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Abstract

Calcium (Ca) is a universal intracellular second messenger. In mus-
cle, Ca is best known for its role in contractile activation. However,
in recent years the critical role of Ca in other myocyte processes
has become increasingly clear. This review focuses on Ca signaling
in cardiac myocytes as pertaining to electrophysiology (including
action potentials and arrhythmias), excitation-contraction coupling,
modulation of contractile function, energy supply-demand balance
(including mitochondrial function), cell death, and transcription reg-
ulation. Importantly, although such diverse Ca-dependent regula-
tions occur simultaneously in a cell, the cell can distinguish distinct
signals by local Ca or protein complexes and differential Ca signal
integration.
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INTRODUCTION

Calcium (Ca) is a ubiquitous intracellular sec-
ond messenger throughout biology, involved
in regulating diverse functions such as fertil-
ization, electrical signaling, contraction, se-
cretion, memory, gene transcription, and cell
death. Some important systems in which Ca
is important in cardiac myocytes are discussed
here: (@) electrophysiology [via ion currents
and exchangers, the regulation of other chan-
nels or exchangers, the mediation of action
potential (AP) shape, arrhythmogenic mech-
anisms, and the regulation of cell-cell com-
munication]; (b) excitation-contraction (E-C)
coupling, which governs the Ca transient
that drives contraction; (¢) contraction it-
self, in which Ca is the activating switch
of the myofilaments and a modulator of
key contractile properties (e.g., cooperativity,
length-dependent activation, and frequency-
dependent acceleration of relaxation); (d) en-
ergy consumption (by contraction and Ca
transport) and production (via the regulation
of mitochondrial ATP production); () cell
death by apoptosis or necrosis; and ( ) tran-
scriptional regulation via, e.g., calmodulin
(CaM)-dependent activation of calcineurin
and the nuclear translocation of factors such
as histone deacetylases. This is only a frac-
tion of Ca-dependent systems in cardiac my-
ocytes, but this scope is already large and will
allow neither uniform depth nor comprehen-
siveness in references (1). However, here I at-
tempt to integrate this array of Ca signaling
in cardiac myocytes and identify some unan-
swered questions to encourage further work.

Many of the Ca-dependent processes de-
scribed above involve an orchestrated sym-
phony that produces the acute and reliable
contractile function of the heart to perform
the tasks of pumping blood on a beat-to-beat
basis and the short-term modulation of this
function upon changes in heart rate or work-
load (topics a—d above). Acute malfunctions
of these systems can result in both mechan-
ical and electrical dysfunction (e.g., reduced
cardiac output and arrhythmias). Longer-
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term adaptations and maladaptations to al-
tered conditions involve altered protein ex-
pression, cell growth, and cell death (topics e
and fabove).

Ca-dependent regulation often works via
specific Ca-binding proteins [such as CaM
and troponin C (TnC)] and is also frequently
mediated by very local intermolecular signal-
ing in restricted spaces, rather than changes in
global cytosolic [Ca] ([Cal;). Indeed, local Ca
signaling allows multiple Ca-dependent path-
ways to sense spatially unique Ca signals si-
multaneously in the same cell.

ELECTROPHYSIOLOGICAL Ca
SIGNALING IN MYOCYTES

Ca carries and regulates ionic currents via
channels and exchangers, thereby influenc-
ing AP configuration, arrhythmogenesis, and
cell-cell communication (Figure 1).

Ca Current (Ic,)

The two classes of membrane potential (E,,)-
dependent I¢, in cardiac myocytes, L-type
(Icap) and T-type (Ic,T), can contribute
to pacemaker activity, the AP upstroke and
plateau phases, and arrhythmias [particularly
early afterdepolarizations (EADs)]. Cardiac
Ic, 1 (encoded by o or aypp genes) activates
at more negative E,, than I, (encoded by
ajc or op genes) but also inactivates more
rapidly than I, and independently of Ca
influx. I, T is not present in most ventricu-
lar myocytes but is expressed mainly in con-
ducting and pacemaker cells in the heart [and
also in immature or developing ventricular
myocytes (2)]. Even in myocytes that express
Ic, 1, the current density is often small in com-
parison with Ic, 1. I, and Ic, 1+ apparently
serve different functional roles.

The op gene is expressed at relatively
high levels in pacemaker-type cells (3), and it
activates at an intermediate E,, between that
for I, T and Ic,1, derived from o (where
the latter is the vast majority of cardiac I¢, and
the only type in most ventricular myocytes).
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Figure 1

Ca-dependent signaling to cardiac myocyte ion channels. Ca entry via I, activates sarcoplasmic
reticulum (SR) Ca release via the ryanodine receptor (RyR), resulting in the activation of contraction. SR
Ca uptake via the SR Ca-ATPase (ATP) and extrusion via Na/Ca exchange (NCX) allow relaxation.
Calcium-calmodulin-dependent protein kinase (CaMKII) can phosphorylate phospholamban (PLB),
causing enhanced SR Ca uptake, and also the RyR, enhancing spontaneous diastolic SR Ca release. That
Ca release activates inward NCX current and arrhythmogenic delayed afterdepolarizations (DADs).
CaMKII can also phosphorylate Ca and Na channel subunits, thereby altering Ic, and Ix, gating,
thereby prolonging APD and increasing the propensity for early afterdepolarizations (EADs). CaMKII
can also modulate I;,, whereas calmodulin (CaM) itself can modulate RyR, Ic,, and Ik gating. Activation
of B-adrenergic receptors (3-AR) activates adenylate cyclase (AC) to produce cyclic AMP (cAMP) and
activate PKA. PKA phosphorylates PLB and regulates SR Ca uptake, Ic, Ixs, and RyR, with a net
increase in Ca transient amplitude. This is accepted to contribute to CaM and CaMKII activation, but
there may also be a more direct, Ca-independent pathway by which $-AR can activate CaMKII. MF,

myofilaments.

