traces) with a period that is not

substantially different from full action potentials at an earlier stage of

ryanodine effect. These membrane potential fluctuations are mirrored

by corresponding fluctuations in the Ca2+ fluorescence signal. The

experimental traces are from Rigg et al. (2000).

could still depend on the kinetics of activation and deactivation
of membrane proteins making up the membrane clock. How-
ever, a coupled clock mechanism (Imtiaz et al., 2006, 2007, 2010;
Yaniv et al., 2011, 2013; Imtiaz, 2012; Maltsev et al., 2013, 2014) in
which both membrane and Ca2+ clocks exert mutually interde-
pendent influences also seems plausible, and perhaps more likely
under many circumstances because the systemwill functionmost
efficiently when the surface membrane and “Ca2+ clock” mech-
anisms are not competing against one another. The two clocks
would normally be synchronized, and this may be the optimal
configuration. When the Ca2+ clock does play a role, there are a
variety of ways that cytosolic Ca2+ will influence the periodicity
of the clock, including influencing the rate of uptake of Ca2+ by
SERCA and in turn the time taken to reach a critical level within
the SR. Other longer term mechanisms for Ca2+ to influence
the clock by actions on Ca2+-dependent enzymes are considered
below. However, it is clear from the discussion above, and par-
ticularly from the observation that pacemaker activity can occur
without a functional SR, that the Ca2+ clock is not essential for
spontaneous pacemaker activity supported by a membrane clock.

Do Abnormalities in Ca2+ Handling by the SR
Influence Pacemaker Rate?
If the Ca2+ handling properties of the SR can provide an impor-
tant timing mechanism that under some conditions drives the
generation of action potentials in the SA node, it might be spec-
ulated that defects in the function of the SR could lead to rhythm
abnormalities.

An abnormality concerning ryanodine receptor Ca2+ release
channels in the SR membrane supports such a possibility (Neco
et al., 2012). This was studied in mice carrying the catecholamin-
ergic polymorphic ventricular tachycardia–linked mutation of
ryanodine receptor (RyR2R4496C ). The SAN region was studied
using confocal microscopy and the Ca2+ probe fluo-4 at room
temperature. The SAN from RyR2R4496C mice showed slowed
pacemaker activity and reduced response to catecholamines as

compared to myocytes from WT. There were also frequent
pauses in the generation of spontaneous action potentials,
while the overall frequency of Ca2+ sparks/LCRs was increased.
Experiments were also carried in SAN preparations loaded with
rhod-2 to measure Ca2+ and di-4-ANEPPS to measure mem-
brane potential. Pauses interspersed with trains of spontaneous
events were observed for both the Ca2+ and voltage signals.
The pauses were associated with unusually high cytosolic Ca2+

concentrations, and it was suggested that the pauses may have
resulted from inactivation of the L-type Ca2+ channels.

A recent paper from the Federov laboratory (Glukhov et al.,
2015) also shows that pacemaker activity is altered when Ca2+

handling is modified in mice lacking the SR protein calsequestrin
(Casq2−/−). These mice showed bradycardia and beat to beat
heart rate variability. SAN myocytes isolated from Casq2−/−

mice showed an unstable rate with frequent pauses between
“trains” of action potentials and the abnormal behavior was asso-
ciated with abnormal Ca2+ release from the SR. In particular
the pauses were accompanied by elevated levels of diastolic Ca2+

concentration (Glukhov et al., 2015). The effects of calsequestrin
lack are complex reflecting the central role of calsequestrin not
just as a Ca2+ buffer, but as a protein that together with junc-
tion and triadin, appears to regulate Ca2+ release via ryanodine
receptor releases channels in the SR membrane. The responses
to isoprenaline were also abnormal for both the chronotropic
effect in whole animals and for the change in rate in isolated
SAN myocytes. The authors proposed that “the observed pauses
in between rhythmic Ca2+ transients in Casq2−/− SAN cells are
caused by excessive diastolic SR Ca2+ release in turn resulting
in (i) inhibition of the SAN upstroke ICaL current from partially
inactivated L-type Ca2+ channels, and/or (ii) decrease in the SR
Ca2+ content below a threshold level required for the generation
of spontaneous SR Ca2+ releases.”

Another important point in this context is a possible parallel
between a Ca2+ clock in pacemaker tissue and ventricular
arrhythmias in which Ca2+ release from the SR is proposed
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to occur when the Ca2+ concentration within the SR reaches
a specific level detected by a “calcium sensing gate” of the
ryanodine receptor (RyR2). This “store overload-induced Ca2+

release” (SOICR) is modified in ventricular myocytes when a
point mutation is introduced in the proposed calcium sensing
gate (Chen et al., 2014) [and see (Sitsapesan and Williams, 1994,
1997) for evidence concerning the regulation of RyR2 gating by
SR luminal Ca2+]. Carvedilol and a structural analog which lacks
ability to block β-adrenoceptors both block SOICR (Zhou et al.,
2011; Maruyama et al., 2013). The possible similarity between
a pacemaker Ca2+ clock and SOICR has received support from
another paper involving the same authors in experiments show-
ing that the carvedilol analog and ryanodine both reduced spon-
taneous rate and also reduced the positive chronotropic effect of
isoprenaline (Shinohara et al., 2014).

Taken together, the observations above show very clearly that
pacemaker activity is disrupted when Ca2+ handling by the SR is
abnormal and demonstrate that at least under some conditions
the SR can play a central role.

Ca2+-dependent Enzymes

Most of the pacemaker mechanisms described above play a
role over times of seconds or less. However, there are impor-
tant effects of Ca2+ that may take much longer to take effect,
including activation of a variety of Ca2+ dependent enzymes.

CaMKII
An important Ca2+-dependent enzyme for which there is very
convincing evidence concerning a role during pacemaking is
CaMKII. Evidence using selective drugs supports an important
role for CaMKII in maintaining and regulating pacemaker activ-
ity in the rabbit SA node (Vinogradova et al., 2000). It was
emphasized that CaMKII has properties to function as a “fre-
quency detector” and is therefore well suited to the regulation
of pacemaker activity. The CaMKII inhibitor KN93 (but not the
inactive analog KN92) substantially slowed or even stopped pace-
maker activity. Similar observations were made using the peptide
inhibitor AIP. The protein targets for CaMKII activated by Ca2+

were shown to include L-type Ca2+ channels. Phospholamban
regulating the uptake of Ca2+ into the SR is another impor-
tant target. Observations concerning the effects of KN93, KN92,
and autocamtide inhibitor peptide (AIP) on spontaneous action
potentials in guinea pig SAN myocytes (Xie et al., 2015) were
broadly similar to those in the rabbit.

Genetic approaches also provide evidence for the influence
of CaMKII on pacemaking at least under stress conditions. One
interesting approach is to overexpress an inhibitor peptide for
CaMKII (Vinogradova et al., 2000; Chen et al., 2009; Wu et al.,
2009; Gao et al., 2011). A “control” is also provided by over-
expression of a modified inhibitor protein that lacks ability to
suppress CaMKII. In these experiments overexpression of the
peptide inhibitor for CaMKII in mouse had little or no effect
on resting heart rate (for experiments in vivo, in isolated Lan-
gendorff perfused hearts and in isolated SA node myocytes),
but suppression of CaMKII activity by the peptide did cause
a substantial reduction of the positive chronotropic response

to isoprenaline. The responses that were reduced by inhibi-
tion of CaMKII included the amount of Ca2+ loaded in to the
SR, the frequency of Ca2+ sparks/LCRs and the slope of the
diastolic potential. However, interestingly the enhancement of
L-type Ca2+ current amplitude by isoprenaline was maintained
when CaMKII activity was suppressed by the inhibitor pep-
tide. Another mouse model also showed little or no effect of
CaMKII knockout on resting rate (Wu et al., 2009) but the pos-
itive chronotropic response to isoprenaline was again reduced
(and indeed even a slowing of heart rate was seen in the CaMKII
KO mice exposed to isoprenaline). These observations support a
role for CaMKII in making a major contribution to the “fight or
flight” mechanisms in which pacemaker activity is speeded up by
adrenoceptor mediated cell signaling. It is clear that CaMKII is
a Ca2+ stimulated enzyme that can influence pacemaker activity,
even if the role of this enzyme under resting conditions remains
to be fully established. The importance of CaMKII for pacemaker
activity in the SA node has been recently reviewed (Wu and
Anderson, 2014).

Adenylyl Cyclases including AC1 and AC8
There are important differences between ventricular myocytes
and those in the atria and SA node in terms of the subtypes of
adenylyl cyclases, and of the basal activity of these enzymes. In
particular it has been shown that actions of ACh at rest in the
atria are consistent with inhibition of ongoing basal activity of
ACs, while in the ventricle inhibitory actions of ACh are readily
detected when adenylyl cyclases are stimulated by aderenoceptor
activation but not in the absence of this stimulation (Fischmeis-
ter and Hartzell, 1986; Hescheler et al., 1986; Fischmeister and
Shrier, 1989; Petit-Jacques et al., 1993). One possibility in the con-
text of the importance of Ca2+ for pacemaking mechanisms is
the possibility that Ca2+-sensitive adenylyl cyclases are preferen-
tially expressed in the atria and SA node as compared with the
ventricle. Evidence that I(f) is regulated by a Ca2+-calmodulin
dependent mechanism that is not CaMKII was presented by Rigg
et al. (2003) who also speculated that Ca2+ regulated adeny-
lyl cyclase could provide such a mechanism. Application of the
Ca2+ chelator BAPTA reduced I(f) as did calmodulin inhibitors
includingW7. AlthoughW7 is known to have non-specific effects
(Chatelier et al., 2005), these seem unlikely to be solely respon-
sible for the observations since effects of BAPTA on I(f) were
no longer seen in the presence of W7. More direct evidence for
the presence of Ca2+-stimulated adenylyl cyclases was presented
by Mattick et al. (2007). The Ca2+-stimulated adenylyl cyclase
AC1 was shown to be expressed in the SAN by RT-PCR meth-
ods to detect mRNA as well as by immunoblotting with a specific
antibody. Confocal microscopy also showed staining with the
specific antibody in SAN myocytes. In addition to AC1, another
Ca2+-stimulated adenylyl cyclase AC8, was detected by immuno-
cytochemistry in the SAN myocytes. Functional evidence using
BAPTA and selective inhibitors was also presented to show the
importance of this pathway for regulating I(f) although it was
also pointed out that such a pathway might well have additional
effects via PKA and phosphorylation of additional protein targets.
Younes et al. (2008) provided further evidence using RT-PCR for
the presence of Ca2+-stimulated AC1 and AC8, in addition to
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AC types 2, 5, and 6 in SAN myocytes. These experiments also
demonstrated the functional importance of the high basal activity
of adenylyl cyclase in SA node myocytes for the regulation of a
variety of proteins phosphorylated by PKA.

In addition, Kryukova et al. (2012) carried out experiments in
which AC1 or AC6 were co-expressed with HCN2 in neonatal
rat ventricular myocytes that lack normally AC1, and concluded
from their observations that AC1 could play an important Ca2+-
dependent role in regulating HCN2.

The importance of the Ca2+ stimulated adenylyl cyclases
(AC1 and/or AC8) for the regulation of L-type Ca2+ currents
has recently been demonstrated in atrial myocytes, and the
observations may have relevance to SAN function (Collins and
Terrar, 2012). In these experiments on atrial myocytes it was
observed that buffering of cytosolic Ca2+ with BAPTA reduced
Ca2+ current amplitude, as did inhibition of Ca2+ release from
the SR using ryanodine and thapsigargin. Interestingly, the effects
of BAPTA were prevented by inclusion of cAMP in the patch
pipette. The observations are therefore consistent with a role
for Ca2+ (including those released from the SR) in stimulating
adenylyl cyclases and regulating the magnitude of L-type Ca2+

currents. It is speculated that similar mechanisms may operate in
the SA node.

A variety of other Ca2+ dependent enzymes have the potential
to influence pacemaker activity but have not yet been studied
in detail. These include phophodiesterases, phosphatases and
P21-activated kinase (PAK) enzymes that regulate phosphatases
(Ke et al., 2007; Chen et al., 2014; Wang et al., 2014). There may
also be effects of Ca2+ on NO synthase(s) in SANmyocytes since
evidence supports actions of NO donors on pacemaker function
(e.g., Han et al., 1995; Yoo et al., 1998; Musialek et al., 2000).

Ca2+ Regulation of K+ Channels

The importance of voltage-gated potassium channels, not only
for repolarization of the action potential but also as a contributor
to pacemaker depolarization as a consequence of time-dependent
de-activation, was emphasized at the start of this review (and see
Clark et al., 2004). Evidence that the contribution of potassium
channels is subject to regulation by cytosolic Ca2+ was provided
by Zaza et al. (1997) using the “action potential” clamp meth-
ods in rabbit SA node mentioned above in relation to I(f). Zaza
et al. (1997) concluded that Ca2+ influx during the pacemaker
cycle also increases a potassium conductance. This potassium
conductance could arise from a single channel component or
multiple components.

Xie et al. (2015) have recently presented evidence that the
slow component of the delayed rectifier current (IKs) is regulated
by a Ca2+-dependent process thought to be CaMKII in guinea-
pig SA node. This current was found to be decreased when the
cytosolic Ca2+ concentration was reduced from 10−7 to 10−10M
(buffered by EGTA in a ruptured patch conditions). When the
cytosolic Ca2+ concentration was maintained at 10−7 M, addi-
tion of calmodulin via the patch pipette increased the current.
Inhibitors of CaMKII (autocamtide-2 inhibitor peptide and the
less selective KN-93) substantially reduced the current, while in
the presence of KN-93 there was no effect of calmodulin addition.
Taken together these observations provide convincing evidence

that IKs is modulated by cytosolic Ca2+ and that CaMKII plays
an important role in this modulation.

Might other channel components be involved? The action
potential clamp experiments of Zaza et al. mentioned above were
carried out in rabbit SA node, and in this species the rapidly acti-
vating IKr is thought to provide the major voltage-gated potas-
sium current pathway (Verheijck et al., 1995; Lei and Brown,
1996). Although under the conditions of the action potential
clamp experiments, a Ca2+ dependence of IKr was not detected,
applications of nifedipine to block Ca2+ entry may have been too
brief (less than 10s in Figure 2 of Zaza et al., 1997 while the full
effect of Ca2+ on an enzyme pathway might take a period of min-
utes to develop). More evidence against Ca2+ regulation of IKr
is provided by Wu and Anderson (2014). However, it has been
shown that IKr in guinea pig ventricular cells can be influenced by
cytosolic Ca2+ (Heath and Terrar, 2000) in a complex pathway
perhaps involving PKC that depends on Ca2+ entry via L-type
Ca2+ channels leading changes in the amplitude and rectifica-
tion/inactivation of the channel. It therefore seems premature to
exclude an effect of Ca2+ on IKr in SA node at this stage.

An interesting additional point in the debate on Ca2+ regu-
lation of potassium conductance in the SA node concerns the
possible contribution of the Ca2+ activated potassium channel
BK (Imlach et al., 2010; Lai et al., 2014) and SK (Chen et al., 2013).

Are there Effects of the SR that are
Independent of the Ca2+ Clock
Mechanism?

As was mentioned above, membrane and Ca2+ clocks might
normally be synchronized, and consequently CICR could occur
at (or very close to) a time when “global” spontaneous Ca2+

release would also have occurred. However, it is also possible that
CICR can, and perhaps often does, occur without the accompa-
niment of spontaneous Ca2+ release. In this case Ca2+ released
by CICR from the SR would be expected to drive a significant
component of NCX that is independent of the Ca2+ clock.

Ca2+ released from the SR by CICR that is independent of
the Ca2+ clock could also drive Ca2+-dependent enzymes. These
include CaMKII, AC1 and AC8 as described above. A role for
SR-released Ca2+ (sensitive to ryanodine and thapsigargin) lead-
ing to increased L-type Ca2+ currents by a mechanism involving
Ca2+-stimulated adenylyl cyclases was recently demonstrated in
atrial myocytes (Collins and Terrar, 2012), and it seems very
likely that a similar mechanism operates to control pacemaker
activity in SAN myocytes. Such a Ca2+-induced stimulation
of adenylyl cyclases that is at least partly dependent on Ca2+

released from the SR by CICR could also contribute to stimula-
tion of I(f) (by elevation of cAMP) and other ion channels such as
I(st) and voltage-gated potassium channels (regulated by PKA).

What are the Functions of L-type Ca2+

Channels Associated with SAN Action
Potentials?

Voltage-gated L-type Ca2+ channels are a major component of
the membrane oscillator providing explosive positive feedback
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for the upstroke of the action potential which in turn initiates
repolarization as a consequence of activation of voltage-gated K+

channels. The positive feedback for activation of L-type Ca2+

channels underlies the fast upstroke and rapid spread of the
action potential that synchronizes Ca2+ entry and CICR across
the cell. The Ca2+ entry via L-type Ca2+ channels is a major
determinant of the degree of Ca2+ loading of the SR. The action
potential signal is essential for conduction of the pacemaker
activity to neighboring myocytes. In addition, it appears that cur-
rent through CaV1.3 channels can contribute to the late stage of
diastolic depolarization (Zhang et al., 2002; Mangoni et al., 2003,
2006a; Christel et al., 2012). It is also important to note that Ca2+

ions entering the cell via L-type Ca2+ channels, at any stage dur-
ing the cardiac cycle but particularly during the rapid upstroke,
will drive NCX and cause the extensive secondary effects dis-
cussed elsewhere in this review, including enhancement of the
activities of PKA and CaMKII (see later).

Application of Ca2+ Chelators to Reduce
Cytosolic Ca2+ to 10nM or Less

At the present time, it is probably only possible to investigate
the effects of Ca2+ chelators in single cells, since in multicel-
lular preparations it is difficult to be sure that uptake of Ca2+

chelator is complete. It is recognized that isolatedmyocytesmight
behave differently from those in the intact myocardium for a vari-
ety of reasons including different mechanical influences, lack of
paracrine influences from neighboring cells and lack of electrical
connections to adjacent myocytes.

In the case of isolated myocytes, Zaza et al. (1997) reported
that “under buffering of intracellular Ca2+ (ruptured patch,
10mM intracellular EGTA), spontaneous activity became unsta-
ble and ceased in the majority of cells several minutes after
achieving the whole-cell configuration.” Another approach to
apply the Ca2+ chelator is to expose the cells to the acetoxymethyl
(AM) ester of the Ca2+ chelator applied in the extracellular
solution. The membrane permeant ester enters the cell and the
active chelator is liberated following the action of esterases in
the cytosol. Application of EGTA-AM or BAPTA-AM in this way
causes cessation of beating (e.g., Sanders et al., 2006), although
it is possible that unspecific effects such as blockade of IKrcould
contribute to these actions (Tang et al., 2007). Loading of SAN
myocytes with AM esters of Ca2+ probes such as indo-1 can also
lead to cessation of activity, and it was suggested that this could
arise from Ca2+ chelation by the probe (Rigg et al., 2000). One
important exception concerning effects of BAPTA on pacemaker
activity is the paper by Himeno et al. (2011) showing that pace-
maker activity in the form of action potentials can continue while
contraction of the cells is suppressed by application of cytosolic
BAPTA. However, these authors also noted that “action poten-
tial generation became irregular or stopped completely ∼5min
after the application of BAPTA in our experiments.” What is the
significance of the observations very soon after breakthrough? In
support of their contention that buffering is effective even 20 s
after breakthrough the authors show a prolongation of action
potentials (thought to arise from slowing of inactivation of Ca2+

currents) that would be consistent with the chelating effects of
BAPTA.Maltsev et al. (Maltsev et al., 2011; Yaniv et al., 2011) have
challenged the significance of these observations with the sug-
gestion that breakthrough from perforated patch to “whole” cell
patch weakens the “seal” around the electrode noting that such
a weakened seal could allow a “leakage” current that could sub-
stitute for a physiological current that is blocked by BAPTA. In
other words theymaintain that spontaneous activity can continue
with little change after chelation of BAPTA since leakage current
via a weakened “seal” around the patch pipette can replace the
depolarizing influence that would normally be supplied by NCX
(or any other Ca2+-sensitive “background” current that occurs
when Ca2+ is maintained at a physiological level). In support
of this suggestion they note that in Figure 5 of Himeno et al.
there is an upward deflection on the contraction trace following
breakthrough that would be consistent with a small developing
contraction associated with entry of Ca2+ from the extracellu-
lar solution via the leaky seal into the cytosol. Contribution of
leakage current around a seal in sustaining pacemaker activity
has been considered by other authors, and can make an impor-
tant contribution under some conditions (Denyer and Brown,
1990), though these authors concluded from observations com-
paring the effects of Cs+ under perforated patch conditions and
in unpatched cells that the effects of the leakage current can be
negligibly small if the seal is sufficiently robust.

This point is addressed in another paper in this issue of Fron-
tiers in Physiology (Capel and Terrar, 2015). It is reported that
under the conditions of these experiments, rupture of the mem-
brane beneath a patch pipette to apply BAPTA to the cytosol
can cause rapid cessation of activity. When conventional whole-
cell patch recording was used with 10mM BAPTA in the patch
pipette solution, this cessation of spontaneous activity was almost
immediate (less than 10 s). When the same rupture of the mem-
brane beneath the pipette was made without BAPTA present
the spontaneous activity appeared not to be reduced through-
out the period of recording (approximately 3min). When action
potentials were first recorded with permeabilised patch (with
amphotericin in the pipette to approximate the conditions of
Himeno et al.) followed by rupture of the patch membrane,
the disruption of spontaneous activity after cytosolic applica-
tion of 10mM BAPTA was still clearly observed but slower to
develop (perhaps because of effects of amphotericin or its sol-
vent). The speed of disruption depended on the concentration
of BAPTA, progressively decreasing over the range 10, 1, and
0.1mM BAPTA.

The many effects of Ca2+ on the mechanisms underlying
pacemaker activity and the time windows within which they are
thought to act are summarized in Figure 4.

Catecholamines and Sympathetic Nerve
Stimulation

Evidence concerning the mechanisms underlying the positive
chronotropic actions of isoprenaline have been recently dis-
cussed with particular reference to computer models of pace-
maker activity (Zhang et al., 2012). In the context of the review
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FIGURE 4 | This figure summarizes the many disparate roles for

Ca2+ in controlling the activity of proteins that determine

pacemaker activity. Question marks represent cases in which there is

currently limited evidence, and references to support the actions shown

can be found in the main text. The entries are color coded to give an

approximate indication concerning time taken for changes in cytosolic

Ca2+ to take effect. The figure concentrates on the effects of cytosolic

Ca2+, though it will be the case that Ca2+ within the SR will have

additional effects, for example through calsequestrin or RyR2 (either via

a possible Ca2+ sensor within the RyR structure, or through inactivation

of RyRs that might be influenced by SR Ca2+). Also omitted are the

possible roles of NO produced via Ca2+-stimulated nNOS and eNOS.

Small molecules controlling Ca2+ signaling (e.g., IP3, see Ju et al.,

2011) are also not included.

presented here, the focus will be on the importance of the
many Ca2+-dependent mechanisms that are enhanced during
β-adrenoceptor function. The importance of the SR in contribut-
ing to the positive chronotropic actions of isoprenaline was first
demonstrated by Rigg et al. (2000) in experiments on both intact
SA node and isolated SAN myocytes. After exposure to ryan-
odine, the log(concentration)-response curve for the effects of
isoprenaline on intact node was depressed with a reduced slope
and maximum effect.

Often effects of isoprenaline (isoproterenol) acting on
β-adrenoceptors and of sympathetic nerve stimulation are treated
as equivalent, although some have argued that this is over-
simplistic (Bramich et al., 1993; Choate et al., 1993; Bramich
and Cousins, 1999). There seems justification in this point of
view, though a detailed discussion is beyond the scope of this
review except to point out that the effects of nerve released nora-
drenaline on α and β adrenoceptors, as well as the effects of co-
transmitters such as ATP and peptides (e.g., Herring, 2014) might
have additional effects on Ca2+-dependent pathways.

A major effect of β-adrenoceptor stimulation by isoprenaline
is to increase Ca2+ currents. Many authors agree that this effect
is a major factor in the positive chronotropic effect (Brown et al.,
1975; Zhang et al., 2012), and an interesting possibility is that
there may be important effects of β-adrenoceptor stimulation to
increase current through CaV1.3 channels that appear to con-
tribute to the later stages of diastolic depolarization (Zhang et al.,
2002;Mangoni et al., 2003, 2006a). However, asmentioned above,
the effects of β-adrenoceptor stimulation cannot result from the
direct effects on the upstroke of the action potential alone as a
consequence of increased L-type Ca2+ currents. This is because
the upstroke makes up only about 10% or less of the cardiac cycle,
and so even if the upstroke became infinitely fast (in other words
effectively vertical), the pacemaker period would only be reduced
to 90% of the value before the increase in Ca2+ current (or a
rate increase of 1/0.9 giving close to a 10% increase in rate). The
increase in upstroke velocity would still be functionally useful in
increasing the rate of conduction of the pacemaker message in
the form of the action potential to surrounding tissue. However,
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in terms of the rate change it seems very likely that an important
aspect of the β-adrenoceptor mediated increase in Ca2+ current
is to increase entry of Ca2+ which in turn influences many of the
Ca2+-stimulated processes that have been described above.

The most obvious of these is NCX. Broadly if Ca2+ entry were
to double, the cell would need, in the steady state, to remove twice
asmuchCa2+ and if themajormechanism for achieving this were
NCX in its normal 3:1 mode then NCX would also double (and
the total charge moved by NCX would remain approximately
half that of the total Ca2+ entry through channels). Although
this seems very likely to be the case, one additional point con-
cerns another effect of β-adrenoceptor stimulation via cAMP and
PKA. This is phosphorylation of phospholamban which will lead
to increased Ca2+ uptake by SERCA into the SR. This might lead
to a greater fraction of the Ca2+ to be taken up by the SR (or
at least a greater rate of uptake into the SR depending on how
quickly the Ca2+ is released), but in the steady state increased
Ca2+ entry through the surface membrane must be accompanied
by increased extrusion. In terms of the Ca2+ clock, the kinetics
of Ca2+ uptake are expected to have a profound effect, and this
might be one factor underlying the reduced effect of isoprenaline
after ryanodine (Rigg et al., 2000), though other factorsmight also
contribute as discussed below.

Consistent with the above suggestions of increased Ca2+ tran-
sients in single SAN myocytes, Rigg et al. (2000) recorded sub-
stantial increases in the amplitude as well as decay of Ca2+ tran-
sients recorded with the Ca2+ probe indo-1 in the presence of
isoprenaline (see Figure 5). The effects of autonomic transmitters
on Ca2+ transients and action potentials in single SAN myocytes
have also been reported by Vinogradova et al. (2002a) and van
Borren et al. (2010).

The additional Ca2+ both entering through L-type channels,
and released from the SR (in individual releases and even more
as a time average over many beats) could drive many Ca2+-
dependent processes, such as Ca2+-stimulated enzymes and these
are expected to contribute to the positive chronotropic effect. The
Ca2+-stimulated enzymes include CaMKII as discussed by Wu
and Anderson (2014), as well as the Ca2+-stimulated adenylyl
cyclases, AC1 and AC8. As discussed above, Ca2+-activation of

these enzymes is expected to increase I(f), I(st), IKs, IKr and
possibly NCX, as well as ICaL.

ACh and Parasympathetic Nerve
Stimulation

Effects of acetylcholine include both inhibition of adenylyl cyclase
and opening of IKACh channels. The effects on I KACh channels are
blocked by tertiapin Q. During parasympathetic nerve stimula-
tion there is a rapid phase of slowing that is sensitive to tertiapin
Q and therefore IKACh (Bolter and Turner, 2009). The additional
effects of ACh to inhibit adenylyl cyclase are in many respects the
opposite of β-adrenoceptor stimulation discussed above. Conse-
quently the inhibition of L-type Ca2+ current will again be very
important, not so much for direct effect on the rate of rise of
the action potential, but for the consequences of reduced Ca2+

entry on the many Ca2+-dependent processes discussed above.
In the context of Ca2+-dependent mechanisms and in particular
the Ca2+ clock Lyashkov et al. (2009) show that ACh reduced the
number and size of LCRs, and these effects were correlated with
the reduction in beating rate. ACh also reduced cAMP levels and
the log(concentration)-response curves for reduction in rate and
inhibition of phosphorylation of phospholamban were very sim-
ilar. The authors conclude that there is a tight coupling between
suppression of PKA-dependent Ca2+ signaling, IKACh activation
and reduction of spontaneous rate. van Borren et al. (2010) also
investigate the effects of ACh on Ca2+ transient, cAMP produc-
tion and pacemaker frequency. They found that when I(f) was
inhibited by 2mM Cs+, and IKACh was inhibited by tertiapin Q,
1µM ACh was still able to reduce pacemaker frequency by 72%.
Under these conditions, there was a good correlation between the
reduction in beating rate and the amplitude of the Ca2+ tran-
sient. In addition ryanodine and exposure to BAPTA-AM both
facilitated ACh mediated slowing. They also showed that inhi-
bition of the Ca2+ transient by ryanodine (3µM) or BAPTA-
AM (25µM) exaggerated the ACh-mediated inhibition of cAMP
content, consistent with the proposal that Ca2+ affects cAMP
production in SAN cells. There may be additional effects of ACh

FIGURE 5 | This figure shows the Ca2+ transient reported by indo-1

(fluorescence ratio with emission at 405 and 485nm) accompanying

spontaneous action potentials in the same cell in the presence and

absence of isoprenaline. It can be seen that the increase in rate of

occurrence of spontaneous action potentials caused by isoprenaline was

accompanied by an increased amplitude of the Ca2+ transient, an increased

rate of rise of the Ca2+ transient and an increased rate of decay of the

transient. The same limitations outlined in Figure 2 apply here concerning a

possible lag in the response of the Ca2+ probe to a rise in Ca2+ and

possible slowing of the time course (though clearly any such delays do not

prevent the detection of the speedier decay of the Ca2+ transient in the

presence of isoprenaline). The experimental traces are from Rigg et al. (2000).
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on phosphodiesterases (e.g., Han et al., 1995, for a review of PDE
subtypes in SAN see Hua et al., 2012) and phosphatases (Ke et al.,
2007).

Summary

The above discussion leads to the view that pacemaker activ-
ity in the heart normally requires L-type Ca2+ channels and at
least one type of voltage-gated potassium channel, while the evi-
dence seems to support the hypothesis that NCX is also essen-
tial whether or not it plays a role in determining the poorly
understood “background” conductance pathway. The influence
of this background conductance pathway allows de-activation of
K+ channels to cause depolarization toward the threshold for
voltage-gated Ca2+ channels, and future identification of this
pathway will be important for our understanding of pacemaker
mechanisms. Pacemaker depolarization is enhanced by activa-
tion of I(f). The idea that the I(f) pathway is essential for pace-
maker depolarization cannot be completely excluded because of
the uncertainties concerning whether the pathway is totally sup-
pressed in experiments using drug blockade or techniques of
genetic modification, but it seems likely that I(f) is more an
important modulator than an essential component of the tim-
ing mechanism. Ca2+ sparks/LCRs can sometimes contribute
to the later stages of pacemaker depolarization preceding the
action potential but are not essential for pacemaking. However,
“global” properties of Ca2+ uptake and release by the SR across
the whole myocyte (or at least a substantial fraction of the SR)
can give rise to a “Ca2+ clock” (as a consequence of the SR
filling with Ca2+ to a critical level or from other kinetic prop-
erties of the proteins involved in uptake and release of Ca2+).

The “Ca2+ clock” arising in this way frequently plays a mod-
ulatory rather than essential role, though there may be condi-
tions in which it is absolutely necessary to re-initiate sponta-
neous activity if this were to stop. This would mean that Ca2+

released from the SR and driving electrogenic NCX may be
essential to re-start spontaneous activity under particular con-
ditions. Although a Ca2+ clock is not essential for pacemaker
activity, it seems probable that under normal conditions there
will be a cooperative interaction between membrane and Ca2+

clocks that has been referred to as a coupled clock mechanism.
Under pathological conditions when the Ca2+ clock is not syn-
chronized with the membrane clock the Ca2+ clock can lead
to disturbed pacemaker rhythms. In normal physiology, Ca2+

is thought to drive a depolarizing influence of NCX through-
out the cardiac cycle, including during the most negative poten-
tial of the pacemaker myocytes, at least under most conditions
when the cytosolic Ca2+ concentration remains substantially
higher than 100 nM. Ca2+ also plays important roles in main-
taining and regulating pacemaker activity by activating a variety
of Ca2+-dependent enzymes including CaMKII, AC1, and AC8.
Ca2+ seems to exert a direct or indirect influence on most if
not all of the proteins providing ionic pathways in the surface
membrane.
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Atrial fibrillation (AF) is a significant contributor to cardiovascular morbidity and mortality.

The currently available treatments are limited and AF continues to be a major clinical

challenge. Clinical studies have shown that AF is frequently associated with dysfunction

in the sino-atrial node (SAN). The association between AF and SAN dysfunction is

probably related to the communication between the SAN and the surrounding atrial

cells that form the SAN-atrial pacemaker complex and/or pathological processes that

affect both the SAN and atrial simultaneously. Recent evidence suggests that Ca2+

entry through TRPC3 (Transient Receptor Potential Canonical-3) channels may underlie

several pathophysiological conditions -including cardiac arrhythmias. However, it is still

not known if atrial and sinoatrial node cells are also involved. In this article we will first

briefly review TRPC3 and IP3R signaling that relate to store/receptor-operated Ca2+

entry (SOCE/ROCE) mechanisms and cardiac arrhythmias. We will then present some

of our recent research progress in this field. Our experiments results suggest that

pacing-induced AF in angiotensin II (Ang II) treated mice are significantly reduced in mice

lacking the TRPC3 gene (TRPC3−/− mice) compared to wild type controls. We also show

that pacemaker cells express TRPC3 and several other molecular components related

to SOCE/ROCE signaling, including STIM1 and IP3R. Activation of G-protein coupled

receptors (GPCRs) signaling that is able to modulate SOCE/ROCE and Ang II induced

Ca2+ homeostasis changes in sinoatrial complex being linked to TRPC3. The results

provide new evidence that TRPC3 may play a role in sinoatrial and atrial arrhythmias that

are caused by GPCRs activation.

Keywords: TRPC3, receptor-operated Ca2+ entry, store-operated Ca2+ entry, arrhythmias, sinoatrial node

Introduction

The Role of Intracellular ca2+ in Sinoatrial Arrhythmias
In the normal heart, pacemaker cells in the sinoatrial node (SAN) generate spontaneous mem-
brane depolarizations that trigger action potentials, which then propagate through the conduction
system to initiate atrial and ventricular cell depolarization and contraction. In contrast to normal
pacemaker activity, abnormal arrhythmogenic electrical activity can arise in ectopic sites due to
impulse re-entry or abnormal spontaneous membrane depolarizations (Nattel, 2002).

SAN and the surrounding atria form the SAN-Atrial pacemaker complex, which can provide
substrates for re-entrant activity that can lead to AF (Sanders et al., 2004; Fedorov et al., 2010).

26

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://dx.doi.org/10.3389/fphys.2015.00086
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:yue-kun.ju@sydney.edu.au
mailto:david.allen@sydney.edu.au
mailto:mark.cannell@bristol.ac.uk
http://dx.doi.org/10.3389/fphys.2015.00086
http://www.frontiersin.org/journal/10.3389/fphys.2015.00086/abstract
http://community.frontiersin.org/people/u/149281
http://community.frontiersin.org/people/u/74753
http://community.frontiersin.org/people/u/46956
http://community.frontiersin.org/people/u/45366


Ju et al. TRPC3 and sinoatrial arrhythmias

Dysfunction of pacemaker ion channels, including altered HCN4
channels, are associated with familial tachycardia-bradycardia
syndrome and atrial fibrillation (Duhme et al., 2013). While it
is clear that cardiac arrhythmias, including SAN dysfunction
and atrial fibrillation (AF), are multifactorial there is increasing
experimental evidence for abnormal Ca2+ handling being a key
factor (Dobrev and Nattel, 2008; Yeh et al., 2008) and is the focus
of this paper.

The most prominent Ca2+-dependent ionic current during
pacemaker activity is the Na/Ca exchange (NCX) current which
not only contributes to pacemaker current(s) but may also pro-
duce arrhythmogenic electrical activity (Sipido et al., 2006) which
is related to abnormalities in Ca2+ handling leading to abnor-
mal NCX currents (Hove-Madsen et al., 2004; Vest et al., 2005).
Spontaneous Ca2+ release events or “leak” via the ryanodine
receptor (RyR), the major cardiac SR Ca2+ release channel, will
produce depolarizing NCX current and contribute spontaneous
membrane depolarization(s) to feed the genesis of AF (for review
see Greiser et al., 2011; Wakili et al., 2011). In addition, AF
has also been linked to Ca2+ release via a second class of SR
Ca2+ release channel, inositol 1,4,5-trisphosphate receptor fam-
ily (IP3Rs) (Woodcock et al., 2000; Mackenzie et al., 2002; Li
et al., 2005; Berridge, 2009). Activation of IP3Rs by IP3 is linked
to the activation of G-protein coupled receptors (GPCRs) and
the phospholipase C (PLC)-IP3 signaling pathway (see Figure 1).
Activation of GPCRs by agonists such as angiotensin II (Ang II)
or endothelin-1 (ET-1) can cause SAN dysfunction (Neef et al.,
2010) and AF (Woodcock et al., 2000; Mackenzie et al., 2002; Li
et al., 2005).

FIGURE 1 | Signaling pathways involved in the activation of TRPC3.

The G-protein coupled receptor (GPCRs) activates phospholiase C (PLC),

resulting in generation of IP3 and diacylglycerol (DAG). IP3 activates its

receptor that leads to Ca2+ release from SR/ER and the depletion of

SR/ER Ca2+ store. The Ca2+ content change in the store can be

sensed by STIM1, the ER Ca2+ sensor and cause store-operated Ca2+

entry (SOCE) through TRPC3 channels. An additional or alternate

possibility is that DAG can directly activate TRPC3, and produce

receptor-operated Ca2+ entry (ROCE). GPCRs, G-protein coupled

receptors; IP3R, inositol 1,4,5-trisphosphate receptors; PLC,

Phospholipase C; ROCE, Receptor–operated Ca2+ entry; SOCE,

store-operated Ca2+ entry; SR/ER, sarco- endo-plasmic reticulum;

STIM1, stromal interacting molecule 1; TRPC3,4,6 canonical transient

receptor potential channel types 3,4,6; NCX Na/Ca exchange.

Previously, we reported that in mouse SAN, there is a sub-
stantial sarcolemmal Ca2+ influx upon SR Ca2+ store depletion, a
phenomenon known as “store-operated Ca2+ entry” (SOCE) (Ju
et al., 2007; Ju and Allen, 2007). We also showed that type II IP3R
are functionally expressed and affect Ca2+ handling and pace-
maker activity in the mouse SAN and whose activation would
lead to store depletion (Ju et al., 2011, 2012). The linkage between
IP3R activation and SOCE has proven elusive, but a potential
candidate, was found in HEK 293 cells expressing the Transient
Receptor Potential Canonical-3 (TRPC3) channel (see below)
(Kiselyov et al., 1998).

TRPC3, SOCE/ROCE, and STIM1
Studies on the transient receptor potential (TRP) gene from
Drosophila showed that it encodes a PLC-activated Ca2+ per-
meable channel. Subsequently, seven homologs of TRP chan-
nels have been identified in mammals, termed TRPC1 to TRPC7
(Montell et al., 2002). TRPCs are thought to be strong candidates
for the elusive SOCE pathway (for review see Salido et al., 2009).
We have found that the SAN expresses all TRPC subtypes except
TRPC5 (Ju et al., 2007). Among them, TRPC3 was the only sub-
type located in the surface membrane of pacemaker cells, making
this isoform the strongest candidate for the SOCE channel in
SAN (Ju et al., 2007).

Ca2+ influx can also be triggered as a direct consequence of
PLC activation and production of diacylglycerol (DAG) that is
independent of SR Ca2+ store depletion and forms a “receptor-
operated Ca2+ entry” (ROCE) pathway (Mohl et al., 2011)
(Figure 1). ROCE pathways may be closely related to SOCE
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because PLC activation can be enhanced by IP3-induced store
depletion. TRPC channels are non-selective Ca2+-permeable
cation channels which are activated by diacylglycerol (DAG) lib-
erated from the plasma membrane, triggered by agonist binding
to G protein—coupled receptors, such as angiotensin II and
endothelin-1 receptors. Treatment with antisense RNA, to inhibit
translation of endogenous TRPC3 mRNA, reduces Ca2+ influx
activated either by receptor stimulation or passive store depletion
(Wu et al., 2004; Worley et al., 2007). Therefore, it is possible that
TRPC3 is involved in both SOCE and ROCE (see Figure 1) (for
review see Birnbaumer, 2009).

Another important breakthrough in SOCE/ROCE research
was the identification of a new component of SOCE called stro-
mal interacting molecule 1 (STIM1) (Roos et al., 2005). STIM1
functions as an ER/SR Ca2+ sensor, probably via a STIM1 Ca2+

binding EF hand inside the SR/ER lumen. The activation of
SOCE requires STIM1 migration in the SR/ER membrane where
it interacts with other molecular components of the SOCE sys-
tem (Lewis, 2007). In addition, conformation coupling between
IP3R and TRPC3 has been suggested as amechanism of activation
of TRPC3 (Kiselyov et al., 1998) and a region in the C terminus
of TRPC3 has been shown to interact with IP3 receptor as well
as calmodulin (Calmodulin/IP3 receptor-binding region (Zhang
et al., 2001).

TRPC3 in cardiac cells provides a Ca2+ entry pathway that
is connected to pathological signaling of the heart such as in
cardiac hypertrophy (Onohara et al., 2006; Eder and Molkentin,
2011). However, there is little functional data on the role of
TRPC3 in pacemaker and atrial cells to date. In the present study,
we present new data suggesting that pacemaker cells expresses
the molecular components of SOCE/ROCE pathways, including
TRPC3, STIM1, and IP3R2. We present preliminary experiments
using TRPC3−/− mice and the specific TRPC3 channel blocker
Pyr10 to show that TRPC3 appears to be able to contribute to
sinoatrial and atrial arrhythmias induced by activation of GPCR
Ca2+ signaling.

Material and Methods

Animals
Colonies of TRPC3−/− mice (Hartmann et al., 2008) and their
wild-type litter mates were gifts from Prof. Housley’s laboratory
at University of New South Wales. The mice were deeply anes-
thetised with intra peritoneal pentobarbitone (1ml/2 kg) before
any procedures were carried out. All procedures on mice were
performed according to the guidelines of the National Health
and Medical Research Council of Australia and approved by the
Institutional Ethics Committee.

Electrophysiological Studies in
Langendorff-Perfused Hearts
Hearts were cannulated and perfused with a modified Tyrode’s
solution containing (in mM/L) 130 NaCl, 1.8 CaCl2, 1.2 MgCl,
5.4 KCl, 1.2 NaH2PO4, 12 NaHCO3, 11 glucose, 10 HEPES, with
pH adjusted to 7.4 with NaOH. Perfusion was set at a con-
stant flow rate of 2–2.5ml/min and solutions were oxygenated
with 95% O2–5% CO2. Electrical activity was recorded with

two miniature monopolar ECG electrodes (Harvard Apparatus)
placed on the atria and ventricle (Zhang et al., 2011). To deter-
mine the electrical conduction velocity of SAN and surrounding
atrial tissue, custom-made electrode arrays were used to record
the electrical activity from the isolated Langendorff-perfused
hearts as described previously (Davies et al., 2014). To assess
atrial arrhythmogenesis, Langendorff-perfused hearts from WT
and KO mice were subjected to programmed electrical stimula-
tion with three different pacing protocols as described elsewhere
(Head et al., 2005; Zhang et al., 2011). Atrial tachycardia (AT)
was defined as a sequence of three or more atrial depolarizations
at the rate of 10Hz or more than 10Hz. AF were characterized
by irregular fibrillating waveforms. Sinus bradycardia was defined
as a 30% reduction of baseline heart rate (HR) from the control
condition. An arrhythmia index was calculated by the number
of mice that have pacing induced arrhythmias events/the total
number of mice in each group.

The Preparation of Intact SAN and Single
Pacemaker Cells
Intact SANs were micro-dissected from right atria as described
previously (Ju et al., 2007). The central SAN was identified
from anatomical land marks, including the superior vena cava,
the crista terminalis, and the interatrial septum (Marionneau
et al., 2005). For physiological experiments, the intact SANs were
continuously superfused with Tyrode’s solution at 33◦C.

Measurement of Intracellular Ca2+, SOCE and
ROCE
The isolated SANs were loaded with membrane-permeant fluo-
rescent Ca2+ indicators, indo-1-AM or Fluo-4-AM (10µM/L),
using established methods (Ju and Allen, 1998; Ju et al., 2003). To
measure Ca2+ influx through SOCE in sinoatrial tissue, prepa-
rations were exposed to a nominally Ca2+ free solution with the
SR CaATPase pump inhibitor, cyclopiazonic acid (CPA, 10µM)
for 15min to deplete the SR Ca2+ store. SOCE then occurs upon
reintroduction of Ca2+ to the perfusate (Ju et al., 2007). ROCE
was determined by measuring the agonist-mediated increases in
[Ca2+]i (Ang II, 1µM/L and/or 1-oleoyl-2-acetyl-sn-glycerol -
OAG, 100µM/L) (Ikeda et al., 2013).

Immunohistochemistry
A rabbit polyclonal antibody was used to label type II IP3Rs
(1:200; Affinity Bioreagents) and TRPC3 (1:100, Alomone Lab)
in single isolated pacemaker cells. A mouse antibody to STIM1
was also used (1:100, BD Biosciences). Anti-mouse or anti-rabbit
secondary antibodies (Alexa-488 anti-mouse and Alexa-594 anti-
rabbit (Molecular Probes) were used as secondary antibodies.
Prolong gold antifade reagent with DAPI (Molecular Probes) was
used as the mounting media and to provide nuclear staining.

Osmotic Mini-Pump Implantation
Alzet osmotic mini-pumps were implanted subcutaneously in
WT, or TRPC3−/− mice. Ang II was delivered at the rate of
2µg/g/day for 10–14 days.
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Statistics
Data are expressed as mean ± SEM, with the number of prepa-
rations as n. Statistical tests were either Student’s paired or
unpaired t-tests, and P < 0.05 was used as the limit of statistical
confidence.

Results

Evidence for TRPC3 Involvment in Atrial
Arrhythmias
Ang II signaling pathways lead to a hypertrophy which seems to
be related to TRPC3 expression (Onohara et al., 2006). To exam-
ine whether TRPC3 is involved in AF induced by Ang II, we
induced AF in mice by pacing Langendorff-perfused hearts from
WT and TRPC3−/− KOmice which had been treated with Ang II
(See Methods) over of 10–14 days. Figure 2A shows the conduc-
tion of the AP across the SAN to the atria reconstructed from
the timing of the recorded electrical signals (panel below) using a
36mini electrode array placed on the right atrium. Atrial arrhyth-
mic events are illustrated in Figure 2B, and were induced by
using a pacing protocol that varied pacing voltage and frequency.
To investigate the possible role of TRPC3 in these arrhythmias,
we made ECG recordings from Langendorff-perfused hearts
under control condition in WT and TRPC3−/− respectively, as
shown in the selected recordings illustrated in Figure 2C. Electri-
cal pacing induced AF, AT, and conduction block were recorded
and analyzed inWT and TRPC3−/−, respectively (exemplar data
shown in Figure 2D). We found that atrial arrhythmias induced
byAng II and pacing were significantly reduced in the TRPC3−/−

mice compared to the controls (P = 0.004, n = 11) (Figure 2E).
We previously reported that that pacemaker cells express

TRPC3 and it is preferentially localized to the surface mem-
brane (Ju et al., 2007). Therefore, the increased resistance to
arrhythmias in TRPC3−/− mice supports the idea of a possible
involvement of TRPC3 in arrhythmogenesis. As described above,
Ca2+ entry through TRPC3 channel activated via a SOCE/ROCE
signaling pathway and STIM1 could contribute arrhythmogenic
current. To investigate this possibility, we examined expres-
sion and molecular localisation of STIM1, and the possibility
of molecular interaction between TRPC3, STIM1, and IP3R2 in
isolated cardiac pacemaker cells.

