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Mechanical dysfunction remains as one of the best predictors of sudden cardiac death
(SCD), but despite this close association the causal relationships between electrical
instability and mechanical dysfunction are not fully understood. (Bigger et al., 1984; Buxton
et al., 1984) Even though the effects of electrical instability on mechanical dysfunction of
the heart is well appreciated and relatively clear, the reverse effects that mechanical
dysfunction have electrical instability, or mechano-electrical feedback (MEF), are not. (Kohl
et al., 2006; Lab, 1996) Stretch activated channels, for example, are one way mechanical
activity can directly influence electrical activity at the cellular level under physiologic and
pathophysiological conditions. (Hu et al., 1997) Alternatively, intracellular calcium, which
regulates mechanical contraction, can significantly influence electrical function of the heart
as well. The mechanisms by which intracellular calcium governs electrical instability of the
heart is the main focus of this manuscript. Traditionally, calcium mediated arrhythmogenesis
is associated with delayed after depolarizations and abnormal impulse formation. (Katra et
al., 2007; Liu et al., 2006; Rosen, 1985; Ter Keurs et al., 2006; Wehrens et al., 2003)
However, in this manuscript we focus on how cardiac alternans, a mechanisms of reentrant
excitation, is another significant way mechanical dysfunction and arrhythmogenesis are
causally related.

Cardiac alternans can refer to either mechanical (contractile) or electrical (repolarization)
oscillations that occur on an every other beat basis. Cardiac alternans has been recognized
for more than 100 years. Shown in Figure 1 (Panel A) is a very early record of arterial
pressure measured during a steady state heart rate, where pulse magnitude alternates on
every other beat (arrows). (Traube, 1872) At this time, the ECG had not been invented;
however, soon after its introduction electrical alternans was reported as well. Shown in
Panel B (Figure 1) is an early example of electrical alternans as evidenced by oscillations of
the ECG T-wave (arrows) and QRS. (Lewis, 1910) Soon after cardiac alternans was first
reported, it was associated with a poor prognosis. (Windle, 1913) Surprisingly, at this same
time several important characteristics of cardiac alternans were observed, such as alternans
occurring in a structurally normal heart and appearing at faster heart rates. Subsequently, T-
wave alternans was more directly related to coronary artery occlusion and shown to be
highly reproducible. (Hellerstein et al., 1950)
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1. Alternans and Arrhythmogenesis
Recently, cardiac alternans been mechanistically linked to the genesis of reentrant
arrhythmias (Pastore et al., 1999) and shown to be a good marker of risk for sudden cardiac
death in patients. (Rosenbaum et al., 1994) Several studies have shown that T-wave
alternans is caused primarily by beat-to-beat alternation of repolarization at the cellular level
(i.e. alternation of phases 2 and 3 of the action potential), which increase in magnitude with
increasing heart rate. (Chinushi et al., 2003; El-Sherif et al., 1996; Pastore et al., 1999;
Pruvot et al., 2004) Alternans of the QRS can occur as well, but this typically occurs at
faster heart rates, secondary to repolarization alternans. (Pastore et al., 1999; Qian et al.,
2003) In brief, action potential alternans can significantly amplify repolarization gradients
that are sufficient to cause unidirectional block, a requirement for reentrant excitation, even
in the absence of structural or ion channel heterogeneities. Shown in Figure 2 is the
induction of ventricular fibrillation (VF) that was caused by repolarization alternans.
(Laurita et al., 2001; Pastore et al., 1999) Above a critical heart rate, repolarization occurs
with the same phase between all regions (i.e. spatially concordant alternans). During
concordant alternans, the spatial gradient of repolarization is not much greater than that
during baseline pacing. For faster heart rates, however, repolarization of neighboring regions
begin to alternate with opposite phase (i.e. spatially discordant alternans). The development
of spatially discordant alternans (not to be confused with electrical-mechanical discordance)
is a consistent precursor to reentrant arrhythmogenesis because of its affect on repolarization
gradients in the heart. Steep gradients of repolarization form as evidenced by marked
crowding of repolarization isochrone lines with a range of repolarization times >100 ms
(Figure 2 bottom, beats 1–3). In addition, the orientation of repolarization gradients
undergoes nearly a complete reversal in direction from beat to beat, as indicated by the
alternating arrow direction. Although repolarization patterns are complex, they are highly
reproducible on alternate beats (Figure 2, compare repolarization maps on beat 1 versus beat
3). The pattern of depolarization during spatially discordant repolarization alternans remains
stable, without any significant evidence of conduction alternans. Finally, the introduction of
a premature beat during discordant alternans results in conduction block (beat 4,
depolarization map) into a region having most delayed repolarization from the previous beat
(beat 3 repolarization map). The impulse then propagates around both sides of the line of
functional block (hatched area) and reenters from outside the mapping field, forming the
first spontaneous beat of reentrant VF. This finding demonstrates one way repolarization
alternans can transform physiological gradients of repolarization into pathophysiological
gradients that are a mechanism of VF. Clearly, this cascade of events that leads to a fatal end
critically depends on the development of electrical alternans; so, an important question that
remains is what causes alternans in the first place?