During diastolic pacemaker depolarization
in spontaneously active cardiomyocytes [e.g.,
sinoatrial (SA) node cells], Ic, T can become
activated relatively early in diastole and con-
tribute to diastolic depolarization. As depolar-
ization proceeds, I, 1. from o;p and then Ic, .
from o c are recruited and further contribute
to depolarization, and I¢, 1, via a;¢ drives the
upstroke of the regenerative AP in pacemaker
cells (vs the Na current Iy,, which dominates
in atrial and ventricular myocytes).

Ca is also involved in pacemaker activity
in other ways (4). Inward Na/Ca exchange
current (Incx) during early diastolic depolar-
ization is activated by [Ca]; from the previ-
ous beat as [Ca]; decline outlasts the SA node
AP duration. Later during diastole, Ca is re-

leased from the sarcoplasmic reticulum (SR)
via ryanodine receptors (RyRs), which can be
triggered by either I, 1 (5) or early I¢, 1, or
can even occur spontaneously by an SR Ca re-
lease clock (6). That is, as the SR refills with
Ca from the previous beat and the RyR re-
covers from refractoriness, the high luminal
SR [Ca] causes local SR Ca release events (Ca
sparks) during diastolic depolarization. The
SR Ca release itself does not produce a trans-
sarcolemmal current, but the local rise in [Ca];
activates a second window of inward Incx
that contributes to late diastolic depolariza-
tion. Notably, this is mechanistically similar to
the accepted mechanism of delayed afterdepo-
larizations (DADs), a major class of triggered
arrhythmias (see below). There is also a finite
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fraction (<1%) of I (typically considered a
monovalent-selective channel) that is carried
by Ca, and this can produce a detectable rise
in [Ca]; (7). B-Adrenergic agonists, which in-
crease heart rate, accelerate li-dependent de-
polarization in SA nodal cells but also shift I¢,
gating to more negative potentials (recruiting
I¢, earlier in diastolic depolarization) and in-
crease peak [Ca]; and the rate of SR Ca re-
uptake (thereby speeding the SR Ca release
clock). Thus, several different currents carried
by Ca can contribute to normal and abnor-
mal pacemaker activity in the heart. Normal
pacemaker activity includes all the above and
also some other Ca-independent currents (4).
Questions remain about the relative influence
of these functionally overlapping and some-
what redundant mechanisms in normal heart
rate control.

Inventricular myocytes I¢, 1, does not con-
tribute substantially to the rapid rising phase
of the AP. Although the Iy,-dependent rapid
depolarization activates I¢, 1, quickly, the am-
plitude of I¢, 1, is not maximal near the AP
peak. This phenomenon occurs partly be-
cause I, 1. activation is time dependent, but
it also results from a trade-off of the co-
existence of relatively high channel conduc-
tance (gc,) and low driving force (En-Ec,),
where Ic, 1, is the product of the two fac-
tors (8). Indeed, the maximum AP overshoot
(~+40 mV) is relatively close to the I, re-
versal potential (Eg,,) that is typically mea-
sured under physiological conditions (+50
to +60 mV), so driving force is low at the
AP peak. In contrast, the thermodynamic
Ca equilibrium potential (Ec,) is closer to
+125 mV, and substantial Ca influx via I,
occurs at potentials between Eg., and Ec, (9),
but at Eg,, the inward current carried by Ca is
exactly counterbalanced by outward K current
through the channel. Thus, the electrophys-
iologically important measured I, becomes
negligible near the AP peak, despite some Ca
influx that may be important in E-C coupling.
After the AP peak, there is an early repolariza-
tion phase owing to Iy, inactivation and tran-
sient outward K currents (I,). This serves to
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increase I¢, driving force, such that peak I¢,
occurs after the peak of gc,. So one can al-
most consider that that I, activates in two
phases: a rapid rise in conductance and then
an increase in driving force. This may be valu-
able in synchronizing SR Ca release during
E-C coupling, and this synchrony is critical
for optimal contractility, but the Ca release
also influences I, during the early AP.

Ic,1 turnoff during the AP is mediated
by both voltage- and Ca-dependent inactiva-
tion, but the latter is by far predominant (1).
Indeed, when monovalent cations carry the
charge through Ca channels in myocytes, in-
activation is extremely slow (the time constant
T is hundreds of milliseconds at 0 mV). It is
now clear that Ca-dependent inactivation of
I¢, 1. is mediated by CaM, which preassociates
with the C terminus of the o;c subunit even
at diastolic [Ca]; (10-12). When local [Ca];
near the inner channel mouth rises owing to
I¢, and/or SR Ca release, Ca binds to the pre-
associated CaM (at high-affinity Ca sites on
the carboxy end). This action causes Ca-CaM
to bind to the oy at a critical IQ motif that
is near the apoCaM-binding site, thereby ac-
celerating inactivation. DeMaria etal. (13) re-
ported similar results for neuronal Ca chan-
nels (at14), except that these researchers found
that Ca-dependent inactivation was caused by
Ca binding to the low-affinity amino end of
prebound CaM, whereas the carboxy lobe was
important for Ca-dependent I, facilitation.

Cardiac myocytes also exhibit Ca-
dependent Ig, facilitation, which depends
on Ca-CaM-dependent protein kinase
(CaMKII) (14-17). I¢, facilitation happens
over a longer timescale (from one beat to
the next) and results in a moderate increase
in I, amplitude and slowing of inactivation,
which accumulates over 5-10 pulses at 1 Hz.
The molecular mechanism is not fully re-
solved, but it seems unlikely that the CaM
that activates CaMKII in this process is
the same CaM that causes Ca-dependent
inactivation. CaMKII can associate directly
with the Ca channel (on the carboxy tail of
ayc), and phosphorylation sites on both the
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a;c itself and the accessory (3; subunit have
been implicated in mediating Ic, facilitation
(18, 19).

Ca-dependent I¢, inactivation may func-
tion as a feedback system to limit Ca influx
under conditions in which Ca influx or SR Ca
release is high, and this may be a protection
against cellular Ca overload, which can cause
both arrhythmias and cell death. I, facilita-
tion may function as a minor component of a
positive force-frequency relationship but may
also serve to offset the negative effect of in-
creased frequency on Ca channel availability
(see below).