Mouse Pacemaker Cells Express STIM1, a
Molecular Component of SOCE /ROCE
Previously, we demonstrated that mouse SAN tissue expressing
HCN4 mRNA also expressed TRPC3 (Ju et al., 2007). We also
found that pacemaker tissue express STIM1 mRNA and pro-
tein (Liu et al., 2015). In the present study we wanted to extend
these findings to the localisation of TRPC3 and STIM1 in sin-
gle isolated pacemaker cells. Figure 3 shows that isolated group
(Figure 3A) and single pacemaker cells (Figure 1B) were posi-
tively labeled with a HCN4 antibody (which is a common selec-
tive molecular marker for pacemaker cells). The cells isolated
from same SAN region were then double labeled with TRPC3
and STIM1 antibodies, and exemplar data is shown in Figure 3C.
TRPC3 (red) showed both a sarcomeric pattern as well as mem-
brane staining while STIM1 (green) displayed both cytosolic and

near membrane labeling. A previous study examined the interac-
tion of all mammalian TRPC channels with topically expressed
STIM1 and found that that the STIM1 ERM domain binds to
TRPC1, TRPC4, and TRPC5 but not TRPC3, TRPC6, and TRPC7
(Worley et al., 2007). However, knock down of STIM1 signifi-
cantly reduced the current carried by TRPC3 (Yuan et al., 2007).
The expression of both TRPC3 and STIM1 in cardiac pacemaker
cells suggested to us that TRPC3 could be involved in Ca2+ influx
through SOCE.

We have previously reported that pacemaker cells express
Type II IP3R (IP3R2) which can modulate pacemaker activ-
ity. To examine if IP3R and STIM1 form a signaling complex
in SAN we double labeled isolated pacemaker cells with anti-
IP3R2 and anti-STIM1 antibodies. Figure 3D shows that STIM1
labeling occurred both in cell periphery as well as inside the
cell. IR3R2 was similarly distributed and there was some co-
localization between these labels (yellow dots at the cell periph-
ery in merged image). To achieve higher resolution (∼100 nm),
a N-SIM/N-STORM super resolution microscope was used.
Figure 3E shows the higher resolution N-SIMmicroscope image,
which revealed tighter areas of co-localization between STIM1
and IP3R2. Given that the necessary molecular components of
SOCE/ROCE (including TRPC3, and STIM1) as well as IP3R are
present in pacemaker cells, we next examined if SOCE can be
modulated by IP3R activation.

Evidence for Interaction between IP3Rs and
SOCE in Mouse Pacemaker Tissue
To clarify if TRPC3 is involved in AF associated with GPCR
activation (Figure 2), we examined whether SOCE /ROCE could
be modified by GPCR activation. While we previously reported
that enhanced IP3R Ca2+ signaling modulated pacemaker firing
rate, it remains unknown whether IP3R agonists and antagonists
(which can modulate heart rate) also modulate SOCE activity in
SAN. Previous work on cardiac myocytes showed that overex-
pression of TRPC3 enhanced Ca2+ entry through SOCE while
knock down of TRPCs inhibited SOCE (Wu et al., 2010). We
therefore used the intact mouse SAN preparation loaded with
the ratiometric Ca2+ indicator indo-1 to study the interaction
between IP3Rs and SOCE.

After initial incubation of the SAN in Ca2+ free Tyrode’s with
the SR uptake blocked with CPA (10µmol/L), reintroduction of
Ca2+ (1.8mmol/L) caused a significant Ca2+ influx (i.e., SOCE)
as shown by an increase in Indo-1 ratio (Figure 4A). Importantly,
peak SOCE was increased by 63 ± 10% (n = 4, P < 0.05) in
the presence of ET-1, a representative trace of which is shown
in Figure 4A. Addition of the membrane permeant IP3 analog,
IP3-BM (10µmol/L) was also able to increase SOCE by 31 ±

10% (n = 3, data not shown). To test whether ET-1 or IP3-
BM acted by opening IP3R release channels and thereby causing
a greater store depletion (and hence SOCE), we examined the
effect of enhancing store depletion by increasing both the CPA
concentration and the incubation time in Ca2+ free solution.
When the CPA concentration was increased from 10µmol/L to
20µmol/L and the incubation time in Ca2+ free buffer increased
from 15min to 30min ET-1 was no longer able to further increase
SOCE (Figure 4B). Similar results were found in three other
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FIGURE 2 | Atrial arrhythmias induced by Ang II and pacing.

Reconstructed excitation maps of data from multi-electrode array

recordings (images below) from a Langendorff-perfused isolated heart.

(A) sinus rhythm and (B) pacing induced atrial tachycardia. Note in

AT, the ectopic beat starts from a different site to sinus rhythms. (C)

Representative ECG recordings from isolated heart from WT and

TRPC3 −/− mice under control conditions. (D) Atrial tachycardia and

atrial fibrillation induced by burst pacing in WT mice and

atrial-ventricular conduction block recorded from a TRPC−/− mouse

heart respectively. (E) On average, the arrhythmia index was significant

reduced in TRPC3KO mice (n = 8) compared to WT mice (n = 11,

P = 0.004).
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FIGURE 3 | Isolated single SAN cells express TRPC3, STIM1, and

IP3R2. Confocal immunofluorenscence images of isolated single

pacemaker cells. Isolated group (A) and single (B) pacemaker cells

were positively stained with anti HCN4 (in green). (C) Anti-TRPC3 in

red, anti-STIM1 in green. (D) Anti-IP3R2 in red, anti-STIM1 in green. (E)

3D reconstruction image using N-SIM microscopy. Anti-IP3R2 in red,

anti-STIM1 in green. Areas of co-localisation appear yellow due to color

mixing.

SAN preparations. These results suggest that ET-1 exerts its
effects on SOCE via activation of IP3Rs and caused Ca2+ release
and store depletion rather than by direct stimulation of SOC
channels.

Previous studies found that membrane permeant 2-APB has
a direct effect on SOCE in some cell types, independent of its
action as an IP3R antagonist.(Bootman et al., 2002) We tested
this possibility by adding 40µmol/L 2-APB at the same time
that Ca2+ was reintroduced to the solution (Figure 4C). Ca2+

influx through SOCE was not inhibited by 2-APB under these

conditions, suggesting that 2-APB is not working as a direct
SOCE channel blockers such as gadolinium or SKF-96365 (Ju
et al., 2007). However, if 2-APB was added 15min before rein-
troduction of Ca2+, Ca2+ entry via SOCE was then significantly
inhibited (Figure 4D). On average, Ca2+ entry through the SOCE
channel with 2-APB decreased by 78 ± 8% (n = 4, P < 0.01).
Thus, 2-APB does not serve as a classic SOCE channel blocker
in pacemaker cells, but can inhibit SOCE by a slower mechanism
which may involve IP3R2 regulation as suggested previously (Ma
et al., 2000). Although the specificity of 2-APB is questionable, we
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FIGURE 4 | Modulation of store-operated Ca entry (SOCE) by ET-1

and 2-APB. SOCE was induced by using cyclopiazonic acid (CPA) and

low external Ca2+. The addition timing of extracellular Ca2+ change is

indicated in the top panels. (A) The effect of ET-1 on SOCE induced by

10µM CPA with 15min incubation in Ca2+ free Tyrode’s solution. (B)

The effect of ET-1 on SOCE induced by 20µM CPA with 30min

incubation in Ca2+ free Tyrode’s solution. (C) The effect of 40µM

2-APB on SOCE. 2-APB was added in the same time of reintroduction

of extracellular Ca2+ after perfusion of Ca2+ free Tyrode’s Solution

containing 10µM CPA. (D) The effect of 40µM 2-APB on SOCE.

2-APB was added into the Ca2+ free Tyrode’s solution with 10µM CPA

during the 15min incubation period. The gray traces represent controls;

the black traces represent the treatments with ET-1 (A,B) or 2-APB

(C,D), respectively.

found that the effect of 2-APB was diminished in IP3R2 KO, also
supporting the involvement of IP3R2 in the slower onset effects
of 2-APB on SOCE. These data are consistent with a previous
study that suggested 2-APB blocks activation of TRPC3 indirectly
via disruption of the coupling process between SOCE, TRPC and
IP3R (Ma et al., 2002).

Evidence TRPC3 is Involved in ROCE in
Intact Mouse Sinoatrial Node

TRPC3 has been implicated in not only SOCE but also ROCE
(see Introduction) (for review see Birnbaumer, 2009). To fur-
ther examine if Ca2+ influx through ROCE contributes to
Ang II-induced arrhythmias we measured action potentials and
Ca2+ influx in isolated SAN-atrial preparations treated with
Ang II (1µM) and/or OAG (100µM), the agonists known to

activate ROCE (Ikeda et al., 2013). Pyr3, a pyrazole deriva-
tive, has been suggested to be a blocker of TRPC3 (Kiyonaka
et al., 2009) but it inhibits Orai1 mediated SOCE with similar
potency (Salmon and Ahluwalia, 2010). Recently, a new selec-
tive blocker of TRPC3-ROCE blocker, Pyr10 has been developed
and it displayed substantial selectivity for TRPC3-ROCE medi-
ated responses over Orai1 mediated SOCE (Schleifer et al., 2012).
We therefore studied the effect of Pyr10 on pacemaking and
intracellular Ca2+ after application of Ang II and/or the DAG
derivative, OAG.

Figure 5 shows action potentials recorded from an intact
sinoatrial node preparation using conventional intracellular
recording techniques. After application of 1µM Ang II for
30min, there was an increase in pacemaker firing rate associ-
ated with a depolarised membrane potential (Figure 5B). Appli-
cation of 2µM Pyr10 for 20min, slowed pacemaker firing rate
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FIGURE 5 | The effect of angiotension II (Ang II) and a selective TRPC3 channel blocker Pyr10 on pacemaker action potential after application of Ang

II. (A–D) Intracellular recordings from WT mice; (E–H) Intracellular recordings from TRPC3−/− mice with conditions as indicated in each panel.

with maximum diastolic potential returning to the control level
(Figure 5C). Application of 20µM Pyr10 further reduced fir-
ing rate within 7min (Figure 5D). These results suggest that the
membrane depolarization caused by Ang II could be reversed by
the TRPC3 channel blocker. The results also support the idea that
TRPC3 could be a channel that produces an inward current after
GPCR activation by Ang II (Onohara et al., 2006). Importantly,
and in contrast to WTmice, the pacemaker firing rate and action
potential depolarization were not affected by Ang II and this
response not significantly altered by application of Pyr10 to SAN
from TRPC3 KO mice (Figures 5E–H). This is consistent with
pacing induced AF in mice treated with Ang II being reduced
in TRPC3−/− mice. (Figure 2) Therefore, these results strongly
suggest that Pyr10 not only specifically blocked TRPC3 channels
but that TRPC3 also contributes to pacemaker activity. To fur-
ther investigate if the changes in pacemaker activity were related
to Ca2+ entry through ROCE we examined intracellular Ca2+

changes caused by OAG and the effect of Pyr10. Figure 6Aa
shows a representative intracellular Ca2+ signal recorded from
a WT intact sinoatrial preparation loaded with the Ca2+ indica-
tor indo-1. Both resting Ca2+ and Ca2+ transients were increased

after 20min application of 100µM OAG (Figure 6Ab). Resting
Ca2+ returned to the control level associated with a slowed fir-
ing rate after application of 2µM Pyr10 for 15min (Figure 6Ac).
Further slowing and irregular pacemaker activity was appar-
ent when the concentration of Pyr10 was increased to 20µM
for 15min as shown in Figure 6Ad. On average, resting Ca2+

increased by 20.2 ± 6.9% (P = 0.023, n = 5); the Ca2+ tran-
sient also increased by 26.1 ± 5.6% (p = 0.003, n = 5) and
was associated with a 13.9% increase in pacemaker firing rate
(p = 0.005, n = 5,) in response to OAG treatment. There no
significant changes by OAG in TRPC3 KO groups (n = 4) as
shown in Figure 6B. The results further confirmed that TRPC3
was involved in OAG produced Ca2+ entry through ROCE upon
GPCR activation. 2µM Pyr10 significantly reduced the resting
Ca2+ elevation produced by OAG treatment in WT but not in
TRPC3 KOmice (Figure 6C). Unexpectedly, PyR10 produced no
significant changes in Ca2+ transient amplitude and firing rate in
both groups after exposure to OAG. The results indicated that
Ca2+ entry through ROCE appeared to mainly influence resting
Ca2+ in pacemaker cells and the lack of effect of PYR10 after
OAG stimulation on the Ca2+ transient and pacemaker firing
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rate may reflect additional effect(s) of PyR10 beyond TRPC3. In
support of the latter idea, 20µM Pyr10 reduced the amplitude
of the Ca2+ transient in TRPC3 KO mice without significantly
changing pacemaker firing rate or resting Ca2+ level (data not
show).

Discussion

TRPC3 and Sino-Atrial Arrhythmias
In this study, we found that pacing-induced atrial fibrillation
in angiotensin II treated mice was significantly reduced in mice
lacking the TRPC3 gene (TRPC3−/− mice). This suggests that
TRPC3 channels may be involved in Ang II induced changes in
the electrical properties of sinoatrial tissue. Recent evidence has
implicated Ca2+ entry through TRPC3 as a pro-arrhythmic path-
way (Harada et al., 2012). TRPC3 is known to be up-regulated in
AF patients and experimental goat and canine AF models and
also mediates a non-selective cation current in atrial fibroblasts
(Harada et al., 2012). TRPC3 has also been implicated in dys-
function of SAN (Yanni et al., 2011) and atrioventricular conduc-
tion block (Sabourin et al., 2012). Collectively, all of these studies
point to a functional role for TRPC3 activation in cardiac tissue
and linkage to arrhythmogenesis.

Some ryrazole derivatives have recently been suggested to be
relatively selective blockers for TRPC channels (Schleifer et al.,
2012). In WT mice, we showed that Pyr10, blocked the mem-
brane depolarization of SAN cause by Ang II and attenuated the
increase in pacemaker firing rate induced by Ang II (Figure 5).
A higher concentration of Pyr10 (20µM) induced slower and
irregular pacemaker activity without changing the upstroke of
the action potential (Figure 5D). The latter result suggests that
Pyr10 did not block L-type Ca channels which provide the main
cation current for the upstroke of pacemaker action potentials.
(Irisawa et al., 1993) This effect of Pyr10 was similar to our pre-
vious observation using a different SOCE inhibitor (SKF-96365)
(Ju et al., 2007). In contrast, Pyr10 did not cause any significant
changes in slowing pacemaker action potentials recorded from
sinoatrial tissue fromTRPC3−/− mice (Figure 5H). These results
suggest that Pyr10 is mainly active on a SAN diastolic membrane
current, and is in accord with the idea that TRPC3 activation
can provide a non-selective cation current in pacemaker cells
(Eder and Molkentin, 2011). Intracellular Ca2+ measurements
also showed that GPCR activation by Ang II or the DAG analog,
OAG, caused an increase in both resting Ca2+ and Ca2+ tran-
sients that were associated with increased pacemaker firing rate in
WTmice (Figure 6). The increased resting Ca2+ seemed directly
related to ROCE as resting Ca2+ was significantly reduced in the
presence of ROCE blocker, Pyr10 (Figure 6C). In contrast, such
changes were absent in the TRPC3 −/− group. These results pro-
vide further evidence that TRPC3 is involved in regulation of
intracellular Ca2+ and ROCE mechanisms in SAN (Figure 6).

Interaction between IP3R and SOCE in Cardiac
Pacemaker Tissue
It has become generally accepted that Ca2+ release from the SR
contributes to pacemaker activity through its influence on NCX
currents (Ju and Allen, 2001; Vinogradova et al., 2005; Maltsev

and Lakatta, 2008). Alterations in Ca2+ metabolism and conse-
quent changes in Ca2+ dependent currents (such as NCX) have
also been implicated in failure of pacemaker function and cardiac
arrhythmias (Du and Nathan, 2007; Maltsev and Lakatta, 2007).

We previously reported that IP3Rs are expressed in murine
SAN and that the predominant isoform is the Type II IP3R
(IP3R2) (Ju et al., 2011). Importantly, the modulation of pace-
maker firing and intracellular Ca2+ by IP3R-agonists and antag-
onists was abolished in IP3R2 KO mice, demonstrating a clear
functional, modulatory, role for IP3R2 in SAN. The present study
also supports the idea that Ca2+ release via IP3Rs can modu-
late heart rate, depending on the activation of G-protein coupled
receptors and the phospholipase C-IP3 signaling pathway.

In non-excitable cells and smoothmuscle, it has also been sug-
gested that SOCE are coupled to IP3Rs (Putney, 1986). Since the
discovery of TRPC channels and their candidacy for the SOCE,
interactions between IP3Rs and members of the TRPC family
have been reported (Vazquez et al., 2004). For example, it has
been shown that IP3R2 interacts with TRPC3 forming a protein
complex that possibly underlies the enhanced SOCE activity seen
in gravid uterine endothelium (Gifford et al., 2006). In the present
study, we show that Ca2+ influx through SOCE in the SAN can
be modulated by IP3 agonists(ET-1, IP3-BM) and IP3R2 antag-
onists (2-APB) through mainly their effect on increasing Ca2+

release and hence reducing store content (see Figure 4). Since
some IP3Rs appear to be localized near the surface membrane,
where TRPC3 is also located (Ju et al., 2007, 2011), it is possible
that Ca2+ release via IP3Rs could interact with these ion channels
in the surface membrane (and/or affect their trafficking). IP3R
expression has been shown to increase in heart failure (Marks,
2000) and in atrial fibrillation (Yamada et al., 2002), which raises
the possibility that this IP3-TRPC signaling system may become
more important in pathological conditions (Worley et al., 2007;
Ju et al., 2012).

SOCE over ROCE in Cardiac Tissue
As described above, SOCE and ROCE may be linked
phenomena but the extent to which these mechanisms
cross-communicate/activate is unclear -especially after GPCR
activation of PLC which triggers formation of IP3 and DAG (Liao
et al., 2009). While it has been established that TRPC3 is involved
in ROCE (Hofmann et al., 1999), it remains uncertain whether
TRPC3 can also contribute to SOCE (for review see Cahalan,
2009) (Zagranichnaya et al., 2005; Dehaven et al., 2009).

We showed that TRPC3 expressing pacemaker cells also
express the ER-Ca2+ sensor protein, STIM1. The latter may pro-
vide the missing molecular signaling link between Ca2+ release
via IP3Rs, store depletion and the activation of SOCE(Lewis,
2007; Yuan et al., 2007). However, it remains unclear whether
STIM1 directly regulates the TRPC channels related to SOCE
(Worley et al., 2007; Yuan et al., 2007; Dehaven et al., 2009).
In addition to TRPCs, Orai1 is a protein that may produce a
specific SOCE pathway and appears as a Ca2+ release activated
Ca2+ current (Icrac). While we found that Orai1 is expressed
in mouse pacemaker cells (not shown), TRPC3 was more dom-
inant at both mRNA and protein levels (Ju et al., 2007). It has
been suggested that TRPC3 and Orai1 may form a complex that
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FIGURE 6 | The effect of Pyr10 on intracellular Ca2+ after

application of 1-oleoy1-2-acyl-sn-glycerol (OAG) 100µM. The

intact SANs were loaded with Ca2+ indicator indo-1. (A,B) show

intracellular Ca2+ recordings from a WT mouse. (B,C) The statistics

pool data shows percentage changes in resting Ca2+, Ca2+ transient

and firing rate in WT and TRPC3 KO mice respectively. (B) OAG

treatment against control. (C) 2µM Pyr10 treatment against OAG

treatment. *P < 0.05.

mediates both SOCE and ROCE and the conversion from ROCE
to SOCE may be mediated through STIM1 binding (Liao et al.,
2008).

The Limitation of Current Study
The current study does not rule out the possibility that Pyr10 has
effects on currents other than TRPC3, such as If . In addition, it
would be desirable to examine if other molecular components,
such as NCX, SERCA, etc. that regulate intracellular Ca2+ are
changed in TRPC3−/− mice. Despite these limitations, we shown
that Ca2+ entry through both SOCE and ROCE occurs in murine

SAN and appears to be regulated by the GPCRs in a GPCR≫
PLC≫ IP3R/DAG≫ Ca2+ signal transduction cascade. We sug-
gest that TRPC3 channels might provide a potential target for
future treatment of SAN dysfunction and AF as it links both
receptor activation and intracellular Ca2+ signaling.
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Heart failure with preserved ejection fraction (HFpEF) accounts for about 50% of

heart failure cases. It has features of incomplete relaxation and increased stiffness

of the left ventricle. Studies from clinical electrophysiology and animal experiments

have found that HFpEF is associated with impaired calcium homeostasis, ion channel

remodeling and concentric left ventricle hypertrophy (LVH). However, it is still unclear

how the abnormal calcium homeostasis, ion channel and structural remodeling affect

the electro-mechanical dynamics of the ventricles. In this study we have developed

multiscale models of the human left ventricle from single cells to the 3D organ, which take

into consideration HFpEF-induced changes in calcium handling, ion channel remodeling

and concentric LVH. Our simulation results suggest that at the cellular level, HFpEF

reduces the systolic calcium level resulting in a reduced systolic contractile force, but

elevates the diastolic calcium level resulting in an abnormal residual diastolic force. In our

simulations, these abnormal electro-mechanical features of the ventricular cells became

more pronounced with the increase of the heart rate. However, at the 3D organ level,

the ejection fraction of the left ventricle was maintained due to the concentric LVH.

The simulation results of this study mirror clinically observed features of HFpEF and

provide new insights toward the understanding of the cellular bases of impaired cardiac

electromechanical functions in heart failure.

Keywords: heart failure, calcium, 3D model, ventricle

Introduction

Heart failure (HF) is often categorized into two major types (Borlaug and Paulus, 2010; MacIver,
2010a; Phan et al., 2012; Liu et al., 2013; Zouein et al., 2013): HF with reduced ejection frac-
tion (HFrEF) and HF with preserved ejection fraction (HFpEF). The main distinguishing crite-
rion is an arbitrary cut-off value for the left ventricular ejection fraction of >50% for HFpEF
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(Vasan and Levy, 2000; Zile et al., 2001; Yturralde and Gaasch,
2005; Asrar Ul Haq et al., 2014) and ≤ 50% for HFrEF (Bor-
laug and Paulus, 2010; Phan et al., 2012; Liu et al., 2013; Zouein
et al., 2013). HFpEF and HFrEF are also commonly referred to
as diastolic and systolic HF respectively and also share a variety
of abnormalities (Borlaug and Paulus, 2010; Soma, 2011; MacIver
and Dayer, 2012; Asrar Ul Haq et al., 2014). Currently, the preva-
lence of HFpEF is ∼50% (Konstantinou et al., 2013; Liu et al.,
2013; Asrar Ul Haq et al., 2014), but it is predicted to become the
dominant form of HF within the next decade (Liu et al., 2013;
Asrar Ul Haq et al., 2014).

The leading cause of HFpEF is hypertension and the dominant
pathophysiological mechanism is thought to involve impaired
relaxation of the left ventricle (LV) (Liu et al., 2013; Asrar Ul Haq
et al., 2014). Other distinguishing features cited are increased LV
stiffness and elevated LV end-diastolic pressures (Liu et al., 2013;
Asrar Ul Haq et al., 2014). In addition, abnormalities of systolic
shortening are common with reduced global longitudinal strain,
strain rate, reduced midwall fractional shortening, reduced sys-
tolic annular motion, increased isovolumetric contraction time
and reduced systolic longitudinal shortening velocities in HFpEF
(Sanderson, 2007; Wang et al., 2008; Kono et al., 2009; MacIver,
2010a). HFpEF is also characterized by dyspnoea, fluid retention,
exercise intolerance, coronary artery disease and atrial fibrilla-
tion (Redfield et al., 2003; Bhatia et al., 2006; Owan et al., 2006;
Konstantinou et al., 2013; Liu et al., 2013). It has a greater preva-
lence in older people and females (Liu et al., 2013). Patients also
exhibit other comorbidities such as diabetes, obesity, peptic ulcer
disease, cancer and chronic obstructive pulmonary disease (Liu
et al., 2013).

As relaxation is an active energy-consuming process and
dependent on intracellular Ca2+ homeostasis (Robertson et al.,
1982; Ebashi, 1984; Barry and Bridge, 1993; Bers, 2001; Kon-
stantinou et al., 2013), impaired relaxation in HFpEF may reflect
abnormal intracellular Ca2+ homeostasis. Indeed, experimental
data from clinical electrophysiology and animal model studies
have shown that HFpEF is associated with abnormal Ca2+ han-
dling, including an increased SR Ca2+ leak current (Ileak) and a
decreased Ca2+ release from ryanodine receptors (Borbély et al.,
2005; Selby et al., 2011; Zile and Gaasch, 2011; Trenor et al., 2012;
Gomez et al., 2014). In addition, some ionic currents responsi-
ble for generating cardiac action potentials are also remodeled,
including those carried by the late-sodium channel, the tran-
sient outward K+ channel, the inward rectifier K+ channel, the
Na+/K+ pump (INaK), the background Ca2+ channel and the
Na+/Ca2+ exchanger (Borbély et al., 2005; Selby et al., 2011; Zile
and Gaasch, 2011; Gomez et al., 2014; Trenor et al., 2012). Struc-
turally, HFpEF is also associated with concentric LV hypertrophy
with high LVmass/volume ratio, cardiomyocyte hypertrophy and
interstitial fibrosis. This is different to HFrEF, where structural
remodeling is characterized by progressive ventricular dilation,
eccentric LV remodeling, low LV mass/volume ratio, cardiomy-
ocyte loss along with replacement fibrosis (Borlaug and Paulus,
2010; Konstantinou et al., 2013; Asrar Ul Haq et al., 2014).

The functional impacts of HFpEF-related abnormal Ca2+

homeostasis, ion channel and structural remodeling on car-
diac electro-mechanics are unclear. Thus, the present study was

conducted in order: (1) to develop a novel HFpEF electrome-
chanical single cell model based on extant experimental data;
(2) to investigate the cellular mechanisms influencing myocar-
dial calcium homeostasis in HFpEF using an electromechanical
single cell model; and (3) to evaluate the functional impacts of
impaired Ca2+ handling, ion channel remodeling and degrees of
concentric LV hypertrophy on the electro-mechanical activity of
the heart.

Materials and Methods

Electromechanical Single Cell Model
For electrophysiology (EP), we utilized the O’Hara-Rudy (ORd)
human ventricular single cell model (O’Hara et al., 2011), which
was developed from undiseased human ventricular data and
recapitulates human ventricular cell electrical and membrane
channel properties, as well as the transmural heterogeneity of
ventricular action potential (AP) across the ventricular wall
(O’Hara et al., 2011). The ORd model also reproduces Ca2+

vs. voltage-dependent inactivation of L-type Ca2+ current and
Ca2+/calmodulin-dependent protein kinase II (CaMK) modu-
lated rate dependence of Ca2+ cycling. For simulating cellu-
lar mechanics properties, we used the Tran et al. myofilament
(MM) model (Tran et al., 2010). This model was chosen as
it is an extension of the well-established cross-bridge cycling
model of cardiac muscle contraction model of Rice et al. (2008).
In addition to its ability to replicate a wide range of experi-
mental data including steady-state force-sarcomere length (F-
SL), force-calcium and sarcomere length-calcium relationships
(Rice et al., 2008; Tran et al., 2010), it also reproduces many of
the observed effects of MgATP, MgADP, Pi, and H+ on force
development.

The intracellular calcium concentration from the EP model
was used as the coupling link to the MM model. [Ca2+]i pro-
duced as dynamic output from the EP model during the AP
served as input to the MM model from which the amount
of Ca2+ bound to troponin is calculated. The formulation of
the myoplasmic Ca2+ concentration in the human ventricular
myocyte electromechanical cell model is:

d[Ca2+]i

dt
= βCai ·

(

−(IpCa + ICab − 2 · INaCa,i)·
Acap

2 · F · vmyo

−Jup ·
vnsr

vmyo
+ Jdiff ,Ca ·

vss

vmyo
−

JTrop

1000

)

(1)

where βCai is the buffer factor for [Ca
2+]i, IpCa (µA/µF) is the

sarcolemmal Ca2+ pump current, ICab (µA/µF) is the Ca
2+ back-

ground current, INaCa,i (µA/µF) is the myoplasmic component
of Na+/Ca2+ exchange current, Acap (cm2) is capacitive area, F
(coul/mol) is the Faraday constant, vmyo (µL) is the volume of the
myoplasmic compartment, vnsr (µL)is the volume of the network
sarcoplasmic reticulum compartment, vss (µL) is the volume of
the subspace compartment, Jup (mM/ms) is the total Ca2+ uptake
flux, via SERCA pump frommyoplasm to the network sarcoplas-
mic reticulum, Jdiff ,Ca (mM/ms) is the flux of the diffusion of

Ca2+ from the subspace to the myoplasm and JTrop (µM/ms)
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is the flux of Ca2+ binding to troponin calculated via the MM
model. βCai is formulated as:

βCai =
1

1+
[CMDN]·Km,CMDN

(Km,CMDN+[Ca2+]i)
2

(2)

where [CMDN] is the calmodulin Ca2+ buffer in the myoplasm
and Km,CMDN is the half-saturation concentration of calmodulin.

HFpEF Electromechanical Single Cell Model
To develop the human electromechanical single cell model of a
HFpEF cardiomyocyte, we first modified parameters of the ORd
model based on HF experimental data following the work of
Gomez et al. (2014), Trenor et al. (2012) on human HF. This
resulted in a generic humanHFmodel. We thenmade alterations
based on the cellular and molecular properties of HFpEF (Zile
and Gaasch, 2011) to obtain a biophysically detailed model of
HFpEF. For themyofilament changes relative to control, wemade
modifications based on experimental data on HFpEF patients
following the work of Borbély et al. (2005), Selby et al. (2011).
Table 1 summarizes the extensive modifications to the con-
trol ORd cardiomyocyte to produce the HFpEF cardiomyocyte
model.

Parameter Sensitivity Analysis for Influential Cellular

Processes on Relaxation in HFpEF
To our knowledge, only the work by Zile and Gaasch (2011) pro-
vides any data on the differences in the cellular and molecular

TABLE 1 | Changes in original ORd model to simulate HFpEF and HFrEF.

Parameter % change in the HFrEF % change in the HFpEF

modified model compared to model compared to

the normal model the normal model

INaL 180% 180%

τhL 180% 180%

Ito 40% 40%

IK1 68% 68%

INaK 70% 70%

INab 100% 100%

INCX 175% 70%

Ileak 130% 130%

CaMKa 150% 150%

Jrel,NP,∞ 80% 80%

Myofilament (Borbély et al., 2005; Zile and Gaasch, 2011)

PCon_titin x1.00 x2.00

PCon_collagen x2.36 x2.00

P_Exp_collagen x0.42 x0.50

The modified parameters are: the late Na+ current (INaL), the time constant of inactiva-

tion of the INaL (thL), the transient outward K
+ current (Ito), the inward rectifier K

+ current

(IK1 ), the Na
+/K+ pump current (INaK ), the background Ca

2+ current (ICab), the Na
+/Ca2+

exchanger (INCX ), the SR Ca
2+ leak current (Ileak ), the Ca

2+/calmodulin-dependent protein

kinase II (CaMK), the nonphosphorylated Ca2+ release, via ryanodine receptors (Jrel,NP,∞),

passive force factor due to titin (PCon_titin), passive force (F_passive) and active force

(F_active). Based on Borbély et al. (2005), Zile and Gaasch (2011), Trenor et al. (2012)

and Gomez et al. (2014).

processes that influence Ca2+ homeostasis in patients with sys-
tolic and diastolic HF.We based our HFpEFmodel on their work
(Zile and Gaasch, 2011) as given in section HFpEF Electrome-
chanical Single Cell Model. In simulations, the only difference
between the HFrEF and HFpEF models is a reduction in NCX
in the HFpEF condition (see Table 1) as compared to the HFrEF
condition. In order to determine whether a reduction in NCX
is responsible for the poor end-diastolic relaxation in HFpEF,
we performed a parameter-dependent sensitivity analysis of the
HFpEF model to NCX, by varying NCX from 70% (HFpEF) to
175% (HFrEF).

Protocols
The pacing protocols used to evaluate Ca2+ homeostasis were as
follows:

Post-Rest Contractions
We used a post-rest contraction (PRC) protocol to evaluate sar-
coplasmic reticulum (SR) Ca2+ content, retention, release, reup-
take, and leak. After pacing the single cell for 10min at 1Hz to
allow steady-conditions to be attained, resting intervals of 1, 2, 3,
5, and 10 s were introduced. The resting periods were then fol-
lowed by a single stimulus. The varying developed indices such
as active tension are a reflection of SR Ca2+ release.

Tissue Mechanics Model
We modeled cardiac tissue mechanics within the theoreti-
cal framework of nonlinear elasticity (Marsden and Hughes,
1994; Holzapfel, 2000) as an inhomogeneous, anisotropic, nearly
incompressible nonlinear material similar to previous stud-
ies (Costa et al., 2001; Whiteley et al., 2007; Niederer and
Smith, 2008; Pathmanathan and Whiteley, 2009; Adeniran et al.,
2013a,b). We used a two-field variational principle with the
deformation u and the hydrostatic pressure p as the two fields
(Bonet and Wood, 2008; Adeniran et al., 2013a,b; Le Tallec). p
is utilized as the Lagrange multiplier to enforce the near incom-
pressibility constraint. Thus, the total potential energy function
5 for the mechanics problem is formulated as:

5(u, p)= 5int(u, p)+5ext(u) (3)

where 5int(u, p) is the internal potential energy or total strain
energy of the body and 5ext(u) is the external potential energy or
potential energy of the external loading of the body. As in previ-
ous studies (Niederer and Smith, 2008; Keldermann et al., 2009;
Pathmanathan and Whiteley, 2009; Adeniran et al., 2013a,b), in
the absence of body forces, and assuming that the body is always
in instantaneous equilibrium and no inertia effects, the coordi-
nates of the deformed body satisfies the steady-state equilibrium
equation with near incompressibility enforced.

The values that minimize the total potential energy in Equa-
tion (3) are obtained by searching for its critical points in suitable
admissible displacement and pressure spaces Û and P̂ . The corre-
sponding Euler-Lagrange equations resulting from Equation (3)
lead to solving the problem (Braess and Ming, 2005; Auricchio
et al., 2010; Boffi et al., 2013; Le Tallec):
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Find (u, p) in Û × P̂ such that:

∫

�

∂Ŵ

dF
(x, Id +∇u): ∇vdx−

∫

�

p
∂det

dF
(x, Id +∇u): ∇vdx

=

∫

∂�

g.vds ∀v, u ∈ Û

∫

�

q
[

det(Id +∇u)−1
]

dx = 0 ∀v, u ∈ P̂ (4)

where Û and P̂ are the admissible variation spaces for the dis-
placements and the pressures, respectively. F = Id + ∇u is the
deformation gradient, v is a test function and Ŵ is the material
stored energy function and corresponds to the density of elastic
energy locally stored in the body during the deformation.

The deformation gradient F is a tensor that maps elements
from the undeformed configuration to the deformed configura-
tion (Marsden and Hughes, 1994; Holzapfel, 2000). Following
Cherubini et al. (2008), Ambrosi et al. (2011), we multiplica-
tively decompose F into a microscopic (active) component and
a macroscopic elastic (passive) component:

F = FeF0 (5)

The active component Fo measures the length change of the tis-
sue due to muscle contraction while the passive component Fe
accounts for the passive mechanical response of the tissue and
possible tension due to external loads.

With the vector fields f, s, and n denoting the unique direction
of the fibers, sheets and sheet-normals in the undeformed state
of the LV, the microscopic active component of the deformation
tensor F takes the form:

Fo = I + γf f ⊗ f + γss⊗ s+ γ n⊗ n (6)

where I is the identity tensor and γx is a scalar field that repre-
sents the intensity of the contraction, i.e., the active strain in the
appropriate direction. γf is defined as:

γf =
SL− SL0

SL0
(7)

where SL is the new sarcomeric length and SL0 is the resting sar-
comere length of the electromechanical single cell. Following the
work of (Rossi et al., 2014)

γn = Kγf , γs =
1

(1+ γf )(1+ γn)
− 1

Thus, γ > 0 denotes elongation, and γ < 0 denotes contrac-
tion. The parameter K is the link between the microscopic and
the macroscopic active deformations (Bogaert and Rademakers,
2001; Rossi et al., 2014) and in our simulations, we used K = 4,
according to experimental observations (Rademakers et al., 1994;
Rossi et al., 2014).

The elastic component Fe is formulated as:

Fe = FF−1
0 (8)

and the corresponding Right Cauchy-Green strain tensor is:

Ce = FTe Fe (9)

The associated Green-Lagrange strain tensor is:

Ee =
1

2
(Ce − I) (10)

To characterize the constitutive behavior of cardiac tissue, we
used a mixed formulation of the compressible neo-Hookean
strain energy functionW (Auricchio et al., 2010):

Ŵ =
µ

2
[I : Ĉ − d]− µlnĴ + plnĴ −

p2

2λ
(11)

where µ and λ are positive constants, “:” represents the usual
inner product for second-order tensors, Ĉ is the right Cauchy-
Green deformation tensor, d is the spatial dimension and Ĵ =

detF̂ is the Jacobian of the deformation gradient.

Tissue Electrophysiology Model
The monodomain representation (Colli Franzone et al., 2005;
Keener and Sneyd, 2008; Adeniran et al., 2013a,b) of cardiac
tissue was used for the electrophysiology model:

Cm
dv

dt
= −(Iion + Istim)+∇ · (D∇V) (12)

where Cm is the cell capacitance per unit surface area, V is the
membrane potential, Iion is the sum of all transmembrane ionic
currents from the electromechanics single cell model, Istim is an
externally applied stimulus and D is the anisotropic diffusion
tensor given by:

D = σf (f ⊗ f )+σs(s⊗ s)+σn(n⊗ n) (13)

σ f , σ f , and σ f are the intracellular conductivities in the fiber,
sheet and cross-sheet directions respectively. These were set to
3.0, 0.1, and 0.31525ms·mm−1 respectively. These gave a con-
duction velocity of 65 cm·s−1 in the fiber direction along mul-
tiple cells, which is close to the value 70 cm·s−1 observed in
the fiber direction in human myocardium (Taggart et al., 2000).
To guard against any drift in the steady state values of the
ion concentrations in the model, the electromechanical single
cell models described in sections Electromechanical Single Cell
Model to HFpEF Electromechanical Single Cell Model were
pre-paced for a 1000 beats before being incorporated into the
tissue model.

Geometry and Meshes
For unbiased comparison between increasing severity of con-
centric LV hypertrophy in HFpEF, we used truncated ellipsoids
for the 3D simulations (Figure 1A). Each LV geometry was seg-
mented into distinct endocardial (60%), mid-myocardial (30%),
and epicardial (10%) regions. The chosen cell proportion in each
region reflects experimental data for cells spanning the left ven-
tricular wall of the human heart (Drouin et al., 1995). There
exists some controversy on the existence and functional role of
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FIGURE 1 | Geometry and fiber directions in 3D left ventricle with

varied wall thickness. (A) Control and HFpEF concentric hypertrophic

geometries—NORMAL (green, 9mm), MILD (red, 12mm), MODERATE (blue,

15mm) and SEVERE (yellow, 18mm). (B) Fiber direction. (C) Sheet direction.

(D) Sheet-normal or cross-sheet direction.

MCELLs in the human heart (Wilson et al., 2011). However, we
included MCELLs in our model on the basis of studies that give
evidence of their existence in cells isolated from the right ven-
tricle of patients with heart failure (Li et al., 1998) and in a per-
fused piece of left ventricular wall (“wedge preparation”) (Drouin
et al., 1995). The conditional activation sites were projected from
those of a healthy 34-year old male determined empirically across
the ventricle wall and were validated by reproducing the acti-
vation sequence and QRS complex in the measured 64-channel
ECG (Keller et al., 2009) of that person. Figures 1B–D shows the
anisotropic fiber fields reconstructed by the algorithm in Rossi
et al. (2014) for the fiber (Figure 1B), sheet (Figure 1C), and
cross-sheet (Figure 1D) directions.

Solving the Electromechanics Problem
The electromechanics problem consists of two sub-problems: the
electrophysiology problem and themechanics problem. The elec-
trophysiology problem (Equation 14) was solved with a Strang
splitting method (Sundnes et al., 2005) ensuring that the solu-
tion is second-order accurate. It was discretized in time using the
Crank-Nicholson method (Burnett, 1987), which is also second-
order accurate and discretized in space with Finite Elements
(Ciarlet, 2002; Braess, 2007; Brenner and Scott, 2010). Iion in
Equation (14) represents the single cell electromechanics model
from which the active strain input to the 3D mechanics model
for contraction is obtained. The system of ordinary differen-
tial equations (ODE) composing Iion was solved with a com-
bination of the Rush-Larsen scheme (Rush and Larsen, 1978)
and the CVODE solver (Cohen and Hindmarsh, 1996; Alan and
Hindmarsh, 2005).

Themechanics problem (Equation 2) was also solved using the
Finite element Method using the automated scientific computing

library, FEniCS (Logg et al., 2012). The resulting nonlinear
system of equations was solved iteratively using Newton’s method
to determine the equilibrium configuration of the system. Over a
typical finite element domain, P2 elements (Braess, 2007; Brenner
and Scott, 2010; Ern and Guermond, 2010; Boffi et al., 2013) were
used to discretize the displacement variable u, while the pressure
variable p was discretized with P1 elements (Braess, 2007; Bren-
ner and Scott, 2010; Ern and Guermond, 2010; Boffi et al., 2013).
This P2–P1 mixed finite element has been proven to ensure stabil-
ity (Chamberland et al., 2010; Haga et al., 2012; Logg et al., 2012)
and an optimal convergence rate (Hughes, 2000; Chamberland
et al., 2010; Ern and Guermond, 2010).

The algorithm for solving the full electromechanics problem
is as follows:

(1) While time < tend:

(a) Solve the electrophysiology problem for 1tmechanics =

1ms with active strain γ as output (1telectrophysiology =

0.01ms).
(b) Project γ from the electrophysiology mesh onto the

mechanics mesh.

(2) Solve the mechanics problem with γ as input.

Results

Model Validation
To validate the HFpEF model, we computed a steady-state force-
calcium (F-pCa) relation for a sarcomere length (SL) of 2.2µm
for comparison with prior experimental data (Borbély et al.,
2005). Results are shown in Figure 2. The model reproduced
the differences in total and passive forces between control and
HFpEF, which matched experimental data (inset).

Functional Consequences of HFpEF Transmurally
in the LV
Figure 3 shows the electromechanical consequences of
HFpEF in a free-running cell from each of the epi-
cardium (EPI) (Figures 3Ai–Aiv), mid-myocardium
(MCELL) (Figures 3Bi–Biv) and endocardium (ENDO)
(Figures 3Ci–Civ). HFpEF increased the action potential
duration (APD90) in each of the EPI (Figure 3Bi), MCELL
(Figure 3Bii) and ENDO (Figure 3Bi) cell types. APD90 was
increased from 233 to 262ms in EPI, 357 to 439ms in MCELL
and 274 to 348ms in ENDO. These differences in APD90 across
the ventricular wall are suggestive of possible T-wave changes
and altered dispersion of repolarization in HFpEF. The cytosolic
Ca2+ concentration [Ca2+]i was reduced in amplitude in all
the cell types (Figures 3Aii–Cii), which led to a decrease in
the SL shortening (Figures 3Aiii–Ciii) and consequently, a
reduction in the active force (Figures 3Aiv–Civ). Of note is that
the diastolic [Ca2+]i level was increased in HFpEF compared
to control (Figures 3Aii–Cii) leading to incomplete relaxation
(Figures 3Aiv–Civ). This electromechanical model predicted a
combination of reduced contractile force and stress generation
and incomplete relaxation as the pathophysiological mechanism
of HFpEF (Zile et al., 2004; Borlaug and Paulus, 2010; Phan et al.,
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FIGURE 2 | Force-pCa relationship. Simulated Force-pCa relation of control

and HFpEF. Relative force is normalized to maximum value in control. Inset:

Experimental force-pCa relation from human patients adopted from Borbély

et al. (2005).

2012; Konstantinou et al., 2013; Liu et al., 2013; Zouein et al.,
2013; Asrar Ul Haq et al., 2014).

Functional Consequences of HFpEF on Ionic
Currents Compared with HFrEF
Figure 4 shows action potentials in control, HFrEF and
HFpEF conditions (Figure 4A) computed from the EPI cell
model, together with the corresponding ionic currents of ICaL
(Figure 4B), INaCa (Figure 4C), the SR content (Figure 4D),
IpCa (Figure 4E), intracellular Na+ ([Na+]i; Figure 4F) and K+

([K+]i; Figure 4G) concentrations and INa,K . In comparison to
the control condition, HFpEF and HFrEF increased the APD,
which can be attributable to the increased inward Na+ cur-
rent (INaL) and decreased outward K+ current (IK1 and INaK ;
see Table 1) (Figure 4H) (Glitsch, 2001; Workman et al., 2003;
Bueno-Orovio et al., 2014). Accompanying these changes were
increased [Na+]i (Figure 4F) and reduced [K+]i (Figure 4G).
The difference in the amplitude of ICaL among control, HFpEF
and HFrEF was small, but its duration was longer in HFpEF and
longest in HFrEF (Figure 4B), possibly due to a secondary effect
of a prolonged APD. In the HFpEF condition, a decreased INaCa
was observed, partially due to reduced Na+-Ca2+ exchanger
(NCX) (see Table 1) and partially due to the reduction in the
Na+-K+ pump activity as it indirectly regulated Ca2+ extrusion
by the NCX (Barry et al., 1985; Bueno-Orovio et al., 2014). This
resulted in a reduced sarcoplasmic reticulum (SR) content in
HFpEF (Figure 4D), and consequently leading to a smaller SR
Ca2+ release as demonstrated by the reduced amplitude of the SR
content (Figure 4D). The activity of the sarcolemmal Ca2+ pump
was increased during the diastolic period, but reduced in the
systolic period (Figure 4E). These simulation results provided a
cellular basis for the abnormal Ca2+ handling in HFpEF. Results
from theMCELL and ENDO cell models showed similar behavior
(these are shown in the Supplementary Material).

Unlike in HFpEF, there was an increased INaCa (Figure 4C)
due to the HFrEF model formulation involved a 175% NCX

increase (Table 1). Figure 4C shows that NCX removed an exces-
sive amount of Ca2+ from the cell in its forward mode com-
pared to control, leading to a deficit in the SR Ca2+ content
(Figure 4D), a greater reduction in [Ca2+]i compared to HFpEF
(Figure 4J) and consequently a lower active force (Figure 4L).

Post-Rest Contraction Properties of HFpEF
Further simulations were performed to investigate the rate-
dependent impact of HEpEF on Ca2+ handling. Results
are shown in Figure 5, which shows the outcome of the
PRC protocol at a pacing rate of 1Hz (Figures 5Ai–Av)
and 2Hz (Figures 5Bi–Bv). Diastolic [Ca2+]i level in HFpEF
increased by ∼75% relative to control at all resting intervals
(Figures 5Ai,Bi). This led to an increase in resting tension
(Figures 5Aiii,Biii). Though there was a significant increase
in diastolic Ca2+]i level, the SR content was lower in HFpEF
than in control (Figures 5Aii,Bii) as was peak systolic ten-
sion (Figures 5Aiv,Biv). This is counter-intuitive as with an
increased diastolic concentration of Ca2+ in the cytosol, one
would expect greater Ca2+ sequestration into the SR, and there-
fore an increased Ca2+ content leading to an increased Ca2+

release from the SR, resulting in a greater Ca2+ transient ampli-
tude and a greater systolic tension. The reduction in the peak
systolic Ca2+ level and the corresponding tension and inefficient
SR Ca2+ activity was due to excessive leak of Ca2+ from the
SR (Figures 5Av,Bv). These results were more pronounced at a
pacing rate of 2Hz (Figures 5Bi–Bv) because of the shorter dura-
tion between beats allowing less recovery time for Ca2+ cycling
processes.