2. Intracellular Calcium Regulation
Since electrical and mechanical alternans are frequently observed concurrently at the cellular
and whole heart level, (Lu et al., 1968; Murphy et al., 1994; Pruvot et al., 2004) it is likely
that calcium, an important regulator of cellular contraction and electrophysiology, is
involved. Shown in Figure 3 is a simplified diagram of cellular calcium regulation.
Immediately following the rapid depolarization phase of the action potential, calcium
entering the cell through the L- type channel (IL,Ca) triggers calcium release from the
sarcoplasmic reticulum (SR), in a process referred to as calcium-induced calcium-release
(CICR). This is initiated by calcium entering through the IL,Ca channel and binding to
nearby SR release channels, which causes calcium release from the SR. A single SR calcium
release channel is a macromolecular complex comprised of four ryanodine receptor (RyR)
proteins, stabilizing proteins such as FKBP12.6, phosphatases, and many other proteins
including calsequestrin, triadin, and junctin. (Gyorke et al., 2004) When calcium is released
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from the SR, it binds to the troponin complex of the actin filament and initiates contraction.
On a beat-to-beat basis, the strength of contraction is proportional to the amount of calcium
released. Other factors, such as myofilament sensitivity to calcium and cross-bridge binding
are also critically involved. (Gordon et al., 2000) In ventricular cells, IL,Ca and SR calcium
release channels are located along the surface membrane and T-tubules to ensure that upon
electrical excitation calcium release and, thus, contraction is uniform and synchronous
within an entire cell.

The amount of calcium released from the SR, which regulates cellular contraction, has a
critical dependency on several factors including, primarily, the amount of calcium entering
through IL,Ca, (Fabiato, 1985) the amount of calcium load in the SR, (Bassani et al., 1995;
Bers et al., 1998; Lukyanenko et al., 1996; Terentyev et al., 2002) and recovery (inactivation
and adaptation) of RyR. (Lukyanenko et al., 1998) There are also many other factors that
can modulate RyR. For example, PKA-dependent phosphorylation of RyR has been shown
to have varied phosphorylation sites (Marx et al., 2000; Xiao et al., 2005) and effects on
RyR open probability (Po). (Valdivia et al., 1995) Ca-Calmodulin dependent protein kinase
(CaMKII) can also phosphorylate RyR. (Guo et al., 2006) The FK-506 binding protein,
FKBP12.6, is also an important modulator of SR calcium release. One FKBP12.6 binds
tightly to each RyR protein subunit of the tetramer to prevent sub-conductance states and
aberrant activation during diastole. This stabilizes the RyR in the closed and open states. In
addition, multiple RyR channels are functionally related and closely coupled (i.e.
FKBP12.6-mediated coupled gating) such that synchronous activation and inactivation of
multiple RyR channels occurs. (Marx et al., 2001) It has also been suggested that β-
stimulation plays an important role in modulating the effect of FKBP12.6;(Doi et al., 2002;
Marx et al., 2000; Song et al., 2001) however, this remains controversial. (Xiao et al., 2004)
Finally, the proteins calsequestrin, triadin, and junctin on the luminal side of the SR,
assemble with RyR and are known to play a critical regulatory role. (Gyorke et al., 2004)

For mechanical relaxation to occur, intracellular calcium is returned to resting diastolic
levels by two primary mechanisms. First, calcium is removed from the cell by the sodium
calcium (Na+-Ca++) exchanger operating in the forward mode, where 3 Na+ ions enter the
cell in exchange for 1 Ca++ ion leaving the cell. To maintain homeostasis, the amount of
calcium removed from the cell by the Na+-Ca++ exchanger is equivalent to the amount
entering the cell through, primarily, the IL,Ca calcium channel. The remaining cytoplasmic
calcium is reclaimed by the SR via SR Ca++ ATPase, which (to some extent) competes with
the Na+-Ca++ exchanger for cytoplasmic calcium. Phospholamban (PLB) is an important
regulator of SR Ca++ ATPase. PLB normally decreases SR Ca++ ATPase activity, (Ravens
et al., 2000) and reduced expression can significantly enhance SR Ca++ ATPase. (Hoit et al.,
1999) Catecholamines accelerate relaxation and PKA dependent phosphorylation of PLB is
the likely mechanism. (Li et al., 2000) CaMKII can also accelerate SR calcium reuptake by
phosphorylating PLB and, possibly, by a mechanism that does not require PLB. (DeSantiago
et al., 2002) The numerous molecular processes involved in cytoplasmic calcium
homeostasis highlight the complex nature of its regulation and, thus, the many ways in
which calcium dysregulation can occur.