The amount of Ca entry via I¢, during the
cardiac AP varies among cell types and species
and with the AP configuration and SR Ca re-
lease. In rat vs rabbit ventricular myocytes,
the same square voltage clamp pulse admits
more Ca in rat, but when species-appropriate
APs are used, there is less integrated I¢, in the
rat (14 vs 21 pmol/l cytosol) because of the
shorter AP duration (20). Although Ca entry
via I¢, induces substantial Ca-dependent in-
activation, SR Ca release causes a further 50%
reduction of integrated I, during steady-state
APs (21). I, may typically become 90-95%
inactivated during a normal AP with SR Ca
release (22). As such, Ic, deactivation (vs in-
activation) only contributes appreciably to I¢,
decline during the late stages of repolariza-
tion (as E, approaches —40 mV and below).
This also means that I, must recover from
inactivation between APs.

The time constant T for recovery from in-
activation depends on both E,, and [Ca]; (typ-
ically 100-200 ms at —80 mV and low [Ca];).
The E,, dependence has been more frequently
characterized, but [Ca]; decline is incomplete
at the time the AP has repolarized, such that
the Ca dependence of recovery may be im-
portant (although harder to study). During
increases in heart rate, the time at diastolic
E,, shortens and may approach the recovery
time for I, .. This shortening of diastole is
partially mitigated by the intrinsic action po-
tential duration (APD) shortening at higher
heart rates (so repolarization happens sooner)

and also by frequency-dependent accelera-
tion of relaxation (FDAR) and [Ca]; decline,
which lowers [Ca]; sooner. Under physiolog-
ical conditions, these factors probably allow
Ic, to recover fully between beats, although
this may not be true at extremely high heart
rates. However, in heart failure (HF), in which
the APD is prolonged and [Ca]; declines more
slowly, the frequency at which I¢, availability
becomes limiting may well occur at physio-
logical heart rates (22, 23).

[3-Adrenergic agonists [via cAMP and pro-
tein kinase A (PKA)] increase Ic, 1, amplitude
and shift activation to more negative E,,. This
may all occur via a local signaling complex in
which B-adrenergic receptors, adenylate cy-
clase, cAMP, and PKA are all right at the chan-
nel (24, 25). Again, there is some controversy
about whether the key phosphorylation site is
on the &;¢ subunit in the C terminus, possi-
bly S1928 (26), or perhaps elsewhere on the
C terminus (27) or on the 3 subunit (28). Al-
though B-adrenergic agonists can greatly in-
crease Ic, 1, the current also inactivates more
rapidly (owing to the greater Ca influx and
release), such that the integrated I, dur-
ing the AP is increased by a smaller factor. In
conclusion, I¢, contributes to inward current
during the AP but is under dynamic control
by local [Cal;, E,,, and regulatory kinases.

Na/Ca Exchange

Na/Ca exchange (NCX) is the Ca transporter
in the heart that is largely responsible for ex-
truding the Ca that enters via I¢,. NCX stoi-
chiometry is generally accepted to be 3 Na:1
Ca (1; but see also References 29 and 30), such
that the NCX transporter is electrogenic (the
extrusion of 1 Ca is coupled to inward flux of 3
Na and one net charge) and carries ionic cur-
rent (Incx)- Incx is reversible, and its direction
and amplitude are controlled by [Na] and [Ca]
on both sides of the membrane as well as by
E,, (and Incx reverses at Excx = 3En.—2Ec,,
analogous to ion channels). At rest E,,, is nega-
tive to Excx (typically —50 mV), such that Ca
extrusion is favored thermodynamically, even
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though the low [Ca]; limits the absolute rate of
Ca extrusion and diastolic inward Ixcyx. Dur-
ing the AP upstroke, E,, passes Excx so that
Ca influx and outward Incx are favored and
can occur briefly 31). However, this period is
very short-lived because as soon as I¢, 1, is acti-
vated and SR Ca release ensues, the very high
local [Ca]; near the membrane drives Excx
back above E,, such that Ixcx becomes inward
and extrudes Ca again. Notably, the higher
the Ca transient is and the further repolar-
ization proceeds, the greater the inward cur-
rent. Thus, Incx is aninward current through-
out most of the AP under normal conditions,
driven by [Ca]; but tempered by the positive
E,, during the AP. However, if I, does not oc-
cur in a certain cellular region, Ca entry and
outward Incy can continue. In HE, in which
SR Ca release is low, [Na]; is elevated, and
APD is long, the situation can be reversed,
such that outward Incx and Ca influx occur
throughout most of the AP (32).

In addition to the above-described regu-
lation of NCX flux by the thermodynamics
of ion gradients and the kinetic constraints
related to substrate (Na and Ca) concentra-
tions, there is also allosteric regulation medi-
ated by [Ca]; and [Na]; (33). At high [Na]; the
Incx is inactivated, much like E,-dependent
ion channels. This effect is most prominent
at high [Na];, beyond the physiological range
(>20 mM), but it is unknown whether this
Na-dependent inactivation occurs to a signif-
icant extent under any relevant physiological
conditions. In contrast, it is easy to see how
this might occur and be beneficial in patho-
physiological settings of glycoside toxicity or
hypoxia, or ischemia and reperfusion, when
[Na]; can rise to a very high level. That is, in-
activation of NCX at very high [Na]; may pre-
ventor limita consequent cellular Ca overload
(driven by outward Incx).