Sensitivity of Diastolic Relaxation to NCX
In Figure 6, effects of a systematic change of NCX in HFpEF
model from 70% (HEpEF) to 175% (HFrEF) on the action poten-
tials (Figure 6A), INaCa (Figure 6B), [Ca2+]i (Figure 6C) and
active force (Figure 6D) are shown. Diastolic relaxation was
impaired when NCX was at 70% of the control value (e.g., for
HFpEF), but gradually improved with increasing NCX activity to
100 and 150% of the control value. It became normal at 175%
(e.g., for HFrEF; Figure 6D) of the control value. Peak relative
force during systole occurred later and with lower amplitude with
increasing NCX activity.

3D Electromechanical Consequences of HFpEF
in Hypertrophic Geometries
Figure 7 shows the results of incorporating the cellular HFpEF
electromechanical models into three-dimensional truncated
ellipsoid representations of the LV. Effects of varying degrees
of left ventricular hypertrophy on the ejection fraction are also
shown. The LV was at rest before activation (0ms). At about
200ms, the LV was completely activated and contraction was
underway in the NORMAL, MILD, MODERATE, and SEVERE
conditions of hypertrophy. By 300ms, repolarization had com-
menced and the LV in all conditions was undergoing relaxation.
At 700ms, repolarization was completed in all the conditions;
however, relaxation was still on going in the hypertrophic cases
but was complete in the NORMAL condition. The LVEF in NOR-
MAL, MILD, MODERATE, and SEVERE was 58, 57, 63, and 71%
respectively showing that LVEF was increased with increasing
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FIGURE 3 | Single cell simulations of HFpEF. (Ai–Ci) Control

(black) and HFpEF (green) action potentials in the EPI (Ai), MCELL

(Bi), and ENDO (Ci) cell models. (Aii–Cii) Control (black) and

HFpEF (green) cytosolic Ca2+ concentration in the EPI (Aii), MCELL

(Bii), and ENDO (Cii) cell models. (Aiii–Ciii) Control (black) and

HFpEF (green) sarcomere length (SL) in the EPI (Aiii), MCELL (Biii),

and ENDO (Ciii) cell models. (Aiv–Civ) Control (black) and HFpEF

(green) active force in the EPI (Aiv), MCELL (Biv), and ENDO

(Civ) cell models. Values are normalized to Control maximum active

force for each cell type.

FIGURE 4 | Effects of HFpEF and HFrEF on underlying ion

channel currents, concentrations and force generation. (A)

Control (black), HFpEF (green), and HFrEF (red) action potentials.

(B) ICaL current profile in control (black), HFpEF (green), and

HFrEF (red). (C) INaCa current profile in control (black), HFpEF

(green), and HFrEF (red). (D) SR Ca2+ content profile in control

(black), HFpEF (green), and HFrEF (red). (E) IpCa current profile

in control (black), HFpEF (green), and HFrEF (red). (F) [Na]i time

course in control (black), HFpEF (green), and HFrEF (red). (G)

[K]i time course in control (black), HFpEF (green), and HFrEF

(red). (H) INaK current profile in control (black) HFpEF (green),

and HFrEF (red). (I) Jup (Ca2+ uptake via SERCA pump) profile

in control (black), HFpEF (green), and HFrEF (red). (J) Ca2+

concentration in Control (black) HFpEF (green), and HFrEF (red)

cytosolic. (K) Sarcomere length (SL) in control (black), HFpEF

(green), and HFrEF (red). (L) Active force in control (black),

HFpEF (green), and HFrEF (red). Values are normalized to Control

maximum active force.
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FIGURE 5 | Ca2+ handling and post-rest properties in HFpEF. (Ai,Bi)

Diastolic Ca2+ level in HFpEF relative to control at 1Hz (Ai) and 2Hz (Bi)

pacing rates. (Aii,Bii) SR Ca2+ content level in HFpEF relative to control at

1Hz (Aii) and 2Hz (Bii) pacing rates. (Aiii,Biii) Resting tension in HFpEF

relative to control at 1Hz (Aiii) and 2Hz (Biii) pacing rates. (Aiv,Biv) Peak

systolic tension in HFpEF relative to control at 1Hz (Aiv) and 2Hz (Biv) pacing

rates. (Av,Bv) SR Ca2+ Ca leak in HFpEF relative to control at 1Hz (Av) and

2Hz (Bv) pacing rates.

the end-diastolic wall thickness. These simulation results can
account for incomplete relaxation and preserved LVEF at the
3D organ level, whilst at the cellular level, the activation force
and cell sarcolemmal shortening are dramatically impaired in
the HFpEF condition. This is attributable to the hypertrophied
ventricle wall.

Stress Distribution in HFpEF
Effects of LV wall thickness on the spatial distribution of stress
was investigated. Figure 8 shows a 4-chamber view of the mag-
nitude of the stress distribution across the LV in control and var-
ied hypertrophic conditions (Figures 8A–G). At 0ms, the stress
magnitude across the ventricle was low in all the conditions as
excitation had yet to commence (Figure 8A). By 100ms, when
the LV was electrically activated, there was developed stress in
all cases with the greatest stress in apex of the MODERATE LV
(Figure 8B). At 200ms (Figure 8C), there was considerable stress

in the LV in all conditions with the greatest stress intensity in
SEVERE. The hypertrophic LV also had greater stress intensity in
the LV apex and epicardium compared to NORMAL. The situ-
ation was similar at 300ms (Figure 8D) and 400ms (Figure 8E)
except that there was progressive relaxation and the stress inten-
sity was less than at 200ms. By 600ms (Figure 8F), stress in most
of the NORMAL LV had reduced considerably while the hyper-
trophic LVs still showed ∼25% stress. At 700ms, stress in the
NORMAL LV was negligible but still about ∼20% in the hyper-
trophic cases. These simulation results showed that increased wall
thickness led to increased tissue stress though, at the cellular level,
the active force was reduced during the time course of action
potentials in HEpEF condition.

Strain Distribution in HFpEF
Effects of wall thickness on the spatial distribution of strain
was also analyzed. Figure 9 also shows a 4-chamber view of
the magnitude of the strain distribution across the LV in con-
trol and hypertrophic conditions during the time course cardiac
excitation (Figures 9A–G). Strain developed from the rest state
(Figure 9A) to ∼50% at 100ms (Figure 9B) in all cases with the
smallest strain magnitude in SEVERE. By 200ms (Figure 9C),
strain magnitude had reached a distribution of between 50 and
100% in all cases with SEVERE having the highest strain inten-
sity. This was concentrated in the epicardial to mid-wall regions
and the middle segment of the LV. The situation was similar
at 300ms (Figure 9D) and 400ms (Figure 9E) except that the
strain intensity was reduced as relaxation was underway. The
strain magnitude reduced further at 600ms (Figure 9F) to ∼10–
15% in NORMAL, ∼25% in MILD, ∼25–30% in MODERATE
and ∼30–35% in SEVERE. The strain was mainly concentrated
in the LV apex in all cases. By 700ms (Figure 9G), strain mag-
nitude was ∼5% in NORMAL, 10–25% in all the hypertrophic
cases. These simulation results showed an increased residual of
strain in cardiac tissue due to elevated diastolic Ca2+ level, which
was consistent with observed incomplete relaxation of the LV in
HEpEF condition.

Discussion

Summary of Major Findings
In this study we have developed, for the first time, a family of
multilevel models for the electro-mechanics of the left ventri-
cle in the setting of HFpEF, at the cellular and 3D organ levels.
These models incorporated detailed HFpEF-related ion chan-
nel remodeling and impaired Ca2+ homeostasis at the cellular
level, and concentric hypertrophy of the left ventricle wall at the
organ level. Our major findings are: (i) with impaired Ca2+ han-
dling and ion channel remodeling in HFpEF, the action poten-
tial duration of ventricular cells are prolonged, together with an
elevated diastolic Ca2+ concentration, but a decreased systolic
Ca2+ level. Such an elevated diastolic Ca2+ concentration pro-
vides a cellular basis for incomplete ventricular relaxation at the
organ level; (ii) at the cellular level the active force and sarcom-
ere length shortening is reduced during the time course of action
potentials in HFpEF. However, at the organ level, tissue stress
and strain is increased due to the increased wall thickness of
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FIGURE 6 | HFpEF Model sensitivity to increasing NCX activity

and its influence on incomplete relaxation in the cellular model.

Simulation results were compared between control (in absence of

ionic current remodeling) and HFpEF condition. HFpEF simulations

were performed with parameters as listed in Table 1, but with NCX

activity changing from 70% (HFpEF condition) to 100, 150, and

175% (HFrEF condition) of the control value. (A) Action potential (B)

INaCa current profile. (C) Ca2+ concentration. (D) Active force. Values

are normalized to maximum active force in control. (Inset: magnified

diastolic phase).

concentric LV hypertrophy; (iii) the impaired Ca2+ homeosta-
sis becomes more pronounced at high stimulation rates; and (iv)
reduction of INaCa in the HEpEF model is the most influential
factor on impaired relaxation dynamics. Collectively, these sim-
ulations predict the key features of HFpEF observed clinically,
and also provide insights for understanding the cellular and tissue
bases of impaired electro-mechanics of the heart in HFpEF.

Cellular Basis of Impaired Cardiac
Electro-Mechanics
The results of our study suggest that at the cellular level the
observed impaired cardiac electro-mechanics (such as reduced
cell length shortening and active force) are attributable to alter-
ations in cellular Ca2+ homeostasis and action potentials. In
simulations, we observed an elevated diastolic intracellular Ca2+

concentration, but a reduced systolic Ca2+ concentration. The
elevated diastolic Ca2+ concentration is due to an increased Ca2+

leak from the SR (see Table 1), and the reduced systolic Ca2+

concentration can be explained by a reduced Ca2+ release from
the SR as a consequence of a decreased SR content (Figure 4D).
The observed APD prolongation is attributable to the augmented
late-Na+ current, reduced potassium channel currents and INaK
as seen in the heart failure condition (see Table 1). These results
were more pronounced at a pacing rate of 2Hz (Figures 5Bi–Bv)
because of the shorter duration between beats allowing less recov-
ery time for Ca2+ cycling processes. This is related to changes
in mechanical and relaxation restitution, which correlate physio-
logically to the recovery kinetics of Ca2+ release mechanisms and
sequestration capacity of the SR (Franz et al., 1983; Burkhoff et al.,

1984; Prabhu and Freeman, 1995; Zaugg et al., 1995; Kjørstad
et al., 2007).

In simulations, we also observed an increased intracellular
Na+ concentration and a reduced intracellular K+ concentra-
tion (Figures 4F,G), which may be attributable to the augmented
INaL and reduced INaK (see Table 1). The altered Na+ and K+

homeostasis may also impair Ca2+ homeostasis. During the time
course of an action potential, there was a reduced INaK , which
also contributed partially to an increase of [Na+]i and a decrease
in [K+]i within the cytosol. NCX extrudes Ca2+ from the cyto-
plasm and imports Na+ into it. However, with the build-up of
Na+ in the cytoplasm as a result of the reduced activity of the
Na+-K+ pump, the forward mode activity of NCX was reduced,
but its reversemode activity was enhanced. This led to an increase
in Na+ extrusion coupled to Ca2+ import (see Figure 4C) lead-
ing to an increased Ca2+ concentration at diastolic phase but a
reduced Ca2+ concentration at systolic phase. Consequently, this
led to a decreased cell length shortening and active force in the
systolic phase.

In addition, our simulation results showed that the SR Ca2+

content was reduced compared to control condition, though the
Ca2+ release from the SR was compromised. This is attributable
to an excessive Ca2+ leak from the SR. It was shown that SR
Ca2+ leak was ∼100% greater in HFpEF as compared to control
(Figure 5). The excessive Ca2+ leak from the SR and the reduced
activity of NCX produced an increased diastolic Ca2+ level, lead-
ing to incomplete relaxation and an increase in the active resting
tone. This implies that complete relaxation will never be achieved
regardless of the duration of diastole.
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FIGURE 7 | Effects of HFpEF on 3D electro-mechanics. Electrical wave

propagation and mechanical contraction at 0, 200, 300, and 700ms in

NORMAL, MILD, MODERATE, and SEVERE HFpEF hypertrophic cases. (Far

right) Ejection fraction in NORMAL, MILD, MODERATE, and SEVERE HFpEF

hypertrophic cases.

The simulation results discussed above were based on our
HFpEF model developed from work by Zile and Gaasch (2011)
and Selby et al. (2011). To our knowledge these are the only two
studies that provide any notion of electrophysiological changes
in HFpEF relative to control conditions. As the only difference
between the HFpEF and the HFrEF models is a 30% NCX reduc-
tion in the former compared to control and a 175% increase in
the latter (Table 1), we investigated whether changes in NCX
activity could convert HFpEF to HFrEF and vice-versa, and
therefore affect myocyte relaxation dynamics (Figure 6). This
indeed proved to be the case. The results imply that a change in
NCX activity is the dominant factor leading to impaired diastolic
relaxation in HFpEF.

Effects of Concentric Hypertrophy of the
Ventricle Wall on Cardiac Electro-Mechanics
Increased ventricular wall thickness has dramatic impacts on car-
diac electro-mechanics. This is illustrated by the effects of varied
degrees of hypertrophy on the ejection fraction in HFpEF condi-
tion (Figure 9). In simulations, the wall thickness of the LV varied
from 9mm (normal) to 12, 15, and 18mm, mimicking varying
degrees of hypertrophy. Though at the cellular level, cell length
shortening and active force was decreased in HFpEF condition,

the LVEF was preserved and increased with the increase of LV
wall thickness. This agrees with what is seen clinically (Borlaug
and Paulus, 2010; Phan et al., 2012; Liu et al., 2013; Zouein et al.,
2013) and with previous modeling data (MacIver and Townsend,
2008; MacIver, 2010b, 2011). Our simulations confirm that the
preserved LVEF in HFpEF is due to the thicker wall of the
ventricle arising from concentric hypertrophy.

Taken together, our simulations suggest a possible path-
way and mechanism underlying cardiac dysfunction in HFpEF.
Any co-morbidities such as diabetes, hypertension, inflammation
and/or hypertrophy may cause the ion channel and myofilament
remodeling in myocardial cells. Cellular remodeling results in
abnormal Ca2+ homeostasis, which in turn lead to abnormalities
of contraction and incomplete relaxation of the LV with a persis-
tent active resting tone. These abnormalities combine to increase
the length of time to which the myocardium is subjected to stress
prolonging systole and resulting in abnormal energy utilization
and less efficient ejection of the stroke volume.

Relevance to Previous Studies
Lacombe et al. (2007) investigated the underlying mechanisms of
diastolic dysfunction in type 1 diabetic rats. They observed no
significant change in ICaL, a reduction in Ca2+ transient ampli-
tude and prolongation in its decay, a reduction in SR Ca2+ load
and a decrease in the expression of sarco(endo)plasmic reticulum
Ca2+-ATPase-2a (SERCa) protein levels. They concluded that
impairment of Ca2+ reuptake during myocyte relaxation con-
tributed to diastolic dysfunction, with preserved global systolic
function.

Selby et al. (2011) carried out a study to evaluate tachycardia-
induced relaxation abnormalities in myocardium from patients
with a normal ejection fraction. They observed incomplete relax-
ation with increased diastolic tension development at increasing
pacing rates, significant resting tone and disproportionately ele-
vated Ca2+ loads due to reduced sarcolemmal Ca2+ extrusion
reserve. However, their patients did not carry a clinical diagnosis
of heart failure.

MacIver and Townsend (2008) performed a mathematical
study on HFpEF to determine the effect of changes in LV hyper-
trophy on stroke volume and LVEF. They concluded from their
model that the preserved LVEF in HFpEF patients was a result
of LV hypertrophy, which amplified absolute radial wall thicken-
ing in the setting of reduced long-axis shortening. MacIver also
showed, using a simple abstract model, that remodeling was nec-
essary to normalize stroke volume and suggested that regulation
of end-diastolic volume was a primary compensatory mechanism
in heart failure (MacIver, 2010b). However, their models did not
consider the contribution of cardiomyocytes, coupled electrical
wave propagation or nonlinear anisotropic cardiac mechanics.

Our simulation results are in agreement with and extend the
findings of these previous studies (Lacombe et al., 2007; MacIver
and Townsend, 2008; Selby et al., 2011), adding new evidence that
impaired Ca2+ homeostasis (such as reduced systolic Ca2+ con-
centration and elevated diastolic Ca2+ concentration) together
with hypertrophied wall underlie the key features of HFpEF
with preserved ejection fraction and incomplete end-diastolic
relaxation.
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FIGURE 8 | Effects of HFpEF on stress magnitude distribution. Stress magnitude distribution at 0ms (A), 100ms (B), 200ms (C), 300ms (D), 400ms (E)

600ms (F), and 700ms (G) in NORMAL, MILD, MODERATE, and SEVERE hypertrophic HFpEF cases.

FIGURE 9 | Effects of HFpEF on strain magnitude distribution. Strain magnitude distribution at 0ms (A), 100ms (B), 200ms (C), 300ms (D), 400ms (E)

600ms (F), and 700ms (G) in NORMAL, MILD, MODERATE, and SEVERE hypertrophic HFpEF cases.

Limitations
In addition to acknowledged limitations of both the ORd electro-
physiology model (O’Hara et al., 2011) and the (Tran et al., 2010)
myofilament model, as experimental data show a reduction in
NCX activity in diastolic dysfunction compared to control (Zile
and Gaasch, 2011), we made a 30% reduction in NCX activity in
our HFpEF model as there was no quantitative data available at

the time of this study. In HFpEF patients, collagen production
results in interstitial fibrosis (Heymans et al., 2005; Konstantinou
et al., 2013), which we considered by reducing the intracellular
electrical conductivities by 20% due to a lack of quantitative data.
The HFpEF model also relaxes somewhat faster than the exper-
imental data, which would imply that the effects of incomplete
relaxation would be even greater than we have shown. As there
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are no data available, we assumed the same degree of ion channel
remodeling for the hypertrophied ventricles and also assumed the
same distribution of ENDO, MCELL, and EPI cell types across
the ventricular wall. We also did not consider electromechanical
feedback between the electrical wave propagation and mechan-
ically contracting ventricles. Finally, the use of a fluid-structure
interaction model with the interaction of blood and the myocar-
dial wall to determine pressure boundary conditions would allow
a more realistic pressure profile. Whilst it is important that these
potential limitations are stated, they do not fundamentally alter
the principal conclusions of this study.

Conclusion

We have developed a novel, biophysically detailed model of
HFpEF and used it to investigate the cellular mechanisms under-
lying myocardial Ca2+ homeostasis in HFpEF. We observed an
elevated diastolic [Ca2+]i level, a reduction in SR Ca2+ con-
tent and reduced SR Ca2+ release, a reduction in SR Ca2+

sequestration, an increase in resting tension, incomplete relax-
ation, reduced systolic stress and prolonged stress and strain
durations. These mechanisms suggest that in HFpEF patients,
impaired Ca2+ handling principally caused by reduction in
NCX activity is a dominant abnormality in the condition that
explains the mechanisms for impaired cardiac electro-mechanics
in HFpEF.
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A series of recent studies report novel roles for Pak1, a key member of the highly

conserved family of serine-threonine protein kinases regulated by Ras-related small

G-proteins, Cdc42/Rac1, in cardiac physiology and cardioprotection. Previous studies

had identified Pak1 in the regulation of hypertrophic remodeling that could potentially

lead to heart failure. This article provides a review of more recent findings on the

roles of Pak1 in cardiac Ca2+ homeostasis. These findings identified crucial roles for

Pak1 in cardiomyocyte Ca2+ handling and demonstrated that it functions through

unique mechanisms involving regulation of the post-transcriptional activity of key

Ca2+-handling proteins, including the expression of Ca2+-ATPase SERCA2a, along

with the speculative possibility of an involvement in the maintenance of transverse

(T)-tubular structure. They highlight important regulatory functions of Pak1 in Ca2+

homeostasis in cardiac cells, and identify novel potential therapeutic strategies directed at

manipulation of Pak1 signaling for the management of cardiac disease, particularly heart

failure.

Keywords: Pak1, Ca2+ homeostasis, heart

Introduction

Protein kinases are versatile signaling molecules involved in the regulation of a wide range of
physiological processes. Of these, the p21-activated kinases (Paks) form a group of serine/threonine
protein kinases activated by Cdc42 and Rac1, and were first discovered in rat brain tissue two
decades ago (Manser et al., 1994). The structure, substrate-specificity and functional role of
Paks are evolutionarily conserved from protozoa to mammals. Vertebrate Paks are particularly
important in cytoskeletal remodeling and the assembly of focal adhesion structures, thereby
contributing to the modulation of dynamic processes such as cell migration and synaptic plasticity
(Manser and Lim, 1999; Hofmann et al., 2004; Zhao and Manser, 2005). Over the past decade,
significant progress has been made in understanding the functions of Pak1, a key member of the
Pak family, in particular, its roles in the regulation of excitability and contractility of the heart
(Ke et al., 2004, 2007, 2009). The present review now provides an updated account of these recent
findings regarding additional roles of Pak1 in Ca2+ homeostasis and Ca2+ handling in cardiac
cells.
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Regulation of L-Type Ca2+ Channels in
Sinoatrial Node Pacemaker Cells

The role of pak1 in the regulation of ion channel activity in car-
diomyocytes was first demonstrated in isolated guinea pig sinoa-
trial node (SAN) pacemaker cells (Ke et al., 2007). In cultured
guinea pig SAN cells, where active Pak1 expression was induced
through infection with recombinant adenovirus expressing con-
stitutively active Pak1 (CA-Pak1), responses of both L-type Ca2+

channel (LTCC) and delayed rectifier K+ channel currents to
β-adrenergic stimulation by isoproterenol were depressed in
comparison to SAN cells infected with control virus, Ad-LacZ.
Similarly chronotropic responses to isoproterenol stimulation,
reflected in repetitive action potential frequency were depressed
in both intact SAN tissue and isolated SAN cells expressing active
Pak1, when compared to controls expressing Ad-LacZ (Ke et al.,
2007). In contrast, Pak1 deletion in cardiac specific conditional
knockout (Pak1cko) or in total knockout mice resulted in an
increased SAN driven heart rate (Wang et al., 2014a). These
modified responses to isoproterenol stimulation in SAN tissue
and cells infected by CA-Pak1 likely reflect alterations in pro-
tein phosphorylation which modulate LTCC and delayed rec-
tifier K+ channel activity, and their responses to β-adrenergic
stimulation.

Our further studies focussing on LTCC regulation in SAN
cells implicated Pak1 as a regulator of protein phosphatase 2A
(PP2A). Immunoprecipitation studies indicated that Pak1 and
PP2A form a complex, leading to the hypothesis that Pak1 may
regulate LTCC activity through PP2A action (Ke et al., 2007).
This hypothesis was substantiated by studying the influence of
the PP2A inhibitor okadaic acid (OA) on the effects of isopro-
terenol on LTCC activity in Ad-Pak1–infected cells. OA partially
reversed the suppressant effect of active Pak1 on the response
of LTCCs to isoproterenol in Ad-Pak1–infected cells. This sug-
gests that Pak1 acts by increasing PP2A activity. Conversely,
our recent study demonstrated that mice with a cardiomyocyte-
specific Pak1 deletion (Pak1cko) showed higher heart rates than
their control littermates (Pak1f/f), although Pak1cko and con-
trol Pak1f/f mice showed similar baseline electrocardiographic
P wave durations and P-R, QRS and QT intervals (Wang et al.,
2014a).

Accumulating evidence implicates a coordinated interplay
between the activities of kinases and phosphatases in mod-
ulation of LTCC-mediated Ca2+ influx even in the absence
of humoral stimulation. For example, in the well-known β-
adrenergic receptor/protein kinase A (PKA) cascade, inhibitor-
1 is a downstream PKA target whose activation results in an
attenuation of protein phosphatase 1 (PP1) activity (Gupta et al.,
1996). Santana et al. (2002) showed that the phosphatase cal-
cineurin opposes PKA action in mouse ventricular myocytes.
Application of the PP2A inhibitor OA can activate LTCC (duBell
and Rogers, 2004). Calyculin A, which inhibits both PP1 and
PP2A, increases contractility in ventricular myocytes by increas-
ing LTCC activity (duBell et al., 2002). A complementary study
by duBell et al reported that addition of exogenous PP2A
decreased LTCC currents in rat ventricular myocytes (duBell
et al., 1996).

These results together suggested an existence of a dynamic
regulatory balance between kinase and phosphatase activity in
regulating the LTCC and delayed rectifier K+ channel activ-
ity in cardiac cells that may be important in controlling car-
diac pacemaker activity in response to autonomic and humoral
stimulation.

Regulation of Ca2+ Handling and Ca2+

Homeostasis in Ventricular Myocytes

In parallel with Pak1 action in SAN myocytes, enhanced Pak1
function brought about by Pak1 activating peptide, PAP (Wang
et al., 2014b) in ventricular tissue prevented hypertrophic asso-
ciated ventricular arrhythmias, and Pak1 deletion in Pak1cko or
in knockout mice increased the risks of ventricular alternans and
arrhythmias compared to WT mice. These findings went with a
co-immunoprecipitation of Pak1 and PP2A suggesting a com-
plex formation in ventricular myocytes, in common with SAN
cells (Ke et al., 2007). Recent studies have also suggested regula-
tory roles of Pak1 in Ca2+ homeostasis in ventricular myocytes
(Sheehan et al., 2009; DeSantiago et al., 2013; Wang et al.,
2014a). CA-Pak1 over-expression altered Ca2+ transient decay
constants (τCa) (Sheehan et al., 2009) and antagonized adrener-
gic signaling by attenuating isoproterenol-induced increases in
the activity ofLTCCs and other proteins regulating Ca2+ han-
dling (Sheehan et al., 2009). In contrast, ventricular myocytes
from Pak1cko mice with a cardiomyocyte-specific Pak1 knockout
showed abnormal Ca2+ homeostasis including increased dias-
tolic [Ca2+]i, as well as decreased sarcoplasmic reticular (SR)
Ca2+ content and decreased SERCA function, particularly during
β-adrenergic stress (Wang et al., 2014a). Significant differences in
Ca2+ homeostasis were observed between isolated Pak1cko and
wild type, Pak1f/f, ventricular myocytes. Diastolic [Ca2+]i was
higher in Pak1cko than Pak1f/f myocytes under both baseline
and chronic β-adrenergic stress conditions. Pak1cko myocytes
showed more frequent irregular, alternating Ca2+ transients
and/or Ca2+ waves at increased stimulation frequencies than
Pak1f/f myocytes under both baseline and chronic β-adrenergic
stress conditions during 0.5, 1, and 3Hz field stimulation. This
abnormal Ca2+ homeostasis in Pak1cko myocytes correlated with
differences in evoked cytosolic and SR Ca2+ responses between
Pak1f/f and Pak1cko myocytes, in both the absence and pres-
ence of chronic β-adrenergic stress (Wang et al., 2014a). Thus,
time constants for decays of the Na+-Ca2+ exchange (NCX) cur-
rent (INCX) following INCX induction by 10mM caffeine were
significantly greater in Pak1cko than Pak1f/f myocytes under
chronic β-adrenergic stress. SR Ca2+content, measured by inte-
gration of the INCX records, was reduced in Pak1cko compared to
Pak1f/f myocytes in both the absence and presence of chronic β-
adrenergic stress. The decay rate constants of systolic Ca2+ tran-
sients in Pak1cko myocytes kSERCA, representing the kinetics of
cytosolic Ca2+ removal brought about by both SERCA and NCX,
was significantly lower than that shown by Pak1f/f myocytes in
both the absence and presence of chronic β-adrenergic stress
(Wang et al., 2014a). The rate constant kSERCA was reduced
by chronic β-adrenergic stress in both the Pak1f/f and Pak1cko

myocytes but more severely so in the Pak1cko myocytes. Finally,
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peak systolic [Ca2+]i, estimated from the differences between
peaks and baselines of systolic Ca2+ transients obtained during
regular stimulation, was indistinguishable between Pak1f/f and
Pak1cko under baseline conditions, but was significantly reduced
by chronic β-adrenergic stress in both Pak1f/f and Pak1cko, and
again more severely so in the Pak1cko (Wang et al., 2014a). In
contrast, LTCC activity was indistinguishable between Pak1cko

and Pak1f/f under both baseline and chronic β-adrenergic stress
conditions, but chronic β-adrenergic stress reduced LTCC cur-
rent in both Pak1cko and Pak1f/f ventricular myocytes, which
suggests that genetic deletion of Pak1 did not alter the expres-
sion and activity of LTCC in these cells. This result contrasts
with the effect of CA-Pak1 in SAN cells, and may reflect dif-
fering effects of Pak1 on ion channels in different cell types
or physiological conditions, and requires further investigation
(Wang et al., 2014a). These alterations in Ca2+ homeostasis were
associated with an increased incidence of ventricular arrhyth-
mias and electrophysiological instability during either acute
or chronic β-adrenergic challenge induced by isoproterenol in
Pak1cko hearts. Hencemodulation of Pak1 activitymodified Ca2+

handling under both physiological and β-adrenergic challenge
conditions.

Our further molecular studies associated these physiologi-
cal findings with an impaired SERCA2a function and down-
regulation of SERCA2amRNA and protein expression in Pak1cko

hearts (Wang et al., 2014a). Further exploration of this altered
transcriptional regulation in cultured neonatal rat cardiomy-
ocytes (NRCMs) demonstrated that exposure to control Ad-shC2
virus infection increased SERCA2a protein and mRNA levels
following phenylephrine challenge (Wang et al., 2014a). This

FIGURE 1 | Regulation of Ca2+ homeostasis by Pak1. Protein

kinase PKA and phosphatase PP2A are associated with key Ca2+

handling and regulatory proteins, which in turn are linked to upstream

signaling cascades. A balance of protein kinase and phosphatase

activities is required to maintain normal cardiac functions. Pak1 also

regulates hypertrophic signaling and gene expression of SERCA2a

through other signaling pathways by activating its downstream effectors

(e.g., JNK). (Liu et al., 2011; Wang et al., 2014a) (NCX: Na+-Ca2+

exchanger, PMCA: Plasma membrane Ca2+ ATPase, JNK: c-Jun

N-terminal Kinase).

was abolished by the Pak1-knockdown in Ad-shPak1-infected
NRCMs and increased by constitutive over-expression of active
Pak1 (Ad-CAPak1) (Wang et al., 2014a). This regulation
appeared to involve activation of serum response factor (SRF),
a transcriptional factor well-known for its vital role in regula-
tion of cardiogenesis genes in the Pak1-dependent regulation of
SERCA2a (Wang et al., 2014a).

The above results indicate that modulation of Pak1 activity
in ventricular myocytes can have a significant impact on Ca2+

handling in these cells under both baseline physiological and
β-adrenergic challenge conditions.

Possible Roles in Maintaining Transverse
(T)-Tubular Structure

Preliminary evidence (DeSantiago et al., 2013) suggests struc-
tural roles of Pak1, in addition to the above functional role
of Pak1 in maintaining transverse (T)-tubular structure, which
is altered in hypertrophic remodeling. Pak1−/− ventricular
myocytes showed decreased cell capacitances compared to WT
suggesting decreased T-tubular density. Under these condi-
tions, cells showed comparable SR Ca loads and phospholam-
ban phosphorylation, while their systolic Ca2+ transients showed
decreased amplitudes and delayed rise times, consistent with
a reduced coupling between LTCC-mediated Ca2+ influx and
RyR2-mediated Ca2+-induced Ca2+ release (CICR); changes
which were not observed in Pak1−/− atrial myocytes. Such find-
ings are consistent with the central role of T-tubules in triggering
and synchronizing excitation–contraction coupling, and merit
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further exploration. T-tubular remodeling has been reported in
other cardiac pathologies, and could well be involved in the
associated alterations in cellular processes, and hence cardiac
function.

In summary, as illustrated in Figure 1, these novel Pak1 effects
on Ca2+ homestasis complement previously established actions
upon PP2A and the resulting balance between kinase and phos-
phatase activity in controlling cardiac ion channel activity and
rhythmic Ca2+ cycling.

Earlier reports (Liu et al., 2011) had identified Pak1 as a novel
regulator of hypertrophic remodeling whose cardiomyocyte-
specific deletion exacerbated cardiac hypertrophy leading to
heart failure, following transverse aortic constriction. These fea-
tures were prevented by the non-selective Pak1 activator FTY720
in wild-type but not Pak1cko mice (Liu et al., 2013). Such car-
diac hypertrophy, with improved cardiac function and decreased
myocyte apoptosis compared to WT, was reduced in mice over-
expressing Pak1, with improved cardiac function and decreased
myocyte apoptosis compared to WT (Mao et al., 2009). A
recent study identified Pak1 as one of the significant genes
on the core networks for dilated cardiomyopathies by pathway

analyses in a Genome wide association study (GWAS) dataset
of patients suffering from DCM (Backes et al., 2014). Over
the past decade, significant progress has also been made in
understanding of additional roles of Pak1 in the regulation of
Ca2+ homeostasis and Ca2+ handling in turn regulating car-
diomyocyte excitability and contractility (Ke et al., 2004, 2007,
2009). There have also been speculative suggestions for a role
of Pak1 in the maintenance of transverse (T) tubule structure.
The present review now provides an updated account of these
recent findings. Thus, Pak1 may thus offer a novel therapeu-
tic target for modulation of Ca2+ handling in cardiac disease
conditions.
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In many non-excitable and excitable cells, store-operated calcium entry (SOCE)

represents an additional pathway for calcium entry upon Ca2+ store depletion. In a

previous study, we demonstrated SOCE activity in intact mouse cardiac pacemaker

tissue, specifically from sinoatrial node (SAN) tissue. However, store content as a key

determinant of SOCE activity is difficult to measure in intact SAN tissue. Therefore,

to investigate the interaction between SOCE and store content and its role in cardiac

pacemaking, it is necessary to investigate SOCE activity in single cardiac pacemaker

cells. Furthermore, recent studies in other tissues have identified two new proteins

involved in SOCE, stromal interacting molecule (STIM), which is an ER Ca2+ sensor, and

the surface membrane channel Orai, a prototypic gene encoding for SOCE. However,

whether STIM and Orai are expressed in native pacemaker cells is still unknown. In

this current study, we examined SOCE activity in single firing pacemaker cells isolated

from mouse sinoatrial node tissue. We found a significant rise in Ca2+ entry in response

to Ca2+ store depletion. SOCE blockers reduced the amplitude and frequency of

spontaneous Ca2+ transients and reduced Ca2+ store content. We demonstrated for

the first time that STIM and Orai are expressed in pacemaker cells. After store depletion,

STIM1 redistributed to the cell periphery and showed increased co-localization with

surface membrane located Orai1, indicating a possible involvement of these proteins in

SOCE activity in native cardiac pacemaker cells. These results suggest the novel concept

that SOCE plays a functional role in regulating intracellular Ca2+ of cardiac pacemaker

cells.

Keywords: store-operated Ca2+ entry, STIM1, Orai1, sinoatrial node

Introduction

Cardiac contraction originates in the spontaneous firing of pacemaker cells in the sinoatrial
node (SAN) of the heart. Originally it was thought that the spontaneous firing of pacemaker
cells was driven purely by voltage-dependent membrane currents (Noble, 1960) but subse-
quently it has been found that intracellular Ca2+ cycling also plays an important role (Rigg
and Terrar, 1996; Ju and Allen, 1998, 1999; Rigg et al., 2000; Lakatta et al., 2010). During each
spontaneous cycle, Ca2+ influx through L-type Ca2+ channels triggers sarcoplasmic reticulum (SR)
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Ca2+ release and produces a global Ca2+ transient. The loss of
Ca2+ from the SR causes partial depletion which recovers as the
SR Ca2+ pump (SERCA) returns Ca2+ to the SR. Ca2+ extru-
sion through the Na+/Ca2+ exchanger generates an inward cur-
rent that contributes to pacemaker diastolic depolarization.(Rigg
and Terrar, 1996; Ju and Allen, 1998, 2000; Rigg et al., 2000;
Vinogradova et al., 2000, 2006). Although controversies still exist
about the relative importance of intracellular Ca2+ cycling over
membrane currents (Lakatta and DiFrancesco, 2009; Himeno
et al., 2011), it is now generally accepted that pacemaker activity
is orchestrated by the coupled system ofmembrane ionic currents
(the “membrane clock”) and intracellular SR calcium cycling (the
“calcium clock”) (for review see, Lakatta et al., 2010).

In many non-excitable and excitable cells, store-operated cal-
cium entry (SOCE) represents an additional pathway for calcium
entry into the cell to refill the SR calcium store. SOCE is acti-
vated by the decline of Ca2+ concentration within the lumen
of the endoplasmic reticulum (ER) or SR. Activation of SOCE
produces Ca2+ influx which provides a regulatory link between
SR Ca2+ level and membrane calcium entry, thereby helping to
maintain SR calcium homeostasis (Parekh and Putney, 2005). In
a previous study, we demonstrated SOCE in an intact SAN tis-
sue preparation based on a rise of intracellular Ca2+ ([Ca2+]i)
when extracellular Ca2+ was replenished after store depletion (Ju
et al., 2007). However, SAN tissue contains pacemaker cells inter-
mingled with fibroblasts, atrial myocytes and endothelium cells,
all of which are capable of expressing SOCE (Camelliti et al.,
2004; Chen et al., 2010; Li et al., 2011). Additionally, store con-
tent as a key determinant of SOCE activity is difficult to measure
in intact SAN tissue. Therefore, to rule out possible endogenous
cell contamination and investigate store content, it is necessary to
investigate SOCE activity in single pacemaker cells.

In the present study, we examined SOCE in single firing pace-
maker cells, by measuring the changes in intracellular Ca2+ in
response to SR Ca2+ store depletion. Using two different blockers
of SOCE, SKF96365, and BTP-2, we estimated the contribution of
SOCE to pacemaker activity and the refilling of the SRCa2+ store.

The genes encoding SOCE in pacemaker cells remain to be
identified. We previously found that TRPC channel genes are
expressed in pacemaker cells isolated from mouse SAN. Because
the involvement of TRPC channels in SOCE has also been
reported in many other cell types (Clapham, 2003; Birnbaumer,
2009), this result suggests that TRPC channels could be encoding
SOCE in pacemaker cells. Ca2+ influx through TRPC channels
has also been implicated in cardiac hypertrophy (Wu et al., 2010;
Eder and Molkentin, 2011) and cardiac arrhythmias (Harada
et al., 2012). However, despite the large numbers of reports impli-
cating TRPCs as store-operated channels, whether activation
of TRPC channels requires depletion of SR Ca2+ store remain
debatable (Lewis, 2007; Birnbaumer, 2009; Putney, 2009). Accu-
mulated evidence suggests that activation of certain isoforms
of TRPC channels, especially TRPC3 and TRPC6, are directly
related to G-protein coupled receptor activation and phospho-
lipase C mediated production of diacylglycerol, referred to as
receptor-operated Ca2+ entry (ROCE) (Hofmann et al., 1999;
Onohara et al., 2006; Mohl et al., 2011). Such Ca2+ entry is
independent of SR store depletion.

In recent years, studies using genetic approaches have iden-
tified genes encoding the ER Ca2+ sensor, namely the stromal
interaction molecule (STIM) (Liou et al., 2005; Zhang et al., 2005,
also for review see Cahalan, 2009). Subsequently, the Orai fam-
ily of membrane proteins was identified as forming a prototypic
SOCE, the Ca2+ release activated Ca2+ channel (CRAC) (Feske
et al., 2006; Vig et al., 2006; Zhang et al., 2006). CRAC channels
are Ca2+-selective channels located in the cell membrane and ful-
fill the criteria for being store-operated (Feske et al., 2006; Vig
et al., 2006). In response to decreased ER Ca2+ concentration,
STIM1 translocates within the ER membrane to form discrete
surface membrane-associated aggregates where it activates Orai
channels (Lewis, 2007; Penna et al., 2008; Wang et al., 2010b). A
recent study using high resolution nuclear magnetic resonance
determined the structure of protein segments from STIM1 and
Orai1 confirmed their interaction and possible role in Orai1 acti-
vation (Stathopulos et al., 2013). There is now substantial evi-
dence that SOCE plays a key role in mediating cardiomyocyte
hypertrophy, both in vitro and in vivo, and there is growing
support for the contribution of SOCE to Ca2+ overload associ-
ated with ischemia/reperfusion injury (Collins et al., 2013). How-
ever, the expression and cellular distribution of STIM and Orai
molecules have not been determined in cardiac pacemaker cells.

In this study, we examined the expression of STIM and Orai
isoforms in pacemaker cells, their cellular localization under
physiological conditions, and redistribution after store depletion.

Materials and Methods

Single SAN Cell Isolation
Cardiac cells were harvested frommale Balb/c mice (2–4 months
old) under a protocol approved by the Animal Ethics Committee
of the University of Sydney.

Single SAN cells were isolated using a modified protocol
as described previously (Liu et al., 2011). Briefly, hearts were
removed from animals and microdissection of the SAN region
was performed with constant perfusion of Tyrode solution with
1.8mmol/L Ca2+ using a dissecting microscope. A strip of tis-
sue containing the SAN region, measuring ∼0.5mm × ∼1mm,
was identified by anatomic landmarks and dissected out. The
SAN strips were cut into 3–5 smaller strips and rinsed in a
“Ca2+ free” solution containing (in mmol/L) 120NaCl, 5.4 KCl,
0.5MgCl2, 1.2 KH2PO4, 20 taurine, 11.1 glucose, 10 HEPES, 0.3
EGTA, 10 Na-Pyruvic acid, 5 Creatine, 5µmol/L Blebbistatin,
2mg/ml bovine serum albumin (BSA), pH 7.0. The rinsed SAN
tissue strips were digested in the same “Ca2+ free” solution con-
taining collagenase (229 u/ml, type II, Worthington Biochemi-
cal Corporation), elastase (1.9 u/ml) and protease (0.9 u/ml, type
XIV) for 30–40min at 35± 0.5◦C and bubbled with pure oxygen.
After enzyme digestion, the tissue was then washed and stored in
Kruftbrühe (KB) solution which contains (in mmol/L), 30KCl,
10KH2PO4, 2MgCl2, 70 L-glutamic acid, 10 HEPES, 20 taurine,
5 creatine, 0.3 EGTA, 10 Na-Pyruvic acid, 5 Creatine, 5µmol/L
Blebbistatin, 80 KOH, 11.1 glucose and 10 HEPES, with pH
adjusted to 7.2 with KOH. Single SAN cells were released by gen-
tle pipetting of the digested tissue strips. SAN cells were identified
under light microscopy by their spindle shape and small size with
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centered single nuclei. Atrial myocytes were dissociated follow-
ing the same isolation protocol while ventricular myocytes were
dissociated by the collagenase-based coronary perfusion method
as described elsewhere (Zhou et al., 2000). All chemicals were
purchased from Sigma unless otherwise specified.

Intracellular Ca2+ Recording
Isolated single mouse SAN cells were placed on laminin-coated
(20µg/ml) 35mm glass bottom petri dishes (MatTek Culture-
ware) for 20min to attach. Fluo-4-AM (FluoroPure grade, Invit-
rogen. USA) was mixed with Pluronic F-127 by sonication and
diluted to a final concentration of 5µmol/L in Tyrode solution.
This solution was used to load single pacemaker cells (20min
at room temperature). After superfusion with normal Tyrode
solution (with 1.8mmol/L Ca2+) for 20min to de-esterify Fluo-
4-AM, spontaneously beating pacemaker cells were selected for
study. A LSM 510 META confocal microscope (Carl Zeiss Inc.,
Germany) equipped with an argon laser provided excitation at
488 nm and the fluorescence signal was collected at wavelengths
of>515 nm. A heated microscope stage and a 63× /1.4 oil objec-
tive heater (PeCon GmbH, Germany) were attached to maintain
cells at 37◦C throughout the experiment. Cell shortening was
recorded by line scan mode and analyzed offline with ImageJ
software (NIH, USA). Intracellular Ca2+ was recorded using
either line scan mode (xt mode) or frame mode (xy mode) with
time series. Results were recorded at Zeiss LSM scan speed 8
(3.07ms/line) and 10 s intervals exist between two consecutive
frames in frame mode. Data were analyzed with Zeiss LSM image
examiner (version 4.2, Carl Zeiss Inc., Germany) and imageJ
(NIH, USA). Global intracellular Ca2+ levels were translated
into relative fluorescence levels, F/F0, where F and F0 repre-
sent the fluorescence intensities at a given time and at minimum
resting level, respectively. Maximum change in F/F0 (in frame
mode) was calculated as the change in the peak value after Ca2+

re-admission relative to initial level before Ca2+ removal.

Reverse Trascriptase-Polymerase Chain
Reaction (RT-PCR) Analysis
Total mRNA from isolated cardiac myocytes (SAN cells, atrial
and ventricular myocytes) and spleen cells were extracted with
TRIzol (Invitrogen. USA) following manufacturer’s protocol.
Reverse transcription was carried out with 1µg total RNA using
the Superscript First-Strand Synthesis System for RT-PCR (Invit-
rogen), according to the manufacturer’s instructions. RT-PCR
was performed with Platinum Taq (Invitrogen) under the fol-
lowing conditions as described by Wissenbach et al. (2007):
one cycle 50◦C/30min; one cycle 94◦C/2min; 40–45 cycles
94◦C/15 s, 56◦C/30 s, 72◦C/30 s; one cycle 72◦C/5min. The fol-
lowing primer pairs, deduced from cDNA sequences and flank-
ing at least one intron were used: 5′ GAT CGG CCA GAG TTA
CTC C and 5′ CGA TGC ATG CGC TCG TGG (ORAI1); 5′ AA
GAA GGG AGA GAC ACA CAG and 5′ ACT CGC TGA TGG
AGT TGAG G (ORAI2); 5′ GCC AGT CAG CAC TCT CTG C
and 5′ CCA CCA GAA CAA CTT CAG CC (ORAI3); 5′ GCC
ACA GCT TGG CCT GG and 5′ GCT CCA TCA GG CTG TGG
(STIM1); 5′ TGAGGA TAC CCT GCAGTGG and 5′ CAG TCT

GCAGAC TCT CTAAG (STIM2); 5′ GCT CGAGATGTCATG
AAG G and 5′ GGC TGT ACT GCT TAA CCA GG (HPRT1).

Immunostaining and Western Blots
Immunostaining of single SAN cells was carried out using stan-
dard protocols as described previously (Liu et al., 2011). Briefly,
isolated pacemaker cells were plated onto laminin-treated slides
and allowed to settle for 30min before being fixed with 2%
paraformaldehyde (Sigma) for 5min. A subset of cells was incu-
bated with Ca2+ free Tyrode Solution with either 5µmol/L
cyclopiazonic acid (CPA) or 1µmol/L thapsigargin (TG) for
30min at room temperature before fixation. Fixed cells were
washed three times with phosphate buffer solution (PBS) over
30min, permeabilized by 0.1% Triton X-100 (Sigma) for 5min,
washed three times with PBS over 30min, and blocked with 1%
bovine serum albumin (BSA; Sigma) and 4% normal Goat serum
(invitrogen, USA) in PBS for 1–2 h before application of primary
antibody. Primary antibodies were diluted in 1% BSA and 4%
normal goat serum in PBS. Cells were incubated with primary
antibodies at an appropriate concentration (see Table 1) at 4◦C
overnight, briefly washed in PBS and then Alexa Fluo-488 goat
anti-rabbit or Alexa Fluo-561 goat anti-mouse secondary anti-
bodies (both at 1:200 dilution, Invitrogen, USA) were applied.
Cells were washed three times with PBS and then mounted with
Prolong Gold mounting media with DAPI (Invitrogen, USA)
and cover slips were sealed with nail polish. In negative control
experiments, no primary antibody was used and no labeling was
detected. Confocal images were acquired with LSM 510 META
confocal microscope (Carl Zeiss Inc., Germany) and analyzed
with LSM image examiner.

