Zang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2014 15(3):201-211

201

Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)
ISSN 1673-1581 (Print); ISSN 1862-1783 (Online)
www.zju.edu.cn/jzus; www.springerlink.com
E-mail: jzus@zju.edu.cn

Review:

Cellular mechanism of cardiac alternans:
an unresolved chicken or egg problem*
Yun-liang ZANG1,2, Ling XIA†‡1
(1Key Lab of Biomedical Engineering of Ministry of Education, Department of Biomedical Engineering,
Zhejiang University, Hangzhou 310027, China)
(2Department of Pharmacology, University of California, Davis, CA 95616, USA)
†

E-mail: xialing@zju.edu.cn

Received July 1, 2013; Revision accepted Sept. 30, 2013; Crosschecked Feb. 9, 2014

Abstract: T-wave alternans, a specific form of cardiac alternans, has been associated with the increased susceptibility to cardiac arrhythmias and sudden cardiac death (SCD). Plenty of evidence has related cardiac alternans at the
2+
tissue level to the instability of voltage kinetics or Ca handling dynamics at the cellular level. However, to date, none
of the existing experiments could identify the exact cellular mechanism of cardiac alternans due to the bi-directional
2+
coupling between voltage kinetics and Ca handling dynamics. Either of these systems could be the origin of alternans
and the other follows as a secondary change, therefore making the cellular mechanism of alternans a difficult chicken
or egg problem. In this context, theoretical analysis combined with experimental techniques provides a possibility to
explore this problem. In this review, we will summarize the experimental and theoretical advances in understanding the
2+
cellular mechanism of alternans. We focus on the roles of action potential duration (APD) restitution and Ca handling
dynamics in the genesis of alternans and show how the theoretical analysis combined with experimental techniques
has provided us a new insight into the cellular mechanism of alternans. We also discuss the possible reasons of
increased propensity for alternans in heart failure (HF) and the new possible therapeutic targets. Finally, according to
the level of electrophysiological recording techniques and theoretical strategies, we list some critical experimental or
theoretical challenges which may help to determine the origin of alternans and to find more effective therapeutic targets in the future.
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1 Introduction
For more than one hundred years, the phenomenon of cardiac alternans has been recognized in the
form of beat-to-beat alternated pulse magnitude
(Traube, 1872). After the invention of the electrocardiography (ECG), T-wave alternans (periodic beat-tobeat variation in the amplitude or shape of the T-wave
in an ECG) was observed and related with a poor
‡
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prognosis (Windle, 1911). Due to the close association with the genesis of cardiac arrhythmias, clinically
detected T-wave alternans has already proved useful
for assessing the sudden cardiac death (SCD) risk
(Rosenbaum et al., 1994; Narayan, 2007). Shown in
Fig. 1 is an example of cardiac alternans recorded in a
normal Langendorff perfused guinea pig heart by
Pruvot et al. (2004). Alternations of T-wave in the
ECG, action potential duration (APD), and Ca2+
transient are illustrated from top to bottom. During
the past decades, more and more researchers have
focused on the phenomenon of cardiac alternans and
have tried to identify the underlying mechanism. As
shown in Fig. 1, experimental observations support
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the opinion that the phenomenon of cardiac alternans
at the tissue level arises from the alternated repolarization at the cell level (Hoffman and Suckling, 1954;
Kleinfeld et al., 1963; Pruvot et al., 2004). Cellular
alternans has been observed in ventricular (Pruvot et
al., 2004; Cordeiro et al., 2007; Gaeta et al., 2009),
atrial (Kockskamper and Blatter, 2002), and skeletal
muscle cells (Zhao et al., 2010). Up to now, two
primary cellular mechanisms of alternans have been
found from experiments and simulation studies. At a
high pacing rate or under pathological conditions:
(1) alternans can originate from the kinetics of the
membrane voltage, which subsequently causes alternated intracellular Ca2+ mainly through voltagerelated L-type Ca2+ channel (LCC) current (ICaL);
(2) the instability of Ca2+ handling dynamics leads to
alternated intracellular Ca2+, which then causes
voltage alternans mainly by ICaL and Na+-Ca2+
exchange current (INCX). However, due to the
bi-directional coupling between membrane voltage
kinetics and Ca2+ handling dynamics, it is impossible
to discern which is the primary or the secondary
mechanism. Thus, a classic “unresolved chicken or
egg problem” is raised, providing a big challenge to
identify the origin of cardiac alternans.