3. Voltage and Calcium Coupling
In addition to electrical excitation inducing SR calcium release and mechanical contraction,
calcium release can feedback and significantly influence transmembrane potential in several
ways. This has been referred to as “bi-directional” coupling of membrane voltage and
intracellular calcium. (Shiferaw et al., 2005) For example, in the process of returning
calcium to diastolic levels, the Na+-Ca++ exchanger expels one Ca++ ion for 3 Na+ ions
entering the cell, resulting in a net depolarizing current. Thus, a larger than normal calcium
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release would be expected to prolong APD. This type of “coupling” between calcium release
and APD is referred to as positive Ca-to-Vm coupling. (Shiferaw et al., 2005) Shown in
Figure 4 is an example of positive Ca-to-Vm coupling (i.e. electrical-mechanical
concordance). Shown are the ECG, action potentials (AP), and calcium transients (Ca++)
recorded simultaneously using optical mapping techniques during pacing induced alternans
in a normal Langendorff perfused guinea pig heart. (Pruvot et al., 2004) In the presence of
significant T-wave alternans, APD alternates as well. Significant calcium transient
amplitude alternans also occurs, indicating alternating calcium release from the SR. In this
example of positive Ca-to-Vm coupling the larger calcium release is associated with the
long APD, and the small release with the short APD.

Negative Ca-to-Vm coupling is possible as well. When calcium is released from the SR, it
also inactivates the IL,Ca calcium channel, which would decrease net depolarizing current
during the action potential plateau and shorten APD. In this case a larger than normal
calcium release would shorten APD and a smaller calcium release would prolong APD. In
addition, the slow delayed rectifier K+ current (IKs) is enhanced by intracellular calcium
such that a larger calcium transient amplitude would also shorten APD. Finally, in addition
to the currents already mentioned, the calcium activated transient outward chloride current,
Ito2, and calcium activated nonselective current Ins(Ca) can also influence membrane
potential, but their affect on APD is not as clear. An important consequence of both positive
and negative coupling is that the balance of currents involved, which may be varied for
different species and disease conditions, will determine whether or not the action potential
will be prolonged or shortened for a given change in SR calcium release. If, for example,
negative Ca-to-Vm coupling dominates, then it is expected that a long APD would be
associated with a small SR calcium release. This behavior is also known as electrical-
mechanical discordance. For the most part, we see electrical-mechanical concordance, but
discordance is possible, especially on a microscopic scale when electrotonic forces constrain
local spatial discontinuities of voltage but not calcium. There are several reports of
electrical-mechanical discordance under disease conditions. For example, Lee et al (1988)
have shown electrical-mechanical discordance (short APD associated with large calcium
transient) in ischemic hearts. Murphy et al (1994) have also shown electrical-mechanical
discordant alternans, but in normal Landrace pigs that were paced rapidly.

APD can also couple to calcium release (Vm-to-Ca coupling). For example, given a constant
heart rate, a prolongation of APD will shorten the following diastolic interval and thus
provide less time for IL,Ca to fully recover. As a result, IL,Ca will be less and calcium release
from the SR will be less as well. So, if APD alternates on a beat-to-beat basis, calcium
release (or mechanical) alternans will occur as well. In this regard, mechanical alternans is
just an innocent bystander and MEF is not playing an integral role. While the absence of
MEF is not a focus of this manuscript, as a mechanism of alternans it is worth mentioning
briefly. For example, it is possible that the rate dependence of repolarizing ion channels is
responsible for electrical alternans. This can be demonstrated by APD restitution, which
describes how APD responds to heart rate. The basic premise of the “restitution hypothesis”
says that repolarization alternans will occurs when the slope of the restitution curve is >1,
which has been taken as evidence that sarcolemmal ion channels rather than SR calcium
regulation determine repolarization alternans. (Garfinkel et al., 2000; Riccio et al., 1999;
Räcke et al., 1994; Watanabe et al., 2001) One problem with this approach, however, is that
restitution is likely a product of several ionic mechanisms and intracellular calcium
regulation. Therefore, as an approach to identify molecular mechanisms of alternans,
restitution of APD can yield conflicting results (Banville et al., 2002) and may not be the
best approach. (Laurita, 2004) Ignoring the limitations associated with APD restitution,
there are instances when membrane ionic currents are the likely cause of alternans. For
example Hua et al (2004) demonstrated very nicely how overexpression of an important
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repolarizing current, IKr, can suppress alternans. Similarly, patients with prolonged
repolarization (LQTS) are susceptible to T-wave alternans. (Platt et al., 1996; Zareba et al.,
1994) In either case, a specific change in repolarization, either enhanced or suppressed
alternans. These are good examples of why it’s difficult to rule out membrane ion channel
kinetics as a mechanism of alternans. However, in the setting of mechanical dysfunction it is
unlikely that repolarization channels are the primary mechanism of alternans. A more likely
paradigm is intracellular calcium dysfunction and its effects on electrical instability.