For Western blot, strips of SAN (restricted by Crista termi-
nalis, atrial septum, superior and inferior vena cava), atrium
(from left atrium wall) and ventricle (left ventricle free wall) were
freshly dissected and snap frozen in liquid nitrogen. Spleen tissue
was collected in the same way and served as positive control pro-
tein. Total protein extracts were prepared with Mammalian Cell
Lysis Kit (Sigma, Cat no: MCL1) containing RIPA buffer and pro-
tease inhibitor cocktail. Tissue samples were homogenized on ice
using a Polytron homogenizer (PT900 CL) and cleared by cen-
trifugation at 12,000 g for 10min. Protein extracts were separated
on 8% SDS-PAGE gel and transferred to a nitrocellulose mem-
brane (Whatman). The membranes were immunoblotted with
the appropriate antibodies (Table 1) following standard proce-
dures published elsewhere (Nishiyama et al., 2009). Immunoblots
were probed with antibodies against STIM1, STIM2, Orai1, and
Orai3 but not Orai2 due to lack of Orai2 mRNA expression in
cardiac cells.

Drugs
Thapsigargin (TG, 1µmol/L) and Cyclopiazonic acid (CPA,
5µmol/L) which are SR Ca2+-ATPase (SERCA) inhibitors
were used to deplete store content. The imidazole compound
SKF-96365 (1-[2-(4-methoxyphenyl)-2-[3-(4-methoxyphenyl)
propoxy]ethyl-1H-imidazole hydrochloride) has been shown
to target the STIM1-Orai1 pathway and inhibit SOCE in
cell lines (Liou et al., 2005; Huang et al., 2006). BTP-2, a
bistrifluoromethyl-pyrazole derivative, is a potent and fast-acting
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TABLE 1 | List of antibody used in the study.

Antibody Company (cat #) Clone Ab isoform Dilution staining Dilution western

ORAI1 Sigma (O8264) NA Rabbit 1:100

ORAI1 ProSci (PM-5207) NA Mouse 1:500 1:1000

ORAI3 ProSci (4117) Polyclone Rabbit 1:200 1:1000

STIM1 BD transduction 44/stim1 Mouse IgG2a 1:100 1:1000

STIM2 ProSci (4123) Polyclone Rabbit 1:400 1:1000

HCN4 Abcam (ab32675) SHG 1E5 Rat 1:800

Caveolin-3 BD transduction 26/cav-3 Mouse IgG1 1:500

SERCA2 Abcam (ab2861) 2A7-A1 Mouse IgG2a 1:500

RyR2 ABR (MA3-916) C3-33 Mouse IgG1 1:200

NCX1 Swant (R3F1) R3F1 Mouse IgG1 1:200

SOCE blocker in a number of immortal cell lines and immune
cells (He et al., 2005; Yonetoku et al., 2008). SKF-96365 and
BTP-2 (both at 10µmol/L) were used as SOCE blockers in this
study. All drugs were dissolved in DMSO as stock solution
stored at − 20◦C and diluted in Tyrode solution at working
concentration before applying to cells.

Statistical Analysis
Data were presented as means± SEM. The statistical significance
of effects was evaluated by Student’s t-test or ANOVA and a value
of P < 0.05 was considered statistically significant.

Results

SOCE Activities in Single Isolated Pacemaker
Cells
To investigate whether SOCE exists in isolated single pacemaker
cells, we studied the changes in [Ca2+]i in response to an inter-
vention protocol which involves removing extracellular Ca2+

in addition to the application of SR Ca2+-ATPase (SERCA)
inhibitor. We previously showed that this protocol caused acti-
vation of SOCE in intact mouse SAN tissue (Ju et al., 2007).
Figure 1A shows serial confocal Ca2+ images collected from an
isolated single isolated pacemaker cell undergoing the SOCE acti-
vation protocol. Under control conditions (1.8mM [Ca2+]o), the
cell exhibited spontaneous firing and regular Ca2+ transients
Figure 1A(1) (xy plot, duration 1.5 s). The cell stopped firing
when the SERCA inhibitor, cyclopiazonic acid (CPA, 5µmol/L)
was applied along with extracellular Ca2+ withdrawal from the
solution for 5min, which was associated with a significantly
reduced [Ca2+]i [Figure 1A(2)]. A marked global rise in [Ca2+]i
upon Ca2+ re-admission is demonstrated in Figure 1A(3) asso-
ciated with visible cell shortening (hypercontraction). [Ca2+]i
rapid declined after an initial transient overshoot [Figure 1A(4)].
Spontaneous Ca2+ transients associated with pacemaker firing
reappeared as [Ca2+]i gradually returned to control level after
wash off of CPA [Figure 1A(5)]. Figure 1B demonstrated the
time course of Ca2+ fluorescence intensity changes deduced
from 60 consecutively collected Ca2+ images in response to
the SOCE activation protocol. The top panel showed the tim-
ing of extracellular [Ca2+] withdrawal and readmission. A large

Ca2+ influx reached its maximum within 30 s after Ca2+ re-
admission and lasted for 1–2min (Figure 1B top trace). In con-
trast, only a small Ca2+ influx was seen in the presence of the
selective SOCE blocker BTP-2 (Yonetoku et al., 2008; Singh
et al., 2010) (Figure 1B bottom trace). We found that SKF-96365
has similar effect to BTP-2 in single pacemaker cells and the
results were similar to that previously reported in intact SAN
preparations (Ju et al., 2007). Both SOCE blockers also signifi-
cantly reduced CPA or TG -induced SOCE in single pacemaker
cells. In addition, Ca2+ influx was not seen upon reintroduc-
ing extracellular Ca2+ after removal of extracellular Ca2+ with-
out using SERCA inhibitors. Figure 1C compares the amplitude
of the [Ca2+]i rise upon Ca2+ re-admission relative to initial
levels for each treatment. These results confirm there is signif-
icant Ca2+ influx in isolated single mouse pacemaker cells in
response to a SOCE activation protocol that presumably causes
store depletion.

To confirm that the large [Ca2+]i rise was indeed associ-
ated with a store Ca2+ depletion, the store Ca2+ content was
assessed using rapid caffeine application (Figure 2). Rapid appli-
cation of caffeine causes a large and rapid rise in [Ca2+]i that
has been widely used to measure SR Ca2+ content (Bers, 1987).
Caffeine-induced Ca2+ transients were compared under con-
trol conditions [Figure 2A(i)], after 5min. of extracellular Ca2+

removal [Figure 2A(ii)], and after Ca2+ removal combined with
SERCA inhibition by TG [Figure 2A(iii)]. Three superimposed
spatially-averaged traces of caffeine-induced Ca2+ transients are
shown in Figure 2B. Note that regular spontaneous Ca2+ tran-
sients were seen only in control conditions before the applica-
tion of caffeine (black line, Figure 2B), but not in extracellular
Ca2+ free (red line) and extracellular Ca2+ free plus thapsigargin
(green line). SR Ca2+ store content indicated by caffeine induced
Ca2+ transients (quantified by maximum 1F/F0) showed a small
but non-significant reduction after extracellular Ca2+ removal
(Figure 2C, n = 4 cells from 3 mice, P = 0.81) but exhibited
a large and significant fall when extracellular Ca2+ removal was
combined with SERCA inhibition (Figure 2C, n = 5 cells from
3 mice, P < 0.05). These data confirm that the combination of
extracellular Ca2+ removal and application of a SERCA blocker
cause store depletion. The large Ca2+ influx is dependent on SR
Ca2+ store content and is store-operated Ca2+ entry.
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FIGURE 1 | Characteristic store operated Ca2+ entry (SOCE)

induced in isolated pacemaker cells. (A) The left panel shows a

transmitted light image of a spontaneously firing pacemaker cell

loaded with Ca2+ indicator Fluo-4 AM. The regular spontaneous

Ca2+ transients were detected as regular fluctuations in

fluorescence intensity during a single xy frame recorded over a

period of 1.5 s, (during which there were ∼5 beats under control

condition as shown next image (1). There are five selected

fluorescent images representing intracellular Ca2+ changes under 5

different experimental conditions in the same cell; (1) control, (2)

after store depletion with 0mmol/L Ca2+ and the SERCA inhibitor

cyclopiazonic acid (CPA, 5µmol/L), (3 and 4) upon Ca2+

re-admission, and (5) wash off respectively. (B) The time course of

Ca2+ fluorescent intensity changes deduced from 60 Ca2+ images

consecutively collected at 10 s intervals. The top panel shows the

course of SOCE activation protocol, i.e., timing of extracellular

[Ca2+] withdrawal and readmission and time of application of CPA.

The bottom trace shows the intracellular Ca2+ changes in the

presence of SOCE blocker BTP-2 during the course of SOCE

activation. (C) Summary data (mean ± SEM) represents the

maximum amplitude of [Ca2+]i rise upon Ca2+ re-admission, relative

to the initial [Ca2+]i level before Ca2+ removal. Control experiments

were done with Ca2+ removal and re-admission only. N equals

number of cells for each group, ∗P < 0.05.

SOCE Blockers Reduce Store Content
The important physiological function of SOCE is to refill the SR
Ca2+ store (Seth et al., 2012). Thus, it would be expected that
SOCE blockers would cause decreased SR Ca store content.

To test this idea, we examined the effect of a SOCE blocker
on SR Ca2+ store content, estimated by caffeine-induced Ca2+

release (Bers, 1987). Figure 3A shows Ca2+ transients recorded
from a spontaneously beating pacemaker cell. Rapid application
of caffeine induced a large and rapid rise in [Ca2+]I under
control conditions. BTP-2 slowed the spontaneous firing rate and
reduced the amplitude of both the spontaneous Ca2+ transient
and the caffeine-induced transient. Both these observations
are clearly shown in Figure 3B which shows superimposed,
spatially-averaged records. On average BTP-2 reduced the
amplitude of the spontaneous Ca2+ transient by 24% (n = 6,
P = 0.018, Figure 3C). BTP-2 also reduced the amplitude of the
caffeine-induced Ca2+ signal—which is indicative of SR Ca2+

store content—by 22% (n = 6 cells from 4 mice, P = 0.026)
(Figure 3D). These data demonstrate SOCE inhibition reduced

store content and firing rate, which suggests that SOCE may
participate in maintaining store content and pacemaker func-
tion. To estimate how much SOCE might be involved in normal
pacemaker activity, we investigated the effect of SOCE blockers
on pacemaker firing rate. When applied to normally firing
pacemaker cells, BTP-2 reduced the firing rate by 16.0 ± 1.4%
(n = 6 cells in each group, P < 0.01 as shown in Figure 3E).
SKF-96365 also reduced pacemaker firing rate by 12.3 ± 1.8%.
The negative chronotropic effects caused by inhibition of SOCE
may indicate that SOCE might be involved in the regulation of
pacemaker activity.

Expression of STIM/Orai in Pacemaker Cells
Although we found SOCE activity in pacemaker cells as
described above, the genes encoding SOCE in pacemaker cells
remain to be identified. In recent years, Orai proteins have
emerged as new molecular candidates for the channels that
underlie the store depletion activated Ca2+ current, ICRAC

(Huang et al., 2006; Zhou et al., 2010). Before the discovery of
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FIGURE 2 | SR Ca2+ store content measured in pacemaker cells.

(A) Representative line scan recording of [Ca2+] i and caffeine induced

Ca2+ transients, as the measurement of SR Ca2+ store content, in

SAN cells; (i) under control conditions with 1.8mmol/L Ca2+, (ii) with

removal of external Ca2+ only and (iii) with removal of Ca2+ in the

presence of TG. (B) Overlapping representative line plot traces of Ca2+

images shown in (A). The associated line colors represented [Ca2+] i
under control conditions (black), removal of external Ca2+ only (red) and

removal of Ca2+ in the presence of TG (green), respectively. (C)

Summary data (mean ± SEM) of store content indicated by maximal

rise of F/F0 measured by caffeine induced Ca2+ release. N equals

number of cells for each group, ∗P < 0.05.

Orai genes, the TRPC channels were regarded as the most likely
candidates for SOCE. We previously found that pacemaker cells
express all TRPC isoforms, except TRPC5 (Ju et al., 2007). How-
ever, it is still debatable whether the activation of TRPC channels
is dependent on Ca2+ depletion from SR Ca2+ store (SOCE) or
is dependent on G-protein coupled receptor activation (ROCE)
(Hofmann et al., 1999). In addition, stromal interacting molecu-
lar 1 (STIM1) has been identified as the ER sensor. It is known
that activation of SOCE requires STIM1 migration and interac-
tion with other molecular components of SOCE (Lewis, 2007).
Given the importance of STIM1 and Orai, we wanted to estab-
lish their expression in pacemaker tissue. RT-PCR was performed
with mRNA extracted from isolated SAN, atrial and ventricular
myocytes, respectively. Spleen tissue was used as a positive con-
trol sample, as there is abundant expression of these genes in
immune cells. The housekeeping gene Hypoxanthine–Guanine
Phosphoribosyltransferase (HPRT) was used as an internal con-
trol. Figure 4A shows gel images of amplified PCR products.
SAN and other cardiac myocytes expressed mRNA transcripts
of STIM1, STIM2, Orai1, and Orai3, but not Orai2. In contrast,
spleen tissue expressed all STIM and Orai isoforms as reported
by others (Wissenbach et al., 2007).

Expression of STIM and Orai proteins in SAN and other
cardiac tissue were also examined by immunoblot with specific
antibodies against each isoform. Figure 4B shows bands of
STIM1, STIM2, Orai1, and Orai3 in cardiac tissues at their pre-
dicted molecular weight. The antibodies recognize proteins with

appropriate molecular weight and confirm the expression of
STIM1, STIM2, Orai1, and Orai3 in the heart tissues, including
SAN, atrial and ventricular tissue. Figure 4C shows quantitative
western blot analysis of STIM1 protein levels in spleen and heart
with heart samples normalized to spleen.

Among the different isoforms of STIM and Orai, the STIM1
and Orai1 have been considered to be the most relevant com-
ponents of SOCE (Lewis, 2007; Stathopulos et al., 2013). To
explore the possibility that STIM1 and Orai1 in pacemaker cells
are functioning in SOCE, we investigated the localization of
STIM1 and Orai1 proteins in isolated SAN cells using immuno-
histochemistry. It is known that pacemaker cells express HCN4
(hyperpolarization-activated, cyclic nucleotide-gate cation
channels, type 4) (Marionneau et al., 2005; Liu et al., 2007), a
channel carrying Ifcurrent in these cells (Herrmann et al., 2007).
Figure 4D shows that a HCN4 positive cell (green in color) iso-
lated from mouse SAN tissue also demonstrates positive labeling
of Orai1 (red in color). The distribution of Orai1 labeling is
enhanced in the surface membrane where HCN4 is also located
(yellow color showed in merged images). This result suggests
that Orai1 could form functional channels in pacemaker cells.
We found that positive HCN4 labeled cells can be also positively
labeled with anti-STIM1 antibody (data not shown). STIM1 is
an SR/ER Ca2+ sensor protein located predominantly within
the ER/SR, but also to a limited extent in the plasma membrane
(Liou et al., 2005; Wu et al., 2006). When perfused with normal
Ca2+ containing solution, the distribution of STIM1 staining was
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FIGURE 3 | The effect of BTP-2, a SOCE inhibitor on the

spontaneous firing rate, Ca2+ transient amplitude and SR Ca2+

content in pacemaker cells. (A) Confocal Ca2+ images show the

changes in firing rate and [Ca2+]i before and after BTP-2 application.

(B) The line plots deduced from images in (A) that compare

spontaneous Ca2+ transients and SR store content (caffeine induced

Ca2+ transients) before and after BTP-2 application. (C) Summary data

(mean ± SEM) represents average change of 1F/F0max of spontaneous

Ca2+ transients, SR Ca2+ content and pacemaker firing rate in control,

BTP-2, respectively. ∗P < 0.05.

mainly intracellular as showed in two isolated SAN pacemaker
cells (Figure 4E top panel). It has been reported that STIM1 can
be translocated toward the plasma membrane upon SR Ca2+

store depletion in transfected RBL cells (Liou et al., 2007). After
treating pacemaker cells with thapsigargin, we found that the
STIM1 staining was redistributed and became predominately
located at the cell membrane as shown in Figure 4E, bottom
panel.

Peripheral Redistribution of STIM1 upon
Depletion of SR Ca2+ Store
Store-dependent translocation of STIM1 appears to be a pre-
requisite for the physical interaction with Orai1, which is fol-
lowed by Orai1 activation and Ca2+ influx (Liou et al., 2007).
To further investigate whether such STIM1 translocation can
form a functional interaction with Orai1 in pacemaker cells, we
examined the localization of Orai1 and STIM1 under control
and store depleted conditions. Figure 5A shows a pacemaker
cell that was immersed in Ca2+ free solution containing thap-
sigargin before labeling with Orai1 (red) and STIM1 (green).
Orai1 labeling appears closer to the cell membrane, while STIM1
labeling also appears along the surface membrane where Orai1
is located. The colocalization of two proteins is demonstrated
by the yellow staining as showed in an enlarged panel (arrows)
[Figure 5A(ii)]. We examined two separate groups of pacemaker
cells, the control group cells that were kept in normal Tyrode

solution (Ca2+ 1.8mmol/L) whereas the store depleted cells
were kept in Ca2+ free solution containing the SERCA block-
ers CPA or TG for 30min. The translocation after store deple-
tion was quantified by dividing the diameter of cells into 4
equal regions (Figure 5B) and the ratio of two outer quartiles
(including cell membrane) to two inner quartiles (cell interior)
was calculated (Figure 5B). For Orai1, this ratio is around 2–
3, indicating substantial concentration in the cell membrane,
and does not change with store depletion (data not shown).
Conversely for STIM1, the ratio in control cells is 1.25 ± 0.12
(n = 9 cells in 1.8mM Ca2+), indicating very little con-
centration in the cell membrane, but changed significantly to
4.16 ± 0.56 (n = 9 in the presence of CPA) or 4.35 ± 1.38
(n = 9 in the presence of TG) (P < 0.05) when the store
was depleted (Figure 5C). This data shows increased peripheral
localization of STIM1 and increased colocalization of STIM1
and Orai1 upon store depletion. Under the same conditions,
images of these antibody-stained cells were analyzed for colo-
calization, utilizing the colocalization coefficient (the ratio of
colocalized STIM1 pixels to total STIM1 pixels). Colocalization
coefficients for both STIM1 increased significantly after store
depletion (Figure 5D, n ≥ 9 cells per group, P < 0.05).
Similar results were obtained for the colocalization of Orai1
with STIM1 (not shown). This increased colocalization resulting
from the peripheral redistribution of STIM1 is expected to
increase the opportunity for physical interaction between STIM1
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FIGURE 4 | Expression of STIM and Orai molecules in mouse

cardiac myocytes. (A) Total RNA was isolated from pacemaker cells

(SAN), atrial myocytes (Atrium), ventricular myocytes (Ventricle) and

spleen. Transcripts of Stim1, Stim2, Orai1, Orai2, and Orai3 in cardiac

myocytes were compared with the spleen as positive control. The

housekeeping gene Hypoxanthine–Guanine Phosphoribosyltransferase

(HPRT1) was used as an internal control. (B) Protein levels of STIM1,

STIM2, Orai1, and Orai3 were examined in total protein extracts from

SAN region (SAN), atrium (Atrium), ventricle (Ventricle) and spleen and

determined by Western Blot analysis. The nuclear protein histone was

used as loading control. (C) Bar graph showing quantitative western blot

analysis of STIM1 protein levels in spleen and heart with heart samples

normalized to spleen as 1 (n = 3 gels, P < 0.05, ANOVA). (D) Confocal

images of an isolated pacemaker cell shows expression of HCN4 (green

in color), a positive marker for pacemaker cells. The cell also positively

stained with anti-Orai1 antibody (red in color). The nucleus is stained blue

with DAPI. A merged image on the left shows the co-localization of

HCN4 and Orai1 along the surface membrane (color in yellow).

(E) Representative confocal images of an isolated pacemaker cell labeled

with STIM1 (green in color) and DAPI (blue in color). When perfused with

normal Ca2+ containing solution, positive STIM1 staining was distributed

both intracellularly and in the cell periphery as showed in the top panel.

When perfused with Ca2+-free solution containing thapsigargin, STIM1

peripheral localization was enhanced, as shown in the bottom panel.

and Orai1, resulting in activation of calcium influx through
Orai1.

Discussion

SOCE and Pacemaker Function
In the present study, we examined both the functional conse-
quences of SOCE andmolecular components of SOCE in isolated
pacemaker cells. The study strengthens our earlier identification
of SOCE in intact mouse SAN (Ju et al., 2007).

Given that pacemaker cells generate robust spontaneous fir-
ing by a combination of voltage-dependent channels and Ca2+

cycling, one might question what functional role SOCE can play
in pacemaker cells. Application of the blockers to the normally
firing pacemaker cells caused only modest reductions of the firing
rate, though the fact that they were accompanied by a reduc-
tion in store level strengthens the case for the effect arising from
blocking SOCE. Reduced SR store Ca2+ content would influ-
ence both diastolic and systolic SR Ca2+ release and hence influ-
ence pacemaker activity (Bassani et al., 1995; Vinogradova et al.,
2004, 2006). However, we could not eliminate the possible effect

of these blockers on other pacemaker currents such as voltage-
gated Ca2+ current or potassium currents, which might pre-
vent us from accurately estimating the contribution of SOCE to
pacemaker electrical activity.

From an evolutionary perspective, survival of an animal
depends critically on the activity of several small groups of pace-
maker cells. No doubt this is the reason why pacemaker cells
contain several independent pacing mechanisms so that the loss
of one through ingested toxin, injury or genetic mutation is not
necessarily lethal. The experimental data presented here demon-
strated a small change (∼15% decrease) in firing rate when SOCE
was blocked, and thus supports a possible role of SOCE in regu-
lating the firing rate under physiological conditions. Using com-
puter simulation, we recently found that an additional inward
SOCE current with a long time constant of activation (e.g.,
800ms) could lead to a small increase (∼11%) in firing rate. With
such a long activation time constant, SOCE current effectively
becomes a background current whose level changes little over
the cardiac cycle and whose magnitude depends on the mean
level of Ca2+ in the SR over the cardiac cycle, providing a cal-
cium influx regulated by mean store size (Allen et al., 2012).
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FIGURE 5 | Evidence of migration of STIM1 proteins to the cell

membrane region after store depletion. Ca2+ store was depleted by

treating cells with Ca2+ free solution plus 10µmol/L thapsigargin.

(A) The colocalization of STIM1 and Orai1 is demonstrated by

membrane staining of STIM1 in the merged image (yellow in color) and

is also indicated by white triangle arrows in the enlarged image (far

right panel). To determine the region of a cell, the confocal image of a

cell was equally divided into peripheral quarters and center quarters

across cell width, and fluorescent intensity in each quarter was plotted

against distance as demonstrated in (B). (C) Summary data of the

fluorescent intensity ratio of peripheral quarters to center quarters of

STIM1 under three conditions; control, CPA + 0 Ca2+, thapsigargin

(TG) + 0 Ca2+ (n = 9 cells in each group, P < 0.05, ANOVA). (D)

Summary data (mean ± SEM) of the colocalization coefficiency, a ratio

of STIM1 and Orai1 colocalized pixels (Colocal) over total STIM1 pixels

under three conditions. (n = 9 cells in each group, P < 0.05, ANOVA).

Background currents of this sort have been previously recog-
nized in rabbit pacemaker cells (Hagiwara et al., 1992). In this
context, it would be of interest to determine whether the back-
ground current in pacemaker cells is dependent on SR Ca2+ store
depletion.

Distribution and Localization of STIM and Orai in
Pacemaker Cells
In the present study we demonstrate that SOCE activity is
present in single pacemaker cells. We also demonstrate that
several new SOCE proteins, including STIM1, STIM2, Orai1,
and Orai3, but not Orai2, are expressed in pacemaker cells
of mouse SAN tissue. Using immunohistochemistry, we show
that while Orai1 proteins are predominantly located in the sar-
colemma, STIM1 proteins under control conditions are dis-
tributed across the cell. It has been reported that STIM activation
induces conformational changes of Orai proteins and subsequent

STIM-Orai colocalization, which forms the active store-operated
calcium channel (Lewis, 2007; Stathopulos et al., 2013). We also
found that there was a certain proportion of STIM1 and Orai1
clustered and co-localized at the periphery of pacemaker cells
in response to the store depletion. These results suggest a possi-
ble interaction between STIM1 and Orai1 and how they might
play a functional role related to SOCE. However, to further
quantify the involvement of STIM1 and Orai1 in SOCE activ-
ities in native pacemaker cells would require the use of tissue
specific/conditional knock out related genes and proteins and
then record associated changes of the amplitude of Ca2+ release
activated current (ICRAC).

While the molecular mechanism of STIM1/Orai1 activity and
their functional importance have been studied in great detail,
the functional relevance of other isoforms of STIM and Orai
still remain speculative (Hoth and Niemeyer, 2013). STIM2
and STIM1 share 60% homology in their amino acid sequence.
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Althoughwe also found the presence of STIM2, the role of STIM2
in pacemaker cells might be less significant as we did not observe
the translocation of STIM2 in response to store depletion (data
not shown).

We also found that in addition to Orai1, Orai3 was also
expressed in cardiac myocytes, including pacemaker cells, a result
consistent with a recent finding in rat ventricular myocardium
(Wolkowicz et al., 2011). In addition to forming functional SOCE
channels, STIM1 and Orai1 have been shown to interact with
many other Ca2+ handling proteins, including TRPC (Liao et al.,
2008, 2009), the L-type Ca channel (Wang et al., 2010a), the
sodium-calcium exchanger (Liu et al., 2010), the plasma mem-
brane Ca2+ ATPase (Ritchie et al., 2012), and the sarcoplasmic
reticulum Ca2+ ATPase (Lopez et al., 2008). Given that all these
potential pathways could contribute to Ca2+ handling and there-
fore pacemaker function, these offer multiple possible directions
for future research.

In our earlier work we identified that TRPC1, 3, 4, and 6 are all
expressed in pacemaker cells (Ju et al., 2007). The current study
demonstrates the presence of two of the best characterized SOCE
components, STIM1 and Orai1, in pacemaker cells and in addi-
tion demonstrates translocation of STIM1 to the sites of Orai1

on store depletion, as characterized in many other cell types.
It has been suggested that Orai and TRPC protein form com-
plexes that participate in Ca2+ entry with or without activation of
store depletion (Liao et al., 2009). Since these SOCE related pro-
teins are all expressed in the pacemaker cells, it is possible that
SOCE or related Ca2+ signaling pathways such as receptor oper-
ated Ca2+ entry (ROCE) (Hofmann et al., 1999) might contribute
to pacemaker activity under physiological or pathophysiological
conditions.

Limitations of the Current Study

A patch clamp study is needed to further establish whether SOCE
is accompanied by an inward current (Potier et al., 2009) which
directly contributes to diastolic pacemaker potential.
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Atrial fibrillation (AF) is the most common sustained arrhythmia. It is associated with a
markedly increased risk of premature death due to embolic stroke and also complicates
co-existing cardiovascular diseases such as heart failure. The prevalence of AF increases
dramatically with age, and aging has been shown to be an independent risk of AF.
Due to an aging population in the world, a growing body of AF patients are suffering
a diminished quality of life and causing an associated economic burden. However,
effective pharmacologic treatments and prevention strategies are lacking due to a poor
understanding of the molecular and electrophysiologic mechanisms of AF in the failing
and/or aged heart. Recent studies suggest that altered atrial calcium handling contributes
to the onset and maintenance of AF. Here we review the role of stress-response kinases
and calcium handling dysfunction in AF genesis in the aged and failing heart.

Keywords: atrial fibrillation, calcium handling, arrhythmogenesis, stress-response kinases, heart failure, aging

INTRODUCTION
Clinical studies have shown that atrial fibrillation (AF) is the most
common cardiac arrhythmia and has an associated high risk of
mortality and morbidity (such as stroke and heart failure) in the
aging population (Benjamin et al., 1994; Psaty et al., 1997; Podrid,
1999; Go et al., 2001; Miyasaka et al., 2006; Rich, 2009). Both
heart failure (HF) and aging have been shown to be indepen-
dent risk factors for AF (Benjamin et al., 1994; Kannel et al., 1998;
Ehrlich et al., 2002; Neuberger et al., 2007). HF affects nearly 15
million people worldwide (Cowie et al., 1997; Hershberger et al.,
2003). One third to one half of patients with HF develop AF
(Markides and Peters, 2002). New-onset AF among HF patients
has consistently been associated with a 2-fold increase in all-
cause mortality. Due to an aging population, the prevalence of
both AF and HF is predicted to more than double by 2050
(Linne et al., 2000; Di Lenarda et al., 2003). The high preva-
lence of these multiple co-morbidities (Wang et al., 2003) (e.g.,
very frequent co-existence of HF, AF, with aging) has tremendous
impact on the quality of life and daily functioning of elderly indi-
viduals, and is a significant financial burden worldwide (Linne
et al., 2000; Di Lenarda et al., 2003). However, pharmacologi-
cal treatment and prevention strategies remain ineffective due to
the incomplete understanding of the underlying molecular and
electrophysiologic mechanisms of AF genesis and development.

Accumulating evidence suggests that intrinsic stress (e.g.,
oxidative stress and chronic inflammatory stress) are markedly
enhanced in aging, HF, and AF, while the aged and pathologically
altered hearts have been shown to exhibit a higher susceptibil-
ity to extrinsic stress stimuli (Belmin et al., 1995; Beckman and
Ames, 1998; Juhaszova et al., 2005; Neuman et al., 2007; He et al.,
2011; Ismahil et al., 2014). The mitogen-activated protein kinase
(MAPK) cascade is composed of a family of signaling cascades,
which act as critical regulators of cell survival and growth in

response to both intrinsic and extrinsic stress challenges. The
three MAPK subfamilies c-Jun N-terminal kinase (JNK), extra-
cellular signal-regulated kinases (ERKs), and p38 MAPKs have
been the focus of extensive studies to uncover their roles in cardiac
disease development (Davis, 2000; Karin and Gallagher, 2005;
Ramos, 2008; Rose et al., 2010). The impacts of these stress-
response kinases on sarcoplasmic reticulum (SR) calcium (Ca)
handling proteins have begun to be revealed (Ho et al., 1998,
2001; Takahashi et al., 2004; Hagiwara et al., 2007; Scharf et al.,
2013; Huang et al., 2014). Extensive studies suggest that alter-
ations of Ca handling proteins including RyR2, phospholamban
[PLB, an inhibitory protein of SR Ca pump (SERCA2)], and L-
type Ca channels (Cav1.2) contribute to changed intracellular
Ca transients and diastolic SR Ca release that in turn lead to
Ca-triggered ventricular and atrial arrhythmogenesis (Schulman
et al., 1992; Wu et al., 1999; DeSantiago et al., 2002). Thus, this
review focuses on the recent progress in understanding the role of
stress-response kinases and calcium signaling dysfunction in AF
genesis in the aged and failing heart.

ELECTRICAL REMODELING PRECEDES AF ONSET AND
DEVELOPMENT
It is generally believed that abnormal triggers initiate AF, while an
arrhythmogenic substrate sustains it (Nattel et al., 2008). While
reentry circuits due to the formation of arrhythmogenic sub-
strate including molecular and structural remodeling have been
demonstrated to be important in AF development (Allessie et al.,
1976; Mandapati et al., 2000), the underlying mechanisms of AF
initiated by abnormal ectopic trigger activities remain unclear.
Extensive studies in ventricular myocytes have shown that ectopic
activities can occur by prolonged action potential duration (APD)
causing early afterdepolarizations (EADs) and by spontaneous
SR Ca releases leading to delayed afterdepolarizations (DADs)
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(Nattel et al., 2008). EADs normally occur with abnormal depo-
larization during phase 2 or phase 3 of the action potential
(AP). While ventricular myocytes can only develop phase 2 EADs,
atrial myocytes do not produce phase 2 EAD but may pro-
duce late phase 3 EADs with an abbreviation of the atrial APD
(Burashnikov and Antzelevitch, 2003; Patterson et al., 2005).
Studies suggest that electrical remodeling of atrial membrane ion
channels (e.g., Ca and potassium channels) leads to altered APD
and atrial effective refractory period (AERP); both have been
found to be associated with the development of AF (Marx et al.,
2000; Christ et al., 2004; Nattel et al., 2007). Before the onset of
AF, shorter AERPs were associated with a higher inducibility of
AF, while longer AERPs and slowing atrial conduction velocity,
which may cause a pro-arrhythmogeinc shortening of the con-
duction wavelength, Rensma et al. (1988) were found to be linked
to AF development in HF patients and animals (Huang et al.,
2003; Sanders et al., 2003). In aged rabbit left atrium, we found
that a slight reduction in AERP and unchanged action poten-
tial duration (APD30 and APD60; pacing cycle length = 200 ms)
were associated with slowed conduction velocity and a markedly
increased pacing induced AF compared to that of young controls
(Figure 1)(Yan et al., 2013). Although similar results of slightly
altered APD and AERP were also reported in aged canine and rat
atria, Anyukhovsky et al. (2005) and Huang et al. (2006) studies
from coronary artery bypass graft (CABG) surgery patients sug-
gest that AERP was positively correlated with age (Sakabe et al.,
2003). However, the molecular and electrophysiological proper-
ties of human hearts are known to be varied and complicated,
especially when co-existing pathological conditions (such as HF
or myocardial infarction) are present. While these results need to
be further confirmed in healthy aging human donor hearts and
further validated in other animal aging models, studies suggest
that atrial electrical remodeling was found to occur long before
the first occurrence of AF, and was not always correlated with the
occurrence of sustained AF in patients and animal models (van
der Velden et al., 2000; Kanagaratnam et al., 2008). In addition,
late-phase 3 EADs have only been shown to be responsible for
the immediate initiation of AF following termination of paroxys-
mal AF, but not in the case of newly onset AF or reoccurrence of
AF that has been terminated for a long time (Timmermans et al.,
1998; Oral et al., 2003). Thus, other features of the arrhythmo-
genic substrate such as SR Ca handling dysfunction, a generally
acknowledged arrhythmogenic factor of generating DADs, could
play an important role in failing or age-related enhancement of
atrial arrhythmogenicity.

ATRIAL SR Ca HANDLING IN AF GENESIS
Although Ca handling in atrial myocytes is similar to that of ven-
tricular myocytes, there are some important structural and cel-
lular signal differences between atrial and ventricular myocytes.
Atrial myocytes are thinner and longer, Walden et al. (2009)
which may lead to a longer delay between APs and Ca tran-
sients at the center of the cells. This property of the atrial cell
can increase the instability of Ca propagation, which is pro-
arrhythmogenic. In addition, atrial myocytes exhibit a different
Transverse tubules (T-tubules) structure compared to ventricu-
lar myocytes. T-tubules are an important sub-cellular network

FIGURE 1 | (A) Representative electrograms (EG) of burst pacing (for 30 s
at 6× diastolic threshold, CL = ±5 ms of atrial effective refractory period
(AERP) induced AF followed by self-reversion to sinus rhythm (SR) in
open-chest aged (top row) and anisomycin-challenged young rabbit LA
(middle row), and self-restored SR after burst pacing induced extra beats
(EB) in sham control young rabbit LA (bottom row). (B–C) Summarized data
of average duration of pacing-induced AT/AF as well as AERP in open-chest
aged rabbit LA and young rabbit LA with or without anisomycin treatment
(∗p < 0.05 and p = NS, respectively). (D) Representative isochronal maps
from young and aged rabbit hearts subjected to pacing at a CL of 200 ms (π
indicates the pacing sites). (E) Summarized optical mapping CV data show
that aged rabbits exhibited a CL-dependent, slower conduction but
unchanged AERP vs. young controls. This figure is modified from Yan et al.
(2013).

involved in SR Ca dynamics in ventricular myocytes (Wang et al.,
2001; Brette and Orchard, 2003; Franzini-Armstrong et al., 2005;
Ibrahim et al., 2010). T-tubules are located at the z-line of the
myocyte and provide close coupling of L-type Ca channels to
ryanodine receptors (RyRs) on the SR membrane. This structure
allows rapid intracellular Ca triggered SR Ca release in response to
electrical excitation (Franzini-Armstrong et al., 2005). Emerging
evidence suggests that an atrial T-tubule network is present in
large mammalian species including humans, sheep, dogs, cows,
and horses (Dibb et al., 2009; Lenaerts et al., 2009; Wakili et al.,
2010; Richards et al., 2011) although atrial T-tubular networks
are less abundant and less organized compared to that in the
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ventricles. While it was previously believed that atrial T-tubules
were virtually absent in the small rodents,(Forbes et al., 1990;
Berlin, 1995) a recent report by Frisk et al. (2014) showed sim-
ilar structural organization and density of the T-tubules in pig
and rat atria. A disorganized T-tubule network has been found
to contribute to SR Ca release dysfunction in failing ventricular
myocytes from both human and HF animal models (Balijepalli
et al., 2003; Louch et al., 2006; Heinzel et al., 2008; Lyon et al.,
2009). In rapid pacing-induced failing dog atria, reduced T-
tubular abundance was also found to be linked to altered subcellu-
lar Ca dynamics and AF development (Yeh et al., 2008; Dibb et al.,
2009; Lenaerts et al., 2009). While accumulating evidence sug-
gests that atrial T-tubular structure is present in most mammalian
species, further investigations are clearly needed to understand
whether there is remodeling in the failing and aged heart and its
functional role in atrial SR Ca handling and AF development.

It is known that the cardiac Ca current during the normal AP
contributes to the AP plateau and is involved in myocyte con-
traction. The voltage-gated L-type Ca channels (ICa) are activated
by membrane depolarization that leads to a small amount of
inward Ca flux (ICa) (Rougier et al., 1969). Ca entry via Ca current
(ICa) along with a much smaller amount of Ca influx via Na-Ca
exchange (NCX) activates large quantities of Ca release from SR
via ryanodine receptor channels (RyR; also called Ca triggered SR
Ca release channels). This Ca triggered SR Ca release involves a
transient increase in intracellular Ca [Ca]i that initiates myocyte
contraction as free Ca binds to the myofilaments (Bers, 2000).
During the relaxation phase of the cells, intracellular free Ca ions
will be removed from cytosol via: (1) pumping back to SR via a
Ca pump SERCA2 (SR Ca-ATPase); (2) expulsion from the cell
by NCXs; and (3) uptake by mitochondria via mitochondrial Ca
uniporters (Bers, 2000).

Compared to ventricular myocytes, atrial myocytes have
smaller Ca transient amplitude and a higher rate of intracellular
Ca decay. This is due to an increased SERCA uptake and enhanced
function of NCX to remove cytosolic Ca during the diastolic
phase (Walden et al., 2009). The increased SERCA-dependent
intracellular Ca removal is attributed to the greater amount of
SERCA2 and less expression of SERCA inhibitory protein phos-
pholamban (PLB) (Freestone et al., 2000; Walden et al., 2009).
Another important feature of atrial myocytes is that atrial SR Ca
content is greater than that of ventricular myocytes (Walden et al.,
2009). With the greater atrial SR Ca content, atrial myocytes are
prone to spontaneous diastolic SR Ca release when RyR chan-
nels are sensitized under pathological conditions (Venetucci et al.,
2008; Bers, 2014).

We and others have previously discovered that increased dias-
tolic SR Ca release causes abnormal ectopic activities, which lead
to ventricular arrhythmogenesis in the failing heart (Ai et al.,
2005; Yeh et al., 2008; Respress et al., 2012). During the dias-
tolic phase, SR Ca release normally shuts off almost completely
(∼99%). However, increased diastolic RyR Ca release could be
responsible for increased diastolic SR Ca leak and reduced sys-
tolic [Ca]FR for a given L-type voltage-gated Ca current (Ica) as
the release trigger (Bassani et al., 1995; Shannon et al., 2000;
Bers, 2014). The increased diastolic SR Ca leakage along with an
impaired function of Ca uptake due to altered SERCA2 elevates

the amount of [Ca]i and prolongs the [Ca]i decay phase in HF
(Bers, 2000, 2014). Then, increased Na influx via NCX for [Ca]i

removal can produce abnormal triggered activities (e.g., DADs)
and initiate atrial arrhythmias (Bers, 2000, 2014). Studies suggest
that alterations of Ca handling proteins including RyR2, PLB, and
Cav1.2 contribute to changed intracellular Ca transients and dias-
tolic SR Ca release (Schulman et al., 1992; DeSantiago et al., 2002;
Wu et al., 1999). Others and we have previously demonstrated
that activated CaMKII, a pro-arrhythmic signaling molecule, is
critically involved in phosphorylation of RyR2-2815 and PLB-
Thr17 (RyR2815-P, PLB17-P), which results in sensitized RyR
channels that in turn leads to triggered activities and arrhyth-
mia initiation due to diastolic SR Ca leak in pathologically altered
ventricles (Hoch et al., 1999; Maier et al., 2003; Zhang et al.,
2003; Ai et al., 2005; Yeh et al., 2008; Greiser et al., 2009; Sossalla
et al., 2010; Respress et al., 2012). Recent studies indicate that
alterations of CaMKII-dependent RyR phosphorylation are also
exhibited in the atrium of chronic AF patients (Chelu et al., 2009;
Neef et al., 2010). Results from several animal models have shown
that these altered SR Ca handling proteins contribute to enhanced
SR Ca leak and AF development (Chelu et al., 2009; Chiang
et al., 2014). Although alteration of ICa could also contribute to
abnormal SR Ca release, studies indicate that reduced ICa is a hall-
mark of AF induced electrical remodeling (Van Wagoner et al.,
1999; Christ et al., 2004). CaMKII inhibition has been shown to
improve the function of L-type Ca channel in mouse ventricular
myocytes and cultured HL-1 atrial myocytes, which could be due
to up-regulated expression of L-type Ca channel proteins (Zhang
et al., 2005; Ronkainen et al., 2011). These results indicate that
abnormal diastolic RyR Ca release could be the major cause of
abnormal Ca handling in HF and chronic AF (Ai et al., 2005; Yeh
et al., 2008 and Respress et al., 2012). However, other studies have
reported inconsistent results of increased, reduced, or unchanged
Ica preceding the onset of AF in postoperative patients compared
to that of patients at low risk for AF (Van Wagoner et al., 1999;
Christ et al., 2004; Dinanian et al., 2008; Workman et al., 2009).
Thus, the underlying mechanisms of abnormal Ca handling in AF
onset and maintenance in the pathologically altered heart require
further investigation.

In addition to altered phosphorylation of Ca handling proteins
regulated by kinases, some protein phosphatases (PP1, PP2A)
have also been found to play roles in regulating the phosphory-
lation state of channel proteins in failing ventricular myocytes (Ai
et al., 2005, 2011; Ai and Pogwizd, 2005). However, contradictory
results of the expression and activity of protein phosphatases have
been reported in humans and animal models with chronic AF or
paroxysmal AF (Christ et al., 2004; Chelu et al., 2009; Heijman
et al., 2013; Voigt et al., 2014). It is clear that the functional role of
protein phosphatases in atrial Ca handling and AF genesis need
to be further explored.

STRESS SIGNALING PATHWAYS IN ABNORMAL SR Ca
HANDLING AND AF DEVELOPMENT IN THE FAILING OR
AGED HEART
It has been shown that failing and aged hearts exhibit increased
intrinsic stress and higher susceptibility to extrinsic stress stimuli
(Belmin et al., 1995; Beckman and Ames, 1998; Juhaszova et al.,
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2005; Li et al., 2005a; Yang et al., 2005; Judge and Leeuwenburgh,
2007; Neuman et al., 2007; He et al., 2011; Ismahil et al., 2014).
JNK, a family member of the MAPKs, was discovered by Davis
in the early of 90s (Davis, 2000). And then JNK was found to
be activated in response to stress challenges to regulate cell pro-
liferation, differentiation, apoptosis, cell survival, cell mobility
and cytokine production (Davis, 2000; Bogoyevitch and Kobe,
2006; Raman et al., 2007). It is known that the JNK signal-
ing pathway is critical in the development of cancer, diabetes,
and cardiovascular diseases (CVD; e.g., HF, myocardial infarc-
tion, atherosclerosis) (Davis, 2000; Karin and Gallagher, 2005;
Rose et al., 2010). Emerging evidence suggests that enhanced JNK
activation is also linked to significantly elevated intrinsic stress
(e.g., oxidative stress or inflammatory stress) (Liu et al., 2014;
Sun et al., 2014). Studies have shown that rapid transient JNK
activation appears in cultured myocytes and animals that are
subjected to exercise or severe pressure overload, Boluyt et al.
(2003), Nadruz et al. (2004, 2005) and Pan et al. (2005) while
24 h mechanically stretched myocytes or exercise trained ani-
mals showed reduced or unchanged JNK activity (Boluyt et al.,
2003; Miyamoto et al., 2004; Roussel et al., 2008). These results

indicate that JNK activation could be a dynamic response to the
stress stimuli. Our laboratory recently discovered and reported
for the first time (Yan et al., 2013) that activated JNK plays an
important role in reduced gap junction channels and slowed con-
duction (Figure 2) that is associated with markedly increased
pacing-induced AF in vivo in aged rabbits. Young rabbits sub-
jected to a JNK activator (anisomycin) (Hazzalin et al., 1998;
Petrich et al., 2004) challenge in vivo also exhibited dramati-
cally increased incidence and duration of pacing-induced AT/AF,
which is comparable to that found in aged hearts (Figure 1).
While a significantly increased propensity for AF in aged humans
has been well-recorganized, Benjamin et al. (1994), Go et al.
(2001) and Rich (2009) our recent observations (Wu et al., 2014)
suggest an increase in activated JNK in aging human atrium from
healthy donor hearts (which were rejected for heart transplant
due to technical reasons). Moreover, we demonstrated that JNK-
induced gap junction remodeling impairs atrial conduction and
causes formation of reentrant circuits in cultured atrial myocytes
(Figures 2C,D) (Yan et al., 2013). However, previous studies sug-
gest that gap junction remodeling is most likely to contribute to
stabilization and maintenance of AF (Elvan et al., 1997; van der

FIGURE 2 | (A,B) Immunoblotting images and summarized data of
phosphorylated JNK (JNK-P), JNK1, JNK2, and phosphorylated MKK7 and
MKK4 (MKK7-P, MKK4-P) in young and aged rabbit LA. (C) Representative
sequential images of uniformly propagated action potentials (CL = 200 ms) in

sham-control HL-1 monolayers and broken and reentrant AP wave in an
anisomycin-treated (24 h) monolayer. (D) Summarized data of conduction
velocity between the three groups (∗∗p < 0.01 vs. sham-control). This figure
is modified from Yan et al. (2013).
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Velden et al., 1998, 2000; Dupont et al., 2001; Polontchouk et al.,
2001; Kostin et al., 2002; Nao et al., 2003; Kanagaratnam et al.,
2004; Sakabe et al., 2004; Wetzel et al., 2005; Nattel et al., 2008).
Therefore, other mechanisms such as SR Ca handling dysfunc-
tion could be responsible for the initiation of atrial arrhythmias
in aged hearts. To date, the role of JNK in SR Ca handling and
AF development in the failing and aged heart remains unknown.
Our recent results suggest that activated JNK plays an impor-
tant role in SR Ca leak and AF development in aged animals as
well as young animals with manipulated JNK activity. A com-
puter simulation study (Xie et al., 2010) suggested that generating
an ectopic beat in heart tissue with poorly coupled neighbor-
ing myocytes (slowed AP conduction) requires much fewer EAD
or DAD-producing myocytes than in normal tissue composed
of well-coupled cells. In another words, impaired intercellular
coupling could make cardiac tissue more vulnerable for gener-
ating ectopic triggers that may initiate arrhythmias. Therefore,
JNK-induced slowed conduction in the aged atria may create a
favorable environment for JNK-induced abnormal Ca activities
to form ectopic beats and even to initiate AF. Many questions
regarding the underlying mechanisms of JNK-induced AF gen-
esis remain unanswered. Further investigations are clearly needed
in this important research area.