ECG

AP

Ca2+

Fig. 1 Alternated ECG, action potential (AP), and Ca2+
transient by pacing at cycling length (CL) of 170 ms
Data are reproduced with permission from Pruvot et al.
(2004). These data were recorded simultaneously in the
Langendorff perfused guinea pig heart during alternans

Heart failure (HF) is accompanied by the remodeling of ionic currents and Ca2+ transport proteins.
In addition to the usually observed prolonged APD,
depressed Ca2+ transient, and elevated Na+ concentration, the heart rate threshold for the onset of APD
alternans is observed to be significantly lowered in
HF (Wilson et al., 2009). Nevertheless, the governing
factors underlying the enhanced susceptibility to al-

ternans in HF are less understood. The possible effects of prolonged APD, decreased sarcoplasmic reticulum (SR) Ca2+ pump (SERCA) function (O'Rourke
et al., 1999), increased SR Ca2+ leak current (Ileak)
(Shannon et al., 2003), and steeper fractional SR Ca2+
release (Shannon et al., 2005) on the behaviors of alternans in HF still need further research.
In this review, we focus on the progress of the
research into the voltage- or Ca2+-dependent cellular
mechanism of alternans and show the role of theoretical analysis combined with experimental techniques in understanding the underlying mechanisms
of alternans. The possible factors affecting the alternans behaviors in HF and which of them have the
potential to be a therapeutic target are discussed.
Finally, we also summarize the experimental and
theoretical challenges, which may help us to better
understand the mechanisms of alternans.

2 Cellular mechanism of cardiac alternans
2.1 APD restitution
APD restitution describes the relationship between APD and the previous diastolic interval (DI)
(Fig. 2). Restitution has been attributed to the
time-dependent repolarization or depolarization currents which govern the membrane voltage and APD.
As cycling length (CL) decreases, accompanied with
progressive shortening of DI, some ionic currents
cannot completely recover from inactivation (depolarization currents) or some cannot inactivate (repolarization currents), resulting in progressively
shorter APDs. Restitution was related with APD alternans (Nolasco and Dahlen, 1968). By treating the
relationship between APD and DI analogous to an
electronic amplifier with negative feedback, they
used a simple graphical method (cobweb) to demonstrate that stable APD alternans occurs when the slope
of the APD restitution curve is greater than or equal to
one. Other groups also find similar results in both
experiments and simulations (Karagueuzian et al.,
1993; Fox et al., 2002). The restitution curve, a plot of
APD against DI with the expression APDn+1=f(DIn),
is shown in Fig. 2b. DIn represents the interval between the end of the previous action potential and the
next. When paced at a constant CL, the relationship
DIn=CL−APDn is also plotted in Fig. 2b. According
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to the cobweb method (Nolasco and Dahlen, 1968), it
is not difficult to show that when the slope is steep
(≥1), a small perturbation would produce progressively growing APD oscillations until it reaches a
steady-state alternans. In contrast, when the slope is
flat (<1), a small perturbation would lead to casual
damped oscillations and finally a stable 1:1 rhythm. It
has been reported that a flattening APD restitution
curve has an effect of depressing cardiac arrhythmias
(Qu et al., 2000; Fox et al., 2002).
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Fig. 2 Standard APD restitution (a) and the relationship between its slope and the stability of APD alternans (b)
Vm represents the membrane voltage. Stable alternans can
exist when slope≥1, and be absent when slope<1