4. Mechanisms of Alternans
We (Pruvot et al., 2004; Walker et al., 2003; Wan et al., 2005) and others (Diaz et al., 2004;
Picht et al., 2006; Weiss et al., 2006) have hypothesized that repolarization alternans is
attributable to beat-to-beat alternans of SR calcium release. To date, there is no single
experiment that can prove definitively that repolarization alternans is caused by calcium
transient alternans. However, there are several lines of evidence that suggest it is likely. In
isolated cells, Chudin et al (1999) demonstrated alternans of the calcium transient in the
presence and absence of action potential alternans (i.e. AP clamped). This important
observation indicates that calcium transient alternans can occur in the absence of action
potential alternans. Interestingly, a similar conclusion could be drawn from measurements in
vivo without voltage clamping. Aistrup et al (2006) measured calcium transient alternans in
intact myocardium using confocal imaging techniques. They found that at fast heart rates
local calcium transient alternans occurred with opposite phase (i.e. spatially discordant)
between adjoining cells. Membrane potential was not measured simultaneously; but,
assuming that electrotonic forces prevent any significant discontinuities in membrane
potential between adjoining cells, then it is likely that APD alternated with similar phase.
Thus, at the cellular level calcium transient alternans was occurring, at least in one of the
cells, independent of voltage. Similar results have been shown in modeling studies. (Sato et
al., 2006) While these data are not definitive proof, they do strongly support the notion that
repolarization alternans arises from calcium transient alternans.

To further understand the mechanism of alternans, we have used clues from naturally
occurring heterogeneities of repolarization alternans in the whole heart. In the guinea pig,
we consistently found that sites showing the first signs of alternans with increasing heart rate
were at the base of the LV. Locations where alternans first appeared were defined as
alternans prone regions, in contrast to regions where alternans occurred at faster pacing rates
(i.e. alternans resistant regions). Shown in Figure 5 is the alternans prone region (hatched
area) relative to baseline APD gradients (Panel A) in the normal guinea pig heart.
Interestingly, the alternans prone region did not correlate with longer APDs (Panel A,B) or
with faster restitution kinetics (not shown), as would be expected if APD restitution is the
underlying mechanisms of alternans. (Pruvot et al., 2004) Rather, in a separate study we
found that the alternans susceptible region corresponded to regions where calcium release is
weakest (LV base). (Katra et al., 2004) Shown in Panel C is the spatial heterogeneity of
calcium transient amplitude across the normal guinea pig heart (CaRamp), which is smallest
near the LV base. This finding is consistent with previous studies reporting base to apex
heterogeneities of LV mechanical function. (Bogaert et al., 2001; Feiring et al., 1988) In
addition, this is consistent with the notion that a weaker calcium release may be a
mechanism of repolarization alternans in the intact heart, (Diaz et al., 2004) and may explain
the development of regional arrhythmogenic repolarization alternans. (Pruvot et al., 2004)
These findings further support the notion that calcium transient alternans causes
repolarization alternans.
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5. Mechanisms of Calcium Transient Alternans: Calcium Cycling
The reports described above support the idea that calcium transient alternans is a
mechanisms of repolarization alternans. Therefore, what are the cellular mechanisms of
calcium transient (i.e. SR release) alternans? One simple explanation is that when heart rate
is faster than the ability of a cell to release and reuptake (i.e. cycle) calcium, alternans of
calcium release will occur. For example, if an action potential is initiated before calcium
returns to diastolic levels (i.e. before all calcium released can be reclaimed), then the amount
of calcium available in the SR will be reduced. As a result, release on the subsequent beat
will be less. Given a smaller release but the same time to reclaim calcium, more calcium will
end up in the SR and result in a larger release on the next beat. Thus, the amount of released
calcium can only be fully reclaimed on an alternating beat basis, giving rise to calcium
alternans. The calcium transients shown earlier in Figure 4 (bottom) demonstrate this
paradigm. Shown in Figure 6 is another example of calcium alternans that depends on the
rate of calcium cycling, in particular its uptake by the SR. Calcium transients were measured
near the epicardium (EPI) and endocardium (ENDO) during an abrupt decrease in pacing
cycle length from 600 ms to 300 ms in the canine left ventricular wedge preparation using
optical mapping techniques. Following an abrupt change in cycle length (arrow), calcium
transient alternans near the endocardium and epicardium is evident. After approximately 4
seconds, steady state calcium alternans is greater near the endocardium compared to the
epicardium. As evident from the decay phase of the calcium transient recorded just before
the step change, the rate of calcium decline to diastolic levels is significantly slower (larger
Tau) near the endocardium compared to the epicardium. Similar heterogeneities of alternans
across the transmural wall have been reported by others and linked to SR calcium regulation.
(Cordeiro et al., 2007)