ERKs and p38 MAPKs are the other two important stress-
response signaling pathways in cellular biology (Ramos, 2008;
Rose et al., 2010). At the cellular level, the two stress signaling
pathways modulate cell proliferation and differentiation, cytoki-
nesis, transcription, cell death, and cell adhesion. Like JNK, both
ERK and p38 are involved in various pathologies such as car-
diovascular diseases, diabetes, and cancers (Davis, 2000; Kyriakis
and Avruch, 2001; Karin and Gallagher, 2005; Kyoi et al., 2006;
Yoon and Seger, 2006; Rose et al., 2010). While enhanced activity
of ERK or p38 alone may or may not be required or suffi-
cient for facilitating cardiac hypertrophy, both ERK and p38 were
found to be activated in HF and these activated stress kinases
are involved in pathological remodeling and AF development
in the failing heart (Zechner et al., 1997; Wang et al., 1998; Li
et al., 2001, 2005b; Cardin et al., 2003; Nishida et al., 2004;
Purcell et al., 2007). Studies suggest that hypertrophic stimuli
lead to an increase in L-type Ca transients and down-regulation
of SERCA2 expression via activated ERK (Takahashi et al., 2004;
Hagiwara et al., 2007; Huang et al., 2014). Ras, a GTPase, is
able to activate ERK through a Ras-Raf-MEK cascade (Avruch
et al., 2001). Ras signaling activated ERK was found to contribute
to down-regulation of L-type Ca channels and reduced channel
activity along with reduced SERCA2 protein expression in cul-
tured myocytes (Ho et al., 1998, 2001; Huang et al., 2014). It
was also found that Ras-ERK-modulated molecular remodeling
led to decreased intracellular Ca transients and impaired SR Ca
uptake, which could lead to enhanced arrhythmogenicity (Zheng
et al., 2004). Moreover, recent work reported by Scharf et al.
(2013) suggests that p38 directly regulates SERCA2 mRNA and
protein expression via transcription factors Egr-1 and SP1. Taken
together, emerging evidence indicates that the stress-response
MAP kinases signaling cascades could be involved in cardiac Ca
handling and AF development (Figure 3). However, more work
needs to be done to further understand the underlying molecular

FIGURE 3 | Schematic outline of the potential impact of

stress-response MAP kinases on sarcolemma reticulum (SR) Ca

handling that may increase AF propensity in failing and/or aged atria.

and electrophysiological mechanisms of altered stress signaling
cascades and their crosstalking in AF development in the failing
and aged heart.

CONCLUSION
Accumulating evidence suggests that abnormal SR Ca handling is
associated with the initiation and development of AF. However,
much work still needs to be done to further uncover the under-
lying molecular and electrophysiological mechanisms of AF ini-
tiation and maintenance in diseased and aged hearts. To date,
most of the mechanistic studies of SR Ca dynamics have been
performed in isolated myocytes. However, isolated myocytes pro-
vide limited information regarding the spatial complexity of SR
Ca kinetics in the 3-dimensional myocardial structure, which is
completely disrupted by the enzymatic dissociation procedure of
cell isolation. Thus, measuring Ca dynamics in intact atria using
high-resolution Ca imaging should be considered in future stud-
ies to obtain important information about the relationship of SR
Ca handling and APs, as well as their role in arrhythmogenesis. At
present, emerging evidence indicates a link between altered stress
signaling cascades and abnormal Ca handling in pathologically
altered atrium. Further understanding of the underlying mech-
anisms of stress-induced AF development in the failing and/or
aged heart could reveal potential effective therapeutic strategies
for AF prevention and treatment.
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The sino-atrial node (SAN) provides the electrical stimulus to initiate every heart beat.
Cellular processes underlying this activity have been debated extensively, especially
with regards to the role of intracellular calcium. We have used whole-cell application
of 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), a rapid calcium
chelator, to guinea pig isolated SAN myocytes to assess the effect of rapid reduction
of intracellular calcium on SAN cell electrical activity. High-dose (10 mM) BAPTA induced
rapid and complete cessation of rhythmic action potential (AP) firing (time to cessation
5.5 ± 1.7 s). Over a range of concentrations, BAPTA induced slowing of action potential
firing and disruption of rhythmic activity, which was dose-dependent in its time of onset.
Exposure to BAPTA was associated with stereotyped action potential changes similar to
those previously reported in the presence of ryanodine, namely depolarization of the most
negative diastolic potential, prolongation of action potentials and a reduction in action
potential amplitude. These experiments are consistent with the view that cytosolic calcium
is essential to the maintenance of rhythmic pacemaker activity.

Keywords: sino-atrial node, heart rate, pacemaking, cytosolic calcium, calcium chelation

INTRODUCTION
It has been proposed that cytosololic calcium including that
released from the sarcoplasmic reticulum (SR) plays an important
role in the generation of pacemaker activity in both mammalian
and amphibian pacemaker tissue (Rigg and Terrar, 1996; Ju and
Allen, 1998, 1999; Rigg et al., 2000), as well as in subsidiary
pacemaker (Zhou and Lipsius, 1993) and atrioventricular cells
(Hancox et al., 1994). It has been suggested that uptake and
release of calcium by the SR could provide a timing mecha-
nism for pacemaking that is referred to as the “calcium clock”
(Vinogradova et al., 2004), and in recent years there has been
vigorous debate concerning the relative importance of such a
“calcium clock” and the more conventional “membrane clock”
dependent on activation and de-activation of membrane ion
channels (Lakatta and Difrancesco, 2009; DiFrancesco and Noble,
2012; Maltsev and Lakatta, 2012).

An important challenge to the possible importance of cytoso-
lic calcium for pacemaking was provided by the work of Himeno
et al. (2011) who recorded spontaneous electrical activity in
guinea pig isolated pacemaker myocytes under perforated patch
conditions, and then ruptured the membrane beneath the patch
to apply the calcium chelator BAPTA to the cytosol from the patch
pipette solution. Under these conditions, spontaneous action
potentials were observed to continue at least for 30 s in the
presence of cytosolic BAPTA, although pacemaker activity did
become erratic or stop after several minutes. The observations
were thought not to be consistent with a major role for cytoso-
lic calcium in controlling pacemaker activity, at least for short

term (ms or seconds) mechanisms. These observations have in
turn been challenged, at least in part on the basis of arguments
concerning possible changes in the seal resistance (Maltsev et al.,
2011; Yaniv et al., 2013).

The aim of the experiments presented here was to further
examine this question in guinea pig pacemaker myocytes isolated
from sino-atrial node. We have used techniques similar to those
of Himeno et al. (2011), as well as conventional ruptured patch
approaches with several concentrations of BAPTA applied from
the patch pipette.

MATERIALS AND METHODS
Guinea pig sino-atrial node myocytes were isolated as described
previously (Rigg et al., 2000). Briefly, guinea-pigs were killed
by concussion followed by cervical dislocation, the heart rapidly
removed, placed into heparin-containing zero-calcium modified
Tyrode solution (in mM: NaCl 136, KCl 5.4, NaHCO3 12, Na+
pyruvate 1, NaH2PO4 1, MgCl2 1, glucose 5, ethylene glycol
tetraacetic acid (EGTA) 0.04; gassed with 95% O2/5% CO2 to
maintain a pH of 7.4) and then mounted on a Langendorff appa-
ratus for retrograde perfusion (zero-calcium modified Tyrode
without addition of EGTA). The heart was enzymatically digested
(Worthington Type II Collagenase, Worthington Biochemical
Corp), atria removed and the SAN dissected into small strips
under a microscope. Single cells were isolated by trituration in
warmed, oxygenated high-potassium storage solution (in mM:
KCl 70, MgCl2 5, K+-glutamine 5, taurine 20, EGTA 0.04, suc-
cinic acid 5, KH2PO4 20, HEPES 5, glucose 10; pH to 7.2 with
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KOH) and then transferred directly to 4◦C for storage in the same
solution until use.

Standard whole-cell patch solution contained (in mM): K+-
aspartate 110, KCl 10, NaCl 5, MgCl2 5.2, HEPES 5, K2ATP
5, pH to 7.2 with KOH. Amphotericin was dissolved in
dimethyl sulphoxide (DMSO) to form a stock solution (20 mg
ml−1) and then diluted into patch solution to achieve a final
concentration of 240 μg ml−1. 1,2-Bis(2-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid tetrapotassium salt (BAPTA) was dis-
solved in double-distilled water and diluted into whole-cell patch
solution as appropriate.

During experiments, cells were superfused with physiological
saline solution (PSS) at 35 ± 2◦C (in mM: NaCl 125, NaHCO3

25, KCl 5.4, NaH2PO4 1.2, MgCl2 1, glucose 5.5, CaCl2 1.8, pH to
7.4 with NaOH and oxygenated with 95% O2/5% CO2). Within a
given experiment, temperature fluctuation was < 0.5◦C.

For perforated patch recording, micropipettes of 3–6 M�

were manufactured from borosilicate glass (GC100F, Harvard
Apparatus) using a two-step gravity-driven puller (PP-83,
Narishige, Japan). Pipettes were mounted on a CV203BU head-
stage and recordings made using an AxoPatch200B amplifier with
pClamp7 software. G� seals were formed using manual suction
and up to 15 min allowed for stable perforation. Action poten-
tials were recorded in current clamp mode, cells were switched
to voltage clamp in order to monitor seal integrity and whole-
cell access achieved by manual suction. A holding potential
of −60 mV was used during this process. Upon whole-cell access,
judged by appearance of capacitative transients, the amplifier was

rapidly switched back to current clamp mode and cellular action
potentials were monitored until cessation of rhythmic activity. A
representative control trace to demonstrate this method is pre-
sented in Figure 1A. A representative section of action potentials
recorded during perforated patch, the transition from perfo-
rated to whole-cell patch and a representative section of action
potentials in whole-cell configuration are shown expanded in
Figures 1B–D respectively.

During experiments in which only whole-cell recordings were
carried out, the same method was followed without the addi-
tion of amphotericin to the whole-cell patch solution. A holding
voltage of −40 mV was used during confirmation of whole-cell
access in these experiments since this was found to minimize
damage to the seal during rupture of the patch. Where Fluo-5F
was used for illustration of rhythmic firing before patch rupture
this was applied as 3 μM of the cell-permeant form Fluo-5F-AM
(Invitrogen, UK) by incubation at room temperature for 10 min
followed by a further 10 min of superfusion with PSS to allow
de-esterification.

RESULTS
INTRACELLULAR CALCIUM IS A REQUIREMENT FOR PACEMAKING
ACTIVITY
Our first aim was to repeat the experiments of Himeno et al.
(2011). We reasoned that, if cytosolic calcium has no effect on cel-
lular beating rate, then carrying out experiments in the absence
of amphotericin would allow us to confirm that the perfora-
tion technique itself was not causing any confounding effects.

FIGURE 1 | (A) Demonstration of the perforated-to-whole-cell patch
method with control patch solution. After formation of a G� seal, up to
15 min is allowed for perforation of the membrane (amphorericin B,
240 μg ml−1). Action potentials are recorded in the perforated patch
configuration for at least 10 s before switch to voltage clamp at −60 mV
using an AxoPatch200B amplifier. Seal integrity can then be monitored
and recorded using the amplifier-controlled seal test. Whole-cell access is
achieved by rapid suction and confirmed by the onset of large
capacitative transients. After gaining whole-cell access the amplifier is

rapidly switched back to current clamp mode in order to follow
spontaneous action potential firing once again. (B) An expanded section
of trace, as indicated, to demonstrate control action potentials in the
perforated patch configuration. (C) An expanded section of trace, as
indicated, to demonstrate the seal test signal during patch rupture to
achieve whole-cell access. (D) An expanded section of trace, as
indicated, to demonstrate the maintenance of spontaneous action
potential firing and expected action potential shape 60 s after patch
rupture under control conditions.
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Under these conditions the addition of 10 mM BAPTA to the
patch pipette led to rapid cessation of rhythmic cellular activ-
ity with an average time to cessation of 5.5 ± 1.7 s from patch
rupture (n = 6). In contrast, although control cells showed a gen-
tle rate decline (9 ± 4% reduction after 60 s, n = 3) which was
statistically-significant at 90 s post access (20 ± 3% reduction,
n = 3), cells exposed to our standard whole-cell patch solution
maintained rhythmic activity for over 5 min.

We performed some of these experiments after loading cells
with the calcium indicator Fluo5F to demonstrate that rhythmic
cellular activity was indeed present before rapid chelation of cal-
cium, as it was common that cells stopped before the switch to
current clamp could be completed. There was no difference in
the response to BAPTA under these conditions. A representative
trace of 10 mM BAPTA exposure with preceding calcium signal is
presented in Figure 2A. The response of a cell to 10 mM BAPTA

FIGURE 2 | (A) Representative recording to show result of
patch-application of 10 mM BAPTA to an isolated guinea pig SAN cell
with fluo5F included to demonstrate rhythmic activity under control
conditions. (B) Representative recording to show rapid cessation of
spontaneous activity on application of 10 mM BAPTA from the patch

pipette solution. (C) Representative recording to show continuation of
expected spontaneous rhythmic action potential generation when
whole-cell access is gained using standard whole-cell patch solution.
Cells were superfused with Physiological Saline Solution at 35 ± 2◦C
throughout.
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in the absence of Fluo5F, which maintained action potentials for
several seconds after patch rupture, is presented in Figure 2B and
can be compared to that of a control cell shown in Figure 2C.

EFFECT OF INTRACELLULAR CALCIUM CHELATION ON ACTION
POTENTIAL WAVEFORMS
The rapid cessation of action potential firing witnessed in our first
set of recordings did not allow us to compare action potential
waveforms seen over time. We therefore reverted to a direct repe-
tition of the Himeno et al. (2011), experiments, recording control
action potentials by perforated patch before BAPTA application
by patch rupture and whole-cell access.

After exposure to amphotericin/DMSO by whole-cell access,
SAN cell appearance became markedly changed over the course of
5 min, exhibiting cell swelling or membrane bulging. To minimize
any confounding effects of these phenomena we assessed cellu-
lar rate over the first 90 s post whole-cell break-in only and then
followed activity until perturbation of rhythmic action potential
firing. Action potentials fired in each 10 s timebin from patch
rupture were analyzed for morphology regardless of whether cell
firing at the time was rhythmic or sporadic. Representative traces
of the 0 and 10 mM BAPTA conditions presented in Figures 3A,B.

During BAPTA-induced cell slowing (n = 5) several changes
were observed in action potential waveforms. BAPTA induced
a significant reduction in action potential amplitude over time
(p < 0.05, One-Way repeated measures ANOVA, Figure 3C), and
prolongation of action potential half-width (p < 0.05, One-Way
ANOVA, Figure 3D) whilst these values were unchanged in con-
trol cells (both p > 0.05, One-Way ANOVA with repeated mea-
sures, n = 4). Further, whilst exposure of cells to our standard
whole-cell patch solution led to a significant hyperpolarization of
the most negative diastolic potential over time (p < 0.05, One-
Way ANOVA, n = 4), inclusion of 10 mM BAPTA in the patch
solution led to a significant depolarization of this measure (p <

0.05, One-Way ANOVA, Figure 3E). No change was seen in the
maximum rate of action potential upstroke under either condi-
tion (both, p > 0.05, separate One-Way ANOVA analyses, data
not shown).

CELLULAR FIRING IS DOSE-DEPENDENTLY AFFECTED BY
INTRACELLULAR CALCIUM CHELATION
During control recordings using our standard intracellular patch
solution, conversion of cells from perforated patch to whole-cell
patch led to in initial increase in rate followed by gentle slowing

FIGURE 3 | (A) Representative action potentials recorded during
perforated patch control and 60 s after patch rupture with standard
whole-cell patch solution (0 mM BAPTA). (B) Representative action
potentials recorded during perforated patch control and 60 s after patch
rupture to apply 10 mM BAPTA. (C) Effect of patch rupture on action
potential amplitude over the course of 90 s. 10 mM BAPTA significantly
reduced AP amplitude (p < 0.05, One-Way ANOVA with repeated
measures). (D) Effect of patch rupture on half-width of the action

potential. 10 mM BAPTA significantly lengthened the action potential
half-width (p < 0.05, One-Way ANOVA with repeated measures). (E)

Effect of patch rupture on most negative diastolic potential over the
course of 90 s. 10 mM BAPTA significantly depolarized the MDP
(p < 0.05, One-Way ANOVA with repeated measures) ∗Denotes
significant difference from control, during perforated patch recording
(p < 0.05 by post-hoc test with Dunnett’s multiple comparison performed
after One-Way ANOVA). n = 4 for 0 mM and n = 5 for 10 mM recordings.
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(p < 0.05, One-Way repeated measures ANOVA, n = 4). Post-hoc
testing with Tukey correction revealed that action potential fir-
ing only became significantly less frequent than that during the
perforated patch at 90 s after patch rupture.

We next carried out action potential recordings by the
perforated-to-whole-cell patch method at a range of BAPTA
concentrations. Whole-cell application of BAPTA led to a dose-
dependent perturbation of rhythmic activity. The time taken for
a given cell to miss the expected firing of an action potential was
longer than 3 min in all but one control cell (which missed one AP
at 75 s post patch rupture and then returned to rhythmic firing

FIGURE 4 | “Survival” curve to show cessation of rhythmic activity on

application of BAPTA by the perforated-to-whole-cell patch method.

Time taken for cells to miss the firing of an expected action potential was
significantly associated with the concentration of BAPTA included in the
patch solution (p < 0.05, Log-rank comparison of survival curves). n = 5 for
0 mM, 3 for 0.1 mM, 5 for 1 mM, and 5 for 10 mM conditions.

and continued for longer than 3 min). In the presence of 0.1 mM
BAPTA average time to miss a beat was 169 ± 55 s (n = 3). For
the 1 mM condition, this shortened to 62 ± 19 s (n = 5) and for
the 10 mM condition to 24 ± 9 s (n = 5). A “survival” plot of time
to first pause in activity is presented in Figure 4. There is a signif-
icant effect of BAPTA concentration (P < 0.0001) as assessed by
Log-Rank comparison of survival curves.

Data are presented as time taken to miss an action potential
because cellular behavior observed after this point was variable.
In all cases cells ceased true rhythmic activity after missing one
or more APs. Some cells rapidly fell into complete cessation, with
membrane potential fluctuating in the region of −30 to −40 mV
(See Figure 5A). In these cells, regardless of BAPTA concentra-
tion, application of hyperpolarizing voltage clamp to −60 mV and
subsequent relief was able to induce firing of one or more action
potentials by anode-break excitation (rebound excitation seen
after injection of hyperpolarizing current), demonstrating that
membrane currents associated with normal activity remained
functional (Figure 5B). During quiescent periods it was common
for cells to achieve a rhythmic fluctuation in cellular mem-
brane potential which did not induce full action potential firing
(Figure 5C). Further cells were seen to fire single action potentials
at random or else commenced burst-like activity in which short
trains of 3–5 action potentials could be observed occurring with
little predictability (Figure 5D). Cells were not necessarily limited
to a single one of these behaviors.

Due to the propensity of cells to continue sporadic firing after
cessation of “normal” activity, or to exhibit membrane poten-
tial fluctuations which did not stimulate a full action potential,
analysis of rate using our usual method (determination of

FIGURE 5 | Representative examples of membrane potential

phenomena after cessation of true cell rhythmicity caused by

exposure to BAPTA in the patch solution. (A) Complete cessation of
action potential firing and quiescence around −35 mV. (B) Stimulation of

a short train of action potentials by anode break excitation followed by
return to quiescence. (C) Rhythmic membrane potential fluctuations
which fail to convert to full action potential firing. (D) Sporadic burst
firing activity.
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dominant firing frequency by spectral analysis) was not deemed
accurate for this purpose. Instead, we assessed the number of full
action potentials fired over each 10 s period from patch rupture,
where an action potential was defined as a spontaneously-fired
event which overshot −10 mV or reached 50% of control action
potential amplitude. As with data presented in Figure 3, action
potentials included in this analysis were those considered to have
fired regardless of rhythmic cell behavior or otherwise.

The effect of BAPTA on the number of fired action poten-
tials over time is presented in Figure 6. Two-Way ANOVA analysis
showed a significant effect of BAPTA concentration and of expo-
sure time on cell firing frequency (both p < 0.05). However, there
was also an interaction effect which suggests that the timecourse
of BAPTA-mediated slowing differs between concentrations (p <

0.05). Post-hoc testing with Bonferroni corrections reveals a sig-
nificant effect of both the 1 and 10 mM BAPTA concentrations
in comparison to control, but no difference between these two
concentrations over all time bins.

CONFOUNDING EFFECTS OF PATCH METHOD ON RESULTS OF BAPTA
APPLICATION
Direct comparison of the effect of 10 mM BAPTA on cell fir-
ing by the whole-cell only and the perforated-to-whole-cell patch
method show that cell “survival” is much more pronounced in
the presence of the ionophore and its solvent (p < 0.05, Log-
Rank test of “survival” time to first missed beat, Figure 7). Cells
exposed to 10 mM BAPTA alone succumbed to the effects of
chelation in 5.5 ± 1.7 s and were most likely to reach a quiescent
or sub-threshold firing state. When amphotericin and DMSO
were also included in the patch solution, perturbation of rhythm
was seen at 24 ± 9 s and cells demonstrated the full range of
behaviors described above.

DISCUSSION
The data presented in this paper are consistent with the proposal
that the presence of intracellular calcium is an essential condition
for the maintenance of rhythmic action potential firing in guinea

FIGURE 6 | Effects of control (0 mM, n = 4) and 0.1 (n = 3), 1 (n = 5)

and 10 (n = 5) mM BAPTA on cell firing rate, measured as the number

of action potentials fired during each 10 s time bin after rupture of the

cell membrane and conversion of perforated patch to whole-cell

access. There is a significant effect of BAPTA, time and also an interaction
(all p < 0.05 by Two-Way ANOVA). ∗Denotes significant difference
(p < 0.05) from 0 mM by post-hoc comparison with Bonferoni correction

pig sino-atrial node cells. All cells exposed to BAPTA, at a range
of concentrations, experienced a derangement of rhythmic action
potential firing which was not seen under control conditions. The
time taken for cells to miss firing an expected action potential was
dose-dependently related to BAPTA exposure. Although there is a
time-dependent effect of BAPTA applied via the patch pipette, it
would seem that there is not a distinct dose-response curve when
the number of action potentials fired during each 10 s time bin is
considered. The interpretation of these rate data is not straight-
forward since a range of cell firing characteristics was seen on
cessation of true rhythmic activity. Taken together, these obser-
vations may suggest the gradual reduction of cytosolic calcium
to a threshold level at which the cell no longer supports rhyth-
mic activity as opposed to an effect of different chelation levels on
different signaling pathways.

Rapid chelation of intracellular calcium during our whole-cell
only experiments often resulted in cessation of rhythmic firing
activity before the amplifier could be switched away from the
seal-test mode and into current clamp. Previous work from this
laboratory has shown that rapid switch (<1 s transition) of guinea
pig SAN cells into BAPTA-AM leads to very rapid cessation of
action potential firing. There is evidence that BAPTA-AM is capa-
ble of blocking voltage-gated potassium channels (Tang et al.,
2007) which is the major reason why the effect of BAPTA applica-
tion by whole-cell access is important to test. The data presented
in this paper are therefore in agreement with previous studies
which have used membrane-permeant chelators to investigate
cell dependence on cytosolic calcium (Vinogradova et al., 2000;
Sanders et al., 2006).

The action potential shape after exposure to BAPTA is dis-
tinctly different from those seen in control. In the absence of
calcium directly beneath the membrane it would be expected that
L-type calcium channels open for longer due to a reduced stim-
ulus for calcium-dependent inactivation (Himeno et al., 2011).
In this regard, our data are in agreement with the observations

FIGURE 7 | “Survival” curve to show the difference in effect of 10 mM

BAPTA when applied from the perforated patch (n = 5) and whole-cell

(n = 6) only configurations. Time taken for cells to miss the firing of an
expected action potential was significantly longer when BAPTA was applied
in the whole-cell patch solution during the perforated patch method
(p < 0.05, Log-rank comparison of survival curves).
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of Noma’s group (Himeno et al., 2011) in exhibiting significant
action potential prolongation. Cytosolic calcium also enhances
delayed rectifier potassium currents, particularly IKs (Xie et al.,
2015). Cytosolic calcium chelation would therefore be expected
to reduce the repolarizing potassium current and both prolong
action potential duration and lead to depolarization of the most
negative diastolic potential, which is indeed seen in our cells.

Chelation of intracellular calcium is also likely to inhibit acti-
vation of the funny current If (Rigg et al., 2003) and lead to slow-
ing of rhythmic AP firing. Sino-atrial node cells are thought to
maintain a diastolic cAMP (Vinogradova et al., 2006) and calcium
(Sanders et al., 2006) level significantly above that of ventricu-
lar cells. Calcium-stimulated adenylyl cyclases, AC1 and AC8 are
known to be present in guinea pig sino-atrial node cells and our
group has previously provided evidence that calcium-dependent
cAMP generation contributes to the If current measured in
guinea pig sino-atrial node cells (Mattick et al., 2007).

Subjectively, conversion of cells from the linear, spontaneous,
phase 4 action potential decay to the exponential rise which
begets L-type calcium channel opening is slowed in cells after
BAPTA exposure. This “saw-toothed” action potential shape
(Figure 3B) in the presence of BAPTA is very similar to those pre-
sented as stereotyped during exposure to ryanodine in previous
publications from this group which first proposed a calcium-
dependence of SAN pacemaker activity (Rigg and Terrar, 1996;
Rigg et al., 2000). If the “calcium clock” mechanism is dominant
(Vinogradova et al., 2005) then the chelation of cytosolic calcium
with a rapid and high affinity chelator such as BAPTA would
be expected to effectively buffer calcium in the cleft between
ryanodine receptors and the sodium-calcium exchange protein,
and have effects that include suppression of local calcium release
events (Bogdanov et al., 2006). Further, chelation with BAPTA
may suppress other calcium-dependent events for which local
calcium release events are not a requirement. For instance, the
heightened diastolic calcium measured in SAN cells could itself
drive a consistent inward current through NCX during all phases
of the action potential (Sanders et al., 2006). Under either of
these theories, chelation of cytosolic calcium would lead to a sig-
nificant slowing of spontaneous diastolic depolarization before
the opening of voltage-gated calcium channels by removing the
depolarizing drive of NCX current.

Upon cessation of rhythmic action potential firing, we have
also observed some interesting phenomena in cell membrane
potential behavior. Cells which are rendered quiescent fluc-
tuate gradually around a membrane potential in the region
of −35 mV. This is very similar to the “zero-current” level pre-
viously described for the as yet unidentified background con-
ductance of SAN myocytes (Noma and Irisawa, 1975). From this
quiescent state, cells are often seen to undergo a significant mem-
brane depolarization toward action potential threshold without
actually reaching successful initiation of a complete depolariza-
tion. These events can occur as trains of distinct membrane
fluctuations but are most often noted in lieu of an action poten-
tial when the cell misses one or several beats, just before firing
of a sporadic action potential or burst of action potentials and
during transition from any form of action potential firing back
to a quiescent state. It has been shown that rapid voltage clamp

of SAN myocytes is followed by several seconds of rhythmic
cellular calcium transients (Vinogradova et al., 2004). The mem-
brane potential fluctuations described here are very similar to
those observed in the presence of ryanodine, which were also
associated with spontaneous cellular calcium signals (Rigg et al.,
2000). Whether one or a set of highly localized calcium signals
are being spontaneously generated to lead to a partial depolar-
ization by inward current through NCX, or whether these partial
depolarization’s themselves cause the calcium fluctuations seen by
Rigg and colleagues will be interesting to discuss following future
experimental work.

Data presented by Himeno et al. (2011) note that sponta-
neous action potential firing shows minimal interference over
at least the first 30 s after patch rupture. These data have been
challenged on the basis of possible changes in “seal” resistance
around the patch electrode (Maltsev et al., 2011). Of particular
interest in this regard is our finding that 10 mM BAPTA takes
significantly longer to cause rhythm perturbations in perforated-
to-whole-cell experiments than when BAPTA is applied in the
absence of amphotericin/DMSO. Although it would be expected
that amphotericin will not immediately compromise the SAN cell
outer membrane in its entirety (it is standard practice to wait
up to 15 min to achieve patch perforation for normal perforated
patch recordings), the high membrane resistance of a healthy
sino-atrial node cell means that the introduction of small con-
ducting pathways can have a major influence. It cannot be ruled
out that some of the changes in action potential waveforms are
contributed to by this mechanism, but the similarity of these
changes and the resulting action potentials to data presented dur-
ing exposure of cells (Rigg et al., 2000) or tissue (Rigg and Terrar,
1996) to ryanodine supports the notion that these are attributable
to a reduced contribution of calcium-dependent pathways.

In conclusion, our recordings suggest that the presence of
cytosolic calcium is essential for the maintenance of normal
rhythmic activity in isolated guinea pig SAN myocytes. The
exact mechanism(s) which require this cytosolic calcium in order
to maintain physiological function are still a matter for future
investigation.
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At the beginning of this century, debates regarding “what are the main control
mechanisms that ignite the action potential (AP) in heart pacemaker cells” dominated the
electrophysiology field. The original theory which prevailed for over 50 years had advocated
that the ensemble of surface membrane ion channels (i.e., “M-clock”) is sufficient to ignite
rhythmic APs. However, more recent experimental evidence in a variety of mammals has
shown that the sarcoplasmic reticulum (SR) acts as a “Ca2+-clock” rhythmically discharges
diastolic local Ca2+ releases (LCRs) beneath the cell surface membrane. LCRs activate an
inward current (likely that of the Na+/Ca2+ exchanger) that prompts the surface membrane
“M-clock” to ignite an AP. Theoretical and experimental evidence has mounted to indicate
that this clock “crosstalk” operates on a beat-to-beat basis and determines both the AP
firing rate and rhythm. Our review is focused on the evolution of experimental definition
and numerical modeling of the coupled-clock concept, on how mechanisms intrinsic to
pacemaker cell determine both the heart rate and rhythm, and on future directions to
develop further the coupled-clock pacemaker cell concept.

Keywords: arrhythmias, coupled-clock pacemaker system, heart rate variability, mathematical modeling, sinoatrial

node

INTRODUCTION
Under normal conditions, specialized, self-excitable pacemaker
cells within the sinoatrial node (SAN) initiate the spontaneous
action potentials (AP) that are conducted to the ventricle to
entrain the rate and rhythm of ventricular myocytes contractions.
The identities and the relative roles of the control mechanisms
within heart pacemaker cells that ignite the AP have been debated
for more than 50 years. The predominant theory later named
“M-clock” advocated that the ensemble of surface membrane ion
channels was sufficient to ignite spontaneous AP (reviewed in
Maltsev et al., 2006). This concept promoted decades of extensive
voltage-clamp studies that have led to identification of numerous
ion-current components in pacemaker cells (reviewed in Wilders,
2007): L-type Ca2+ current (ICa,L), outward-K+ currents (IK),
etc. Importantly, some but not all investigators concluded that a
hyperpolarization-activated “funny” current (If), is the dominant
M-clock current driving early diastolic depolarization. However,
since the time of If discovery its major role in cardiac pace-
making was challenged (Vassalle, 1995) and further experimental
and theoretical results led to an extensive debate on the role of
If (reviewed in Maltsev and Lakatta, 2012). In the late 1980s,
experimental evidence began to emerge on the role of Ca2+ in
pacemaker function under normal physiologic conditions (for
more details see Maltsev et al., 2006). Subsequent studies dis-
covered that sarcoplasmic reticulum (SR), a major Ca2+ store,
can spontaneously and rhythmically oscillate Ca2+ uptake and
release forming additional oscillator mechanism in pacemaker
cells, termed Ca2+-clock. Ca2+-clock together with the M-clock

form the modern concept that coupled-clock pacemaker system
controls the cardiac pacemaker cell function.

To ignite an AP, the Ca2+-clock communicates with the M-
clock via multiple Ca2+ and voltage-dependent mechanisms
(discussed below). Nevertheless, one approach to gain further
insights into the systems operation has been to artificially split
the two clocks into two separate competing mechanisms (see
for example Noble et al., 2010). A major consequence of such
approach let to a continuing debate about which clock or pace-
maker mechanism is dominant, and which one is minor (i.e.,
being a follower or entrained) (Lakatta and Difrancesco, 2009;
Rosen et al., 2012). An alternative view is that both intracellular
and sarcolemmal mechanisms are dynamically and synergistically
coupled to each other (Figure 1), and the degree of the coupling
determines the normal pacemaker function (Lakatta et al., 2010).
This view, known as a coupled-clock theory, is based on the results
of numerical modeling (Maltsev and Lakatta, 2009, 2010, 2013)
and verified by experimental data (Yaniv et al., 2013a, 2014b).
Therefore, a modern view on the cardiac pacemaker cell function
is that neither clock is dominant; rather it is the coupled-clock
system that controls the pacemaker cell AP firing rate and rhythm.

MECHANISMS INTRINSIC TO PACEMAKER CELL
DETERMINE THE COUPLED-CLOCK RATE
After more than 50 years of research it is apparent that the pace-
maker function is orchestrated via intrinsic signaling mechanisms
originating at multiple levels of organization, including subcel-
lular (e.g., phosphorylation cascades, SR, mitochondria), cellular
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FIGURE 1 | Coupled-clock molecules and brain-heart signaling receptors

that drive basal automaticity of SANC. (i) The neurotransmitters
noradrenaline (NE) and acetylcholine (ACh) released from sympathetic or
parasympathetic nerve terminals bind to β-adrenergic receptors (β-AR) or

cholinergic receptors (CR), respectively. Autonomic receptor signaling
couples to G-proteins (GPCR) and leads to modulation of the same
coupled-clock molecules that drive basal automaticity of SANC.

(Continued)
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FIGURE 1 | Continued

Basal Ca2+-calmodulin activation of adenylyl cyclases (AC), which produce
cAMP-PKA-dependent phosphorylation and calmodulin-dependent kinase II
(CaMKII)-dependent phosphorylation signaling. cAMP positively shifts the
f-channel activation curve. Phosphodiesterases (PDE) degrade cAMP
production, while protein phosphatase (PPT) degrades phosphorylation
activity. PKA and CaMKII signaling phosphorylate SR Ca2+ cycling proteins
(RyR, phospholamban, which bind to and inhibit SERCA) and surface
membrane ion channels.∗The values are for INCX amplitude (within the cycle)

achieved during systole, however the diastolic amplitude is almost an order of
magnitude lower. (ii) Numerical model simulations of membrane potential
(blue), INCX (green) and subspace Ca2+ (Casub, red) in response to reduction
in NCX expression. As NCX expression becomes reduced the spread of Ca2+
release between RyRs via Ca2+ induced Ca2+ release is enhanced, resulting
in a more effective activation of the remaining NCX molecules by LCRs.
Further reduction in NCX uncoupled (partially or fully) LCR from AP
generation. Specifically, NCX current becomes too small to depolarize the
membrane and AP generation fail (modified from Maltsev et al., 2013).

(i.e., surface membrane), hierarchical brain-heart signaling (i.e.,
neurotransmitter or hormonal stimulation of surface membrane
receptors) and modulated by environmental mechanical, chem-
ical and thermal factors (Figure 1). The SR rhythmically dis-
charges local diastolic Ca2+ releases (LCRs) beneath the cell
surface membrane; LCRs activate an inward Na+/Ca2+ exchange
(NCX) current that prompts the surface membrane clock (M
clock), an ensemble of sarcolemmal electrogenic molecules, to
generate an AP. LCR Ca2+ signal is regulated not only by the SR
Ca2+ pumping, which depends not only on SR proteins (phos-
pholamban and RyR), and their phosphorylation status, but also
by functions and phosphorylation status of M-clock proteins,
e.g., L-type Ca2+ channels that regulate cell Ca2+ available for
SR pumping, i.e., Ca2+-clock’s substrate or “fuel.” LCR signals
affect Ca2+ -dependent electrogenic processes (such as Na+/Ca2+
exchange) and voltage-dependent Ca2+ fluxes (such as via Ca2+-
dependent inactivation of L-type Ca2+ channels). Therefore, the
amplitude and phase of the LCR Ca2+ signal sensed by M-clock
proteins reports the degree of synchronization and coupling of
pacemaker mechanisms of both clocks, i.e., a stronger, more syn-
chronized, and earlier LCR signal to M-clock proteins reports
more efficient clock coupling that results in further shortening
of the AP-beating interval (BI).

The coupled-clock theory predicts that extremely com-
plex crosstalk between the two clocks via signaling pathways
can amplify each other via secondary (indirect) mechanisms
(reviewed in Maltsev and Lakatta, 2012), e.g., the crosstalk
determines cell Ca2+ which, in turn, activates calmodulin-
adenylyl cyclase (AC)-dependent protein kinase A (PKA)
and Ca2+/calmodulin-dependent protein kinase II (CaMKII)
(Mattick et al., 2007; Younes et al., 2008; Yaniv et al., 2013b).
These phosphorylation signaling cascades act on both SR (phos-
pholamban and RyR) and M-clock proteins (such as L type Ca2+
channels and K+ channels). Numerical model simulations predict
that the diastolic LCR signal is also regulated both by the level
of Ca2+ cycling, and by the phosphorylation states of coupled-
clock proteins (Maltsev and Lakatta, 2009; Yaniv et al., 2013a;
Stern et al., 2014). Indeed, the LCR period (i.e., the time period
of an LCR occurrence following the prior AP) reports the degree
of synchronization of the coupled-clock mechanisms (Monfredi
et al., 2013; Yaniv et al., 2013a, 2014b). Thus, during higher
degrees of clock coupling AP BI and LCR period are shorter
and vice versa. LCRs affect Ca2+ dependent mechanisms, specif-
ically NCX, whereas the M-clock effects Ca2+ clock primarily
via ICa,L. Phosphorylation signaling acts on both clocks and a
decrease in its level is correlated with a decrease in the degree of
synchronization of the coupled-clock mechanisms (Yaniv et al.,

2014b). Numerical evidence has shown the essential roles of both
mechanisms to couple clock functions (see below).

Although majority of the original experiments supporting
the coupled-clock concept were performed in rabbit pacemaker
cells, recent experimental results from mouse genetic models
have clarified the role of many coupled-clock components: NCX
(Groenke et al., 2013; Herrmann et al., 2013), If(Ludwig et al.,
1998; Stieber et al., 2004; Herrmann et al., 2007), T-type chan-
nels (Mesirca et al., 2014), G protein signaling (Yang et al., 2010;
Wydeven et al., 2014), Cav1.3 (Christel et al., 2012), CaMKII
activity (Zhang et al., 2005; Gao et al., 2011) and ankyrin-B func-
tion (Le Scouarnec et al., 2008). In this regard mice pacemaker
cell model provides evidence for the role of TRP channels and
IP3 receptors; TRPM4 channels conduct both Na+ and K+, but
does not conduct Ca2+. TRPM has been recognized as the Ca2+-
activated nonselective cation channel (Demion et al., 2007) and
its role in modulating AP firing rate has been shown recently (Hof
et al., 2013). Specifically, TRPM7 has been shown as a dominant
channel-kinase that influences diastolic membrane depolariza-
tion (Sah et al., 2013). 1,4,5-trisphosphate (IP3) receptors exist in
mice pacemaker and can release Ca2+ from the SR contributing
to the intracellular Ca2+ that couples both clocks (Ju et al., 2011,
2012). Note that the relevant of studies in mice to other species
with much lower hear rate has to be proven.

MECHANISMS INTRINSIC TO PACEMAKER CELLS CONTROL
AP FIRING RATE AND RHYTHM
The spontaneous AP BI of single isolated pacemaker cells and
SAN tissue are roughly periodic, i.e., this period varies on a beat-
to-beat basis (Verheijck et al., 1998; Rocchetti et al., 2000; Zaza
and Lombardi, 2001; Monfredi et al., 2011; Papaioannou et al.,
2013; Yaniv et al., 2014a,b). Recent experimental evidence shows
that the degree of clock coupling determines not only the average
pacemaker cell AP BI, but also the AP beating interval variability
(BIV) (Yaniv et al., 2014b) (Figure 2). LCR periods vary among
individual LCRs occurring within each spontaneous AP cycle and,
similar to AP BI variability, among different cycles (Monfredi
et al., 2013; Stern et al., 2014; Yaniv et al., 2014b). The ensemble
LCR period and size report the extent of synchronization of the
coupled-clock mechanisms. Indeed, the variability in the average
LCR period in each cycle is correlated with the variability of the
AP BI (Monfredi et al., 2013; Yaniv et al., 2014b) (Figure 2) and
beat-to-beat variation in periodicity of LCRs is associated with
intrinsic variations of spontaneous AP BI (Monfredi et al., 2013).
Based on the coupled-clock theory, the stochasticity of LCR Ca2+
signal depends on stochastic RyR activation (Stern et al., 2014)
and the cell Ca2+ balance that in turn is determined, in part, by
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FIGURE 2 | Reduced synchronization of coupled-clock mechanisms

prolongs AP beating interval variability and LCR period variability. To
unravel clock-crosstalk effects on AP BIV and LCR period variability, clock
function was perturbed by directly inhibiting either the M or Ca2+-clock. To
inhibit the M-clock, a range of concentrations of ivabradine (IVA), an If
inhibitor were employed. To inhibit the Ca2+-clock, a range of concentrations

of cyclopiazonic acid (CPA), a SR Ca2+ pump inhibitor were employed.
Poincaré plots of the beating interval in control and in response to (A) IVA or
(B) CPA. Poincaré plots of LCR period in control and in response to (C) IVA or
(D) CPA. (E) The relationship between the average AP BIV, quantified by
coefficient of variation to the LCR period prior to and in response to different
concentrations of either IVA or CPA (modified from Yaniv et al., 2014b).

stochastic sarcolemmal ion channel openings and closings. The
occurrence of an AP synchronizes global stochastic RyR activa-
tion, and therefore synchronizes subsequent generation of LCRs
by the RyRs during the diastolic depolarization phase. The ampli-
tude of LCR Ca2+ signal to M-clock proteins reports the efficiency
of clock coupling, i.e., a weaker LCR signal to M-clock proteins
reports less-efficient clock coupling. At steady state, increase in
LCR variability is also linked to reduced peak ensemble LCR Ca2+
signal amplitude that occurs later in diastole (i.e., prolonged next
AP ignition). Therefore, the extent to which intrinsic clock mech-
anisms regulates the coupled-clock determines both the steady
state BI and BIV in isolated pacemaker cells.

BRAIN MODULATION OF THE INTRINSIC MECHANISMS TO
PACEMAKER CELL
The brain imparts flexibility to intrinsic clock mechanisms by
concomitant activation of two types of receptors: β-adrenergic
receptors (β-AR) that increases the heart rate and choliner-
gic receptors (CR) that decreases the heart rate (Figure 1). In
humans, change in receptor activation can change the heart rate

from 60 to 240 bpm. Receptor stimulation within pacemaker cells
couples the signaling of G-proteins to AC (likely type 5 or 6),
leading to activation or suppression of PKA and CaMKII- depen-
dent phosphorylation signaling to key functional proteins of both
clocks that regulate pacemaker cell automaticity. Therefore, both
brain-heart signaling and intrinsic-pacemaker cell mechanisms
signal to the very same nodes (coupling factors, such as PKA and
CaMKII, Figure 1) of the coupled-clock system

β-AR stimulation in single pacemaker cell not only markedly
decreases the average AP BI, but also decreases the AP BIV indices
(Zaza et al., 1996; Yaniv et al., 2014a) and increases the likeli-
hood that pacemaker cell BIs exhibit fractal-like behavior (Yaniv
et al., 2014a). β-AR stimulation increases the efficiency of the
coupled-clock system (Yaniv et al., 2014a). A reduction in LCR
variability is associated with increased peak ensemble LCR Ca2+
signal that occurs early in diastole (Monfredi et al., 2012; Yaniv
et al., 2014b). β-AR stimulation decreases the beating-interval
entropy, which in isolated pacemaker cells is within a range that
has been documented in random systems. Therefore, β-AR stim-
ulation confers beating interval complexity. CR stimulation, in
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contrast, not only markedly increases both the average AP BI
and AP BIV indices of single isolated pacemaker cells, but also
impairs beating interval complexity (Rocchetti et al., 2000; Zaza
and Lombardi, 2001; Yaniv et al., 2014a). Therefore, CR stimu-
lation reduces the efficiency of the clocks coupling (Yaniv et al.,
2014a).

THE COUPLED CLOCK SYSTEM OPERATES ON A
BEAT-TO-BEAT BASIS
While a mutual entrainment exists between the M and Ca2+-
clocks, it was not known if this entrainment happens on a beat-to-
beat basis. Patch clamp experiments in single SAN cells (SANC)
appeared to show a minor role of Ca2+ dynamics in SANC func-
tion (Himeno et al., 2011). The spontaneous AP rate was little
changed when BAPTA, a Ca2+ chelator, was acutely infused via
a patch pipette into SANC. These results, however, were later
refuted on technical grounds (Maltsev et al., 2011b), taking into
account that whole cell configuration generates artificial leak
currents that substitute the pacemaker currents.

In contrast to these results, three sets of experiments that
rapidly perturb the Ca2+-clock in intact SANC have demon-
strated the time-dependent beat-to-beat mutual entrainment
between the two clocks. In the first experiment set single isolated
rabbit SANC were loaded with a caged Ca2+ buffer, NP-EGTA,
which induced an increase in AP BI and markedly suppressed
LCR Ca2+ signals and uncoupled them from AP generation
(Yaniv et al., 2011). Flash photolysis released Ca2+ from the caged
compound, immediately restored Ca2+ dynamics and within the
same AP cycle. In the second experiment set low concentrations
of caffeine (2-4 mM) were rapidly applied to single isolated rab-
bit SANC (Yaniv et al., 2013c). Caffeine induced immediate Ca2+
release from the SR and immediately reduced the AP cycle. Lastly,
in each given cycle the phase of the entire ensemble LCR signal
(i.e. the average LCR period) is linked to that length of that cycle
(Monfredi et al., 2013). Therefore, mutual clock entrainment
exists on a beat-to-beat basis.

NUMERICAL MODELING: FROM ONE CLOCK TO ONE
COUPLED SYSTEM
The shift from numerical models that describe only the M-clock
to the new paradigm of the coupled-clock system occurred in
several stages, as new data became available and new respec-
tive models were generated. The first model that attempted to
explore the importance of Ca2+ levels in sub-membrane space
with respect to M-clock molecules (specifically the NCX) was
formulated by Kurata (Kurata et al., 2002). While this modeling
approach reproduced, in part, bradycardic effects of intracel-
lular Ca2+ buffering reported earlier in experimental studies
(Vinogradova et al., 2000), it remained essentially naive and did
not embrace a numerical mechanism of Ca2+ “clocking.”

The coupled-clock mechanism was established in 2009
(Maltsev and Lakatta, 2009) by a detailed sensitivity analysis
of a new pacemaker cell model originated from Kurata et al.
model (Kurata et al., 2002). This new model (often referred to as
Maltsev-Lakatta model or ML model) included, in addition to the
formulations of the M-clock molecules, new formulations of the
SR function, predicting oscillatory LCR ensemble Ca2+ signals,

driven by SR Ca2+ pumping and Ca2+ release kinetics. The two
clocks are coupled in the ML model via multiple coupling factors,
such as Ca2+, cAMP, PKA, and CaMKII. Therefore, the SR Ca2+-
clock not only modulates the M-clock, but the M-clock, in turn,
also affects Ca2+-clock.