Allosteric activation of NCX results from
elevated [Ca];, with an apparent K s ~ 100 nM
[Ca]; in myocytes (33, 34). Without [Cal;,
mammalian NCX does not work at all, even
in the Ca influx direction. It makes sense that
a Ca efflux mechanism would be turned off
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to prevent [Cal; from falling too low and that
Ca efflux should be more active when cellu-
lar [Ca]; is high (to avoid Ca overload). How-
ever, the actual physiological importance of
this Ca-dependent regulation is not well un-
derstood. The kinetics of Ca-dependent acti-
vation are faster than those for deactivation
(35), so in normal physiological conditions
NCX may be fully activated at this site or
have only a moderate residual range of regula-
tion with alterations of heart rate or inotropic
state. NCX is also regulated by intracellu-
lar phosphatidylinositol bisphosphate (PIP,)
and ATP (36), but like Na-dependent inacti-
vation, this may only be functionally impor-
tant in heart under pathophysiological con-
ditions. Protein kinase C (PKC) can activate
NCX (37), and PKA also has been reported to
stimulate NCX, but that remains highly con-
troversial (38, 39).

Incx is sometimes inappropriately consid-
ered to be a minor current during the cardiac
AP. Iycx can significantly influence AP shape,
and the late plateau phase of most atrial and
rodent ventricular APs can be almost entirely
due to inward Incx. The ability of NCX to
carry both inward and outward Ixcx during
the same AP and the central role of NCX
in Ca fluxes, pacemaker action, and arrhyth-
mias make itvery important to understand this
transporter in detail.

Other Ca-Dependent Currents

There are numerous other Ca-regulated cur-
rents that are relevant in cardiac electrophys-
iology. There is a Ca-activated CI current
(Lcicay), which is activated by high local [Ca];
during I, and SR Ca release and contributes
a transient outward current early during the
AP, when local submembrane [Cal; is high
and E,, is very positive to E¢; (40, 41). There
have been reports of Ca-activated cation-
nonselective current in cardiac myocytes (42),
but we have been unable to detect this cur-
rent in rabbit, rat, or human myocytes. Gap
junction channels (connexons), which elec-
trically connect all myocytes in the heart,
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are inhibited by prolonged high [Ca];, and
CaM and local Ca signaling may be involved
(43, 44). This may serve a valuable protective
mechanism whereby potentially dying my-
ocytes in severe Ca overload can electrically
isolate themselves from the rest of the heart,
avoiding the depolarizing and Ca-overloading
influences on neighboring cells. Itis less clear
how much dynamic Ca-dependent regulation
of gap junctions occurs in normal physiolog-
ical conditions or how such regulation may
influence electrical propagation in the heart.

The slowly activating delayed rectifier K
current (Ig,) isincreased by elevated [Cal; (45),
and the channel protein KCNQ1 (or Kv7.1)is
known to bind CaM, which appears to serve as
the Ca sensor. Although the molecular mech-
anism of this Ca-CaM-dependent modulation
of I is becoming better clarified (46, 47),
there is still very little information about how
physiologically dynamic changes in local [Cal;
during the AP influence the behavior of Ik,
during that or the next AP.

IN, can also be modulated by Ca via CaM
directly as well as by CaMKII-dependent
phosphorylation of the SNCS5A channel-
forming subunit. The direct Ca-CaM effect
appears to involve an enhancement of slow
inactivation (48, 49), although details remain
to be worked out and some controversy re-
mains (50). CaMKII also associates with the
cardiac Na channel, phosphorylates the chan-
nel, and alters Iy, gating (51). CaMKII shifts
I\, availability to more negative E,,, increases
the accumulation of channels in intermediate
inactivation, and slows recovery from inacti-
vation. These are loss-of-function effects that
would reduce Ix,, especially athigh heart rates
(seen in, e.g., Brugada syndrome). CaMKII
also increases late-inactivating or slowly inac-
tivating I, which is a gain in function, and
may prolong APD and cause long QT syn-
drome (LQTS), especially at low heart rates.
Intriguingly, there is a human genetic muta-
tion in SCN5A that causes almost the identical
I\, gating changes, and patients with this mu-
tation exhibit combined Brugada syndrome
and LQTS (52). Moreover, CaMKII is up-

regulated in HFE. Thus, CaMKII-dependent
I\, regulation may create an acquired form
of LQTS or Brugada syndrome in HF
patients.

Cardiac I, can also be modulated by
CaMKII (53), and recent work has shown
that CaMKII may slow I, inactivation (54),
and enhance recovery from inactivation for
both the fast and slow components of I,
mediated by Kv4.2/4.3 and Kv1.4, respec-
tively (55). These effects would enhance I,
and shorten APD. Ca-CaM also can con-
trol I, channel expression via calcineurin-
and CaMKII-dependent pathways, decreas-
ing Kv4.2/4.3 expression and fast I, function
but enhancing Kv1.4 expression and slow I,
function (55, 56). Thus, Ca modulates numer-
ous ion channels in the heart and can have
complex electrophysiological effects.

Arrhythmogenic Mechanisms

Triggered arrhythmias can occur as DADs,
EADs, or increased automaticity, and all these
events can be attributed in part to Ca signaling
or transport. DADs, which take off from the
resting E,, after AP repolarization, are widely
accepted as being caused by spontaneous SR
Ca release events that occur at relatively high
SR Ca levels. This SR Ca release causes an
aftercontraction and a transient inward cur-
rent (I;) that depolarizes E,, toward thresh-
old for an AP. Several Ca-activated currents
(Incxs Icica), and a monovalent-nonselective
current) are candidates for I;, but in human
and rabbit ventricular myocytes, Incx appears
to account fully for I; (57, 58). For a substan-
tial DAD (approaching the AP threshold), the
spontaneous SR Ca release probably needs to
propagate in the cell as a Ca wave (vs sim-
ply an enhanced Ca spark frequency). A DAD
in a single cell cannot cause a heart arrhyth-
mia because neighboring cells would provide
a current sink, dissipating the ;. However,
if DADs occur in a cluster of neighboring
cells (e.g., the cells are relatively synchro-
nized by the prior beat), the impulse can es-
cape and propagate through the heart. This is

www.annualyeviews.org o Calcium Cycling and Signaling in Cardiac Myocytes

29



Annu. Rev. Physiol. 2008.70:23-49. Downloaded from arjournals.annualreviews.org
by California State University-Northridge on 03/24/08. For personal use only

an important initiator of arrhythmias because
human RyR and calsequestrin mutations asso-
ciated with CPVT (catecholaminergic poly-
morphic ventricular tachycardia) make SR Ca
release more readily activated at diastolic [Ca];
(59), and animals with these mutations show
enhanced DADs and aftercontractions as well
as CPVT (60, 61).