In addition to linking calcium transient alternans to the rate of calcium cycling, these results
can reveal an important clue to the molecular mechanisms of calcium alternans. That is,
there must be some intrinsic differences at regions that are alternans prone. To determine the
molecular mechanisms of calcium alternans, we have used a targeted approach by
investigated protein expression in tissue samples taken from alternans prone and alternans
resistant sites. (Laurita et al., 2003; Wan et al., 2005) In the canine wedge preparation,
protein expression of SERCA2a and NCX across the transmural wall was investigated. We
found less expression of SERCA2a in the subendocardium compared to the subepicardium.
These data are consistent with previous studies that have shown significantly less SERCA2a
mRNA in normal canine subendocardium compared to the subepicardium (Igarashi-Saito et
al., 1999) and a trend towards less SERCA2a expression near the endocardium in normal
human hearts. (Prestle et al., 1999) In contrast, NCX (a proteolytic fragment at 70 kDa)
appeared the same across all layers, a finding similar to that in humans. (Prestle et al., 1999).
However, other reports of NCX protein expression and function across the canine transmural
wall show a different result. Zygmunt et al (2000) reported an unequal distribution of NCX
across the canine left ventricular wall, where peak reverse mode current is greatest in
midmyocardial cells and weakest in endocardial cells. Xiong et al (2005) found greater NCX
mRNA and protein in the epicardium compared to the midmyocardium and endocardium in
normal canine tissue. In a separate series of experiments in guinea pig, we found that
alternans prone regions (endocardium) express significantly less SERCA2a and RyR
compared to alternans resistant regions (epicardium), suggesting a molecular basis for
cellular alternans and specifically implicating calcium cycling proteins responsible for SR
reuptake and release. Likewise, experiments performed in isolated myocytes subjected to
pharmacological inhibition of either RyR or SERCA2a suggest that either of these calcium
cycling proteins can cause calcium alternans. (Diaz et al., 2004; Hüser et al., 2000; Wan et
al., 2005) Taken together, these data suggest that the molecular mechanism of calcium
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transient alternans is related to not only the reuptake of calcium into the SR (SERCA2a), but
also calcium release from the SR (RyR).

6. Mechanisms of Calcium Transient Alternans: SR Calcium Release
Calcium alternans is also associated with SR calcium release, independent of the rate at
which calcium is cycled. Diaz, et al (2004) used a voltage-clamp pulse protocol that was
intentionally below the activation voltage for IL,Ca, producing a weak CICR response. As a
result, most RyR channels will not open by CICR, but rather by calcium waves that will
cause a spatially desynchronized calcium release. Moreover, these calcium waves occur only
when SR calcium content is above a certain threshold. So, when an SR calcium release does
occur, the SR will become depleted below this threshold such that on the subsequent voltage
clamp pulse no release will occur. The absence of a release will leave enough calcium in the
SR such that on the next voltage clamp pulse a release (albeit desynchronized) will occur,
perpetuating the alternans of calcium release pattern. Under this condition, calcium transient
alternans occurs at stimulation rates much slower than what is required when CICR is
normal. Importantly, this protocol enhances the gain between SR calcium content and SR
calcium release so that small alternans of in SR calcium content promote large alternans of
SR calcium release. In a theoretical study, Shiferaw et al (2003) incorporated similar local
dynamics of calcium release in a computer model and also found that alternans is dependent
on a steep, non-linear, relationship between calcium release and SR content. These findings
suggest that the SR calcium store is an important mechanism of alternans. (Sipido, 2004)
This, however, has been a point of contention. In contrast, others have shown that calcium
alternans does not depend solely on SR calcium content. Picht et al (2006) used direct
measurements of intra-SR free calcium to show that pacing induced calcium alternans does
not require SR calcium content alternans but, rather, may depend more on RyR recovery.
(Dumitrescu et al., 2002)