This coupled-clock model made important predictions that
prompted further studies:

(i) Importance of SR Ca2+ refilling kinetics for AP firing rate
(confirmed experimentally in Vinogradova et al., 2010)

(ii) Both “biophysical” and “biochemical” entrainments are
required to explain complex effects of clock’s-specific per-
turbations (Yaniv et al., 2013a), e.g., by either ivabradine, a
specific If blocker or cyclopiazonic acid, a specific SR Ca2+-
ATPase (SERCA) pump blocker. It was shown that a direct
perturbation of one clock inevitably affects the other due to
subsequent indirect effects, resulting in mutual entrainment,
i.e., clocks coupling, predicted by the theory.

(iii) The entire range of physiological chronotropic modulation
of SANC by activation of β-AR or CR can be achieved in
simulations of the ML model only when their effect on both
sarcolemmal ion channels and SR Ca2+ pumping capability
are taking into account (Maltsev and Lakatta, 2010).

Of note, other numerical models with unbalanced mutual
entrainment between the clocks have been developed (Zhang
et al., 2000; Butters et al., 2010; Inada et al., 2014). Specifically,
recent numerical model has applied to explain the relationship
between heart rate and rhythm (Monfredi et al., 2014). Although
these models have some merit and can explain some experimental
results, the real test or value of numerical models is to reproduce
the experimental data of mutual entrainment on a beat-to-beat
basis, which these simplistic models cannot achieve.

Mutual entrainment of the Ca2+ and M-clock exists on a
beat-to-beat basis (see above). Numerical simulations, using
a modified ML “coupled-clock” model, faithfully reproduced
experimentally reported prolongation of the AP BI and associated
dys-rhythmic spontaneous beating in the presence of cytosolic
Ca2+ buffering (Yaniv et al., 2013c). However, three contempo-
rary numerical models (Kurata et al., 2002; Severi et al., 2012)
and the original ML model (Maltsev and Lakatta, 2009), failed
to reproduce the effects of severe and acute perturbations of the
system, e.g., the transient reduction in AP BI induced by both
caffeine and flash-induced Ca2+ release (Yaniv et al., 2013c).

The modified ML model provided new insights into the nature
of beat-to-beat clock entrainment (Yaniv et al., 2013c): (i) The
major mechanisms that couple the beat-to-beat changes in Ca2+-
clock to M-clock mechanisms is LCR-activation of the NCX
current. (ii) The systems has a “memory” for several beats: after
flash-induced Ca2+ release the temporal rate increase are linked
to changes in Ca2+ available for pumping into the SR that ulti-
mately results in a temporal increase in diastolic NCX current
driving the AP firing rate increase.

Recognition of the limitations of the traditional common-pool
model approach have led to novel pacemaker cell models featur-
ing local Ca2+ control mechanisms (for review see Maltsev et al.,
2014). Thus, newer local control models are more accurate vs. old
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common pool models: the scale of amplitudes for Ca2+ dynamics
attained locally is higher by as much as two orders of magnitude
vs. that predicted by the old models. The common pool models
also lack crucial mechanisms of Ca2+ dynamics, such as diffusion-
reaction for the Ca2+ release, local Ca2+ pumping and local NCX
activity. The first model (Maltsev et al., 2011a) generated LCRs
via stochastic recruitment of the neighboring CRUs. This model
was later updated to include LCR regulation by local interactions
with M-clock driving by NCX (Maltsev et al., 2013). The model
predicted that when the RyR sensitivity is very high or the NCX
density is low, synchronization between the clocks is lost, lead-
ing to dysrhythmic AP BI (Maltsev et al., 2013). The most recent
and advanced formulations of local Ca2+ mechanisms in pace-
maker cells include stochastic gating of individual RyR and L-type
Ca2+ channels in Ca2+ diffusion and buffering in 3 dimensions
(Stern et al., 2014). The model succeeded in reproducing observed
propagating local Ca2+ releases and realistic pacemaker rates only
when RyR locations were assigned taking into account irregu-
lar, hierarchical distribution of RyR clusters (small and large)
observed in 3D confocal scan sections of immunofluorescence
staining.

A new generation of model featuring local Ca2+ dynam-
ics within a coupled-clock system is being developed and will
provide novel insights into pacemaker cell mechanisms. A “multi-
scale” modeling has been put forward by James Weiss group that
modeled Ca2+ dynamics in cardiac cells (Qu et al., 2011). This
approach develops formulations for Ca2+ dynamics at each level
or scale of integration. This, in turn, represents a substantial chal-
lenge and requires a detailed knowledge of the previous layer
to avoid simply phenomenological or arbitrary descriptions. In
this regard, the recent Stern et al. model (2014), describing states
of all individual RyR and L-type Ca2+ channel will be helpful
to approach the next level integration at the whole cell Ca2+
dynamics.

SUMMARY
Mechanisms intrinsic to pacemaker cells and their modulation
by the brain-heart receptor signaling determine both the heart
rate and heart rate variability. Crosstalk exists between M and
Ca2+-clock and the tightness of this crosstalk, informed by the
LCR period, determines the rate and rhythm of spontaneous AP
generation. Indeed, both theoretical and experimental evidence
has mounted to indicate that this clock “crosstalk” operates on a
beat-to-beat basis.

In the level of pacemaker cells, future experiments are needed
to quantify beat-to-beat regulation of cAMP/PKA signaling that
drives clock coupling in order to speculate whether they take part
in the mutual entrainment between the clocks in a beat-to-beat
basis. Moreover, the extent to which reduction in synchroniza-
tion of intrinsic clock periods within pacemaker cells is associated
with cardiac diseases and aging awaits further elucidation. Finally,
novel mathematical models that quantify not only the average AP
firing, but also determine its rhythm await further development.

Similar contribution of coupled-clock mechanisms to mem-
brane firing rate and rhythm can exist in other heart tissues. In
this regard, crosstalk between Ca2+ leak from the SR and NCX
current can trigger an arrhythmia in atrial fibrillation patients

(Lakatta and Guarnieri, 1993; Voigt et al., 2014). Future work is
needed to determine if pacemaking-like behavior exist in atrial
cell during normal and abnormal conditions.
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The ability to dynamically regulate, traffic, retain, and recycle proteins within the cell
membrane is fundamental to life and central to the normal function of the heart. In
the cardiomyocyte, these pathways are essential for the regulation of Ca2+, both at
the level of the plasma membrane, but also in local cellular domains. One intracellular
pathway often overlooked in relation to cardiovascular Ca2+ regulation and signaling is
the endosome-based trafficking pathway. Highlighting its importance, this system and
its molecular components are evolutionarily conserved across all metazoans. However,
remarkably little is known of how endosome-based protein trafficking and recycling
functions within mammalian cells systems, especially in the heart. As the endosomal
system acts to regulate the expression and localization of membrane proteins central for
cardiac Ca2+ regulation, understanding the in vivo function of this system in the heart is
critical. This review will focus on endosome-based protein trafficking in the heart in both
health and disease with special emphasis for the role of endocytic regulatory proteins,
C-terminal Eps15 homology domain-containing proteins (EHDs).

Keywords: endosome, protein trafficking, cardiac membrane excitability, Ca2+ homeostasis, heart failure

INTRODUCTION
The capacity of a cell to regulate protein expression and local-
ization within the plasma membrane is central to life. Endosome-
based systems mediate a wide range of cellular processes including
anterograde trafficking of newly formed proteins out of the Golgi
apparatus to their proper locales, internalization of membrane
proteins targeted for recycling or degradation, and nutrient endo-
cytosis. Studying these systems in the intact mammalian cellular
environment has proven difficult, mostly due to the lack of avail-
able tools and model systems. Only within the last 15 years
have we begun teasing out the role of endosome-based protein
trafficking and targeting recycling in vivo. We now know that
endosome-based systems are critical for such cellular processes
as cell motility (Traynor and Kay, 2007), cell division (Boucrot
and Kirchhausen, 2007), cell-cell junction regulation (Palacios
et al., 2002), epithelial polarity (Shivas et al., 2010), and neu-
ronal plasticity (Wang et al., 2008). A growing body of evidence
has implicated endosomal trafficking in the development and reg-
ulation of membrane excitability in neurons (Sun et al., 2014),
pancreatic cells (Manna et al., 2010), and cardiac muscle cells
(McEwen et al., 2007; Kruse et al., 2009; Ishii et al., 2012; Curran
et al., 2014).

In cardiomyocytes, membrane excitability depends on the
proper expression and organization of multiple ion channels,
pumps, exchangers, and transporters within the plasma mem-
brane to regulate intracellular ion signaling pathways. As the
endosomal system acts to regulate the expression and localization
of membrane proteins, the potential exists that this system may be

able to modulate excitability in the heart. This regulatory capac-
ity, therefore, makes it an attractive candidate for new therapeutic
intervention in the treatment of arrhythmia and sudden cardiac
death.

ENDOSOMAL TRANSPORT AND CARDIAC EXCITABILITY
Only recently were efforts undertaken to determine the in vivo
role of endosomal pathways in the cardiomyocyte. With the devel-
opment of new tools, years of discovery in surrogate cell systems
may now be translated into mammalian cardiovascular biology.
Years of investigation have demonstrated that C-terminal Eps15
homology domain-containing (EHD) proteins have a functional
role in each segment of endosome-mediated recycling, degra-
dation, and trafficking. EHDs have therefore recently attracted
significant attention as potential therapeutic targets to modulate
endosomal function (Gudmundsson et al., 2010, 2012; Curran
et al., 2014). As cardiac arrhythmia may arise from dysfunctional
expression and organization of multiple membrane proteins lead-
ing to altered Na+ and Ca2+ homeostasis, therapeutically mod-
ulating EHD proteins may prove efficacious in the treatment of
arrhythmia and sudden cardiac death.

EHDs are endocytic regulatory proteins. Discovered in the
last decade, four EHD gene products (EHD1–4) are ubiqui-
tously, albeit differentially-expressed across all tissue types (Pohl
et al., 2000). These proteins are highly conserved throughout
mammalian biology. Indeed, the human and mouse isoforms of
EHD1 share 99.6% sequence similarity (Naslavsky and Caplan,
2005). EHD orthologs in non-mammalian species conserve this
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similarity as well. These data strongly indicate that this family of
proteins plays a similar and central role in metazoan cell biology.

The protein family acquires its name from the presence of an
epidermal growth factor receptor substrate 15 (Eps15) homology
(EH) domain within the C-terminus (Figures 1A,B) (Lee et al.,
2005). By itself, the EH domain is well known to mediate pro-
tein/protein interactions (Salcini et al., 1997; Paoluzi et al., 1998;
Doria et al., 1999; Confalonieri and Di Fiore, 2002; Naslavsky
and Caplan, 2005). This domain typically interacts with proteins
that contain an NPF (asparagine-proline-phenylalanine) motif
(Morgan et al., 2003; Henry et al., 2010; Kieken et al., 2010).
Over 50 proteins containing at least one EH domain have been
identified in the eukaryotic proteome (Polo et al., 2003; Miliaras
and Wendland, 2004). In the C. elegans proteome there are more
than 800 proteins that contain at least one NPF motif, with more
expected in eukaryotes (Pant et al., 2009). Therefore, the potential
for protein/protein interactions in this system is substantial. With
particular importance to this review, proteins containing an EH
domain are often associated with vesicular trafficking, transport,
and sorting (Santolini et al., 1999; Confalonieri and Di Fiore,
2002).

Amongst the identified proteins containing one or more
EH domains, the overwhelming majority of them contain this
domain within the N-terminus. Only a small handful have an
EH domain in the C-terminus (Confalonieri and Di Fiore, 2002).
Notably however, EHD1–4 all express the EH domain within
the C-terminus. The EHD family share high homology with the
C. elegans endocytic regulator protein, receptor-mediated endo-
cytosis 1 (RME-1), which also has a C-terminal EH domain.
RME-1 is known to mediate endosomal trafficking. Therefore,
the distinctive location of the EH domain in mammalian par-
alogs suggested an in vivo functional role of these proteins. When
RME-1 function is disrupted in C. elegans, endosome-based
protein recycling is significantly impaired (Grant et al., 2001).
Critically, Lin et al. found that expressing the human RME-1
ortholog, EHD1, in C. elegans could fully rescue this pheno-
type (Lin et al., 2001). This is unambiguous evidence that not
only are C-terminal EHD proteins directly involved in endo-
somal trafficking, but their function is highly conserved across
metazoans.

One or more EHDs have been demonstrated to play key roles
within every endosome-based protein trafficking compartment.

FIGURE 1 | EHD protein structure and sequence homology. (A) Each
EHD protein is contains an N-terminal region (NT), a dynamin-like domain,
a coiled-coil domain, and a C-terminal EH domain. Typically, the EH
domain mediates protein:protein interactions with EHDs. (B) Ribbon and
space filling models of an EHD protein, based on the known crystal

structure of EHD2 determined by Daumke et al. (2007). (C) The
homology of total amino acid sequence and EH domain identity amongst
the four EHD proteins expressed in mammals (Naslavsky and Caplan,
2011). Note that the overall sequence homology is greater than the
homology shared amongst the EH domains.
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EHDs promote anterograde trafficking from the TGN to the
plasma membrane, along with internalization, recycling, and
degradation pathways (see Naslavsky and Caplan for an expert
review, Naslavsky and Caplan, 2011). While the specific molecular
roles of EHD1–4 at the level of the vesicle remains poorly defined,
they are hypothesized to serve two simultaneous functions. First,
EHDs act as scaffolding proteins for key molecular players within
the endosome. EHD1–4 have all been demonstrated to asso-
ciate with Rab effector proteins (e.g., Rab11-Fip2, Rabenosyn-5,
MICAL-L1) within membranous vesicular compartments in vivo
(Naslavsky et al., 2004, 2006; George et al., 2007; Sharma et al.,
2008, 2010). EHD proteins may recruit Rab effector proteins to
the vesicle, although this function is not consistently observed
(Naslavsky et al., 2004, 2006). Once present within the vesicle,
the Rab effector can bind to individual Rab proteins that, in turn,
recruit motor proteins such as myosin and dynein (Roland et al.,
2007; Horgan and McCaffrey, 2011; Schafer et al., 2014). Indeed,
recent reports have linked EHD1 with dynein motors (Rahajeng
et al., 2010).

A second, more established role for EHDs is that of membrane
scission. An elegant study by Daumke et al. demonstrated that
when the G domain of an EHD is bound to ATP it will dimer-
ize, forming either hetero- or homo-dimers (Figure 1B). This
creates a membrane binding pocket within the protein complex
(Daumke et al., 2007). These dimers then oligomerize to form
ring-like structures around membranous. Upon ATP hydrolysis,
the membrane binding pocket collapses, destabilizing the asso-
ciated membrane, effectively pinching off the vesicle from the
tubule to facilitate its transport. Indeed, based on this function,
EHD4 is often termed “Pincher” in the literature (Shao et al.,
2002; Smith et al., 2004). Combined with the scaffolding role and
the association with Rab and Rab effectors, these findings nicely
situate EHD proteins to be central players in endosome-based
protein trafficking in vivo.

EHD PROTEINS IN HEART
Nearly all that is known regarding the EHD protein family has
resulted from investigations using surrogate cell systems or model
organisms. The study of endosomal systems in vivo has been
hampered by the lack of appropriate tools. Only recently has
a concerted effort been made to develop the molecular and
biochemical tools and animal models necessary to study these sys-
tems in vivo. For this reason, remarkably little is known not just
about how these systems function in the heart but even about the
identity of the various molecular players involved.

In 2010, Gudmundsson et al. were the first to report that
EHD1–4 were differentially expressed in the four chambers of
the heart (Gudmundsson et al., 2010). EHD1–4 were each shown
to localize within the perinuclear junction and also in discrete
puncta spanning from the nucleus out to the plasma mem-
brane, locales consistent with their role in endosomal trafficking
(Sharma et al., 2009). Further, a direct protein/protein interac-
tion was reported between EHD3 and the cytoskeletal membrane
adapter protein, ankyrin-B (AnkB) (Gudmundsson et al., 2010).
Interestingly, this protein/protein interaction was not mediated
through the EH domain of EHD3 but rather through the coiled-
coil domain. Early in the initial studies of EHD1–4, Naslavsky

and Caplan astutely noted that the overall identity shared by
EHD1–4 was higher than that shared between their individual EH
domains (Figure 1C). They speculated that the conserved func-
tions of EHD1–4 may not rely on the EH domain (Naslavsky and
Caplan, 2005). The surprising finding that EHD3 interacts with
AnkB through the coiled-coil domain supports this speculation
and has potentially broader functional implications for EHD1–4.

Recall, the EH domain directly mediates protein/protein inter-
actions. Moreover, in the case of EHD proteins, the EH domain
has been demonstrated to mediate interactions with Rab effec-
tors and Rab proteins. By interacting with cargo proteins, such
as AnkB, through the coiled-coil region, this would free up the
EH domain to still conduct its business with the motor protein
complex (Rabs/Rab effectors). This places the EHD protein in a
central position within the vesicular complex. It not only binds to,
and recruits the motor complex, it may also simultaneously medi-
ate cargo retention within the endosome. This observation may
prove fundamental to our understanding of how EHD-dependent
endosomal trafficking occurs in vivo.

In the heart, AnkB regulates cardiac calcium and contrac-
tility by controlling the proper targeting and retention of the
Na/Ca exchanger (NCX), Na/K ATPase (NKA), inositol 1,4,5-
trisphosphate receptor, and protein phosphatase 2A (Mohler
et al., 2005; Degrande et al., 2013). Their appropriate subcellular
localization is critical to maintaining proper cardiac function. The
importance of the relationship between AnkB and these proteins
is highlighted in patients harboring single point variants within
ANK2, encoding for AnkB (Mohler et al., 2003, 2007). These
variants result in a loss-of-function of AnkB and the mislocal-
ization of the associated proteins. Consequently, cardiac function
is severely compromised. These patients suffer from a complex
arrhythmogenic phenotype ranging from ventricular and atrial
fibrillation, sinus node disease, atrioventricular conduction block,
and sudden cardiac death (Mohler et al., 2003).

Given the direct interaction between AnkB and EHD3, it was
hypothesized that silencing EHD3 expressing in the cardiomy-
ocyte would result a mislocalization of AnkB and its binding
partners. Indeed, this was observed. Upon EHD3 silencing by
siRNA, AnkB and NCX localization were disrupted. Both pro-
teins were mislocalized within a perinuclear compartment. These
data suggest that the cell is still synthesizing the protein, but
it was not being trafficked to or retained at the proper subcel-
lular location. In line with this, the NCX-mediated membrane
current (INCX) was significantly downregulated (Gudmundsson
et al., 2010). Interestingly, this same report also demonstrated
that upon EHD3 overexpression in wild type myocytes, INCX

increased. This suggests that endosomal pathways could poten-
tially be targeted to fine tune membrane excitability. This was the
first evidence that EHD3 (or any EHD) played a functional role
in cardiomyocytes to regulate intracellular calcium.

EHD3 MEDIATES MEMBRANE EXCITABILITY AND Ca2+
HOMEOSTASIS IN VIVO
Using newly established mouse models of EHD deficiency, Curran
et al. provided the first data on the role of EHDs in the intact
heart. EHD3 was found to play critical roles in maintaining
membrane excitability and proper Ca2+ homeostasis in vivo
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(Curran et al., 2014). Hearts from EHD3−/− mice showed dysreg-
ulated AnkB and NCX trafficking and targeting. In isolated adult
ventricular myocytes lacking EHD3, these proteins were mislo-
calized within a perinuclear compartment. Interestingly, in the
EHD3−/− mouse, NCX protein expression was down by only
20%, while INCX was down by approximately 50%. A similar find-
ing was reported for the L-type Ca channel (LTCC). The loss
of EHD3 led to significant mislocalization of the protein. While
overall LTCC protein expression was down less than 20%, the
peak LTCC-mediated membrane current (ICa,L) was down by
approximately 67%. Together, these data suggest that the myocyte
is still synthesizing the NCX and LTCC protein, but the loss of
EHD3 has limited its ability to properly traffic them to their
correct subcellular localizations. Currently, there is no known
interaction between the LTCC and AnkB, implying that the LTCC
is being trafficked in an EHD3-dependent manner that does
not require AnkB. This expands the purview of EHD3 function
beyond that of just AnkB-mediated targeting to include direct or
indirect interactions with other ion channels and transporters.

The LTCC and NCX are intimately involved in EC coupling
and are central players in the maintenance of Ca2+ homeostasis
in the heart (Bers, 2002). The ICa,L triggers further Ca2+ release
from the sarcoplasmic reticulum (SR) through the SR Ca2+
release channel, ryanodine receptor (RyR), a process called Ca2+-
induced Ca2+ release (Bers, 2001). This Ca2+ release induces
muscle contraction. The amount of Ca2+ released ultimately
dictates the strength of contraction. Ca2+ release is primarily dic-
tated by two mechanisms: the size of the Ca2+ trigger and the
size of the SR Ca2+ load. If one of these is downregulated and the
other remains the same, the result will be diminished Ca2+ release
and strength of contraction, or vice versa.

Therefore, one would expect that dysregulation of the LTCC
and NCX observed in the EHD3-deficient mouse would have
ramifications on EC coupling. Indeed, in ventricular myocytes
isolated from EHD3−/− mice, the average SR Ca2+ load was
increased approximately 40%. This is likely a compensatory
response to the downregulation of the ICa,L and INCX . The loss
of these two membrane currents would favor Ca2+ retention
in the cell, thereby increasing the SR Ca2+ concentration (Bers
et al., 1996; McCall et al., 1998). This increase in SR Ca2+
concentration would have the effect of sensitizing the RyR to
Ca2+, thereby promoting increased Ca2+ release in the face of
downregulated Ca2+ trigger (Bassani et al., 1995). In this fash-
ion, contractility was maintained in the EHD3-deficient heart,
similar to observations in mice deficient in NCX (Pott et al.,
2005).

EHD3-dependent trafficking mechanisms will likely include
other ion channels and transporters. The action potential dura-
tion (APD) of EHD3−/− myocytes was approximately 60%
shorter compared to WT (Curran et al., 2014). While the NCX
and the LTCC both play roles in mediating the APD, even if
combined the amount of membrane current lost due to dysreg-
ulation of these proteins in the EHD3−/− heart cannot account
for such a drastic shortening of the APD. This strongly sug-
gests that EHD3 mediates the trafficking of other ion channels or
regulatory proteins pertinent to developing the action potential.
Future investigations should aim at uncovering the relationship

between EHD3 and these other proteins, particularly the family
of potassium channels.

HEART RHYTHM, AUTOMATICITY, AND CONDUCTION
DEFECTS IN EHD3-DEFICIENT HEARTS
Beyond their roles in Ca2+ homeostasis and contraction in the
heart, the NCX and LTCC also mediate automaticity and action
potential conduction (Lyashkov et al., 2007; Monfredi et al.,
2013a,b). In particular, they play vital roles within the “Ca2+
clock” machinery of the sinoatrial node (SAN) where they facil-
itate spontaneous membrane depolarization and the origin of
the cardiac action potential (Maltsev and Lakatta, 2009; Lakatta
et al., 2010). Further, LTCC function is required for the proper
conduction of the action potential from the atria to the ven-
tricle through the atrioventricular node (Zhang et al., 2011).
Disruption of NCX and LTCC function would be expected to
have considerable consequences on cardiac rhythm and action
potential conduction.

EHD3 is expressed in the SAN (Curran et al., 2014). Given the
functional role of EHD3 in trafficking and targeting the NCX and
LTCC, dysregulation of cardiac automaticity in these mice would
be predicted. Indeed, significant increases in heart rate variabil-
ity and SAN pause were observed in the EHD3-deficient mouse.
Furthermore, incidences of antrioventricular (AV) node conduc-
tion block were routinely detected. These observations strongly
suggest that EHD3-dependent endosomal trafficking is required
for proper cardiac automaticity and conduction. While no data
yet exists investigating EHD3 function directly in SAN or AV node
cells, it is intriguing to envision that NCX and LTCC trafficking
and function are dysregulated in a similar manner as is observed
in the ventricle. It is likely that the rhythm and conduction dis-
turbances observed in EHD3-deficient mice are directly related to
dysregulated NCX and LTCC function.

EHD PROTEINS AND HEART FAILURE
In nearly all forms of heart failure, a common observation is
the increased expression and function of NCX within the mem-
brane. While initially a compensatory mechanism, this increased
NCX expression eventually becomes maladaptive and supplies
an arrhythmogenic substrate (Pogwizd et al., 1992, 1999). This
membrane remodeling is not limited to human, as increased NCX
expression is commonly observed in animal models of heart fail-
ure (Baartscheer et al., 2003; Wei et al., 2007; Wang et al., 2009;
Kohlhaas and Maack, 2010). This suggests that this response is
evolutionarily conserved. Development of a specific pharmaco-
logical inhibitor of the NCX aimed at attenuating arrhythmogen-
esis is an area of active research. However, success in this endeavor
has been elusive.

Recent data has indicated that EHD3 is also increased in
human heart failure and in all animal models of heart failure yet
examined (Gudmundsson et al., 2012). This observation coupled
with what is now known about EHD3-dependent NCX trafficking
in the heart provides a plausible molecular mechanism by which
the heart mediates NCX expression in response to heart failure.
These data imply that EHD3 may be involved in the electrical
remodeling of the plasma membrane associated with heart fail-
ure. If this is the case, EHD-dependent endosomal trafficking may
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provide a new approach to developing novel therapeutics against
arrhythmia. A significant amount of work must be undertaken
to more fully describe the function and molecular machinery of
these endosomal trafficking pathways in the heart.

CONCLUSION AND FUTURE DIRECTIONS
A deeper understanding of endosomal trafficking may offer new
avenues for therapies against arrhythmia and heart failure. The
vast majority of arrhythmias are associated with ion channel or
transporter dysfunction. For this reason, the field has pushed
for ion channel-based therapeutic strategies. While the logic
behind this approach is sound, it has unfortunately been met
with limited success. In fact, as the CAST-II trial revealed, when
anti-arrhythmic drugs were administered to patients, the rate
of arrhythmogenesis in these patients increased (Greene et al.,
1992). A secondary approach is therefore needed. Targeting the
endosomal trafficking of specific ion channels and transporters
may provide that approach.
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Pacemaker activity of automatic cardiac myocytes controls the heartbeat in everyday life.
Cardiac automaticity is under the control of several neurotransmitters and hormones and
is constantly regulated by the autonomic nervous system to match the physiological needs
of the organism. Several classes of ion channels and proteins involved in intracellular Ca2+
dynamics contribute to pacemaker activity. The functional role of voltage-gated calcium
channels (VGCCs) in heart automaticity and impulse conduction has been matter of debate
for 30 years. However, growing evidence shows that VGCCs are important regulators
of the pacemaker mechanisms and play also a major role in atrio-ventricular impulse
conduction. Incidentally, studies performed in genetically modified mice lacking L-type
Cav1.3 (Cav1.3−/−) or T-type Cav3.1 (Cav3.1−/−) channels show that genetic inactivation of
these channels strongly impacts pacemaking. In cardiac pacemaker cells, VGCCs activate
at negative voltages at the beginning of the diastolic depolarization and importantly
contribute to this phase by supplying inward current. Loss-of-function of these channels
also impairs atrio-ventricular conduction. Furthermore, inactivation of Cav1.3 channels
promotes also atrial fibrillation and flutter in knockout mice suggesting that these channels
can play a role in stabilizing atrial rhythm. Genomic analysis demonstrated that Cav1.3 and
Cav3.1 channels are widely expressed in pacemaker tissue of mice, rabbits and humans.
Importantly, human diseases of pacemaker activity such as congenital bradycardia and
heart block have been attributed to loss-of-function of Cav1.3 and Cav3.1 channels. In this
article, we will review the current knowledge on the role of VGCCs in the generation and
regulation of heart rate and rhythm. We will discuss also how loss of Ca2+ entry through
VGCCs could influence intracellular Ca2+ handling and promote atrial arrhythmias.

Keywords: heart automaticity, L-type Ca2+ channel, T-type Ca2+ channels, sinoatrial node, atrioventricular node

INTRODUCTION
Pacemaker activity in the heart is generated by specialized
myocytes, able to generate periodical oscillations of their mem-
brane potential. These cells are thus called “pacemaker” cells
(Mangoni and Nargeot, 2008). Pacemaker cells are localized in
the sino-atrial node (SAN), which is a thin tissue located in
the right atrium (for anatomical description see Dobrzynski
et al., 2005). Under physiological conditions the cardiac impulse
has origin in the SAN. The pacemaker impulse spreads from
the SAN to the cardiac conduction system (composed by the
atrioventricular node and Purkinje fibers network), driving the
contraction of the whole working myocardium. In comparison
to the rest of the conduction system, the SAN generates the
fastest intrinsic automaticity, thereby inhibiting pacemaking in
the atrioventricular node (AVN) and the Purkinje fibers network.
Nevertheless, in case of SAN failure, the AVN can take over as
dominant pacemaker center. Under conditions of atrioventric-
ular block, Purkinje fibers are able to generate viable rhythm,
even if at relatively low rates (James, 2003; Dobrzynski et al.,
2013).

The generation of the automaticity in cardiac pacemaker cells
is due to the diastolic depolarization, a spontaneous slowly depo-
larizing phase of the action potential cycle. During this phase
the membrane potential progressively becomes less negative until
it reaches the threshold for triggering a new action potential.
The SAN action potential cycle length determines the heart rate.
At the level of the individual SAN cell, different classes of ion
channels of the plasma membrane, the sarcoplasmic reticulum
(SR) and mytochondria contribute to the generation and regu-
lation of automaticity, but their respective functional roles and
interactions are still not fully understood.

In the recent past, two distinct, but not mutually exclusively,
hypotheses were proposed to explain the mechanism under-
ling the cardiac automaticity: the so-called “membrane clock”
model of pacemaking, which considers the “funny” current (If ),
an inward Na+/K+ current activated by membrane hyperpolar-
ization at negative voltages (Brown et al., 1979) and regulated
directly by cAMP (Difrancesco and Tortora, 1991) as the key ini-
tiator of the diastolic depolarization (Difrancesco, 1991). In the
“calcium clock” model of pacemaking the key mechanism in the
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diastolic depolarization is a spontaneous rhythmic phenomenon
of Ca2+ release from the SR activating the Na+/Ca2+ exchanger
(NCX) in forward mode. This NCX mediated inward current is
able to depolarize the membrane voltage to the threshold of the
following action potential (Bogdanov et al., 2001; Vinogradova
et al., 2002). Recently, the Ca2+ clock view of pacemaking has
been updated into the “coupled-clock” model (Lakatta et al.,
2010). In the coupled-clock model of pacemaking, the activity of
membrane ion channels and spontaneous Ca2+ release mutually
entrain to generate pacemaking (Lakatta et al., 2010; Monfredi
et al., 2013). For a more extended description of the issues raised
by the If - based and the Ca2+ or coupled-clock models of pace-
making, the reader is referred to recent review by the principal
authors (Difrancesco, 2010; Lakatta et al., 2010; Monfredi et al.,
2013).

However, either the If -based or the coupled clock models of
pacemaking do not fully appreciate the role of VGCCs in pace-
making. Indeed, in the If -based model of pacemaking the L-type
Ca2+ current (ICa,L) is considered only as a determinant of the
action potential upstroke and duration (Difrancesco, 1993, 2010).
In the coupled-clock model of pacemaking, ICa,L is considered as
a major mechanism to replenish SR Ca2+ content at each pace-
maker cycle (Vinogradova et al., 2002). Finally, both the If -based
and the coupled-clock models grant only a limited role to T-type
VGCCs (Vinogradova et al., 2002).

However, during the last 10 years evidence accumulated show-
ing that VGCCs contribute directly to pacemaking by carrying

inward current during the diastolic depolarization phase (Zhang
et al., 2002, 2011; Mangoni et al., 2003, 2006b; Marger et al.,
2011a) or by stimulating the NCX activated by subsarcolem-
mal Ca2+ release during the diastolic depolarization (Lakatta
et al., 2010). VGCCs also participate to the upstroke phase of
the action potential (Hagiwara et al., 1988; Doerr et al., 1989;
Marger et al., 2011a). Here we will focus on two distinct fami-
lies of VGCCs, the L-type and the T-type Ca2+ channels. L-type
VGCCs are expressed throughout the myocardium and are sen-
sitive to antagonist and agonist dihydropyridines (DHPs) such as
nifedipine and BAY K 8644 and are stimulated by PKA-dependent
phosporylation (Striessnig, 1999; van der Heyden et al., 2005).
In comparison with T-type channels, L-type VGCCs activate
upon membrane depolarization at more positive potential, have
Ca2+ and voltage dependent inactivation, as well as a higher
single channel conductance (Perez-Reyes, 2003). T-type VGCCs
are activated at more negative potentials than L-type VGCCs.
The kinetic hallmark of native and heterogously expressed T-
type mediated Ca2+ current is slow criss-crossing activation and
fast voltage dependent inactivation (Carbone and Lux, 1987).
Table 1 summarizes the main characteristics of the L- and T-type
VGCCs isoforms involved in cardiac automaticity. The eluci-
dation of the functional role of the cardiac VGCCs can give
important insights into the mechanisms underlying different
SAN and conduction system pathologies. Indeed, failure of gener-
ating the cardiac impulse underlies SAN bradycardia and rhyth-
mic disease. Diseases of the sinus node account for more than

Table 1 | Characteristics of the L- and T-type VGCCs isoforms involved in cardiac automaticity.

L-type VGCC (Cav1) T-type VGCC (Cav3)

Cav1.2 Cav1.3 Cav3.1 Cav3.2

Expression
time

Embryonic stage Embryonic stage Start to increase in the perinatal
period and becomes predominant
in the adulthood

High in Embryonic heart tissue
and then decrease and disappear
in adult heart

Cardiac
tissues
expression

SAN, AVN, atria, PF
networks, Ventricles

SAN, AVN, atria, PF
networks, poorly or not
expressed in ventricular

SAN, AVN, atria, PF networks,
poorly or not expressed in
ventricular tissue

SAN, AVN, atria, PF networks,
poorly expressed in ventricular
tissue

Voltage
dependent
activation

High threshold of
activation (∼ −40 mV)
Fast activation

Lower threshold of
activation than Cav1.2
(∼ −55 mV) Fast
activation

Lower threshold of activation
(∼ −70 mV) Slow activation

Inactivation
properties

Ca2+ and voltage
dependent inactivation

Ca2+ and voltage
dependent inactivation

Fast voltage dependent
inactivation

DHP
sensitivity

High Lower than Cav1.2 Low and very low

Role in
pacemaking

Control the Ca2+
dependent upstroke
phase of action potential

Diastolic pacemaker
current

Diastolic pacemaker current

Knock-out
mice
phenotype

Lethal Strong bradycardia, SAN
arrhythmia, conduction
system dysfunction

Mild bradycardia AV conduction
disorders

No phenotype
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1,000,000 electronic pacemaker implantations each year. SAN
disease is characterized by various symptoms including severe
sinus bradycardia, sinus pauses or arrest, chronotropic incom-
petence, sinus node exit block (Dobrzynski et al., 2007). Heart
failure, cardiomyopathy, administration of antiarrhythmic drugs
and other acquired cardiac conditions can induce SAN dysfunc-
tion. Nevertheless, in a significant number of patients, SAN dys-
function shows inherited features (Sarachek and Leonard, 1972;
Lehmann and Klein, 1978; Mackintosh and Chamberlain, 1979;
Dobrzynski et al., 2007; Sanders et al., 2014). Mutations in genes
regulating L-type VDCCs involved in SAN automaticity such as
L-type Cav1.3 (Mangoni et al., 2003; Baig et al., 2011) and T-type
Cav3.1 (Marger et al., 2011a; Strandberg et al., 2013) are associ-
ated with various forms of previously unexplained tachy-brady
syndromes and conduction defects (Mangoni and Nargeot, 2008;
Pfeufer et al., 2010).

CARDIAC VOLTAGE GATED Ca2+ CHANNELS: MOLECULAR
DETERMINANTS AND EXPRESSION
VGCCs are an important pathway for Ca2+ entry in pacemaker
cells. In the mammalian heart, L- and T-type mediated Ca2+
currents are expressed in SAN, AVN, and Purkinje Fibers net-
work and they have been consistently recorded in pacemaker SAN
and AVN cells (Tseng and Boyden, 1989; Mangoni et al., 2003,
2006b; Marger et al., 2011a). Hagiwara et al. (1988) were the
first to report the expression of ICa,L in isolated SAN pacemaker
cells and to describe its kinetic and pharmacologic properties.
In particular, they defined ICa,L as a “high”-threshold Ca2+ cur-
rent activated from about -30 mV and distinguished from T-type
mediated Ca2+ current (ICa,T), a “low” threshold Ca2+ current
activated at −50 mV, suggesting that both currents participate the
latter half of the slow diastolic depolarization (Hagiwara et al.,
1988).

L-type VGCCs are hetero-oligomeric complexes constituted by
a voltage sensitive pore, the so–called α1-subunits, together with
different accessory subunits (α2δ, β, and γ) (Striessnig, 1999)
and they are highly sensitive to DHP Ca2+ channels modula-
tors. Four α1-subunits have been cloned and classified for the
L- type Ca2+ channel, namely Cav1.1, Cav1.2 Cav1.3, and Cav1.4
(Catterall et al., 2003). Cav1.1 subunits are expressed in the skele-
tal muscle, where they couple membrane excitation to contrac-
tion (Tanabe et al., 1988; Tuluc et al., 2009), Cav1.4 expression is
predominant in the retina, spinal cord and immune cells (McRory
et al., 2004; Striessnig and Koschak, 2008). Cav1.2 and Cav1.3 are
expressed in neurons, as well as in cells from the neuroendocrine
and cardiovascular systems (Catterall, 2000). Cav1.2 is expressed
in the whole heart but predominantly in atria and ventricles;
Cav1.3 expression is predominant in the supraventricular regions
with higher amounts of Cav1.3 in the rhythmogenic centers
(Marionneau et al., 2005). Electrophysiological measurements
showed clear differences between Cav1.3 and Cav1.2 mediated
ICa,L. Cav1.3-mediated ICa,L activates at more negative voltages
and displays slower current inactivation during depolarization
allowing these channels to mediate long lasting Ca2+ influx dur-
ing weak depolarization (Platzer et al., 2000; Koschak et al., 2001).
As showed by Hagiwara (Hagiwara et al., 1988), T-type VGCCs
are activated at more negative potentials than L-type VGCCs.

Moreover, ICa,T have faster voltage-dependent inactivation and
inactivation is complete at more negative membrane potentials
than ICa,L (Perez-Reyes, 2003) (Table 1).

Three genes encoding for T-type α-subunits have been cloned
and named Cav3.1, Cav3.2, and Cav3.3. While the Cav3.3 iso-
form is not present in the heart, the expression of Cav3.1 and
Cav3.2 isoforms in the myocardium varies according to the devel-
opmental status of the tissue. Cav3.2 constitutes the predominant
T-type isoform in embryonic heart tissue (Ferron et al., 2002);
Cav3.1 channels expression increases during perinatal period and
reaches its maximal in adulthood (Marshall et al., 1993). In adult
SAN Cav3.1 expression is higher than Cav3.2 (Bohn et al., 2000).
Contrary to the Cav1 family, the Cav3 family is almost insensible
to DHPs and at present, no selective inhibitor to discriminate the
contribution of Cav3.1 and Cav3.2 channels to the total ICa,T is
available.

REGULATION OF L- AND T-TYPE Ca2+ CHANNELS IN
CARDIAC TISSUES
Cardiac VGCCs are subject of multiple regulatory mechanisms
involving both intramolecular regulatory sites and interactions
with cellular second messengers and kinases.

Ca2+ influx through VGCCs can “auto-regulate” the chan-
nel activity in a negative (CDI, Ca2+-dependent inactivation)
or positive (CDF, Ca2+-dependent facilitation) manner. L-type
Ca2+ channels undergo calmoduline-mediated CDI or calmodu-
line kinase II (CaMKII)-mediated CDF (Christel and Lee, 2012).
On the contrary only CaMKII-mediated CDF has been described
for T-type Ca2+ channels (Christel and Lee, 2012).

It has been shown that SAN L-type Ca2+ channels undergo
voltage-dependent inactivation (VDI) and facilitation (VDF)
(Mangoni et al., 2000; Christel et al., 2012). Christel et al. (2012)
showed that Cav1.2-mediated ICa,L undergoes stronger VDI than
Cav1.3-mediated ICa,L and that Cav1.3-mediated ICa,L exhibited
stronger VDF than Cav1.2 -mediated ICa,L. Numerical modeling
simulations predicted that VDF was responsible of 25% increase
in Cav1.3-mediated ICa,L which, as a consequence, induced a
small positive chronotropic effect. These data further support
the importance of Cav1.3 Ca2+ channels regulation in cardiac
pacemaker activity.

L-type Ca2+ channels are also potently regulated by cAMP-
dependent protein kinase A (De Jongh et al., 1996; Ramadan
et al., 2009). Regulation of T-type Ca2+ channels by cAMP
dependent protein kinase A is still controversial (Chemin et al.,
2006), however, in a recent work Li et al. (2012) found that
in cardiac myocytes the activity of Cav3.1 T-type VGCCs was
significantly increased by isoproterenol, a β-adrenergic agonist,
and that this regulation was strictly connected to the adenylate
cyclase/cAMP/PKA machinery similar to L-Type Ca2+ channels.
One of the most important differences in the pharmacologic
modulation of T- and L-type Ca2+ channels rises from their
different sensitivity to DHPs. DHPs are known to act on ICa,L

without affecting ICa,T (Hagiwara et al., 1988). Nevertheless, this
concept has been challenged by different studies showing an effect
of certain types of DHPs also on different subunits of T-type
VGCCs (Bladen et al., 2014a,b). L-type Ca2+ channel voltage-
dependence and expression are potently regulated by β subunits
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(see Buraei and Yang, 2010, for recent review). In the SAN,
the predominant β subunit isoform expressed appears to be β2
(Marionneau et al., 2005). Co-expression of the β2 subunit with
the Cav1.2 α1 subunit induces slowing of the voltage dependent
inactivation of ICa,L (Cens et al., 1996). It has been proposed
that β subunits regulate α1 protein trafficking (Buraei and Yang,
2013). It will be interesting to investigate whether β2 subunits reg-
ulates L-type Ca2+ channel trafficking in the cardiac conduction
system. It has been showed that L-type Ca2+ channels, even to a
lesser extent than other VGCCs such as T-type Ca2+ channels, are
regulated also by phospholipids (Suh and Hille, 2005).

FUNCTIONAL ROLE OF L-TYPE AND T-TYPE Ca2+ CHANNELS
IN CARDIAC AUTOMATICITY
L-TYPE Ca2+ CHANNELS
Evidence for the importance of L-type Ca2+ current in SAN pace-
making have been reported by different studies (see Mangoni
et al., 2006a, for review). Kodama et al. (1997) showed that block-
ing ICa,L by 2 μM nifedipine abolished the action potential in the
primary central pacemaker area in rabbit SAN but not in sponta-
neously beating tissue from the periphery of the SAN. In contrast,
they showed that tetrodotoxin 20 μM had no effect on electrical
activity in the primary central pacemaker area, but depolarized
the takeoff potential, decreased the upstroke velocity and slowed
the spontaneous activity in nodal tissue from SAN periphery.
These results are in line with the view that the rabbit pacemaker
action potential strongly depends from ICa,L in the central area of
SAN but not in the periphery, where it is more sensitive to Na+
current (INa). The heterogeneity of sensitivity to ICa,L in pace-
maker cells highlights the problem of isolating the contribution
of ICa,L to the diastolic depolarization phase from its contribution
to the upstroke phase of the cardiac action potential.

Doerr et al. (1989) tried to overcome this major problem
using the action potential clamp technique to evaluate the con-
tribution of ICa,L in the pacemaker cycles in rabbit isolated
SAN cells. They reported a net methoxyverapamil (L-type Ca2+
channels blocker)-sensitive current measurable during the early
diastolic depolarization as well a long lasting component during
the plateau phase. Verheijck et al. (1999) have recorded the net
nifedipine-sensitive ICa,L at different times during action poten-
tial cycle. Notably, they provided direct evidence that ICa,L can
be activated at potential as negative as −60 mV, typical of the
early diastolic depolarization phase, and then increases up to the
threshold potential supplying inward current during the entire
diastolic depolarization. In comparison to the previous study by
Hagiwara et al. (1988), Verheijck and co-workers recorded ICa,L

starting from negative holding potentials (−90 mV), prevent-
ing partial steady-state inactivation of ICa,L at negative voltages.
Second, Verheijck and co-workers employed a recording protocol
combining current clamp, to let the cell to depolarize and repo-
larize spontaneously, with voltage clamping at discrete voltages
spanning the diastolic depolarization to record ICa,L. This strat-
egy allowed accurate measurement of the ICa,L current density in
this phase.

Moreover, they demonstrated the presence of a “low-voltage”-
activated ICa,L component, pharmacologically distinct from ICa,T ,
in the diastolic depolarization range, opening the way to the

description of the functional role of Cav1.3 L-type channels in
pacemaking.

The first in vivo evidence of the contribution of ICa,L in cardiac
pacemaker was provided by Lande et al. (2001); they recorded
DHP-induced bradycardia in anesthetized mice. Subsequently,
the unexpected result that electrocardiogram (ECG) recordings
revealed SAN dysfunction (bradycardia and arrhythmia) in mice
lacking L-type Cav1.3 channels was the first genetic evidence
of their importance in heart automaticity (Platzer et al., 2000).
Two independent studies showed that Cav1.3 channels have a
key role in automaticity both in vitro (Figure 1A) and in vivo
(Figures 1B,C) (Zhang et al., 2002; Mangoni et al., 2003) also
unmasking important differences between Cav1.3-mediated and
Cav1.2-mediated ICa,L (Figure 2A). The heart chambers histology
and thickness as well SAN and AVN structure did not show any
differences between Cav1.3−/− and the wild type mice, suggest-
ing that inactivation of Cav1.3 channels has no effect on heart
structure (Matthes et al., 2004). Inactivation of Cav1.3-mediated
ICa,L impairs pacemaking and atrioventricular conduction, but
has no effect on myocardial contractility (Matthes et al., 2004).
Zhang et al. (2005) showed that intracardiac atrial stimulation
induced atrial fibrillation and atrial flutter in Cav1.3−/− mice but
not in wild-type littermates even in the absence of vagal stimu-
lation with carbachol, a muscarinic agonist which is known to
induce atrial fibrillation in control mice (Kovoor et al., 2001). In
contrast, no ventricular arrhythmias were induced in either the
wild-type or mutant mice (Zhang et al., 2005). These data further
support the view of an important functional role of Cav1.3 in the
atria.

Using a knock-in mouse strain in which the DHP sensitivity
in Cav1.2 α1 subunits was eliminated (Cav 1.2DHP−/−), without
affecting channel function and expression, it has been possible to
separate the DHP effects of Cav1.2 from those of Cav1.3 and other
L-Type Ca2+ channels.

The heart rate reducing effect induced by DHP (isradip-
ine) in Cav1.2DHP−/− mice demonstrated that Cav1.3 is the
major L-Type Ca2+ channel controlling diastolic depolarization
(Sinnegger-Brauns et al., 2004).