Inositol 1,4,5 trisphosphate (InsPs) recep-
tors (InsP;Rs) are low in number in ventric-
ular myocytes (and are mainly in the nuclear
envelope; see below). However, in atrial my-
ocytes InsP;Rs are much more numerous and
coexist with RyR on the SR (62, 63). This
allows G protein—coupled receptors (e.g.,
endothelin-1) to induce InsP;-dependent lo-
cal SR Ca release, which activates neighbor-
ing RyRs and precipitates DAD-like arrhyth-
mias (see Figure 3, below). In HE, in which
InsP;Rs are upregulated in the ventricle, this
atrial arrhythmogenic mechanism may also be
relevant to ventricular myocytes.

EADs are depolarizations that take off dur-
ing the AP plateau or phase 3 repolarization
and are more likely during long APDs, LQTS,
and bradycardia. EADs are thought to be me-
diated by the reactivation of I, that has recov-
ered from Ca-dependent inactivation during
long APs near plateau E,, once [Ca]; has sig-
nificantly declined (64, 65). Even in LQT3,
during which mutant Na channels result in
late Ix, and long APD, I¢, (and not Iy,) reac-
tivation may be responsible for EADs (66). Al-
though I¢, recovery remains widely accepted
as the mechanism for EADs, some events that
look like EADs are initiated by SR Ca release
and are thus mechanistically like DADs (67,
68).

Electrical alternans (in which APD alter-
nates between long and short) is thought
to be a diagnostic precursor for more se-
vere arrhythmias such as ventricular tachy-
cardia or ventricular fibrillation. Although
there are, in principle, many electrophysio-
logical prospects to explain APD alternans, in
many, if not most cases, the APD alternans
is secondary to and dictated by Ca transient-
amplitude alternans (69). Several aspects of Ca
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handling have been implicated: incomplete
I, or RyR recovery and alternating SR Ca
content. However, our recent work suggests
that alternans induced by increasing pacing
frequency are due mainly to the slow restitu-
tion of RyR availability (70). Thatis, slow RyR
recovery after a large SR Ca release results in
a smaller SR Ca release at the next beat such
that the RyRs that did not fire are ready for
activation on the next beat, which again has
larger SR Ca release. When the larger Ca re-
leases and Ca transients occur, there is more
Ca extrusion via NCX and less Ca entry via I¢,
(and NCX) because of greater Ca-dependent
inactivation of Ic,. This leads to an alterna-
tion of SR Ca content that accompanies and
can enhance the extent of Ca alternans. I¢,
availability can also be involved, but proba-
bly only at even higher heart rates. So, how
do Ca transient alternans cause APD alter-
nans? Many Ca-dependent currents may con-
tribute, but I¢, and Incx are probably key. At
the larger beat, there is more inward Incx,
which would prolong APD, but also less in-
tegrated Ic, (and more inactivation), which
would shorten APD. Normally in rabbit my-
ocytes concordant alternans are seen (a large
Ca transient and long APD coincide), imply-
ing that at the big beat, the greater Ixcx pre-
dominates over the smaller I¢, integral (71).
The terms concordant and discordant are also
used to describe alternans spatially, for which
spatially concordant means that longer APDs
happen everywhere at the same beat. Dur-
ing spatially discordant alternans, which is a
more immediate precursor of dangerous ar-
rhythmias, APs in different regions are out of
synch.

Ca AND EXCITATION-
CONTRACTION COUPLING

Each junction between the sarcolemma (T-
tubule and surface) and SR, where 10-25
L-type Ca channels and 100-200 RyRs are
clustered, constitutes a local Ca signaling
complex, or couplon. When a Ca channel
opens, local [Ca]; rises in <1 ms in the
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junctional cleft to 10-20 pM, and this acti-
vates RyRs to release Ca from the SR. A sin-
gle Ca channel opening can trigger Ca release,
but typically several channels open during an
AP, creating a safety margin to ensure effective
coupling. Approximately 6-20 RyRs proba-
bly open at each couplon (1), on the basis
of estimates of the SR Ca release flux and
single-channel current. This release, which is
synchronized by local Ca-induced Ca release
among RyRs [and maybe by physical coupling
between RyRs (72)] raises cleft [Ca]; to 200—
400 pM. Ca diftuses from the cleft to the cy-
tosol to activate the myofilaments. However,
under normal conditions Ca released from
one couplon does not activate the neighbor-
ing junction (which is ~1 um away radially
or 2 um away longitudinally). This is because
[Ca]; declines over that distance (i.e., the re-
leased Ca is diluted in the much larger vol-
ume). This independent function of couplons
(each is under local control) means that for
synchronous contractile activation, all 20,000
couplons in the cell must be simultaneously
activated, which is normally accomplished by
the AP and I, activation.

When the SR Ca content is elevated, the
RyR is more sensitive to [Cal;. During sys-
tole this increased sensitivity can result in a
greater fractional release for a given I¢, trig-
ger (73). During diastole it can result in in-
creased SR Ca leak (74), frequency of Ca
sparks [spontaneous Ca releases from individ-
ual couplons (75, 76)], and Ca waves, in which
Ca release from one couplon activates neigh-
boring couplons and propagates the length of
the cell (and can lead to DADs). The increase
in RyR sensitivity with higher SR Ca content
has been attributed to the binding of Ca to
calsequestrin, which binds to triadin and RyR
inside the SR in a Ca-sensitive manner (77).
In contrast, in calsequestrin knock-out mice
fractional release is still enhanced by increased
SR Ca content (78). Thus, RyR regulation by
intra-SR Ca is important, but the details re-
main elusive.