In addition to artificial means of depressing SR calcium release, ischemia (Kurz et al., 1993;
Mohabir et al., 1991; Wilson et al., 2006) and metabolic inhibition (Hüser et al., 2000;
Kockskamper et al., 2002) have been associated with calcium transient alternans as well. In
a series of studies, Qian et al (2003) have shown the development of significant alternans
during the acute phases of ischemia. Interestingly, they found that during acute ischemia
arrhythmogenic alternans occurred at a much slower heart rate than under normal conditions
and that repolarization alternans occurred in the absence of conduction alternans. (Qian et
al., 2003) This finding suggests that during ischemia the rate of calcium cycling may not be
the mechanism of alternans; rather, it suggests RyR dysfunction as the cause. Local
inhibition of glycolysis impairs RyR function and is also associated with calcium transient
alternans in the absence of beat-to-beat fluctuations in SR content. (Hüser et al., 2000;
Kockskamper et al., 2002) These studies highlight RyR channel dysfunction as a primary
mechanism of calcium transient alternans, irrespective of SR calcium load. Taken together,
it is clear that RyR dysfunction is an important mechanism of alternans, independent of the
rate of calcium cycling. (Pieske et al., 2002) Finally, it is possible that other changes
associated with abnormal RyR function can impact calcium transient alternans. For example,
detubulation, (Louch et al., 2004) disruption of the regular organization of transverse
tubules, (Song et al., 2006) and a leaky RyR. (Lehnart et al., 2006) may desynchronize
calcium release in ventricular cells and promote the development of alternans.

7. Alternans Caused by Direct Mechano-Electrical Feedback (MEF)
In addition to the role of intracellular calcium regulation, it is also possible that direct MEF
is an important mechanism of alternans. Murphy et al (1996; 1994) observed electrical
alternans during simulated pulse alternans, which was achieved by clamping the aorta on
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every other beat. What’s interesting is that SR calcium release alternans was probably not
occurring under this condition. Enhanced T-wave alternans has also been associated with
acute volume overload in structurally normal hearts. (Narayan et al., 2007) These findings
suggest that some form of MEF other than calcium alternans may be operating. For
example, mechanosensitive ion channels, such as stretch activated channels (SAC), are able
to significantly change membrane potential on a beat-to-beat basis and may be playing a
role. (Kohl, 2001) It is also possible that alternating contraction strength is modulating the
binding affinity of troponin C resulting in alternans of cytoplasmic free calcium. (Housmans
et al., 1983) As mentioned earlier, beat-to-beat changes in free calcium are likely to affect
several calcium sensitive ion channels and, thus, beat-to-beat APD. Despite these
possibilities, the exact mechanisms by which mechanical alternans can directly affect
electrical alternans is not well understood and worthy of further investigation. However, it is
unlikely that direct MEF is the only important mechanism. For instance, several studies
using optical mapping techniques, which often utilize contraction inhibition, have shown in
the whole heart that electrical alternans can occur in the absence of mechanical alternans.
(Banville et al., 2002; Pruvot et al., 2004)

8. Mechanical Dysfunction and Alternans
Given the close association between mechanical dysfunction and SCD, one may expect that
alternans is an important link. Moreover, changes in calcium handling and protein
expression associated with mechanical dysfunction promote alternans as well. Studies in
isolated cells show diminished amplitudes and longer duration of calcium transients in heart
failure (HF) compared to normal. (Beuckelmann et al., 1992; Gómez et al., 2001; Jiang et
al., 2002; Kubo et al., 2001; O’Rourke et al., 1999) Likewise, reduced SERCA2a
expression, (Davies et al., 1995; De La Bastie et al., 1990; Kihara et al., 1991; Tomaselli et
al., 1999) as well as the expression of PLB(Flesch et al., 1996; Schwinger et al., 1995;
Studer et al., 1994) and FKBP 12.6(Marx et al., 2000; Yano et al., 2000) are diminished in
some models of HF. However, reduced expression of SERCA2a is not a finding common
across all models. (Belevych et al., 2007) Upregulation of Na+-Ca++ exchanger is almost
uniformly reported in human and animal models of HF. (Hasenfuss, 1998; Tomaselli et al.,
1999) In HF, increased Na+-Ca++ exchanger may be a compensatory response to decreased
SERCA2a expression or a leaky RyR in order to extrude calcium and improve diastolic
function. (Hobai et al., 2000) The affect of increase Na+-Ca++ exchanger on alternans may
be primarily through Ca-to-Vm coupling. That is, positive coupling of Ca-to-Vm is expected
to be greater in HF compared to normal and, thus, could amplify repolarization alternans. In
addition, faster stimulation rates result in decreased SR calcium reuptake in HF vs. normal
hearts, indicating a decreased ability for calcium cycling to keep up with increasing heart
rate. (Pieske et al., 1995) This, in addition to abnormalities of SR calcium release, may
explain why alternans is increased in failing myocytes.