Recently, Christel et al. (2012) showed a differential degree of
co-localization between the ryanodine receptors (RYRs) of the
SR and Cav1.3 or Cav1.2 channels in primary SAN pacemaker
cells. The strong co-localization of Cav1.3 with RYR2 may be rel-
evant for the functional role of RYR-mediated Ca2+ release in
pacemaking (Vinogradova et al., 2002). During the late phase
of the diastolic depolarization, RYR-mediated Ca2+ release pro-
motes NCX activation, which accelerates reaching the threshold
of the SAN action potential upstroke (Vinogradova et al., 2002).
Close apposition of Cav1.3 with RYRs may facilitate SR Ca2+
release since ICa,L stimulates RYR open probability. In this respect,
numerical simulations predicted that the slope of rise of diastolic
RYR-dependent Ca2+ release increased as a function of Cav1.3-
mediated ICa,L half-activation voltage (Christel et al., 2012). The
coupling of this SR Ca2+ release to the depolarizing influence
of NCX should accelerate attainment of the threshold for action
potential firing of SAN cells (Vinogradova et al., 2002). L-type
Ca2+ channels, and in particular Cav1.3 channels, have been
shown to physically associate with RYR2 in the nervous system
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FIGURE 1 | Importance of L-type VGCCs in cardiac automaticity. (A)

Representative recordings of consecutive action potentials recorded in
pacemaker cells from wild-type (top left panel) and Cav1.3−/− mice (top right
panel). Cellular arrhythmia is evident as irregular cycle length duration in
Cav1.3−/− cells (bottom right panel) compared with wild-type cells (bottom
left panel). Dotted lines indicate the zero voltage level (Data from Mangoni
et al., 2003). (B) Telemetric ECGs showing prolongation of RR interval PQ

interval in Cav1.3−/− mice (top right panel) with respect to wild type
littermates (top left panel). (C) Dot plot of beat to beat variability in wild-type
(left panel) and Cav1.3−/− mice (right panel) observed during 10 min
recordings. Note the dispersion of the RR intervals in Cav1.3 knockout mice,
revealing strong sinus arrhythmia. The dotted lines indicate the average heart
rate as the number of beats per minutes (bpm) (reprinted from Mangoni
et al., 2006a, with permission from Elsevier).

(Ouardouz et al., 2003; Kim et al., 2007). It will be interesting
to investigate whether such a coupling also exists in SAN cells. As
previously mentioned, Cav1.3−/− mice show slowing of atrioven-
tricular conduction suggesting that these channels are important
in AVN physiology (Figure 2B). It has been shown that Cav1.3
channels play a key role in pacemaking of AVN cells (Marger
et al., 2011a; Zhang et al., 2011). In Cav1.3−/− AVN cells pace-
maker activity is stopped and exhibited a depolarized membrane

potential of -30 mV (Marger et al., 2011a) likely due the loss
of crosstalk between Cav1.3 channels and SK2 K+ channels.
Indeed, functional coupling between Cav1.3 and SK channels
has been reported in mouse atrial myocytes (Lu et al., 2007),
where Cav1.3 loss-of-function prolongs the action potential dura-
tion via reduction in the activity of SK channels. Interestingly,
Zhang et al. (2008) showed that mice lacking SK2 channels
exhibited significant sinus bradycardia with prolongation of the
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FIGURE 2 | Properties of VGCCs in cardiac pacemaker cells. (A) I–V
curve (top left panel) and steady-state inactivation (top right panel) of
native SAN Cav3.1 (dashed curve), Cav1.3 (solid curve), and Cav1.2
(dotted curve) channels (reprinted from Mangoni et al., 2006a, with
permission from Elsevier). Examples of voltage dependent calcium
currents recorded in pacemakers cells from WT (middle and bottom left
panel), Cav1.3−/− (middle right panel) and Cav3.1−/− mice (bottom right
panel). (B) Top left panel: I–V curve of L-type Ca2+ channels obtained

from WT (black open circles) and Cav1.3−/− (gray open circles) isolated
AVN cells. Top right panels: current to voltage relationship in isolated
AVN cells from WT and Cav3.1−/− mice. Sample traces of ICa,L (middle
panels) and ICa,T (bottom panels) recorded in isolated AVN cells from WT,
Cav1.3−/− and Cav3.1−/− mice. For ICa,L recordings the holding potential
(Vh) was set at −55 mV, for Cav3.1 at −90 mV. Test potential (Vt) is
reported near the trace (reprinted from Mangoni et al., 2006b with
permission from Wolters Kluwer Health).

atrioventricular conduction intervals (PQ intervals), thus reveal-
ing a function role of these channels in AVN automaticity.

Saturating doses of the non-selective β-adrenergic agonist
isoproterenol did not restore pacemaking in Cav1.3−/− AVN
cells. Cellular automaticity could be initiated by injection of

hyperpolarizing current to drive the membrane voltage to the
maximum diastolic potential of −60 mV recorded in wild-type
AVN cells. When this maximum diastolic potential voltage is
maintained by constant hyperpolarizing current injection, AVN
cells were able to fire spontaneous action potentials. However,
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this firing was very slow and arrhythmic. Furthermore, the slope
of the diastolic depolarization in current injected Cav1.3−/−
cells was very low. Indeed, during the diastolic phase, only sub-
threshold low amplitude oscillations of the membrane potential
were recorded. These oscillations occasionally met the threshold
to evoke an action potential (Marger et al., 2011a). These data
indicated that Cav1.3 channels have a key role in the generation of
the diastolic depolarization in AVN pacemaker cells (Marger et al.,
2011a). β-adrenergic stimulation induced by isoproterenol was
able to increase the firing rate in current-injected Cav1.3−/− AVN
cells. However, the firing rate of isoproterenol treated Cav1.3−/−
myocytes did not reach the value of control AVN cells (Marger
et al., 2011a).

The lack of spontaneous automaticity in Cav1.3−/− AVN
cells in vitro does not imply un-excitability in vivo. A potential
explication is that Cav1.3−/− cells embedded in tissue are kept
at hyperpolarized membrane voltages by the electrotonic influ-
ence of the atrium (Verheijck et al., 2002), allowing the dis-
charge of the INa dependent action potential in the presence
of SAN impulse (Marger et al., 2011a). Incidentally, Marger
et al. (2011b) showed that INa has an important role in the
AVN automaticity as 20 μM TTX completely stop firing in
AVN cells. Finally, it is well known that AVN is composed
by different cell types, automatic and non-automatic, inter-
acting each other and eventually implicated in different con-
duction pathways. These aspects too can explain the reason
why Cav1.3−/− mice do not show complete atrioventricular
block.

T-TYPE CALCIUM CHANNELS
ICa,T has been consistently found in all the three rhytmogenic
centers of the heart: the SAN (Hagiwara et al., 1988; Fermini
and Nathan, 1991), the AVN (Liu et al., 1993) and Purkinje
fibers (Hirano et al., 1989; Tseng and Boyden, 1989) suggesting
that T-type VGCCs may constitute a relevant mechanism in the
generation of the diastolic depolarization.

Genetically modified mice with target inactivation of Cav3.2
and Cav3.1 subunit importantly helped to elucidate the role of
T-type channel isoforms in cardiac pacemaking and impulse con-
duction (Figure 2A) (Chen et al., 2003; Mangoni et al., 2006b;
Thuesen et al., 2014).

In comparison to wild-type littermates mice lacking Cav3.2
T-type channels do not show any significant differences in heart
rate or the ECG waveform morphology; furthermore, no cardiac
arrhythmias were observed in Cav3.2 deficient mice indicating
that Cav3.2 mediated ICa,T do not contribute significantly to
the generation and the conduction of the cardiac impulse (Chen
et al., 2003).Contrary to what reported for Cav3.2 deficient mice,
genetic inactivation of the Cav3.1 T-type Ca2+ channels in mice
results in a moderate bradycardia and significant slowing of AV
conduction. Moreover, SAN and AVN cells of Cav3.1−/− hearts
do not show residual Cav3.2 mediated ICa,T . Niwa et al. (2004)
and Ferron et al. (2002) showed that the embryonic myocardium
express Cav3.2 channels, while the adult heart shows a higher
expression of Cav3.1 channels. These results suggest that Cav3.2
underlies the functional T-type Ca2+ channels in the embryonic
murine heart, and there is a subtype switching of transcripts from

Cav3.2 to Cav3.1 in the perinatal period. As stated previously,
ablation of Cav3.1 subunits causes heart rate reduction (around
10%) and prolongation of the PQ interval due to first-degree
atrioventricular block (Mangoni et al., 2006b). Similar results
are obtained in sedated Cav3.1−/− mice after autonomic block-
ade by atropine and propranolol indicating a direct impact of
Cav3.1 subunits deletion in the SAN automaticity (Mangoni et al.,
2006b) (Figure 3).

In agreement with this observation in vivo, pacemaker activ-
ity in isolated SAN cells is slowed by about 30% (Mangoni et al.,
2006b). The relatively lower impact of ICa,T loss of function on
pacemaking in vivo compared to isolated cells can be explained
supposing a shift of the leading pacemaker site in Cav3.1−/−
SAN. This phenomenon is known as “pacemaker shift,” and can
be observed when the SAN is challenged with neurotransmitters
or pharmacologic agents that regulate pacemaker activity (Boyett
et al., 2000; Lang et al., 2011; Inada et al., 2014). In the case of
Cav3.1−/− hearts, it can be hypothesized that the leading pace-
maker site of intact SAN is shifted to a location that is less sensitive
to ICa,T than the leading site in wild-type hearts. In this respect,
pacemaker shift can be viewed as a compensatory mechanism
to keep SAN rate as high as possible in the absence of Cav3.1
channels. This hypothesis would need direct testing by employ-
ing optical or electrical mapping of pacemaking in wild-type
and Cav3.1−/− SANs Similar hypothesis concerning pacemaker
leading site shift have already been proposed to explain beat-
to-beat variability, sinus node dysrhythmia and sinus pauses in
mice lacking HCN1 channel (Fenske et al., 2013) or to partially
explain the phenotype of human patients affected by “ankyrin B
syndrome,” a disease characterized by sinus node dysfunction and
increased susceptibility to spontaneous atrial fibrillation cause
by Ankyrin-B dysfunction (Wolf et al., 2013). Another possible
hypothesis to explain the difference in the pacing rate between
isolated SAN cells and the heart rate in vivo in Cav3.1−/− mice
would be the functional coupling between cardiac fibroblast and
SAN myocytes. Indeed, it has been proposed that cardiac con-
nective tissue facilitates impulse conduction in vivo (Camelliti
et al., 2004; Kohl and Gourdie, 2014). Consequently, disruption of
the electro-tonic coupling between fibroblast and Cav3.1−/− SAN
cells during the cell isolation process could contribute reduce the
pacing rate of isolated knockout myocytes. This hypothesis could
also hold for other murine models lacking ion channels involved
in pacemaker activity.

The prolongation of PQ interval in Cav3.1−/− mice suggested
an important role of ICa,T in AVN pacemaker cells. No resid-
ual ICa,T was recorded in Cav3.1−/− AVN cells (Figure 2B) and
the loss of Cav3.1 mediated ICa,T had remarkable effects on AVN
cells automaticity. Pacemaker activity in Cav3.1−/− AVN isolated
cells was irregular and slower (40%) than that of control cells
(Marger et al., 2011a) suggesting that the relative importance of
these channels in AVN automaticity may be even higher than that
of SAN.

The importance of T-type channels in automaticity has been
also investigated also in the ventricular conduction system. Le
Quang et al. (2013) performed a clever study on the role of Cav3.1
T- type Ca2+ channels subunits in escape rhythms and in brady-
cardia induced ventricular tachyarrhythmia after atrioventricular
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FIGURE 3 | Role of T-type VGCCs in cardiac automaticity.

(A) Representative sweeps of spontaneous action potentials obtained
from SAN cells from WT (upper left trace) and Cav3.1−/− mice (lower
left trace). Right panel: Superimposition of typical action potentials
from a WT and from Cav3.1−/− SAN cell. (B) Histograms of the
average bpm value and the slope of the diastolic depolarization (SDD).

(C) Representative telemetric ECG recordings obtained on WT (left
panel) and Cav3.1−/− animals (right panel). (D) Variation of heart rate
(in bpm) in WT (left panel) and Cav3.1−/− mice (right panel) over a
24-h period. Dashed lines indicate mean day and night heart rates
(reprinted from Mangoni et al., 2006b with permission from Wolters
Kluwer Health).

block. Adult male mice lacking Cav3.1 alpha subunits after induc-
tion of complete atrioventricular block showed slower escape
rhythms, greater mortality and higher frequency of torsades de
pointes than control mice. This study suggests that Cav3.1 chan-
nels play an important role in infra-nodal escape automaticity.
Loss of Cav3.1 channels also worsens bradycardia-related mor-
tality, increases bradycardia-associated adverse remodeling, and
enhances the risk of malignant ventricular tachyarrhythmia fol-
lowing atrioventricular block.

Although data from different studies show clearly the involve-
ment of ICa,T in cardiac automaticity and impulse conduction,
mechanistic description of how T channels contribute to the dias-
tolic depolarization is still lacking. Protas et al. (2001) proposed,

for rabbit SAN cells, the existence of T-type window current com-
ponent in the diastolic depolarization, but such a window current
was not recorded either in the original study by Hagiwara et al.
(1988) or Mangoni et al. (2006b) leaving this aspect still con-
troversial. A previous study by our group employing numerical
modeling of pacemaker activity of SAN and AVN mouse cells sug-
gested that about 25 pA/pF of Cav3.1-mediated ICa,T flows during
the diastolic depolarization (Hagiwara et al., 1988; Mangoni et al.,
2006b; Marger et al., 2011a). Such a current density would be in
theory sufficient to functionally contribute to the diastolic depo-
larization, since previous modeling work indicated that given
the very high membrane resistance of SAN pacemaker cells at
the maximum diastolic potential, a net inward current density

Frontiers in Physiology | Cardiac Electrophysiology February 2015 | Volume 6 | Article 19 | 107

http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology/archive


Mesirca et al. Calcium channels in heart automaticity

as low as 1 pA/pF could initiate the diastolic depolarization
(Difrancesco, 1993; Verheijck et al., 1999). Another hypothesis
on how T-type channels can contribute to the pacemaking has
emerged from the study by Huser et al. (2000). The paper states
that in cat SAN and latent atrial pacemaker cells, the activation
of T-type calcium channels during the late phase of the depo-
larization triggers elementary Ca2+ release events (Ca2+ sparks)
from the SR which in turns stimulate NCX current to depolarize
the pacemaker potential to threshold. These data were confirmed
using 40 μM nickel (blocker of low voltage activated ICa,T).
Effectively, nickel reduced Ca2+ sparks and the slope of the dias-
tolic depolarization, suggesting a functional coupling between
T-type channels and SR (Lipsius et al., 2001), which could explain
previous results showing that prevention of SR Ca2+ release with
10 μM ryanodine reduced T-type Ca2+ current (Li et al., 1997).
However, Vinogradova et al. (2002) showed that nickel 50 μM
slightly decreased the spontaneous cycle length of rabbit SAN cells
and did not decrease the number of SR Ca2+ release suggesting a
cell-type dependent role of ICa,T in beating rate, SR Ca2+ release
and diastolic depolarization. Therefore, the fact that ICa,T appears
to play a more important role in cat atrial latent pacemaker activ-
ity (Huser et al., 2000) than in primary pacemaker activity of
rabbit SAN cells might be explained on the basis of a more nega-
tive maximum diastolic potential in atrial subsidiary vs. SAN cells
(Vinogradova et al., 2002).

DISEASES OF HEART RHYTHM AND CARDIAC VGCCs
During the last years, mutations in ion channels contributing to
cardiac automaticity in humans have been described (Dobrzynski
et al., 2007; Sanders et al., 2014). These mutations underlie
complex arrhythmic profiles in affected patients. Typical clini-
cal profiles include bradycardia due to sinus node dysfunction
(Baig et al., 2011), atrioventricular block (Brucato et al., 2000)
and ventricular tachycardia (Ueda et al., 2004). In particular,
the discovery of two congenital pathologies of heart automatic-
ity and atrioventricular conduction that could be attributed to
a down regulation or loss-of-function of Cav1.3 and/or Cav3.1
channels highlights the physiological relevance of VGCCs in
the determination of heart rate and atrioventricular conduction
in humans. In this context genetically modified mice lacking
Cav1.3 or Cav3.1 channels are important tools to test mechanistic
hypothesis linking ion channel loss-of-function to bradycardia in
affected subjects and for testing potential therapeutic strategies.

Mice lacking Cav1.3-mediated ICa,L are phenotypically charac-
terized by bradycardia and deafness (Platzer et al., 2000; Mangoni
et al., 2003). Similar dysfunctions were discovered in two consan-
guineous families from Pakistan (Baig et al., 2011). Deep hearing
loss and SAN dysfunction in these individuals closely are remi-
niscent of the phenotype of Cav1.3−/− mice. Because of the asso-
ciation between deafness and bradycardia, this newly described
disease was named Sino-atrial Node Dysfunction and Deafness
syndrome (SANDD). Patients with SANDD present SAN brady-
cardia at rest and exhibit variable degree of atrioventricular block
and dissociated rhythms. This last observation can be explained
by a recent result showing that Cav1.3 is important for auto-
maticity of mice AVN cells (Marger et al., 2011a) (Figure 4A).
No short or long QT syndrome (LQTS) was reported in SANDD

patients, indicating that Cav1.3 channels do not directly partici-
pate to ventricular repolarization in humans. On the other hand
recent data indicate that mutations in genes affecting regulation of
Cav1.2 channels can affect action potential duration. Particularly,
mutations in calmodulin have been shown to be associated with
cathecolaminergic polymorphic ventricular tachycardia (CPVT)
and cardiac arrest (Nyegaard et al., 2012; Crotti et al., 2013).
Limpitikul et al. (2014) showed that expression of mutated
calmodulin suppressed Ca2+/calmodulin mediated CDI in native
Cav1.2 channels of ventricular myocytes. Suppression of CDI
increased action potential durations and augmented the SR Ca2+
content. These works indicate that alteration in Cav1.2 channels
can induce LQTS (Limpitikul et al., 2014).

Recently, Neco et al. (2012), using a mouse model of CPVT
carrying a mutation in RYR2 (RyR2R4496C), demonstrated a
strong implication of SAN L-type channels in bradycardia asso-
ciated with CPVT syndrome. RyR2R4496C mice manifested alter-
ation in Ca2+ homeostasis together with SAN dysrhythmia
(SAN pauses) and impaired positive chronotropic response to
β-adrenergic stimulation. Isolated RyR2R4496C SAN cells showed
Ca2+-dependent decrease of ICa,L density, together with deple-
tion of SR Ca2+ load during the diastolic phase, two factors that
impaired the generation of SAN action potential. Ca2+ dependent
inactivation by excessive RYR dependent Ca2+ release provides
a new mechanistic rationale of SAN dysfunction in CPVT dis-
ease. It has been shown that not only inherited, but also acquired
cardiomyopathy can involve L-type Cav1.3. Rose et al. (2011)
described a strong cardiac phenotype in a mouse model of
chronic iron overload (CIO). SAN cells from CIO mice showed a
strong decrease in Cav1.3-mediated ICa,L density. This decrease in
ICa,L induced bradycardia, sinus pauses, prolonged PQ intervals
and second degree heart block in vivo.

Congenital heart block (CHB) disease is another pathology in
which cardiac VGCCs are strongly implicated. CHB disease affects
fetuses and newborns. CHB is an acquired autoimmune disease
that occurs during pregnancies of rheumatic mothers, but also in
healthy mothers. CHB is usually diagnosed between weeks 18 and
24 of pregnancy by fetal echocardiography techniques. Although
it may initially appear as a first- or second-degree atrioventricu-
lar block, most cases present with fetal bradycardia and complete
third-degree atrioventricular block. Other arrhythmias, including
sinus bradycardia, diverse atrial rhythms, and junctional ectopic
and ventricular tachycardia, have also been reported in the con-
text of CHB (Ambrosi et al., 2014). While the etiology of this
disease has remained obscure for long time, there is now strong
evidence that loss-of-function of Cav1.3 and Cav3.1 channels
underlie this pathology (Strandberg et al., 2013). Hu et al. (2004)
have reported inhibition of ICa,L and ICa,T by immunoglobu-
lin G isolated from mothers having CHB-affected children. SAN
bradycardia and CHB can be explained at least in part by down
regulation of Cav1.3 and Cav3.1 channels by maternal antibod-
ies (Hu et al., 2004) suggesting a strict correlation between loss
of function of Cav1.3 and Cav3.1 VGCCs and CHB. Results pub-
lished by our group (Marger et al., 2011a) further support this
hypothesis. Indeed, we studied heart rate and atrioventricular
conduction in mice with combined inactivation of Cav1.3 and
Cav3.1 channels (Cav1.3−/−/Cav3.1−/−) showing that Cav3.1
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FIGURE 4 | Cardiac VGCCs in cardiac automaticity pathology. (A)

ECG sample recordings from WT (a) and Cav1.3−/− mice (b). (B) ECG
recordings from a healthy person (a) and three individuals with SANDD
syndrome (b–d). Asterisks mark P waves that precede QRS complexes;
arrows indicate waveforms that suggest P waves coinciding with T
waves; hashes indicate not conducted P waves. Numbers indicate heart
rate (bpm) calculated from the corresponding beat-to-beat R-R interval

(adapted from Baig et al., 2011). (B) Telemetric surface ECGs of freely
moving WT, Cav3.1−/−, Cav1.3−/−, and Cav1.3−/−/Cav3.1−/− mice
showed additive effect of Cav gene inactivation on atrioventricular
conduction dysfunction. Solid bars indicate PQ interval, dotted bars
indicate RR intervals and arrows indicate isolated P waves (reprinted
from Marger et al., 2011a with permission from Taylor and Francis LLC
http://www.tandfonline.com).

and Cav1.3 inactivation have an additive effect on atrioventricu-
lar conduction (Figure 4B). Indeed, while inactivation of Cav3.1
channels alone causes moderate dysfunction of atrioventricular
conduction, association with Cav1.3 inactivation induces severe
atrioventricular block. Some Cav1.3−/−/Cav3.1−/− mice display

complete block with dissociated atrial and ventricular. Disruption
of both Cav1.3 and Cav3.1 subunits has also additive effects on
AVN cells pacemaking. Cav1.3−/−/Cav3.1−/− AVN cells display
poor or absent automaticity, thus stressing the importance of
voltage-dependent Ca2+ channels in pacemaker activity of these
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cells. These results indicate that Cav1.3−/−/Cav3.1−/− mice con-
stitute a faithful animal model of CHB and could be used for
testing of new therapies (Marger et al., 2011a).

In conclusion, work on mouse models of SANDD and CIO
(Cav1.3 channels), CPVT (ICa,L), and CHB (ICa,L and ICa,T)
demonstrates that despite the differences between mouse and
human cardiac rhythm the mouse is a valuable model for studying
the role of ion channels in human pathologies of heart rhythm.

CONCLUDING REMARKS
The relevance of VGCCs in the generation and regulation of
cardiac pacemaking, atrioventricular conduction and heart rate
determination is now well established. Importantly, the func-
tional role of VGCCs such as Cav1.3 and Cav3.1 channels seems to
be conserved between rodents and humans. ICa,L and ICa,T play a
major role in atrioventricular conduction as underscored by the
presence of dissociated rhythms in Cav1.3−/− mice and SANDD
patients (Baig et al., 2011) or in Cav1.3−/−/Cav3.1−/− mice and
CHB patients (Marger et al., 2011a). Future studies will further
address the role of VGCCs in pacemaker activity and in particu-
lar their importance in respect to other ion channels involved in
automaticity such as HCN4 and RYRs.
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Background: In animal models of heart failure (HF), heart rate decreases due to an
increase in intrinsic cycle length (CL) of the sinoatrial node (SAN). Pacemaker activity of
SAN cells is complex and modulated by the membrane clock, i.e., the ensemble of voltage
gated ion channels and electrogenic pumps and exchangers, and the Ca2+ clock, i.e., the
ensemble of intracellular Ca2+ ([Ca2+]i) dependent processes. HF in SAN cells results in
remodeling of the membrane clock, but few studies have examined its effects on [Ca2+]i
homeostasis.

Methods: SAN cells were isolated from control rabbits and rabbits with volume
and pressure overload-induced HF. [Ca2+]i concentrations, and action potentials (APs)
and Na+–Ca2+ exchange current (INCX) were measured using indo-1 and patch-clamp
methodology, respectively.

Results: The frequency of spontaneous [Ca2+]i transients was significantly lower in
HF SAN cells (3.0 ± 0.1 (n = 40) vs. 3.4 ± 0.1 Hz (n = 45); mean ± SEM), indicating
that intrinsic CL was prolonged. HF slowed the [Ca2+]i transient decay, which could be
explained by the slower frequency and reduced sarcoplasmic reticulum (SR) dependent
rate of Ca2+ uptake. Other [Ca2+]i transient parameters, SR Ca2+ content, INCX density,
and INCX-[Ca2+]i relationship were all unaffected by HF. Combined AP and [Ca2+]i
recordings demonstrated that the slower [Ca2+]i transient decay in HF SAN cells may
result in increased INCX during the diastolic depolarization, but that this effect is likely
counteracted by the HF-induced increase in intracellular Na+. β-adrenergic and muscarinic
stimulation were not changed in HF SAN cells, except that late diastolic [Ca2+]i rise, a
prominent feature of the Ca2+ clock, is lower during β-adrenergic stimulation.

Conclusions: HF SAN cells have a slower [Ca2+]i transient decay with limited effects on
pacemaker activity. Reduced late diastolic [Ca2+]i rise during β-adrenergic stimulation may
contribute to an impaired increase in intrinsic frequency in HF SAN cells.

Keywords: heart failure, pacemaker activity, intracellular Ca2+, Ca2+ clock, membrane clock, sinoatrial node, action

potentials, sodium-calcium exchanger

INTRODUCTION
Pacemaker activity of the sinoatrial node (SAN) is controlled
by a complex system of clocks composed of time- and voltage-
dependent sarcolemmal currents, designated the voltage or mem-
brane clock (Mangoni and Nargeot, 2008), and tightly coupled
sarcoplasmic reticulum (SR) Ca2+ cycling molecules together
with the Na+–Ca2+ exchange current (INCX), named the Ca2+
clock (Lakatta et al., 2010). The primary mechanism of SAN
pacemaking is heavily debated (DiFrancesco and Robinson, 2002;
Kodama et al., 2002;Vinogradova et al., 2002b; Honjo et al., 2003;
Lakatta et al., 2003; Lipsius and Bers, 2003; Bers, 2006a; Lakatta
and DiFrancesco, 2009; DiFrancesco, 2010; Maltsev and Lakatta,
2010a, 2012; Verkerk and Wilders, 2010; Himeno et al., 2011a,b;
Maltsev et al., 2011; DiFrancesco and Noble, 2012a,b; Lakatta
and Maltsev, 2012), but it likely involves a tight collaboration of

both clock systems, because intracellular Ca2+ ([Ca2+]i) affects
various membrane currents directly, e.g., INCX (Blaustein and
Lederer, 1999), hyperpolarization-activated current (If) (Rigg
et al., 2003), slow component of delayed rectifier K+ current (IKs)
(Tohse, 1990), long lasting Ca2+ current (ICa,L) (Sipido et al.,
1995), transient Ca2+ current (ICa,T) (Lacinová et al., 2006), Cl−
current (Arai et al., 1996; Verkerk et al., 2002), and/or indirectly
via calmodulin-dependent protein kinase II (CaMKII) (Wu and
Anderson, 2014), and changes in membrane current affect pace-
maker rate with resultant changes in [Ca2+]i (Lakatta et al., 2010;
van Borren et al., 2010).

Heart failure (HF) reduces pacemaker activity of SAN cells
through an increase in intrinsic cycle length (Opthof et al.,
2000; Witte et al., 2000; Verkerk et al., 2003; Du et al., 2007).
Previously, it has been shown that this was al least due to

www.frontiersin.org February 2015 | Volume 6 | Article 18 | 113

http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/journal/10.3389/fphys.2015.00018/abstract
http://community.frontiersin.org/people/u/19021
http://community.frontiersin.org/people/u/22169
http://community.frontiersin.org/people/u/43508
mailto:a.o.verkerk@amc.uva.nl
http://www.frontiersin.org
http://www.frontiersin.org/Cardiac_Electrophysiology/archive


Verkerk et al. [Ca2+]i in HF SAN cells

remodeling of components of the membrane clock. HF impairs
the membrane clock by downregulation of If in the SAN of rabbit
(Verkerk et al., 2003) and downregulation of the correspond-
ing hyperpolarization-activated (HCN) channel subunits, HCN4
and HCN2, in the SAN of dogs (Zicha et al., 2005). In addition,
TTX-sensitive neuronal Na+ channels, Nav1.1 and Nav1.6, are
downregulated in SAN tissue of HF rats (Du et al., 2007). Finally,
HF upregulates IKs in HF SAN cells of rabbit (Verkerk et al., 2003),
but since IKs plays a limited role in pacemaker activity without
adrenergic stimulation (Lei et al., 2000), this change in membrane
clock is hardly involved in the increase in intrinsic cycle length
during HF (Verkerk et al., 2003).

To date, the effect of HF on [Ca2+]i homeostasis in atrial and
ventricular myocytes has been studied in detail (for reviews, see
Bers, 2006b; Bers et al., 2006; Kho et al., 2012; Eisner et al., 2013;
Luo and Anderson, 2013; Neef and Maier, 2013), but the effect
of HF on [Ca2+]i in SAN cells is hardly known. Shinohara et al.
(2010) found that HF, induced by rapid ventricular pacing, results
in Ca2+ clock malfunction in SAN of dogs, characterized by a
reduction of the slope of late diastolic Ca2+ elevation (LDCAE)
as well as unresponsiveness to isoproterenol and caffeine in intact
SAN. Especially the reduced slope of the LDCAE, with associ-
ated decrease in localized Ca2+ releases (LCRs) or Ca2+ sparks
(Bogdanov et al., 2006; Maltsev et al., 2006; Joung et al., 2009,
2010; van Borren et al., 2010), may have implications for the Ca2+
clock (Stern et al., 2014).

In the present study, we evaluated the [Ca2+]i homeosta-
sis in isolated control (CTRL) and HF SAN cells using a
well-established rabbit model of volume and pressure overload-
induced HF. We found a slower spontaneous [Ca2+]i transient
frequency in HF SAN cells, indicating that the intrinsic cycle
length was prolonged. HF slowed the [Ca2+]i transient decay
without changes in diastolic and systolic [Ca2+]i concentrations,
LDCAE, and SR Ca2+ content. The reduced [Ca2+]i transient
decay velocity was partially, but not completely, explained by the
slower intrinsic frequency of HF SAN cells. Neither the INCX

density nor the INCX-[Ca2+]i relationship were affected by HF.
Combined action potential and [Ca2+]i measurements demon-
strated that the decreased [Ca2+]i transient decay velocity has
limited effect on INCX during diastolic depolarization.

MATERIALS AND METHODS
CELL PREPARATION
The investigation was approved by the local ethics committee and
conformed to the guiding principles of the Declaration of Helsinki.
HF was induced in 5-month-old male New-Zealand White rabbits
by combined volume- and pressure-overload in 2 sequential sur-
gical procedures as described previously (Vermeulen et al., 1994;
Verkerk et al., 2011). In short, volume overload was produced
by rupture of the aortic valve until pulse pressure was increased
by about 60–90%. Three weeks later, pressure overload was cre-
ated by suprarenal abdominal aorta constriction of approximately
50%. Four months after the last operation, the rabbits were anaes-
thetized [ketamine (50 mg im; Eurovet, Bladel, The Netherlands)
and xylazine (10 mg im; Eurovet, Bladel, The Netherlands)], hep-
arinized (5000 IU, LEO Pharma, Breda, The Netherlands), and
killed by intravenous injection of pentobarbital (240 mg; Ceva

Sante Animale B.V., Maassluis, The Netherlands). Relative heart
weight (i.e., heart weight to body weight ratio), relative lung
weight (i.e., lung weight to body weight ratio), and presence of
ascites were analyzed as described previously (Vermeulen et al.,
1994). Sham-operated rabbits undergoing thoracotomy and age-
matched non-operated rabbits do not differ in various heart
failure parameters (Vermeulen et al., 1994) and important cellular
parameters for hypertrophy and ionic remodeling (Verkerk et al.,
2011). In the present study, therefore, non-operated age-matched
healthy animals served as control (CTRL). A total of 12 HF and
13 CTRL rabbits were used.

Single SAN cells were enzymatically isolated from the entire
SAN region as described previously (Verkerk et al., 2009). Small
aliquots of cell suspension were put in a recording chamber on
the stage of an inverted microscope. Cells were allowed to adhere
for 5 min after which superfusion with Tyrode’s solution was
started. Tyrode’s solution (36 ± 0.2◦C) contained (in mM): NaCl
140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0, pH
7.4 (NaOH). Spindle and elongated spindle-like cells displaying
regular contractions were selected for measurements.

CALCIUM MEASUREMENTS
[Ca2+]i was measured in spontaneously active indo-1 (Molecular
Probes, Eugene, OR, USA) loaded myocytes as described pre-
viously in detail (van Borren et al., 2010). Such signals are a
measure of global [Ca2+]i transients, which are triggered by
Ca2+ influx through sarcolemmal Ca2+ channels activated during
spontaneous action potentials. As indicated in the Introduction
section, these spontaneous action potentials in SAN cells likely
involve a tight collaboration of both membrane and Ca2+ clock
systems. Of note, in this study we used the term “spontaneous
[Ca2+]i transient” analog to “spontaneous action potentials,”
without assumptions regarding the primary cause of the sponta-
neous activity. As before, we discerned and analyzed five distinct
phases in [Ca2+]i transients of SAN cells (van Borren et al.,
2010): (1) minimum diastolic [Ca2+]i concentration, (2) max-
imum systolic [Ca2+]i concentration, (3) maximum rate of the
fast systolic [Ca2+]i rise, (4) time constant of monoexponential
[Ca2+]i transient decay, and (5) mean rate of the slow diastolic
[Ca2+]i rise during the final third of diastolic depolarization until
the fast systolic [Ca2+]i transient. Ten consecutive spontaneous
[Ca2+]i transients were used to determine the average parame-
ters. To date, SR Ca2+ content and the rate of Ca2+ uptake into
the SR by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) in
cardiac working myocytes are frequently measured using caffeine-
induced [Ca2+]i transients combined with simultaneous INCX

recordings with the patch clamp methodology (Varro et al., 1993),
which also allows specific pre-pacing protocols. In SAN cells,
however, we were unable to measure reliably the INCX during
caffeine-induced Ca2+ transients, due to cell membrane rupture
resulting in large “leak” currents in response to the strong and fast
caffeine-induced contractions. Therefore, we assessed SR Ca2+
content as the fractional release of SR Ca2+ (Bers, 1987; Bassani
et al., 1992) by comparing the amplitude of the spontaneous
[Ca2+]i transients (average of the preceding six successive spon-
taneous [Ca2+]i transients) with that of 20 mM caffeine-evoked
[Ca2+]i transient in the presence of 5 mM NiCl2, to block the
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INCX. The rate of decay was obtained by fitting single exponen-
tial functions to the decay phase of the caffeine-evoked [Ca2+]i

transients.

ELECTROPHYSIOLOGY
Action potentials and INCX were recorded by the amphotericin-
perforated patch-clamp technique using an Axopatch 200B
amplifier (Molecular Devices, USA). Patch pipettes (borosilicate
glass, 2–5 M�) were filled with solution containing (in mM):
K-gluc 120, KCl 20, NaCl 5, amphotericin-B 0.22, NMDG-Cl (N-
methyl-D-glucammonium chloride) 10, HEPES 10, pH 7.2 (KOH
5.5). Series resistance was compensated by ≥80%, and potentials
were corrected for the calculated liquid junction potential. Action
potentials were low-pass filtered (cut-off frequency: 1 kHz) and
digitized at 1 kHz; INCX was filtered and digitized at 1 and 0.2 kHz,
respectively. Voltage control and data acquisition were accom-
plished using pCLAMP 8 software (Molecular Devices, USA),
while custom software was used for data analysis. Cell membrane
capacitance was estimated by dividing the time constant of the
decay of the capacitive transient in response to 5 mV hyperpolar-
izing voltage clamp steps from 0 mV by the series resistance, and
amounted to 50.0 ± 6.9 pF in CTRL (n = 5) and 56.1 ± 8.1 pF
in HF (n = 5) SAN cells (mean ± SEM, P > 0.05), in line with
the values of 50 ± 4 (n = 23) and 52 ± 3 pF (n = 24) that we
observed in a previous study (Verkerk et al., 2003). INCX density
and the INCX-[Ca2+]i relationship were measured as described
previously (Weber et al., 2003). In short, a slow depolarizing volt-
age ramp from −85 to 120 mV results in an increase in [Ca2+]i

due to Ca2+ entry through NCX operating in reverse mode (net
outward INCX). Upon fast repolarization, Ca2+ removal occurs
resulting in a [Ca2+]i decline due to Ca2+ efflux through NCX
operating in forward mode (net inward INCX) (Weber et al.,
2003). The relationship between [Ca2+]i and INCX is membrane
potential dependent, with a steeper relationship at more negative
membrane potentials (Hove-Madsen and Tort, 2001). We used a
repolarizing potential of −60 mV, which is close to the maximal
diastolic potential of both CTRL and HF SAN cells (Verkerk et al.,
2003). Thapsigargin (2.5 μM) was added to the Tyrode’s solu-
tion to block SERCA. In addition, chromanol (5 μM) and E4031
(5 μM) were present to block the slow and rapid components of
the delayed rectifier K+ current, while CsCl (5 mM) was present
to block If. All drugs were obtained from Sigma (Zwijndrecht,
The Netherlands) except for E4031, which was a gift from Eisai
(Tokyo, Japan), and noradrenaline (Centrafarm, Etten-Leur, The
Netherlands). INCX densities were calculated by dividing current
amplitudes by the cell membrane capacitance.

NUMERICAL RECONSTRUCTION OF SODIUM-CALCIUM EXCHANGE
CURRENT
For the numerical reconstruction of INCX on the basis of the
simultaneously recorded experimental data on the membrane
potential (Vm) and [Ca2+]i (combined voltage and calcium
clamp, van Borren et al., 2007), we adopted the INCX formulation
of the Lindblad et al. model for a rabbit atrial myocyte (Lindblad
et al., 1996), with INCX scaled down to 78% of its control value,
based on mRNA data from Allah et al. (2011). We thus followed
the approach of our previous study in which we reconstructed

rabbit SAN INCX in order to compare it with human SAN INCX

(Verkerk et al., 2013).
The Lindblad et al. (1996) equations not only require values

for Vm and [Ca2+]i, but also for [Ca2+]e, [Na+]e and [Na+]i,
which denote the extracellular Ca2+ concentration, the extracel-
lular Na+ concentration, and the intracellular Na+ concentration,
respectively. [Ca2+]e and [Na+]e were set to 1.8 and 140 mM,
respectively, in accordance with the aforementioned Tyrode’s
solution, whereas [Na+]i was set to 5 mM, based on the pipette
solution. In some reconstructions, [Na+]i was raised to 7.5 mM,
as indicated.

STATISTICS
Data are mean ± SEM. Groups of HF SAN cells were compared
with groups of CTRL SAN cells using Fisher’s exact test, Two-Way
Repeated Measures ANOVA followed by pairwise comparison
using the Student-Newman-Keuls test, and unpaired t-test. Paired
t-tests were used to compare drug effects within a group. An F-test
was used to compare frequency dependency between groups.
P < 0.05 is considered statistically significant.

RESULTS
HF MODEL CHARACTERISTICS
Table 1 summarizes the general characteristics of the HF model.
Consistent with previous reports of the volume- and pressure-
overload rabbit model of HF (Vermeulen et al., 1994; Baartscheer
et al., 2003a,b; Verkerk et al., 2003, 2011; Wiegerinck et al., 2006)
body weight was similar, but heart weight was significantly higher
in HF compared to CTRL rabbits. Consequently relative heart
weight was significantly higher in HF rabbits. In addition, HF
rabbits had an increased lung weight and relative lung weight.
Moreover, six out of the 12 HF rabbits used in the present study
exhibited ascites as assessed during autopsy, while none of the 13
CTRL rabbits did. Finally, we measured the weight of the right
atrium to determine whether HF affects also the right atrium
including the SAN. We found that both the absolute weight of the
right atrium and the relative right atrial weight were significantly
higher in HF rabbits.

HF REDUCES THE FREQUENCY AND Ca2+ TRANSIENT DECAY OF SAN
CELLS
Figure 1A shows typical recordings of [Ca2+]i transients from
SAN cells of a CTRL and a HF rabbit; Figure 1B summarizes the

Table 1 | Characteristics of the control (CTRL) and heart failure (HF)

model.

CTRL (N = 13) HF (N = 12)

Body weight (kg) 3.90 ± 0.09 3.92 ± 0.13

Heart weight (g) 9.0 ± 0.4 19.2 ± 1.3*

Relative heart weight (g kg−1) 2.31 ± 0.08 4.90 ± 0.26*

Lung weight (g) 12.2 ± 0.4 18.8 ± 1.3*

Relative lung weight (g kg−1) 3.13 ± 0.08 4.84 ± 0.35*

Presence of ascites (%) 0 50*

Right atrium weight (g) 0.37 ± 0.04 0.86 ± 0.16*

Relative right atrium weight (g kg−1) 0.09 ± 0.01 0.22 ± 0.04*

*P < 0.05 vs. CTRL. N, number of rabbits.
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FIGURE 1 | Heart failure (HF) reduces the frequency and intracellular

Ca2+ ([Ca2+]i) transient decay of sinoatrial (SAN) cells. (A)

Representative [Ca2+]i transients in a SAN cell isolated from a control
(CTRL) and HF rabbit. (B) Average [Ca2+]i transient characteristics.
∗P < 0.05.

average [Ca2+]i characteristics. In SAN cells, spontaneous action
potentials are accompanied by [Ca2+]i transients in a 1:1 fashion
in CTRL (Li et al., 1997; Rigg et al., 2000; Lakatta et al., 2003;
Joung et al., 2009, 2010; van Borren et al., 2010) as well as in
HF SAN cells (see Figure 7, below). Thus, the rate of sponta-
neous SAN [Ca2+]i transients is a measure of the intrinsic beating
rate. We found a significantly lower frequency of spontaneous
[Ca2+]i transients in HF SAN cells [Figure 1B, top left; 2.95 ±
0.06 (HF) vs. 3.37 ± 0.08 (CTRL) Hz], indicating that intrin-
sic cycle length was prolonged in HF SAN cells. The upstroke
velocity of the [Ca2+]i transient and the systolic [Ca2+]i tran-
sient concentration were not significantly different in HF SAN
cells compared with CTRL SAN cells (Figure 1B, top right pan-
els). The decay of the [Ca2+]i transient was significantly slowed in
HF SAN cells, as indicated by the significant increase in the time
constant of decay (Figure 1B, bottom left). On average, [Ca2+]i

transient time constant of decay [81.6 ± 4.2 (HF) vs. 57.8 ± 2.6
(CTRL) ms] is ≈41% larger than in CTRL SAN cells. Neither

the diastolic [Ca2+]i concentration nor the late diastolic [Ca2+]i

rise (diastolic d[Ca2+]i/dt) were significantly different in HF SAN
cells compared with CTRL SAN cells (Figure 1B, bottom right
panels).

In ventricular myocytes, [Ca2+]i transient parameters are
action potential duration (Weber et al., 2003) and frequency-
dependent (Hussain et al., 1997; Dibb et al., 2007), while in the
SAN an increase in late diastolic [Ca2+]i rise was observed at
higher beating rates (Joung et al., 2009). The role of the action
potential duration in the observed slower [Ca2+]i transient decay
is likely limited, because the action potential duration in CTRL
and HF SAN cells is similar (Verkerk et al., 2003). However, the
decay of the [Ca2+]i transient has a strong frequency dependency
with a slower decay at slower frequencies (Hussain et al., 1997;
Dibb et al., 2007). Thus, the slower [Ca2+]i transient decay that
we observed in HF SAN cells may be related to its slower intrinsic
frequency. To test this hypothesis, we determined the relation-
ship between frequency and [Ca2+]i properties by plotting each
of the five [Ca2+]i transient parameters of every cell against its
own frequency. The data have been fitted with linear regression
lines (Figure 2). The linear fits to the CTRL as well as HF SAN cell
data have all slopes significantly different from zero (see Table 2).
However, neither the slopes nor the intercepts are significantly
different between CTRL and HF for each of the five parameters
(Table 2). Thus, while there are clear relationships between all
five [Ca2+]i transient parameters and frequency, these relation-
ships do not differ significantly between CTRL and HF SAN cells.
The ≈41% difference in [Ca2+]i transient time constant of decay
between HF and CTRL cells (Figure 1B) is larger than expected
from the linear regression of the [Ca2+]i transient time constant
of decay vs. frequency relationship. Using the slope and intercept
of the regression line for all cells, which amount to 151 (intercept)
and −26 (slope), respectively, the difference in frequency between
HF and CTRL cells explains only a ≈17% difference.

From these data we conclude that HF reduces the frequency
and slows the Ca2+ transient decay of SAN cells, the latter
partially explained by the slower frequency in HF SAN cells.

HF DOES NOT AFFECT THE SR Ca2+ CONTENT OF SAN CELLS
Our experiments demonstrate a reduced [Ca2+]i transient decay
rate, partially explained by a slower intrinsic frequency. The
decline of the [Ca2+]i transient is mainly due to uptake into the
SR through SERCA and extrusion of Ca2+ via the sarcolemmal
Na+–Ca2+ exchange (NCX), while mitochondrial Ca2+ uptake
and sarcolemmal Ca-ATPase may contribute for a very small frac-
tion (Bers, 2006b; Dibb et al., 2007). In ventricular myocytes,
a slower decline of the [Ca2+]i transient by downregulation of
SERCA results in a reduced SR Ca2+ content (Bers, 2006b; Bers
et al., 2006), while a slower decline of the [Ca2+]i transient
due to downregulation of the NCX may result in increased SR
Ca2+ content (Bers, 2006b; Eisner et al., 2013). To gain insight
into the relationship in SAN cells, we analyzed the amplitude of
the normal spontaneous [Ca2+]i transient as a fraction of the
caffeine-evoked transient in the presence of 5 mM NiCl2, termed
fractional release, which is an estimate of the proportion of the
SR Ca2+ content released during each spontaneous transient.
Figure 3A shows typical recordings in SAN cells from a CTRL

Frontiers in Physiology | Cardiac Electrophysiology February 2015 | Volume 6 | Article 18 | 116

http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology/archive


Verkerk et al. [Ca2+]i in HF SAN cells

FIGURE 2 | The relationships between frequency and [Ca2+]i transient

parameters are not affected by HF. (A) Typical [Ca2+]i transients of a
fast (solid line) and slow (dashed line) beating CTRL and HF SAN cell.

(B) Scatter plot of [Ca2+]i transient parameters of all cells measured vs.
frequency. Solid and dashed lines: linear fits to HF and CTRL data,
respectively.

Table 2 | Frequency-dependency of [Ca2+]i transient parameters in

CTRL and HF SAN cells.

CTRL (n = 45) HF (n = 40)

Slope Intercept Slope Intercept

Upstroke
d[Ca2+]i/dt

7.3 ± 2.2 −8.1 ± 7.5 9.2 ± 3.6 −10.7 ± 10.6

Systolic [Ca2+]i 194 ± 73 55 ± 250 260 ± 121 −124 ± 359

Time constant of
decay

−16 ± 4 110 ± 14 −26 ± 10 158 ± 29

Diastolic [Ca2+]i 44 ± 18 25 ± 62 47 ± 20 18 ± 59

Diastolic
d[Ca2+]i/dt

0.51 ± 0.19 −0.45 ± 0.66 0.70 ± 0.34 −0.90 ± 1.0

Regression lines as in Figure 2. Slope and intercept data are ± standard error.