Within a couplon, Ca release is positive
feedback, but the fractional SR Ca release is

only approximately 50-60% (79). So, what
turns off SR Ca release before the SR is emp-
tied? The two leading explanations are («)
RyR inactivation or adaptation that depends
somehow on cleft [Ca]; (80) and (4) RyR reg-
ulation by luminal SR [Ca] (79, 81, 82). The
issue is not resolved, but our working hypoth-
esis is thatluminal SR [Ca] is more critical, be-
cause enhanced SR Ca buffering capacity pro-
longs release (83), Ic, cannot trigger release
when the SR Ca load is approximately half-
normal (73, 79), and direct measures of local
intra-SR free [Ca] show a nadir at SR [Ca] ~
0.4 mM, almost regardless of initial value (82).
Thus, as release proceeds and [Ca]sg declines,
the RyR gating properties strongly favor clo-
sure. This ensures that the SR never is fully
depleted of Ca physiologically, although di-
rect activation of RyR by caffeine can lead to
full depletion.

Although it is clear now that I, is the
main physiological trigger of E-C coupling
(for other proposed mechanisms, see Refer-
ence 1), it seems that NCX can modulate the
process in three ways. First, submembrane
[Na]; rises as a result of Ix,, which may drive
Ca influx via NCX, thereby adding to the I¢,
trigger. We measured how much Iy, influ-
ences NCX, and this effect seems to be small
(84) but may contribute functionally (85). Sec-
ond, at the early AP peak, Ca channels are
just getting activated, but NCX can bring Ca
in right away (potentially pre-elevating cleft
[Ca];). Here, it is important to appreciate that
once a Ca channel opens, Ca entry via NCX
will normally reverse because of high local
[Ca]. Third, if a Ca channel fails to open at a
given couplon, Ca entry via NCX may even-
tually raise cleft [Cal; to the point at which SR
Ca release is triggered. Two factors that limit
triggering via NCX are that (#) the unitary
Ca flux rate via NCX is ~1000 times smaller
than for I¢, (so many NCX molecules would
need to be in the right place) and (5) ultra-
structural data suggest that, although L-type
Ca channels and RyR are colocalized at cou-
plons, neither NCX nor Na channels colocal-
ize with RyR, or each other (86). More work
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is required to understand fully how Iy, and
NCX modulate E-C coupling.

Both PKA and CaMKII can phosphorylate
and regulate Ic, and RyR. Also, both PKA
and CaMKII can regulate SR Ca uptake via
phospholamban phosphorylation and relief of
the tonic SERCA2a inhibition by phospho-
lamban. These kinases phosphorylate differ-
ent sites on these proteins but in general ac-
tivate each process. However, in our hands,
PKA robustly activates Ic, and SR Ca up-
take but has modest effects on RyR gating (87,
88). As such, the PKA-dependent inotropy is
due mainly to increased I¢, and enhanced SR
Ca uptake and content (where both enhanced
Ic, and SR Ca content enhance fractional re-
lease). In contrast, CaMKII seems to activate
RyR robustly (enhancing fractional release
directly) while more modestly stimulating
Ic, (facilitation) and SR Ca uptake [owing
to more limited phospholamban phosphory-
lation (89)]. Notably, there is some contro-
versy about the effects of PKA and CaMKII
on RyR, which require further clarification
(90-92). Physiologically, sympathetic activa-
tion stimulates both PKA and CaMKII, which
thus function synergistically. CaMKII is typ-
ically considered to be downstream of PKA
and elevated Ca transients. However, this may
be overly simplistic because (#) p-adrenergic
agonists appear to activate CaMKII effects on
RYR independently of PKA or Ca (93) and
(#) CaMKII mediates long-term inotropic ef-
fects of B-adrenergic agonists after PKA loses
efficacy (94).

Both Ca influx and SR Ca release con-
tribute to the Ca transient, and Ca removal
from the cytosol is by both the SR Ca-ATPase
(SERCA) and sarcolemmal extrusion (mainly
via NCX, with a very minor contribution by
the plasma membrane Ca-ATPase). In the
steady state, the amount of Ca taken up by the
SR during relaxation must equal the amount
released, and the amount that enters by I¢,
and NCX must equal the amount extruded.
The fraction of activating Ca that crosses the
SR vs sarcolemma varies among species. In
mouse and rat ventricles, 90-95% of the acti-
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vator Ca cycles through the SR, with only 5-
8% transported via I, and NCX. In contrast,
in rabbit, dog, cat, guinea pig, ferret, and hu-
man ventricles, this balance is closer to 70%
SR and 25-28% sarcolemmal (1). In HE, in
which typically SERCA function is decreased
and NCX function is enhanced, this balance
can be shifted closer to 50-50% (57, 95). This
balance has important implications for under-
standing and modulating Ca transients in HE.
It also places constraints on a popular index
of E-C coupling, namely gain. Gain is exper-
imentally defined in different ways, but in the
strict sense, it is the amount of SR Ca release
divided by the amount of trigger Ca influx
(total Carelease/integrated Ic,). Thus, the de-
tailed quantitative analysis of Ca fluxes, which
is easier to do on the extrusion side (1), indi-
cates that the physiological gain of SR Ca re-
lease is 2.5—4 in most mammalian ventricular
myocytes but is much higher in ratand mouse
(in the range of 12 to 20). Rat and mouse ven-
tricular myocytes also have an unusually short
APD, lacking a prominent plateau, as well as
a different balance of K currents and sub-
stantially higher [Na];. These species differ-
ences in E-C coupling are important to keep
in mind, especially because mouse and rat are
frequently used animal models for cardiovas-
cular studies.

NCX is crucial for extruding Ca from car-
diac myocytes. So it was a surprise that the
conditional knockout of NCX in adult mouse
myocyte has a remarkably mild phenotype
(96). However, these mice show an intriguing
molecular adaptation to NCX ablation. There
is no functional upregulation of sarcolemmal
Ca-ATPase (the other Ca extrusion mecha-
nism in myocytes). Instead, myocytes reduce
I¢, 1, and shorten the APD (via enhanced I,,,),
which further decreases total Ca influx. Al-
though this experiment has been done only
in mouse, I wonder if a more human-like
species with longer APD and greater trans-
sarcolemmal Ca fluxes would make the same
adaptation, and if it would suffice. Follow-
up studies in these NCX knockout mice
suggested that Ic, was reduced because of
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elevated cleft [Cal;, raising again the possi-
bility that NCX is important in modulating
cleft [Ca]; (97).