Despite a significant number of studies in isolated cells, there exists little information on
calcium regulation in the intact falling heart. Using ratiometric optical mapping techniques,
we have shown in the canine tachycardia induced HF model (Akar et al., 2003) that calcium
transient amplitude is reduced compared to normal. Shown in Figure 7 are intracellular
calcium transients recorded at a basic cycle length of 600 ms in normal (N) and failing (HF)
wedge preparations. Panel A shows representative ratiometric calcium transients from
normal and failing animals plotted on the same scale to directly compare amplitude.
Calcium transient amplitude from the HF preparation is substantially reduced with respect to
normal. In Panel B, representative ratiometric calcium transients are shown normalized to
the same amplitude to compare differences in calcium transient duration at 50% decay
(CaD50). CaD50 is prolonged in the HF preparations compared to normal. Summary data
indicate that calcium transients recorded from the midmyocardium of failing preparations
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(n=12) are 21% smaller and 10% longer compared to normal (n=9). While these differences
are statistically significant, surprisingly, they are not as great as one would expect based on
studies in isolated cells.

In the same model of HF, we have found that the magnitude of alternans is increased
compared to control wedge preparations. Shown in Figure 8 is the magnitude of APD
alternans as a function of pacing rate in HF versus that from normal canine hearts. In Panel
A, the magnitude of APD alternans is greater in HF compared to normal at any cycle length
tested. As a result, the threshold pacing cycle length was significantly longer (400 ms)
compared to normal (280 ms). Similar results were observed over several preparations
(Panel B). The reason why APD alternans is elevated in HF compared to normal is not clear.
This could be due dysfunctional release or reuptake, as manifest in the calcium transient
signals. Enhanced susceptibility to alternans in HF has also been associated with abnormal
RyR function. Lehnart et al (2006) has shown that FKBP12.6 deficient mice, which may be
more likely to develop HF, are less prone to electrical alternans when pretreated with
JTV519, a compound that increases the binding affinity of FKBP12.6 for RyR. However,
the role FKBP12.6 plays in HF and arrhythmogenesis is controversial. (Xiao et al., 2004)

9. Therapeutic Implications
It is very exciting to imagine the new therapeutic targets that calcium mediated alternans
suggests. For example, accelerating SR uptake of calcium could suppress alternans and
reduced the risk of SCD in patients with HF. Likewise, improving the efficiency of calcium
release from the SR by restoring FKBP12.6 binding may also suppress alternans. (Lehnart et
al., 2006) As an added advantage, these targets that can enhance calcium cycling may also
improve contractile function. This is in stark contrast to targets that reside on the cell
membrane (such as the L-type calcium channel) that when blocked can suppress alternans
but may also reduce contraction, which could be unwanted side effect in patients with
reduced contractile function. Moreover, pharmacological blockade of membrane K channels
not only fails to ameliorate arrhythmias, but often provokes them (i.e. “proarrhythmic
effect”). Therefore, new therapeutic targets such as calcium cycling proteins need to be
evaluated both for their antiarrhythmic activity and proarrhythmic potential.