Although this method provides an intuitive tool
to analyze alternans, we have to point out that it is not
universally valid. In some cases, alternans can be
absent even when the restitution curve slope is >1
(Banville and Gray, 2002), and conversely alternans
can still occur with the restitution curve slope <1
(Saitoh et al., 1988). Basically, it does not incorporate
the effect of alternans memory (Gilmour et al., 1997)
and ignores the impact of Ca2+ handling dynamics
(Pruvot et al., 2004). The other refined restitution
method, dynamic restitution (Koller et al., 1998),
cannot be expected to appreciate the cellular and
sub-cellular processes controlling restitution either.
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Restitution could not reflect which currents are involved and to what degree each current affects alternans. During the last decade, more and more evidence
has emerged and seemed to indicate that cellular alternans relies on the instability of the Ca2+ handling
dynamics.
2.2 Ca2+ handling dynamics
The ventricular intracellular Ca2+ handling machinery is shown in Fig. 3a. Under control conditions,
when depolarization begins, LCCs open and extracellular Ca2+ crosses the sarcolemmal membrane to
elevate the level of Ca2+ in the subspace. Subsequently, Ca2+ stored in SR is nearly synchronously
triggered to release through ryanodine receptors
(RyRs) in the form of thousands of individual Ca2+
release units (CRUs), the release known as Ca2+
sparks (Cheng et al., 1993), and then cytosolic Ca2+ is
elevated after diffusion. During the abovementioned
processes, SR acts as the main Ca2+ storage organelle.
To maintain the SR Ca2+ content homeostasis, the
amount of Ca2+ released through RyRs must be balanced by the net Ca2+ reloading into the SR by the
SERCA pump current (Iup) and Ileak during each beat
(i.e., ∫IRyRdt=∫Iupdt−∫Ileakdt). Excitation-contraction (E-C)
coupling gain, defined as the ratio of SR Ca2+ release
flux from RyRs to the flux of Ca2+ entry by ICaL, is
high to help the myocyte effectively contract under
controlled conditions. However, in pathological conditions, the high E-C coupling gain can cause fluctuations in the Ca2+ handling system. When the pacing
rate is high or under pathological conditions, the cardiac myocyte fails to maintain SR Ca2+ content homeostasis, resulting in SR Ca2+ fluctuations and then
alternated Ca2+ transients from beat to beat. Because
of the bi-directional coupling between membrane
voltage kinetics and Ca2+ handling dynamics, APD
shows a secondary alternated phenomenon. Ca2+→
voltage coupling usually works in concordant (positive) mode (Saitoh et al., 1988; Pruvot et al., 2004),
while discordant (negative) mode has already been
found in ferret ventricular muscle (Kihara and
Morgan, 1991) and rabbit papillary muscle (Wohlfart,
1982). As shown in Fig. 3b, concordant (discordant)
Ca2+→voltage coupling means that a larger Ca2+
transient is accompanied with a longer (shorter) APD.
On one hand, a larger Ca2+ transient can enhance the
inward current by increasing the driving force of INCX
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to prolong the APD, but on the other hand, it can
facilitate the inactivation of ICaL by Ca2+-dependent
inactivation to shorten the APD. Therefore, concordant (discordant) coupling corresponds to the case
that increased INCX (reduced ICaL) predominates over
reduced ICaL (increased INCX).
As to the mechanism of Ca2+ handling instability,
Diaz et al. (2004) have related the instability to the
steep relationship between SR Ca2+ release and SR
Ca2+ content. In their experiment, the fractional SR
Ca2+ release is a smooth function of SR Ca2+ content
before the onset of alternans, but the function becomes much steeper as alternans occurs. In response
to an increase in SR Ca2+ content, the Ca2+ release
flux will accordingly increase, regulated by an SR
controlling mechanism. If the feedback gain of this
controlling mechanism is too high, a small alteration
of SR Ca2+ content will produce a large SR Ca2+ release, resulting in a large alteration of SR Ca2+ content
INa
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and consequently fluctuations will occur (Diaz et al.,
2004; Eisner et al., 2005). Figs. 3c and 3d are good
examples of the steep fractional SR Ca2+ release experimentally measured by Shannon et al. (2000) and
simulated by our new developed model (Zang et al.,
2013), respectively. As an important component of
SR Ca2+ cycling, Iup is responsible for Ca2+ reuptake
into the SR and clearing the Ca2+ in the cytoplasm. It
has been found that decreased Iup can promote Ca2+
alternans (Wan et al., 2005; Cordeiro et al., 2007;
Cutler et al., 2009). Similarly, increased Ileak can also
play an important role in predisposing to alternans
(Lehnart et al., 2006). For the mechanisms mentioned
above, the genesis of alternans is on the premise of SR
Ca2+ content fluctuation. On the contrary, SR Ca2+
content remains the same before the large and small
Ca2+ transients (Huser et al., 2000; Picht et al., 2006), if
the occurrence of alternans is due to the slow recovery
from inactivation of RyRs (Dumitrescu et al., 2002).
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Fig. 3 Ca2+ handling properties and Ca2+-related alternans
(a) Schematic of the ventricular intracellular Ca2+ handling components and the main ionic currents involved in depolarization and repolarization (INa: fast Na+ current; Ito: transient outward K+ current; IKr: rapid delayed rectifier K+ current; IKs:
slow delayed rectifier K+ current; IK1: time-independent K+ current; INCX: Na+-Ca2+ exchange current; INaL: late Na+ current;
ICaL: L-type Ca2+ channel (LCC) current; Iup: pump current; Ileak: leak current; IRyR: ryanodine receptor current; Jxfer: Ca2+
flux transferred from subspace to the cytosol). (b) Illustration of positive and negative Ca2+→voltage couplings. Positive
(negative) coupling refers to the case that a larger Ca2+ transient is accompanied with a longer (shorter) APD during the
same beat at a constant CL. (c) Experimentally measured fractional SR Ca2+ release as a function of [Ca2+]SRT (total Ca2+
content in SR), reproduced with permission from Shannon et al. (2000). (d) Simulated fractional SR Ca2+ release from our
work (Zang et al., 2013). [Ca2+]JSR,t: total Ca2+ content in junctional SR (JSR)
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Following experimental findings, a large number
of theoretical strategies have been developed and
utilized to study the instability of Ca2+ handling. Here,
we just mention the most representative ones.
Shiferaw et al. (2003) have incorporated local Ca2+
release dynamics into a model to explore the effect of
both steep fractional SR Ca2+ release and decreased
Iup on Ca2+ alternans. Building upon the early experimental observations of their group (Diaz et al.,
1997; 2004), Tao et al. (2008) have realized systolic
alternans and supported the conclusion that steeper
fractional SR Ca2+ release is related with the threshold
dependence of wave propagation. As the CLs decrease or under pathological conditions, not all RyRs
are activated by the adjacent LCC. However, the fired
Ca2+ sparks by LCC can trigger the opening of adjacent RyRs and promote Ca2+ wave propagation on the
condition that the SR Ca2+ content is above the
threshold (Lu et al., 2010). This wave causes the
depletion of SR Ca2+ content, indicating less SR Ca2+
for the next beat. Consequently, for the next beat, a
Ca2+ wave rarely occurs and a small Ca2+ transient is
generated, because SR Ca2+ content is below the
threshold. Nevertheless, the occurrence of alternans
in these models still relies on the SR Ca2+ content
fluctuations. Recently, Rovetti et al. (2010) have
developed a spatially distributed intracellular Ca2+
handling model, in which Ca2+ alternans could occur
due to the RyR refractoriness without an SR Ca2+
content fluctuation. In their model, Ca2+ alternans
occurs due to the three generic properties of the CRUs:
randomness (Ca2+ spark activation), refractoriness
(CRU after a spark), and recruitment (Ca2+ sparks
inducing Ca2+ sparks in adjacent CRUs).
The aforementioned experiment and simulation
studies have demonstrated the special role of disturbed Ca2+ handling in cardiac alternans. Furthermore, in the ventricular myocytes isolated from rabbits (Chudin et al., 1999), guinea pigs (Wan et al.,
2005), and cats (Huser et al., 2000), intracellular Ca2+
transients can still alternate during voltage clamping.
Some simulation studies (Shiferaw et al., 2003;
Livshitz and Rudy, 2007) not only reproduce the
abovementioned experimental results, but find that
AP alternans is absent when performing the Ca2+
transient clamping. It seems that we are closer to the
answer of the “chicken or egg problem” and the
governing factor of alternans points to Ca2+ handling
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instability. However, is this really the case? Indeed,
these results could demonstrate that Ca2+ handling
instability is an inherent property of the cardiac myocytes, but it could not preclude the role of voltage
kinetics in cellular alternans because Ca2+ transient
clamping may affect voltage kinetics and interfere
with the possible predominant mechanism of alternans, finally leading to wrong conclusions. Jordan
and Christini (2007) have combined the techniques of
AP voltage clamping, Ca2+ transient clamping, and
stability analysis to characterize the contribution of
voltage- and Ca2+-dependent coupling to AP stability.
Fig. 4 shows the stability characteristics of the SSK
model (Shiferaw et al., 2005) with different parameter values: u (the SR release slope) for Iup and τf (the
time constant of voltage-dependent inactivation of the
LCC) for Ca2+-dependent inactivation time constant
of ICaL, CVM model (Fox et al., 2002), HRd model
(Hund and Rudy, 2004), and TP model (ten Tusscher
and Panfilov, 2006). In their analysis, λ is a function
of CL. |λ|≤1 means that the 1:1 rhythm is stable and
|λ|>1 means that the 1:1 rhythm is unstable. Their
results indicate that AP voltage clamping and Ca2+
transient clamping do affect the predominant mechanism of cellular alternans. Both voltage- and Ca2+dependent mechanisms could be responsible for alternans, and sometimes the two factors may exist
simultaneously as shown in the SSK model. The relative contribution of these two factors can also change
according to corresponding physiological (pathological) conditions. This type of theoretical strategy
combined with experimental techniques will be the
key to solving the chicken or egg problem. Notice that
Ca2+ transient clamping is not feasible in experiments.
However, by comparing the experimentally measured
results of paced and AP-clamping protocol, we can
still get valuable information about whether voltage
or Ca2+ is the predominant factor in regulating cellular
alternans.