Ca-DEPENDENT
CONTRACTILE ACTIVATION

The rise of [Ca]; activates contraction by the
binding of Ca to TnC (which is similar to
CaM), a part of the thin-filament regulatory
complex (Figure 2). Upon Ca binding, TnC
binds troponin I (Tnl) more strongly, pulling
Tnl off its actin-binding site, such that the
troponin/tropomyosin complex rolls deeper
into the groove of the actin filament, allowing
myosin heads to interact with actin. When a
myosin head attaches, forming a crossbridge,
it can push the troponin/tropomyosin com-
plex even deeper into the groove, which facil-
itates the formation of crossbridges at neigh-
boring actin sites and the binding of Ca at
neighboring TnC sites. This contributes to
the strong cooperativity observed in myofila-
ment Ca sensitivity curves [Hill coefficients
of 6-8 have been reported (98)]. Notably,
the Ca-force interaction is reciprocal because
crossbridge binding and force generation en-
hance the affinity of Ca binding to TnC, slow-
ing Ca dissociation and thereby prolonging
the active state.

It has been suggested that Ca dissoci-
ates rapidly from the myofilaments (parallel-
ing [Cal; decline) and that Ca-independent
myofilament processes fully dictate relax-
ation kinetics and even maintain maximal
systolic pressure (99) because of long-lived,
Ca-free crossbridge cycling. However, this
is based on indirect inferences about my-
ofilament Ca binding, and true measures of
TnC-bound Ca during normal contractions
would be needed to test this hypothesis. I
suspect that the increase in Ca affinity (and
slowed Ca off-rate) during contraction can
largely explain the time lag between [Cal;
decline and relaxation. Indeed, an acceler-
ation of [Ca]; decline accelerates relaxation
proportionally, whereas PKA-dependent Tnl
phosphorylation (accelerating TnC-Ca off-

rate without accelerating [Cal; decline) has
a much weaker lusitropic effect (100). Nev-
ertheless, altering the off-rate of Ca bind-
ing to TnC does influence relaxation rate, es-
pecially under relatively isometric conditions
(100-103). Overall, then, there is a dynamic
interplay between Ca binding, crossbridge co-
operativity, and myofilament deactivation, in
which [Ca]; decline, TnC Ca affinity, and
intrinsic crossbridge properties all influence
relaxation.

The Frank-Starling law of the heart
(greater diastolic filling leads to stronger con-
traction) was classically explained by sarcom-
ere anatomy. That is, with increasing sar-
comere length (SL), the overlap of thick
and thin filaments is more optimal, allowing
more crossbridges to form and greater force
development. Furthermore, cardiac muscle
becomes very stiff as SL increases to the
optimum overlap, such that physiologically,
the declining limb of the length-developed
tension curve at which myofilament overlap
would progressively decline would never be
reached. In skeletal muscle SL is typically lim-
ited from entering the descending limb of the
curve by the range of motion around joints
(e.g., the biceps/elbow).

Although myofilament overlap contributes
to the Frank-Starling law, increasing SL also
dramatically increases myofilament Ca sensi-
tivity (104, 105), and this Ca sensitization is an
even more important factor (106). This raises
the question, why does increasing SL increase
myofilament Ca sensitivity? An attractive hy-
pothesis, based on constancy of myocyte vol-
ume, is the following (107-109). As myocyte
and SL increase, the width and filament lat-
tice spacing decrease, bringing thick and thin
filaments closer together and increasing the
likelihood of crossbridge formation and co-
operative Ca binding. Indeed, osmotic com-
pression of the myofilament lattice can mimic
the enhanced myofilament Ca sensitivity seen
by increasing SL. Although lattice spacing is
probably the dominant factor enhancing my-
ofilament Ca sensitivity at longer SL, this may
not be the whole story (109, 110), and the
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Figure 2

Ca transport, myofilament Ca activation, and mitochondrial Ca handling. Ca influx and Ca-induced Ca
release from the sarcoplasmic reticulum (SR) activate the myofilaments. Ca binding to troponin C (TnC)
atits N terminus causes TnC to bind to the C terminus of troponin I (Tnl), pulling TnI off its site on
actin and allowing tropomyosin (T'm) and the third part of the troponin complex (TnT) to roll deeper
into the groove between actin monomers. This allows myosin to bind to actin, and this further shifts
Tm-TnT deeper into the groove, enhancing Ca binding and crossbridge formation at neighboring sites
and resulting in cooperativity (myofilament depiction is modified from a version kindly supplied by Dr.
R.J. Solaro, University of Illinois, Chicago). Ca can also enter mitochondria via a Ca uniporter and is
extruded by a Na/Ca antiporter (NCX). This mitochondrial NCX is different from sarcolemmal NCX,
and its stoichiometry is controversial (2-3Na:1Ca). Na is extruded from mitochondria by electroneutral
Na/H exchange (NHX), and protons (H) are extruded by the electron transport chain [including
cytochromes (Cyto)]. The mitochondrial FoF;-ATPase uses the energy in the inward H gradient to
couple H influx to ATP synthesis. Increases in mitochondrial [Ca] activate dehydrogenases that supply
reducing equivalents (as NADH) to stimulate ATP synthesis. The mitochondrial permeability transition
pore (MPTP) is thought to be composed of the voltage-dependent anion channel (VDAC), adenine
nucleotide translocator (ANT), and cyclophilin D (CycD). PLB, phospholamban; RyR, ryanodine
receptor.
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molecular details of this effect have yet to be
delineated.