All slopes are significantly different from zero.

and a HF rabbit. The averaged fractional release of CTRL and
HF SAN cells did not differ significantly [0.23 ± 0.04 (n = 23)
vs. 0.22 ± 0.03 (n = 18)] (Figure 3B). The caffeine-evoked tran-
sient in the presence of NiCl2 can also be used to determine

the aforementioned contribution of mitochondrial Ca2+ uptake
and sarcolemmal Ca-ATPase, because SERCA and NCX func-
tion is effectively by-passed by caffeine and Ni2+, respectively
(Díaz et al., 2004). The time constant of decay of the caffeine-
evoked [Ca2+]i transient in the presence of 5 mM NiCl2 was
3728 ± 474 (CTRL, n = 23) vs. 3654 ± 406 ms (HF, n = 18)
(Figure 3C), indicating that mitochondrial Ca2+ uptake and sar-
colemmal Ca-ATPase were not affected in HF SAN cells compared
to CTRL SAN cells. The relative contribution of the mito-
chondrial Ca2+ uptake and sarcolemmal Ca-ATPase in Ca2+
removal was calculated by the use of the time constants of
decay of the systolic [Ca2+]i transient (Figure 3C, left) and
those of caffeine-evoked [Ca2+]i transient in the presence of
Ni2+ (Figure 3C, middle) (Díaz et al., 2004). The percentage
that mitochondrial Ca2+ uptake and sarcolemmal Ca-ATPase
contribute to the [Ca2+]i transient decay was 2.1 ± 0.3 and
2.6 ± 0.4 in CTRL and HF SAN cells, respectively (Figure 3C,
right).

From these data we conclude that HF neither affects the SR
Ca2+ content nor the mitochondrial Ca2+ uptake and sarcolem-
mal Ca-ATPase activity of SAN cells.
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FIGURE 3 | HF does not affect the sarcoplasmic reticulum (SR) Ca2+
content of SAN cells. (A) Typical examples of [Ca2+]i transients induced by
application of 20 mM caffeine in the presence of 5 mM NiCl2. (B) Average
amplitudes of systolic (Syst) and caffeine-induced (Caff) [Ca2+]i transients (left

panel) and the average fractional release (right panel). (C) Average time
constants of decay of the systolic and caffeine-induced [Ca2+]i transients (left
panels). Right: fractional contribution of mitochondrial Ca2+ uptake and
sarcolemmal Ca-ATPase to the [Ca2+]i transient decay. ∗P < 0.05.

HF AFFECTS NEITHER THE INCX NOR ITS [Ca2+]i DEPENDENCY
Previously, the INCX density was found to be similar in CTRL
and HF SAN cells of rabbit (Verkerk et al., 2003). These results
were obtained by measurements of Ni+-sensitive currents dur-
ing a descending ramp, while the free [Ca2+]i was buffered at
150 nM (Verkerk et al., 2003). HF may affect the relationship
between [Ca2+]i and INCX (Díaz et al., 2004). Therefore, we
next determined the relationship between [Ca2+]i and INCX as
described previously by Weber et al. (2003). Figures 4A,B, show
the protocol used and typical examples, respectively. A slowly
depolarizing voltage ramp from −85 to 120 mV results in an
increase in [Ca2+]i due to Ca2+ entry through reverse mode
NCX (Figure 4B). Upon repolarization to −60 mV, Ca2+ removal
occurs (forward mode NCX) resulting in a [Ca2+]i decline
(Figure 4B, gray lines), which correlates well with the measured
INCX (Figure 4B, black lines) (cf. Weber et al., 2003). Figure 4C
shows the average INCX-[Ca2+]i relationships obtained during the
repolarization-induced [Ca2+]i decline in CTRL and HF SAN
cells. The INCX-[Ca2+]i relationships are linear in the physio-
logical range. Neither the INCX density nor the INCX-[Ca2+]i

relationships differ significantly between HF and CTRL SAN cells
(Figure 4C). In addition, the time constants of both the [Ca2+]i

and INCX decline during the repolarizing step to −60 mV, another
measure of NCX function (Weber et al., 2003), do not differ
significantly between CTRL and HF SAN cells (Figure 4D).

From these data we conclude that HF does not affect the INCX

density nor the INCX-[Ca2+]i dependency. In addition, given the
unaltered NCX and mitochondrial Ca2+ uptake and sarcolemmal

Ca-ATPase activity of SAN cells, we conclude that the slower
decay of the [Ca2+]i transient is due to reduced SERCA activity.

HF HARDLY AFFECTS [Ca2+]i MODULATION BY ACETHYLCHOLINE AND
NORADRENALINE
[Ca2+]i transients in SAN cells are importantly modulated by
β-adrenergic (Rigg et al., 2000; Vinogradova et al., 2002a; Joung
et al., 2009; van Borren et al., 2010) and muscarinic receptor (van
Borren et al., 2010) stimulation. Most importantly, β-adrenergic
stimulation increases the frequency and amplitude of [Ca2+]i

transients as well as local Ca2+ releases (LCRs) from the SR late
during the diastolic depolarization (Vinogradova et al., 2002a;
Joung et al., 2009; van Borren et al., 2010). Muscarinic recep-
tor stimulation with acethylcholine decreases the frequency and
amplitude of [Ca2+]i transients and local Ca2+ releases from the
SR (van Borren et al., 2010). Opthof et al. (2000) reported an
increased sensitivity for acetylcholine in intact HF SAN prepa-
rations of rabbit, while Shinohara et al. (2010) found that intact
SAN preparations of HF dogs were completely unresponsive to
isoproterenol. Here, we tested the effects of β-adrenergic and
muscarinic receptor stimulation on [Ca2+]i transient parame-
ters in CTRL and HF SAN cells. β-adrenergic stimulation with
500 nM noradrenaline significantly increased the frequency and
the [Ca2+]i transient parameters in both CTRL and HF SAN cells
(Figure 5), except the time constant of decay, which was signifi-
cantly decreased in the HF SAN cells. In presence of noradrenaline
HF SAN cells still have a significantly lower frequency and slower
decay phase compared to CTRL SAN cells (Figure 5B, left), while

Frontiers in Physiology | Cardiac Electrophysiology February 2015 | Volume 6 | Article 18 | 118

http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology
http://www.frontiersin.org/Cardiac_Electrophysiology/archive


Verkerk et al. [Ca2+]i in HF SAN cells

FIGURE 4 | HF affects neither the Na+–Ca2+ exchange current (INCX)

nor its [Ca2+]i dependency. (A) Voltage clamp protocol used. (B) Typical
changes in [Ca2+]i and INCX (gray and black traces, respectively) in response
to the voltage clamp protocol of (A). (C) Average INCX-[Ca2+]i relationships
obtained during the repolarization-induced [Ca2+]i decline. Solid lines: linear
fits. (D) Average time constants of the [Ca2+]i and INCX decline during the
repolarizing step to −60 mV.

now also the late diastolic [Ca2+]i rise is significantly lower in HF
SAN cells (Figure 5B, bottom right).

Muscarinic receptor stimulation with 50 nM acetylcholine sig-
nificantly decreased the frequency and [Ca2+]i transients param-
eters in both CTRL and HF SAN cells, with exception of the
time constant of decay which was significantly increased in both
groups of cells (Figure 6). In presence of acetylcholine, only the
frequency differs significantly between HF and CTRL SAN cells.

From these data we conclude that HF does not affect impor-
tantly the [Ca2+]i modulation by acethylcholine and nora-
drenaline. However, in presence of noradrenaline, HF SAN cells
have a reduced late diastolic [Ca2+]i rise compared to CTRL
SAN cells and this might have implications for pacemaker activity
formation during β-adrenergic stimulation.

EFFECTS OF HF ON THE INCX DURING THE DIASTOLIC
DEPOLARIZATION PHASE
The [Ca2+]i transients are longer in HF SAN cells, likely due to
reduced SERCA activity. In general, it is assumed that this will
promote NCX mediated Ca2+ extrusion, and thus will increase
the INCX-mediated net inward current during the diastolic depo-
larization (Ju and Allen, 1998; Sanders et al., 2006; Lau et al.,
2011). Such an effect may, at least partially, counteract the pre-
viously observed decrease in If-mediated inward current in our
used model of HF (Verkerk et al., 2003). However, NCX func-
tion during the cardiac cycle is not only determined by [Ca2+]i,

but also by the intracellular Na+ ([Na+]i) concentration, and the
membrane potential (Vm) (Blaustein and Lederer, 1999).

Next, we recorded action potentials (APs) simultaneously with
[Ca2+]i in combined [Ca2+]i and patch clamp experiments, and
calculated INCX during SAN APs using the measured [Ca2+]i and
Vm. Combined [Ca2+]i and patch clamp experiments were per-
formed in 7 CTRL and 5 HF SAN cells. The average [Ca2+]i

transient and AP parameters recapitulate the CTRL and HF SAN
cell phenotype of the present paper (Figure 1) and of our previ-
ous study (Verkerk et al., 2003; Figure 1), although the differences
in frequency and diastolic depolarization rate between CTRL and
HF SAN cells did not reach the level of statistical significance
due to the small number of cells (data not shown). Figures 7A,B,
show a selected AP and [Ca2+]i transient of a CTRL and HF SAN
cell, which closely represent the mean differences in [Ca2+]i tran-
sient and AP properties. Figure 7C shows the reconstructed INCX,
based on the simultaneously recorded Ca2+ transients and APs
of Figures 7A,B. In the CTRL SAN cell, INCX is inward for the
entire AP, with a small amplitude early in the AP and a maximal
amplitude late during repolarization. The INCX declined during
the diastolic depolarization phase, consistent with the decrease
in [Ca2+]i. In HF, INCX during the AP is close to that of the
CTRL SAN cells, except that the amplitude is slightly larger dur-
ing the diastolic depolarization. This is likely due to the slightly
higher [Ca2+]i in the diastolic depolarization phase, since the APs
were almost identical and an identical [Na+]i concentration of
5 mM was used for CTRL and HF SAN cells in both the pipette
solution and calculations. Figure 7D extends our analysis to an
increased [Na+]i, as frequently observed in ventricular myocytes
of our used HF model (Baartscheer et al., 2003b). Elevation of
the [Na+]i by 50% to 7.5 mM, in line with the observations of
Baartscheer et al. (2003b), decreased the diastolic INCX in both
CTRL and HF SAN cells. Interestingly, INCX may become even
shortly outward early during the AP. Figure 7E shows the INCX

of the CTRL SAN cell with 5 mM [Na+]i and the INCX of the HF
SAN cell with 7.5 mM [Na+]i. It is evident that under these con-
ditions INCX in HF SAN cell is close to that of the CTRL SAN,
except for the outward INCX in the HF SAN cell. Similar results
are obtained with the NCX model equations of Faber and Rudy
(2000) (data not shown).

From these data we conclude that the decreased [Ca2+]i tran-
sient decay in HF may result in slightly increased INCX during the
diastolic depolarization phase, but that this effect is counteracted
by a HF-induced increase in [Na+]i.

DISCUSSION
In the present study, we characterized the [Ca2+]i cycling of
single SAN cells isolated from CTRL rabbits and rabbits with vol-
ume and pressure overload-induced HF. The mechanisms behind
[Ca2+]i cycling in ventricular myocytes are diverse and complex
(for reviews, see Guatimosim et al., 2002; Eisner et al., 2005; Bers,
2006b; Neef and Maier, 2013). In short, the [Ca2+]i transient is
triggered by Ca2+ influx through sarcolemmal Ca2+ channels,
which results in release of Ca2+ from the SR via ryanodine-
2 (RyR2) channels. This so-called Ca2+-induced Ca2+ release
(CICR) is importantly modulated by T-tubuli organization, with
co-localization of ICa,L and RyR2 channels (Øyehaug et al., 2013),
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FIGURE 5 | Effects of 500 nM noradrenaline (NA) on the [Ca2+]i transient parameters in CTRL and HF SAN cells. (A) Representative [Ca2+]i transients in
absence (solid lines) and presence (dashed lines) of NA. (B) Average [Ca2+]i transient characteristics in absence and presence of NA. ∗P < 0.05.

and the open probability of RyR2 channels (Guatimosim et al.,
2002). The amplitude of the [Ca2+]i transient depends impor-
tantly on the SR Ca2+ content (Bassani et al., 1992; Trafford
et al., 2000, 2001; Díaz et al., 2004; Dibb et al., 2007; Briston
et al., 2011). The decline of the [Ca2+]i transient is mainly due

to SR Ca2+ reuptake through SERCA and extrusion of Ca2+ via
the NCX. Because NCX and SERCA activity compete during the
decline of the [Ca2+]i transient, any change in SERCA func-
tion indirectly affects NCX contribution and vice versa, resulting
in changes in the Ca2+ content of the SR and consequently
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FIGURE 6 | Effects of 50 nM acetylcholine (ACh) on the [Ca2+]i transient parameters in CTRL and HF SAN cells. (A) Representative [Ca2+]i transients in
absence (solid lines) and presence (dashed lines) of ACh. (B) Average [Ca2+]i transient characteristics in absence and presence of ACh. ∗P < 0.05.

[Ca2+]i transient amplitudes (Eisner et al., 2005; Bers, 2006a;
Neef and Maier, 2013). The diastolic Ca2+ concentration is reg-
ulated by the [Ca2+]i transient decline, especially during rapid
pacing (Laurita et al., 2003), and leak of RyR2 channels (Neef
and Maier, 2013). Both a slower [Ca2+]i transient decay and

increased RyR2 channel leak results in elevation of the diastolic
Ca2+ concentration. SAN cells exhibit also another [Ca2+]i tran-
sient characteristic, i.e., rise of the diastolic [Ca2+]i, which is a
key signature of pacemaking by the Ca2+ clock (for review, see
Maltsev and Lakatta, 2008; Lakatta et al., 2010; Joung et al., 2011).
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FIGURE 7 | Simultaneous action potential and [Ca2+]i transient

recordings from CTRL and HF SAN cells and associated numerical

reconstruction of the INCX. (A) Recorded membrane potential (Vm). (B)

Recorded intracellular [Ca2+]i concentration. (C) Reconstructed INCX. (D)

INCX upon elevation of the intracellular Na+ concentration ([Na+]i) to
7.5 mM. (E) Selection of the INCX of the CTRL SAN cell of (C) ([Na+]i of
5 mM) and HF SAN cell of (D) ([Na+]i of 7.5 mM).

HF in ventricular myocytes may affect many [Ca2+]i transient
characteristics. It is reported that HF decreases the upstroke veloc-
ity of the [Ca2+]i transient by T-tubuli disorganization (Øyehaug
et al., 2013) and increased open probability of RyR2 channels

(Guatimosim et al., 2002). An increase of RyR2 open probabil-
ity, as may occur during HF in ventricular myocytes, also leads
to an increased amount of Ca2+ sparks, resulting in an increased
diastolic [Ca2+]i concentration and reduced SR Ca2+ content
since more Ca2+ is pumped out of the cell by the NCX (Neef
and Maier, 2013). Furthermore, HF in ventricular mycoytes typ-
ically slows the [Ca2+]i transient decay due to reduced SERCA
function. Such reduced Ca2+ uptake by SERCA, in combina-
tion with a frequently observed upregulation of the NCX and
consequently increased Ca2+ efflux, will reduce the SR Ca2+ con-
tent and systolic Ca2+ transient amplitude (for reviews, see Bers,
2006b; Eisner et al., 2013; Neef and Maier, 2013). Of note, the
diastolic [Ca2+]i concentration is frequently elevated by HF, due
to the slower [Ca2+]i transient decay and increased RyR2 channel
leak.

We found that HF SAN cells have (1) a reduced frequency
of spontaneous [Ca2+]i transients, (2) a slower [Ca2+]i tran-
sient decay, and (3) a reduced diastolic [Ca2+]i rise dur-
ing β-adrenergic stimulation, compared to CTRL SAN cells.
Combined action potential and [Ca2+]i measurements demon-
strated that the decreased [Ca2+]i transient decay in HF SAN cells
may result in slightly increased INCX during the diastolic depolar-
ization phase, but that this effect is counteracted by HF-induced
increase in [Na+]i.

INTRINSIC CYCLE LENGTH IS PROLONGED IN HF SAN CELLS
We found a lower frequency of spontaneous [Ca2+]i transients in
HF SAN cells, indicating that intrinsic cycle length was prolonged
in HF SAN cells (Figure 1). This finding agrees with previously
findings in intact SAN (Opthof et al., 2000) and single SAN cells
(Verkerk et al., 2003) of rabbit. The frequency of the intrinsic
cycle length based on the [Ca2+]i transients was 14% slower in
HF SAN cells (Figure 1) and this percentage closely matches the
increased intrinsic cycle length (15%) of our previous study with
the same rabbit HF model and measured with perforated patch
clamp methodology (Verkerk et al., 2003).

We found that the frequency of the spontaneous [Ca2+]i

transients in both CTRL and HF SAN cells influenced various
[Ca2+]i transient characteristics, including diastolic and systolic
[Ca2+]i concentrations, systolic [Ca2+]i rise and decay, and late
diastolic [Ca2+]i rise (Figure 2, Table 2). All parameters, except
the [Ca2+]i transient time constant of decay, increased upon
increased frequencies. The frequency dependency was not signif-
icantly different in HF compared to CTRL SAN cells (Figure 2,
Table 2). Nevertheless, the frequency dependency relationships
might have influenced some principal findings because spon-
taneous activity is lower in HF SAN cells. The relative small
difference in intrinsic cycle length of CTRL and HF SAN
cells, the rather large variation between cells, and the mod-
est steepness of the frequency-dependencies (Table 2, Figure 2)
may all have contributed to the absence of significant differ-
ences in frequency dependency between HF and CTRL SAN
cells.

Recently, Herrmann et al. elegantly solved the problem of
intrinsic rate differences in SAN cells by using electrical field stim-
ulation (Herrmann et al., 2013). Using this approach, they investi-
gated the contribution of the murine sodium-calcium exchanger
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protein NCX1 to cardiac pacemaking in transgenic mice selec-
tively lacking NCX1 in the cardiac pacemaking and conduction
system. Among other things, they found that [Ca2+]i transients
measured during electrical field stimulation were of smaller mag-
nitude and decelerated kinetics in NCX1 knockout cells.

[Ca2+]i TRANSIENT CHARACTERISTICS IN HF SAN CELLS
[Ca2+]i transient under basal conditions
We observed that HF results in a slower [Ca2+]i transient decay
(Figure 1). The [Ca2+]i transient time constant of decay was
increased by 41% in HF cells, which is larger than expected from
the [Ca2+]i transient time constant of decay vs. frequency rela-
tionship that explains only a ≈17% difference. HF affected nei-
ther the INCX density and INCX-[Ca2+]i relationship (Figure 4)
nor the mitochondrial Ca2+ uptake and sarcolemmal Ca-ATPase
(Figure 3), indicating that downregulation of SERCA activity also
contributes to the slower [Ca2+]i transient decay. Any contribu-
tion of (changes in) T-tubular organization, sarcolemmal calcium
currents, and action potential duration can be ruled out because
T-tubuli are absent in rabbit SAN cells (Masson-Pévet et al.,
1979), and ICa,T and ICa,L densities as well as action potential
duration are unaffected in HF rabbit SAN cells (Verkerk et al.,
2003).

HF in SAN cells did not affect the diastolic and systolic [Ca2+]i

concentrations, systolic [Ca2+]i rise, late diastolic [Ca2+]i rise
(Figure 1), and SR Ca2+ content (Figure 3). The unaffected
diastolic Ca2+ concentration, at first sight, might appear to be
inconsistent with the decrease of the [Ca2+]i transient decline.
It should be noted, however, that HF SAN cells have a lower fre-
quency due to their longer diastolic depolarization phase (Verkerk
et al., 2003), which leaves more time for Ca2+ reuptake and/or
removal. The unchanged slope of the LDCAE, associated with
LCRs and Ca2+ sparks, suggests that RyR2 open probability is
not affected in HF SAN cells. Our finding contrasts findings in a
canine model of rapid pacing-induced heart failure, where it was
found, using isolated right atrial preparations, that LDCAE was
reduced (Shinohara et al., 2010). Differences in HF model, species
and preparations might contribute to the contrasting findings.

The unaltered SR Ca2+ content agrees with the unaffected
[Ca2+]i transient amplitude in HF SAN cells, but is somewhat
surprising given that reduced SERCA activity is supposed to result
in a lower SR Ca2+ content. The latter is due because NCX
and SERCA activity compete for Ca2+ during the [Ca2+]i tran-
sient decline, and reduced SERCA function thus indirectly favors
greater Ca2+ efflux via the NCX (for reviews, see Guatimosim
et al., 2002; Eisner et al., 2005; Bers, 2006b; Neef and Maier, 2013).
We observed a similar SR Ca2+ content in HF and CTRL SAN cells
despite the slower [Ca2+]i transient decline in HF SAN cells. This
suggests a compensatory increase in Ca2+ influx. ICa,T and ICa,L

densities were not affected in HF SA node cells (Verkerk et al.,
2003), but we cannot exclude that the longer diastolic depolar-
ization phase in HF SAN cells (Verkerk et al., 2003) may result
in a larger background Ca2+ influx via L-type Ca2+ channels
(Verheijck et al., 1999). Alternatively, increased [Na+]i as occurs
during HF may promote Ca2+ influx via reversed NCX activ-
ity (Despa et al., 2002). Indeed, by reconstruction of the INCX,
based on action potentials and simultaneously measured [Ca2+]i

transients, we found that the INCX became outward, thus result-
ing in Ca2+ influx, early during the AP (Figures 7D,E) under
conditions of elevated [Na+]i as occur during HF.

[Ca2+]i transient during β-adrenergic and muscarinic receptor
stimulation
We found that the β-adrenergic and muscarinic receptor stimula-
tion was hardly affected by HF. In both CTRL and HF SAN cells,
acetylcholine significantly decreased the frequency and [Ca2+]i

transients parameters, with exception of the time constant of
decay which was significantly increased in both groups of cells
(Figure 6). The ACh induced effects were largely similar in CTRL
and HF SAN cells. Noradrenaline, on the other hand, significantly
increased the frequency and most [Ca2+]i transient parameters
in both CTRL and HF SAN cells (Figure 5), leading to pre-
served [Ca2+]i transient differences between the CTRL and the
HF SAN cells. However, in presence of noradrenaline the late
diastolic [Ca2+]i rise was significantly lower in HF SAN cells com-
pared to HF SAN cells. The lower late diastolic [Ca2+]i rise in
HF SAN cells in presence of noradrenaline is in agreement with
findings in canine right atrial preparations by Shinohara et al.
(2010).

IMPLICATION OF HF-INDUCED [Ca2+]i TRANSIENT CHANGES IN
PACEMAKER ACTIVITY
Overall, the effects of HF on [Ca2+]i transients in rabbit SAN
cells were modest. The decrease in frequency of the spontaneous
[Ca2+]i transient in HF SAN cells is completely explained by
the previously observed slower intrinsic cycle length (Verkerk
et al., 2003). The slower [Ca2+]i transient decay will promote
Ca2+ transport across the sarcolemma by the NCX (Bers et al.,
2006), an electrogenic process that delivers inward current at dias-
tolic potentials. The observed slower [Ca2+]i transient decay may
thus result in increased INCX during the diastolic depolarization
phase, thereby partially counteracting the previously observed
decrease in If-mediated inward current in HF (Verkerk et al.,
2003). Indeed, reconstructed INCX, based on the simultaneously
recorded Ca2+ transients and APs, demonstrated a slightly larger
amplitude during the diastolic depolarization phase (Figure 7C).
However, when we incorporated an increased [Na+]i, as fre-
quently observed in ventricular myocytes, including those from
our rabbit HF model (Baartscheer et al., 2003b), the INCX in the
diastolic depolarization phase is close to that of the CTRL SAN
(Figure 7E). Thus, the slower [Ca2+]i transient decay in HF has
likely a limited role in the slower intrinsic cycle length in HF SAN
cells. The slope of late diastolic [Ca2+]i elevation, associated with
localized Ca2+ releases (LCRs) or Ca2+ sparks (Bogdanov et al.,
2006; Maltsev et al., 2006; Joung et al., 2009, 2010; van Borren
et al., 2010), was unaffected under basal conditions, suggesting
that the Ca2+ clock is not the primary cause of the slower intrin-
sic cycle length in HF SAN cells. Considering the importance of
late diastolic [Ca2+]i rise in setting pacemaker activity, however,
the lower late diastolic [Ca2+]i rise in HF SAN cells in presence of
noradrenaline suggest that an impaired increase in intrinsic fre-
quency under such conditions may be related to reduced Ca2+
clock function.
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LIMITATIONS
We used indo-1 to measure [Ca2+]i, because this ratiometric indi-
cator is less prone to cell contractions and loss of dye. However,
indo-1 had an adverse effect on cell viability and rendered many
smaller cells quiescent (Lancaster et al., 2004). We cannot rule
out the possibility that indo-1 has affected the principal findings,
but we assume that its effect is limited because the differences in
spontaneous activity of CTRL and HF SAN cells in our present
study are highly similar to the differences that we observed with
perforated patch clamp measurements (Verkerk et al., 2003).

In our study, we used the complete SAN for cell isolation.
However, the SAN is not homogeneous in its composition. This
seems valid for membrane currents (Boyett et al., 2000), but also
the expression of several calcium handling proteins varies across
the node (Musa et al., 2002; Lancaster et al., 2004), all of which
are expressed at a lower level in the center of the SAN compared
with the periphery, although such findings are debated (Lyashkov
et al., 2007). Cells from the center and periphery may differ in cell
capacitance. We exclude cell location-dependency as an explana-
tion for our principal findings because cell capacitance did not
differ between control and HF.

We reconstructed INCX based on simultaneous measurements
of [Ca2+]i and spontaneous action potentials as well as the [Na+]i

of 5 and 7.5 mM used in our pipette solution and found in
our model of HF previously (Baartscheer et al., 2003b). Data
on [Na+]i in SAN cells are extremely sparse and we were not
succesful in [Na+]i measurements with benzofuran isophthalate
(SBFI) ourselves. However, the used 5 mM [Na+]i is close to the
concentrations of 4.5 and 4.0 mM in rabbit multicellular SAN
preparations and single SAN cells, respectively, found by Choi
et al. (1999). In our reconstructions, we used the Lindblad et al.
(1996) equations for INCX. We could not make use of INCX equa-
tions from more recent models, in particular the rabbit SAN cell
models by Maltsev and Lakatta (2010b) and Severi et al. (2012),
because these require data on the concentration of Ca2+ in a
sarcolemmal subspace rather than global [Ca2+]i.

CONCLUSIONS
In our rabbit model of HF, SAN cells have reduced SERCA activ-
ity and reduced intrinsic frequency, both resulting in a slower
Ca2+ decay. The decreased [Ca2+]i transient decay in HF SAN
cells may result in slightly increased INCX during the diastolic
depolarization phase, but this effect is likely counteracted by HF-
induced increase in [Na+]i. Reduced late diastolic [Ca2+]i rise
during β-adrenergic stimulation may contribute to the impaired
increase in frequency under this condition in HF SAN cells.
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Calcium transient in cardiomyocytes is regulated by multiple protein kinases and
phosphatases. PP2A is a major protein phosphatase in the heart modulating Ca2+
handling through an array of ion channels, antiporters and pumps, etc. The assembly,
localization/translocation, and substrate specificity of PP2A are controlled by different
post-translational mechanisms, which in turn are linked to the activities of upstream
signaling molecules. Abnormal PP2A expression and activities are associated with
defective response to β-adrenergic stimulation and are indication and causal factors in
arrhythmia and heart failure.

Keywords: calcium handling, ion channels, phosphatase, FTY720, arrhythmia, heart failure

INTRODUCTION
Cyclic and effective cardiac contraction and relaxation depend on
the appropriately timed generation and spread of cardiac electri-
cal activity. At the cellular level, excitation-contraction (E-C) cou-
pling is initiated by action potential depolarization resulting, via a
cascade of events, in an increase in intracellular calcium concen-
tration, which ultimately leads to activation of myofilament and
muscle contraction; subsequent removal of intracellular calcium
via a number of mechanisms results in detachment of myosin
cross-bridges and relaxation. Excitation and contraction involve
multiple trans-membrane (e.g., ion channels) and intracellular
proteins (e.g., Ca2+ handling and sarcomeric proteins) and are
highly regulated by multiple extra- and intra-cellular signaling
pathways that frequently converge at protein phosphorylation.

Studies of reversible protein phosphorylation in the heart date
back to early seventies of last century when it was reported that
cardiac troponin I (cTnI) was phosphorylated and dephospho-
rylated in the same manner as the protein substrates involved in
glycogen metabolism (England et al., 1972; Stull et al., 1972). cTnI
is the inhibitory component of heterotrimeric troponin com-
plex and a major phosphoprotein in ventricular myocytes. cAMP
dependent protein kinase (PKA), a downstream effector of β-
adrenergic stimulations, phosphorylates cTnI at serine 23 and 24
(Cole and Perry, 1975; Solaro et al., 1976). Phosphorylation of
cTnI promotes Ca2+ release from the myofilament and promotes
cardiac relaxation (Robertson et al., 1982; Kentish et al., 2001).
PP2A came into spotlight of heart research following another line
of observation in late 1980s and early 1990s. It was found that an
extract from black sea sponge, okadaic acid, has positive inotropic
effect on electro-mechanic properties of ventricular muscle and
enhances pacemaker activities in rabbit SA node preparation
(Kodama et al., 1986; Kondo et al., 1990). Okadaic acid inhibits

protein phosphatase PP2A at very low concentration leading to
increased phosphorylation in numerous proteins of mammalian
cells, including a number of ion channels and myofilament reg-
ulatory proteins. Thus, PP2A coordinates cardiac excitation and
contraction.

The catalytic subunit of PP2A is highly conserved from yeast
to humans and is homologous to the counterpart of PP1 com-
plex, another major protein phosphatase in mammalian cells,
which consists of catalytic and regulatory/targeting subunit with
more than more than 200 isoforms (Depaoli-Roach et al., 1994;
Peti et al., 2013). PP1 and PP2A are responsible for greater than
90% of protein dephosphorylation in the heart and they often
share the same protein substrates and serine/threonine sites of
dephosphorylation (Luss et al., 2000). However, their relative
contributions to specific protein substrates o are often different,
which is reflected in dephosphoryation of L-type Ca2+ channels
(PP2A preferred) and phospholamban (PP1 preferred). For a long
time, mammalian protein phosphatases had been considered con-
stitutively active with the regulatory function fulfilled solely by
protein kinases. This notion has become obsolete with discov-
ery of multiple regulatory mechanisms for protein phosphatases,
especially those that link phosphatase activities to extracellular
cues (Cohen, 1988). The importance of regulation of phos-
phatases in heart pathophysiology becomes more obvious when
altered PP2A expression and activities are closely associated with
heart diseases (Ai and Pogwizd, 2005; Ke et al., 2008; Wijnker
et al., 2011).

PP2A AND ITS REGULATION BY UPSTREAM SIGNALS IN
THE HEART
PP2A actually refer to  a large family of distinct heterotrimeric
protein phosphatases that share a common core enzyme
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FIGURE 1 | PP2A heterotrimer and the subunits. Both A and C subunit
have two isoforms, α and β. The catalytic C subunit can be tyrosine
phosphorylated at tyrosine 307 and methylated at Leucine 309. ∗The B
subunit is expressed and identified in cardiomyocytes.

consisting of a scaffolding (A) and a catalytic (C) subunits that
associate with a B subunit (Figure 1). A subunit contains multi-
ple HEAT repeats and forms a horse shoe structure that bind to
both B and C subunits (Groves et al., 1999). HEAT repeat exists in
proteins with different functions that form helical structures and
provide structural flexibility to PP2A-A subunit (Grinthal et al.,
2010). Formation of the PP2A heterotrimer follows a sequen-
tial pattern in that the core enzyme AC arises first and then
binds to the B subunit. The Tyrosine 307 and Leucine 309 show
reversible phosphorylation and methylation that determine the
phosphatase localization and substrate specificity (Chen et al.,
1992; Chung et al., 1999). Methylation of Leucine 309 diverts the
C-terminal carboxyl group from a repulsive negative charge inter-
action and facilitates assembly of ABC holoenzyme (Cho and Xu,
2007).

The regulatory subunits of PP2A have many members with
large sequence diversity and are coded by at least 17 distinct genes.
At least 11 of them are expressed in cardiomyocytes with Bα and
γ the most studied cardiac isoforms (Figure 1). Bα is abundant
in cytoplasm in cardiomyocyte that associates with ankyrin-B,
an adapter protein required for normal subcellular localization
of the Na/Ca exchanger, Na/K ATPase (Bhasin et al., 2007).
Overexpression of Bα leads to reduced phosphorylation cTnI,
myosin-binding protein C and phospholamban, and repressed
response of L-type Ca2+ channel current to stimulation of isopro-
terenol (Kirchhefer et al., 2014a). Bγ is expressed in the nuclear.
In mouse model deficient in Bγ, an incomplete ventricular sep-
tum occurs during development. PR72 binds to Ca2+ resulting
in conformational changes in the scaffolding subunit. Another
Ca2+ responsive B subunit expressed in cariomyocytes is stri-
atin that directly interacts with calmodulin (Chen et al., 2014;
Hwang and Pallas, 2014). It remains unclear if PP2As containing
these B subunits control cyclic dephophorylation on any pro-
tein substrates. A genome wide association studies has identified
a deletion mutation that links abnormal striatin mRNA accu-
mulation to arrhythmogenic right ventricular cardiomyopathy in
canine model (Meurs et al., 2010).

Both PP1 and PP2A have native inhibitors in mammalian cells.
Inhibitor I of PP1 is a phosphoprotein regulated by β-adrenergic
stimulation and is important for modulation of Ca2+ re-uptake
through phospholamban. I1 and I2 PP2A are specific PP2A
inhibitors (Li et al., 1995). Their expression and functional role
in cardiomyocytes is underexplored. PP2A is also up-regulated by

small molecular weight chemicals, both native and artificial. C2

and C6 ceramides activates PP2A in different types of mammalian
cells (Dobrowsky et al., 1993). FTY720 (fingolimod) is a synthetic
analog of C2 and C6 ceramide and an immunosuppressor used
for treatment of multiple schlerosis (Kappos et al., 2006). Like
C2 and C6 ceramide, FTY720 activates PP2A without knowing
exactly what the molecular mechanism of activation. P21 activated
kinase-1 (Pak1), an upstream activator for PP2A, is activated by
FTY720 and C2/C6 ceramides on vitro and in vivo (Ke and Solaro,
2008; Egom et al., 2010; Liu et al., 2011b).

Accumulating evidence has indicated that PP2A activities are
up-regulated by stimulation of the inhibitory G proteins, Gi
through different intermediate signaling processes (Ke et al.,
2008). Treatment of ventricle cardiomyocytes with agonists that
turn on receptors coupled to inhibitory G proteins (Gi/Go)
leads to reduced phosphorylation on PKA substrates without
any change in intracellular cAMP, suggesting phosphatases are
responsible for reduction in protein phosphorylation (Gupta
et al., 1993, 1994). In cardiomyocytes, methylation of PP2Ac is
reduced when the cells are treated with pertussis toxin and the
same result is generated by inhibition of p38 MAP kinase (Liu
and Hofmann, 2002, 2003). Cdc42 and Rac1 have been shown to
be the downstream effectors for Gi in cardiomycytes and other
mammalian cells. The constitutively active Pak1, the downstream
effectors for Cdc42 and Rac1 induces activation of PP2A and
dephosphorylation of myofilament regulatory proteins (Ke et al.,
2004). PI3K is another possible link between Gi and PP2A activi-
ties that enhances carboxylmethylation at leu309 (Longman et al.,
2014) (Figure 2).

REGULATION OF Ca2+ HANDLING PROTEINS BY PP2A
The calcium transient starts through depolarization-activated
Ca2+ channels. The inward calcium current triggers Ca2+
release from the sarcoplasmic reticulum mediated primarily by
ryanodine receptors. The Ca2+ binds to troponin C of tro-
ponin/tropomyosin complex and activates myofilaments. During
relaxation, cytosolic Ca2+ is pumped back into sarcoplasmic
reticulum by SR Ca ATPase (SERCA) and is removed from the
cells by Na+/Ca2+ exchanger. Protein kinases and PP2A associate
with all of these key regulatory machinery and shape the dynamics
of Ca2+ flow (Table 1, Figure 2).

PP2A IS A MAJOR PHOSPHATASE FOR L-TYPE CA2+ CHANNELS (LTCC)
The voltage gated influx of Ca2+ through LTCC is highly respon-
sive to β-adrenergic stimulation. PKA phosphorylates LTCC at the
cytoplasmic, carboxyl end of alpha subunit of LTCC at Ser1928,
Ser1866 (Chen et al., 2002; Hall et al., 2006), phosphorylation
of S1512 and S1570 by Cam Kinase II may also play an auxil-
iary role modulating the channel activities (Blaich et al., 2010).
The β-adrenergic effect on LTCC is reversed by PP2A, which asso-
ciates with the channels at the PKA sites (Davare et al., 2000). In
pacemaker cells, activation of PP2A by its upstream signal, Pak1,
represses isoproterenol stimulated enhancement of the channel
activities (Ke et al., 2007).

THE ROLES OF PP2A ON RYANODINE RECEPTOR (RyR) REGULATION
Ca2+ induced Ca2+ release through LTCC and ryanodine recep-
tors is enhanced by β-adrenergic signaling cascades. Ser2808 and
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FIGURE 2 | Regulation of Ca2+ transient by protein kinases and

phosphatases. Protein kinases and phospahtases are associated with key
Ca2+ transient regulatory proteins, which in turn are linked to upstream
signaling cascades. A balance of protein kinase and phosphatase activities

is required to maintain normal cardiac functions. Breakdown of the balance
occurs at different levels: genetic mutations, gene expressions,
post-translational modifications and excessive or deficient
neuro-hormonal cues.

Table 1 | Major targets regulating Ca2+ transient and regulated by PP2A.

Targets Reported

phosphorylation

sites

Protein

kinases

Protein

phosphatases

Effects of PP2A on

channel activities

References

L type Ca2+ channels Ser1928
Ser1866

PKA PP2A ↓ Chen et al., 2002; Hall et al., 2006
Davare et al., 2000; Shi et al., 2012

Ryanodine receptors Ser2808

Ser2030

PKA, CamKII PP2A

PP1

↓↑ Marx et al., 2000; Xiao et al., 2005, 2006;
Meng et al., 2007; Liu et al., 2011a; Zhang
et al., 2012
Liu et al., 2014

Phospho-lamban Ser16 and
Thr17

PKA
CamKII

PP1
PP2A

Release of inhibition
on SERCA

MacDougall et al., 1991; Luo et al., 1994;
Jackson and Colyer, 1996; Chu and
Kranias, 2002

Connexin 43 Ser368
Ser262

PKC
PKA

PP2A
PP1

↓ Doble et al., 2000; Ai and Pogwizd, 2005;
Srisakuldee et al., 2009

NCX ? PKA
PKC

PP2A
PP1

↓? Wei et al., 2003, 2007
Schulze et al., 2003; Zhang and Hancox,
2009

Ser2030 are considered as the PKA sites. Early studies suggest
that hyperphosphorylation of RyR at Ser 2808 is responsible
for increased leak for Ca2+ and associated with heart fail-
ure. Surprisinglya recent study has shown that in genetically
modified mice with Ser2808 rendered unphosphorylatable,

Ca2+ leak increases, instead of decrease with exacerbation of
Ca2+-dependent cardiomyopathy (Liu et al., 2014). On the other
hand, Yang et al. recently indicate that a reduced degradation of
β2-AR due to Rnd3 deficiency results in enhanced PKA activi-
ties and increased Ca2+ leak from RyR (Yang et al., 2015). PP1
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and PP2A form complexes on ryanodine receptors. In saponin
permeabilized myocytes, exposure of PP1 and PP2A dramatically
increased Ca sparks with a significant decrease of SR Ca store
(Terentyev et al., 2003). On the other hand, targeting of PP2A
regulatory subunit B56α by microRNA miR-1 leads to hyper-
phosphorylation of RyR at the CamKII sites and increases Ca2+
release and promote cardiac arrhythmogenesis (Terentyev et al.,
2009; Belevych et al., 2011). PP2A is also responsible for dephos-
phorylation of RyR from the CamKII sites which have now been
considered to play an even more important roles enhancing Ca2+
leak from the channel.

PP2A IS NOT A MAJOR PROTEIN PHOSPHATASE FOR
PHOSPHOLAMBAN
SERCA, a calcium transport ATPase for Ca2+ reuptake from
cytosol to SR partners with phospholamban that is phosphory-
lated at Ser16 and threonine17 by PKA and CamKII, respectively.
Phospholamban inhibits SERCA activities and the inhibition is
released by PKA phosphorylation and Ser16. PP1 is the major
phosphatase that removes phosphate from both locations. PP2A
plays a minor role (30%) of dephosphorylation (MacDougall
et al., 1991). In mice with overexpression of the regulatory
subunit of PP2A, the isoproterenol stimulated phosphorylation
of phosholamban and cTnI is partially reduced with increased
basal contractility of the heart, likely due to elevated diastolic
Ca2+ level and increased myofilament activities (Kirchhefer et al.,
2014a).

THE ACTIVITIES OF CONNEXIN 43 ARE INHIBITED BY PP2A
The gap junction channel protein connexin 43 conducts ions
and other small molecules between two adjacent myocytes. The
conductivity of connexin 43 is enhanced by PKA and reduced
by PP2A as demonstrated by intercellular dye coupling (Ai and
Pogwizd, 2005; Ai et al., 2011).

PP2A AND Na/Ca EXCHANGER
The cardiac Na/Ca2+ exchanger (NCX) is involved in the extru-
sion of cytosolic Ca2+ with a major role in the decay phase of the
intracellular Ca2+ transient. PP1 and PP2A form complex with
Na/Ca exchanger (Schulze et al., 2003). Stimulation of PKA activ-
ities by dibutyryl cyclic AMP and inhibition of PP2A by okadaic
acid inhibits NCX activities (Lin et al., 1994). However, studies
from other groups reported mixed results regarding the role of
β-adrenergic stimulation on NCX activities (Zhang and Hancox,
2009). Wei et al. indicated that hyperphosphorylation of NCX is
associated with an increased NCX current. In failing heart, low
phosphatase activity and hyperphosphorylation is responsible for
impaired sensitivity to β-adrenergic stimulation (Wei et al., 2007).

ABERRANT EXPRESSION, LOCALIZATION, AND ACTIVITIES
OF PP2A IN ARRHYTHMIA AND HEART FAILURE
The importance of PP2A in the heart resides in its capacity to
antagonize the effects of β-adrenergic stimulation with reduction
of the amplitude of Ca transient and meanwhile increasing the
Ca2+ sensitivity of myofilament in force development. Therefore,
abnormality in PP2A expression, localization and activities are
frequently associated with heart failure. However, the role of

PP2A as a causal or beneficial factor in heart failure remains
unclear.

EXPRESSION AND ACTIVITIES OF PP2A IN HEART FAILURE
In a rat model with chronic isoproterenol infusion that lead to
cardiac hypertrophy and heart failure, PP2A activities increased
significantly at day 2 (Boknik et al., 2000). In HF induced by
tachypacing in sheep, increased PP1 and PP2A activities are asso-
ciated with diminished response to β-adrenergic stimulation in
amplitude of Ca2+ transient compared to normal heart (Briston
et al., 2011). Overexpression of the catalytic subunit of PP2A
(PP2A-C) by transgenic approach in mouse heart leads to left
ventricular hypertrophy and reduced contractility along with an
increase of PP2A activities in myocardium (Gergs et al., 2004).
A more detailed analysis of expression and localization of dif-
ferent PP2A B subunits in cardiomyocytes from normal and
failing hearts indicate that proper targeting and localization of
PP2A holoenzyme are important for normal cardiac functions
(DeGrande et al., 2013). On the other hand, in human heart with
ischemic cardiomyopathy (ICM) and dilated cardiomyopathy
(DCM), expression of both PP2A-C and PP2A-B α are reduced
by half or more compared to the non-failing heart. Studies in
transgenic mice over-expressing the regulatory subunit Bα indi-
cate that this subunit directs PP2A core enzyme to Ca2+ release
channels and myofilament regulatory proteins (Kirchhefer et al.,
2014a). Although there is no change in PP2A activities in the
ICM and DCM samples, the total protein phosphatase activi-
ties and PP1 activities increases with reduced phosphorylation on
cTnI (Wijnker et al., 2011). Hyperphosphorylation of ryanodine
by enhanced β-adrenergic stimulation and reduced phosphatase
activities results in “Ca2+ leak” from sarcoplasmic reticulum in
failing heart (Marx et al., 2000; Reiken et al., 2001).

REDUCED PP2A ACTIVITIES ARE ASSOCIATED WITH ARRHYTHMIA
AND ATRIAL FIBRILLATION (AF)
As reduced density of L-type Ca2+ current is characteristic of
AF, increased PP2A activities were considered as an cause for
the cardiac condition (Christ et al., 2004). Further analysis indi-
cates that reduction of L-type calcium current density is due to a
transcriptional downregulation of the pore forming alpha (1c)-
subunit of LTCC, while single channel peak average current is
1.7-fold higher in AF than the control due to a 3.1-fold higher
open probability of LCC. Inhibition of PP2A by okadaic acid
only increases Ica in control but not in AF, suggesting phos-
phorylation of LCC in AF is high (Klein et al., 2003). Down
regulation of PP2A-Bα by microRNA miR-1 is associated with
elevated phosphorylation of RyR at CamKII site, but not the PKA
sites with enhanced frequency of spontaneous Ca2+ sparks and
arrhythmogenic oscillations of intracellular Ca2+(Terentyev et al.,
2009).

POST-TRANSLATIONAL MODIFICATIONS AND MUTATION OF PP2A
ASSOCIATED WITH HEART FAILURE
Kirchhefer et al. reported that Bα of PP2A is phosphorylated at
Ser41 by PKC α and phosphorylation at this site lead to reduction
of the phosphatase activities. In failing human heart, phospho-
rylation of Bα is 7-fold higher (Kirchhefer et al., 2014b). The
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A subunit is also phosphorylated and phosphorylation attenu-
ates assembly of PP2A heterotrimer and reduces PP2A activities
characterized by increased phosphorylation occurred to a large
number of proteins in cells expressing the peudophosphorylated
constructs. Unlike phosphorylated Bα, in a rat model of heart fail-
ure phosphorylation at this subunit is reduced leading to higher
PP2A activities. In transgenic mice expressing a truncated A sub-
unit that is a dominant negative mutant disrupting normal PP2a
assembly, dilated cardiomyopathy developed with increased end-
diastolic and end-systolic dimensions and decreased fractional
shortening (Brewis et al., 2000).

THE ROLES OF PP2A IN SENSITIZING β-ADRENERGIC STIMULATION
Loss of response to β-adrenergic stimulation is a hall mark of
end stage heart failure. Previously, it is believed that increased
phosphatase activity is a major cause for desensitizing β-
adrenergic stimulation as the β-adrenergic stimulation are effec-
tively and rapidly damped by enhanced phosphatase activities.
Accumulating evidence suggest that this may not be true because
in failing heart, phosphorylation on L-type Ca2+ channels, ryan-
odine receptors and NCX are usually high. Phosphatases, espe-
cially PP2A can make them more responsive to β-adrenergic
signals by bringing down phosphorylation levels. Recent studies
by Zheng et al suggest that pyruvate restores β-adrenergic sensi-
tivity of L-type Ca2+ channels in failing rat heart through PP2A
(Zheng et al., 2013).

PERSPECTIVE
Structural diversity and complex regulation of PP2A constitute a
significant challenge in understanding its function in the heart.
Emerging evidence begins to point out connections between
specific PP2A heterotrimers and their protein substrates in car-
diomyocytes, but definitive results are still scarce. Application of
general PP2A inhibitors for heart diseases may not be applica-
ble as these inhibitors usually are tumorigenic. However, cardiac
conditions including heart failure may become ameliorated by
elevating PP2A activities. FTY720 (fingolimod), a FDA recently
approved drug activates PP2A and target novel anti-adrenergic
signaling pathways mediated by Pak1 (Egom et al., 2010). FTY720
protect heart against ischemia-reperfusion induced arrhythmia
and has demonstrated anti-hypertrophic effect in mouse TAC
model (Liu et al., 2011b, 2013). Its roles in modulation of Ca2+
transient in failing heart in animal models and in humans deserve
further investigation.
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