3 Heart failure and alternans
Previous studies have focused on alternans in
normal rather than failing myocardium. In HF, some
ionic currents and Ca2+ transport proteins are remodeled, resulting in a longer APD, lowered Ca2+ transient, elevated [Na+], and enhanced propensity to
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Fig. 4 Stability characteristics of the SSK model (a, b, c) (Shiferaw et al., 2005) with different parameter values (u
and τf), CVM model (d) (Fox et al., 2002), HRd model (e) (Hund and Rudy, 2004), and TP model (f) (ten Tusscher
and Panfilov, 2006)
λ is a function of cycling length (CL) for the above models during pacing (×), AP clamping (○), and Ca2+ transient clamping
(∆). |λ|≤1 means that the 1:1 rhythm is stable and |λ|>1 means that the 1:1 rhythm is unstable. Modified with permission
from Figs. 4 and 6 of Jordan and Christini (2007)

the occurrence of alternans (O'Rourke et al., 1999;
Wilson et al., 2009). According to the experimental
reports (Wilson et al., 2009), the CL needed to initiate
alternans has increased from 240 to 500 ms for canine
ventricular cells in HF. They attribute this increased
propensity to the reduced expression of SERCA in HF.
Moreover, the finding that Ca2+ transients in ventricular cells prone to alternans (e.g., endocardial cells,
corresponding to less distributed SERCA) have a
longer decay time relative to those resistant to alternans (e.g., epicardial cells, corresponding to more
distributed SERCA) also supports that idea (Cordeiro
et al., 2007). In addition to the reduced Iup, alterations
in IRyR and Ileak may also be important factors affecting the occurrence of alternans (Xie et al., 2008).
Recently, we have developed a new theoretical model
incorporating dynamic Ca/calmodulin-dependent protein kinase II (CaMKII) kinetics to explore the HF
mechanisms (Zang et al., 2013). As shown in Fig. 5a,
APD in HF is prolonged due to the down-regulation

of K+ currents. Ca2+ transient amplitude is lowered
and diastolic Ca2+ is elevated (Fig. 5c). Relative to the
reduced Iup, we identify the importance of enhanced
Ileak by over-expressed CaMKII in decreased Ca2+
transient. The steep relationship between SR Ca2+
release and SR Ca2+ content is fitted by the following
formula: fractional release=a+b([Ca2+]JSR,t)n, where
[Ca2+]JSR,t represents the total Ca2+ in the junctional
SR (JSR), and n represents the steepness. Under
control condition, simulated alternans occurs at CL≤
250 ms, with n=4, while it occurs at CL≤530 ms with
n=5.4 in HF (Figs. 5b and 5d). The facilitation role of
over-expressed CaMKII causes a steeper fractional
SR Ca2+ release in HF, which accounts for the enhanced susceptibility to alternans compared with
control. Therefore, alternans could be eliminated with
CaMKII inhibition in our analysis. Surprisingly, in
our analysis, the effect of increased Iup cannot depress
alternans as some experiments have reported (Cutler
et al., 2009; 2012; Lyon et al., 2011). First, it may

207

Zang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2014 15(3):201-211

(b)

(a)