10. Conclusion
Understanding the complex feedback relationship between cardiac mechanical and
electrophysiological dysfunction may prove imperative for elucidating the mechanisms of
SCD. As outlined in this article, cardiac alternans is likely to be an important link. Cardiac
alternans is also a unique link because it is a mechanism of abnormal impulse conduction
(i.e. reentrant excitation), unlike more traditional calcium-mediated arrhythmias caused by
abnormalities of impulse formation (i.e. triggered activity). Thus, calcium-mediated (or
MEF) arrhythmias cover a broad range of mechanisms. Just as broad are the ways in which
intracellular calcium dysregulation can cause cardiac alternans. There is significant support
for the role of SR reuptake, SR release, and SR calcium load. The relative importance of
each is likely to depend on the disease and species. Therefore, our knowledge of calcium
dysregulation at the cellular and molecular level is essential; however, relating such
abnormalities to arrhythmias that occur in the intact heart is equally important. In sum, it is
not a coincidence that mechanical dysfunction remains as one of the best predictors of SCD.
Therefore, a better appreciation and understanding of MEF-mediated arrhythmogenesis
could lead to the identification of novel targets and therapy for treating patients at risk of
SCD.
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Figure 1.
Early record of pulse (top) and ECG (bottom) alternans. Reproduced with permission.
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Figure 2.
Representative example demonstrating mechanism linking repolarization alternans to the
genesis of reentrant VF. Contour maps indicate pattern of depolarization and repolarization
across the epicardial surface of guinea pig ventricle (times shown in msec). As pacing rate is
increased, discordant alternans develops producing complete reversal in the direction of
repolarization gradients from beat-to-beat and, most importantly, steep gradients of
repolarization that were not present during concordant alternans (not shown). These
gradients formed a suitable substrate for reentry, as slight shorting of stimulus cycle length
(beat 4) causes local propagation failure against a repolarization gradient established during
the previous beat (upper right corner of beat 3 repolarization map). Discordant alternans
produces conditions necessary for unidirectional block after which reentrant VF
immediately ensued. The ECG across the top is shown for reference. Reproduced with
permission.
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Figure 3.
A simplified schematic of normal ventricular myocyte intracellular calcium cycling. Shown
are the main proteins and their primary responsibility in the rapid increase of cytoplasm
calcium (red) during systole and the subsequent decrease in cytoplasmic calcium levels
(blue) during diastole. During steady state conditions, intracellular calcium homeostasis is
maintained by an equal amount of calcium entering and exiting the cytoplasm for each beat.
APD+ and APD− indicate effects that either lengthen APD or shorten APD, respectively.
RyR, ryanodine receptor; Jun, junctin; Tri, triadin; Cal, calsequestrin; PLB, phospholamban;
FKBP, FK-506 binding protein.
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Figure 4.
Shown are the ECG, action potentials (AP) and calcium transients (Ca++) recorded
simultaneously in the Langendorff perfused guinea pig heart during alternans. Alternans was
induced by pacing at a cycle length of 170 ms. The arrows below each action potential and
calcium transient represent APD (msec) and normalized CaF amplitude (%) respectively.
The development of T-wave alternans was closely paralleled by alternans of APD and
calcium transient amplitude with positive Ca-to-Vm coupling (electrical-mechanical
concordance).
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Figure 5.
APD gradient was oriented from the RV base to the LV free wall, orthogonal to the LAD
(Panel A). The onset of APD-ALT and CaF-ALT (hatched area) consistently occurred at the
LV base (n=7), independent of pacing site. Alternans onset did not occur where APD was
longest (i.e. at the RV base), nor where APD was shortest (i.e. toward LV free wall). Similar
results were observed in all experiments (Panel B). At a baseline pacing rate of 150 bpm,
APD at the alternans prone site (LV base, hatched area) was significantly shorter by 8 msec
than APD at the alternans resistant site from the RV base. Reproduced with permission.
Panel C: Shown are heterogeneities of calcium transient amplitude measured using
ratiometric optical mapping techniques (CaRamp). Calcium transients from the LV apex had
a larger CaRamp compared to the LV base (top), and the contour map (middle) revealed a
uniform gradient from base to apex. Reproduced with permission.
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Figure 6.
ECG and calcium transients near the epicardium (EPI) and endocardium (ENDO) recoded
during an abrupt increase in pacing cycle length from 600 to 300 msec (arrow). Near ENDO
and EPI, calcium transient alternans were persistent following 4 seconds of rapid pacing. At
ENDO, where the decay of the calcium transient was slower (174 ms) compared to EPI (93
ms), the magnitude of calcium transient alternans was greater. At ENDO, the calcium
transient amplitude for beat a was 68% larger than that for beat b. In contrast, at EPI the
degree of calcium transient alternans was less obvious (9%). Reproduced with permission.
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Figure 7.
Shown are ratiometric calcium transients recorded from the transmural surface of a canine
left ventricular wedge preparation isolated from a normal canine (N) and a canine with rapid
pacing-induced heart failure (HF). In Panel A, both signals are plotted in absolute ratio units
(RU) so that amplitude can be directly compared. However, in Panel B both signals are
normalized to the same amplitude, to compare their duration at 50%. Scale bar shows time
in ms and amplitude of transient in ratiometric units (RU).
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Figure 8.
Panel A. Cycle length dependence of Vm-ALT recorded from midmyocardial cells using
transmural optical mapping in normal and heart failure canine wedge preparation. Heart
failure produced a profound leftward shift in Vm-ALT to cycle length relationship,
demonstrating that heart failure myocytes have greater susceptibility to alternans. Panel B
summarizes heart rate threshold for Vm- ALT (n = 7). Reproduced with permission.
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