80

0

% of [Ca2+]JSR,t

Control

Vm (mV)

HF

−50

−100

0

100

200

300

400

40
20
0

500

(∫CLIreldt)/[Ca2+]JSR,t×100%

60

0

2

4
6
[Ca2+]JSR,t (mmol/L)

Time (ms)

(c)

1.0

(d)

0.8

Alternans threshold

0.6

CL (ms)

[Ca2+]i (mmol/L)

8

0.4
0.2
0
0

100

200
300
Time (ms)

400

500

400

Experiment
Model

200

0

Control

HF

Fig. 5 Properties in heart failure (HF) compared with control
(a) Prolonged action potential (AP) in HF versus in control (Vm: the membrane voltage); (b) The steep relationship in
control and HF (Irel: SR release current; [Ca2+]JSR,t: total Ca2+ content in junctional SR (JSR)); (c) Ca2+ transient in control
and HF ([Ca2+]i: intracellular Ca2+); (d) Alternans threshold in control and HF against experimental data. Modified from
Zang et al. (2013)

be because we did not incorporate the influence of
SERCA2a over-expression on CaMKII-regulated RyRs
phosphorylation in our model. RyRs phosphorylation
is reduced by SERCA2a gene therapy (Lyon et al.,
2011; Cutler et al., 2012); Second, although increased
Iup has a direct elimination effect for alternans, it also
indirectly increases SR Ca2+ content, which predisposes to Ca2+ content oscillations (Xie et al., 2008).
The effect of the Ileak block is in the same case although some experiments find that the role of the Ileak
block in depressing alternans (Lehnart et al., 2006).
Until now, there are still no direct experimental data
supporting our simulation results. However, we hope
it will motivate further experimental characterization
of Ca2+ handling effects on alternans.
Compared with Ca2+ handling dynamics, it is
easier to understand the effect of remodeled electrical
factors involved in the propensity to alternans in HF.
At a constant CL, APD is lengthened in HF compared
with control, leading to a shorter DI for the depolarization (repolarization) currents to recover (inactivate), which facilitates the genesis of alternans at
larger CLs. In HF, both voltage and Ca2+-related
components change, but it is still not able to identify
their relative contribution to the easier alternans.

4 Clinical implications
Under pathological conditions such as myocardial ischemia (Qian et al., 2003) or HF (Wilson et al.,
2009), alternans occurs at a much slower heart rate
than that under controlled conditions. These conditions increase the propensity for cardiac arrhythmias
like ventricular reentry and ventricular fibrillation
(Walker and Rosenbaum, 2003). Relative to the spatially concordant alternans, the spatially discordant
alternans is more arrhythmogenic, because it leads to
the formation of the steepest gradients of refractory at
the “nodal line” where out-of-phase regions are separated and alternans is absent (Konta et al., 1990; Qu
et al., 2000). Spatially concordant alternans refers to
the mode that all regions of the tissue alternate with
the same phase, while spatially discordant alternans
corresponds to the mode that some regions of the
tissue alternate with the opposite phase to the other
regions. The arrhythmogenesis caused by discordant
alternans suggests why alternans is the precursor of
cardiac arrhythmias and SCD in clinical situations
(Walker and Rosenbaum, 2003). In HF, commonly
observed fibrotic barriers and maldistribution of cardiac gap junctions have been found to lower the
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threshold for spatially discordant alternans (Pastore
and Rosenbaum, 2000). In addition, as demonstrated
in experiments (Wagner et al., 2006) and in our simulation work (Zang et al., 2013), fast Na+ current in
HF shows a delayed recovery from inactivation predisposing to spatially discordant alternans.
The existing interventions used to prevent VF by
eliminating alternans usually have unexpected side
effects because they do not target specific mechanisms and may not affect the predominant factors
causing alternans. Riccio et al. (1999) have used
high-dose calcium channel blockers to depress alternans. On one hand, these channel blockers result in
decreased Ca2+ transient due to the lower SR Ca2+
content caused by the less Ca2+ influx, and on the
other hand, conflicting results have been observed
that the ICaL block promotes alternans (Li et al., 2009).
It is not difficult to understand the promotion effect.
The ICaL block lowers the LCC open probability, resulting in the decreased amount of primary Ca2+
sparks. Then the increased triggered secondary spark
due to recruitment facilitates the formation of the Ca2+
wave and promotes Ca2+ alternans. Other potential
therapeutic targets like SERCA2a gene therapy are
promising (Cutler et al., 2009; 2012; Lyon et al.,
2011). However, it is also found associated with a
higher risk of acute mortality (Chen et al., 2004). In
addition, through theoretical analysis, we have found
the inability of increasing SERCA to depress alternans. So, SERCA2a gene transfer still needs further
testing and validation before the application can be
used to cure patients with HF. Class-III antiarrhythmic agents, such as d-sotalol, not only fail to depress
arrhythmias but often provoke them, because these
agents block K+ currents and steepen APD restitution
(Benson et al., 2008) which may result in enhanced
alternans.
The cellular mechanism of alternans in our new
model (Zang et al., 2013) may be due to the high
fractional SR Ca2+ release. Thus in our study, we have
tested the role of CaMKII inhibition in the behaviors
of alternans on the assumption that eliminating alternans at the cellular level also has the same antiarrhythmic effect at the tissue level. We found that by
flattening the steep relationship between the SR Ca2+
release and SR Ca2+ content, CaMKII inhibition could
effectively eliminate alternans without decreasing the
Ca2+ transient amplitude, indicating CaMKII may be

a new therapeutic target. Some experimental observations also supported this result (Wu et al., 2002;
Kirchhof et al., 2004).
As discussed above, it is of significant importance to develop experimental strategies to discern
the causes of alternans and to quantify their relative
contributions, so that more effective and targeted
means of suppressing alternans and ventricular fibrillation can be found.

5 Future challenges
With the development of new experimental
methods and theoretical techniques, a solution of the
“chicken or egg problem” (i.e., the origin of alternans)
may be possible.
Quantifying the properties of RyRs and CRUs
under physiological conditions is technically challenging. Therefore, certain important features of
Ca2+-induced Ca2+ release (CICR)-like RyR kinetics
are limited and hard to reproduce, which constrain our
understanding about the RyR refractory and Ca2+
handling disability. In the future, high resolution
optical imaging of the excitation-contraction coupling
(ECC) domain ultrastructure and local Ca2+ kinetics
will help us better understand the Ca2+ handling
instability (Baddeley et al., 2009; Greenstein and
Winslow, 2011).
Although proposed theoretical strategies (Jordan
and Christini, 2007; Sato et al., 2007) may help us
understand the driven factors of alternans, these
strategies are still not able to differentiate the relative
contribution of such factors. For example, if voltage
kinetics plays the primary role, we still could not get
the following information: which currents are involved? Does ICaL or IKr play a role? What is the relative weight of each factor? It is highly important for
us to develop one method so that we can identify the
primary factor of alternans, which components of this
mechanism are involved, and what is the relative
weight of each other?
Existing clinical algorithms detecting T-wave
alternans have proven useful and have been associated with the risk of SCD (Rosenbaum et al., 1994;
Narayan, 2007). However, it may sometimes fail to
demonstrate a strong predictive value (Gold et al.,
2008). We predict that it may correspond to the
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situation of spatially concordant mode (Konta et al.,
1990; Qu et al., 2000). In the future, developed techniques to identify spatially discordant alternans may
improve the accuracy of arrhythmia risk assessments
for the patients suffering from heart disease.
In conclusion, as new experimental techniques
and theoretical strategies develop, more effective antiarrhythmic therapeutic approaches are promising.
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中文概要：
本文题目：心脏电交替现象的细胞机制：先有鸡还是先有蛋的谜团
Cellular mechanism of cardiac alternans: an unresolved chicken or egg problem
研究目的：探索心脏电交替（alternans）现象的细胞支持机制，从而能够更有针对性地抑制 alternans，
进而优化治疗心律失常。
创新要点：采用理论方法系统探索离子流以及钙循环系统异常对 alternans 形成的影响。由于两个系统的
互相影响，实验上无法有效地对二者的作用分别进行定量研究。
研究方法：结合实验数据，建立理论模型，并结合非线性动力学知识，定量分析离子流和钙循环各成分
对 alternans 形成的相对贡献。
重要结论：理论分析结合实验数据对于认识 alternans 发生机制有着重要意义，对未来更有针对性治疗心
律失常提供了一种新的路径。
关键词组：交替（Alternans）；心律失常；离子流；钙循环；模型