Frequency-dependent acceleration of re-
laxation (FDAR) is likely a physiologically
important mechanism in allowing ventricu-
lar refilling at increasing heart rates, but the
molecular mechanism has been elusive. Early
work showed that accelerated SR Ca up-
take was involved and made a plausible case
for frequency- and CaMKII-dependent phos-
pholamban phosphorylation at Thr 17, which
may match the time course of FDAR accu-
mulation and washout (111, 112). However,
FDAR was still present in phospholamban
knockout mice but appeared to be CaMKII
dependent, suggesting that CaMKII is in-
volved but phospholamban phosphorylation
is not required (113, 114). Whereas our stud-
ies have implicated CaMKII in FDAR [at
least in part (115)] and shown parallel effects
on [Cal; decline and relaxation, some groups
have failed to see effects of CaMKII inhibitors
(116-118) and also raised the possibility of al-
tered myofilament properties (118). It is fair
to say that at this point the molecular mech-
anism remains unresolved. In a physiological
context, heart rate increases via sympathetic
activation, so intrinsic FDAR would synergize
with PKA-dependent acceleration of [Ca]; de-
cline (via phospholamban phosphorylation at
Ser 16) and reduced Ca affinity of TnC to ac-
celerate relaxation.

Ca AND ENERGY BALANCE
(MITOCHONDRIA)

The two biggest consumers of myocyte
ATP during the cardiac cycle are the Ca-
dependent myofilament ATPase and ion
transport ATPases (e.g., SR Ca-ATPase and
Na/K-ATPase). Because more Na enters the
myocyte via NCX (to extrude Ca) vs via Na
channels and extrusion of that Na requires
Na/K-ATPase activity, a vast majority of ATP
consumption is either regulated by Ca or in-
volved in transporting Ca. Mitochondria are
of course the main producers of myocyte ATP,
and the details of regulation of ATP pro-

duction are beyond the scope of this review
(Figure 2). However, micromolar intrami-
tochondrial [Ca] ([Ca]miw,) can activate the
mitochondrial F;FyATPase (119) and several
key mitochondrial dehydrogenases (pyruvate
dehydrogenase, «-ketoglutarate dehydroge-
nase, and NAD-dependent isocitrate dehy-
drogenase) (120). Thus, mitochondrial Ca
may provide important feedback between en-
ergy supply and demand. Indeed, when car-
diac muscle work is increased (with glucose as
the substrate), [NADH] abruptly decreases,
reflecting ATP consumption. However, if the
increased workload was associated with a
higher amplitude or frequency of Ca tran-
sients, [NADH] recovered gradually, match-
ing the time course of the slow rise in [Ca]yjico-
In contrast, if the imposed workload was
not Ca dependent (e.g., mediated by in-
creased SL), NADH declined but failed to re-
cover (121, 122). This suggests that [Ca]ygio-
dependent activation of dehydrogenases may
be important in balancing energy supply to
demand when increases in workload mediated
by Ca occur (i.e., most inotropic mechanisms,
but not Frank-Starling).

So how is myocyte [Ca]pr, regulated? Ca
can enter mitochondria via a Ca uniporter,
but the rate is extremely low under physiolog-
ical conditions, such that during a normal Ca
transient only ~1% of the Ca removed from
the cytosol is taken up by mitochondria (123).
At a steady-state beat this small amount of Ca
must also be extruded from mitochondria to
the cytosol, presumably late in diastole, be-
cause Ca extrusion via the Na/Ca antiporter
(which differs from sarcolemmal NCX) is
very slow. Indeed, mitochondria take many
tens of seconds to extrude a moderate Ca load.
Such a Caload can be generated by increasing
either the frequency or amplitude of Ca tran-
sients (such that efflux cannot keep up with
the increased influx) or by the application
of caffeine with NCX blocked (disabling the
two dominant competitors of the uniporter
in myocytes, SR Ca-ATPase and NCX).
Moreover, this extrusion is up a huge electro-
chemical driving force for Ca entry (-180 mV
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inside-vs-cytosolic ~ potential;  diastolic
[Ca]mieo 1s similar to [Cal;) and is thus very
expensive energetically.

This framework, in which beat-to-beat
changes in [Ca]y, are small but cumulative
changes in [Ca]yi, over several or tens of
seconds cause regulatory changes in ATP pro-
duction, fits most of our data and much histor-
ical data from isolated mitochondria. How-
ever, Ca uptake via the Ca uniporter can be
dramatically increased when [Cal; levels are
chronically elevated to greater than 1 pM
(K ~ 30 uM), although this activation seems
to take time at high [Cal;. This may limit
uniporter-mediated Ca uptake during normal
E-C coupling conditions (allowing Ca use in
contractile activation) but also permit mito-
chondria to accumulate large amounts of Ca
during cellular Ca overload (to protect the cy-
tosol from Ca overload).

This working model may be overly sim-
plistic, and several critical controversies need
to be resolved. First, [Ca]y, may increase as
fast as or faster than [Ca]; upon SR Ca re-
lease (124-127). One explanation for this is
that the end of a mitochondrion is typically
in close proximity to the site of SR Ca re-
lease, where local [Ca]; is much higher than
bulk [Ca];. Indeed, mitochondria, like cou-
plons, are packed around the myofilaments
(whose course cannot be interrupted with-
out mechanical consequence). This explana-
tion may be correct, but none of these [Ca] o
measurements have been calibrated, so it is
difficult to know whether the phasic signals
correspond to only the 1% of cytosolic Ca
removal mentioned above. However, Maack
et al. (127) suggested that mitochondrial Ca
uptake may be even higher, possibly sufficient
to limit the [Ca]; transient and contraction.
Quantitative measurements will be required
to resolve this issue. Second, the [Ca]e de-
cline signal in some of these studies was com-
parable to or only 2.5 times slower than [Ca];
decline. This is more worrisome because it is
inconsistent with known mitochondrial Ca ef-
flux mechanisms (which are much slower than
SR Ca-ATPase). This issue will be important
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to resolve. Other issues requiring resolution
include the still unknown molecular identi-
ties of the Ca uniporter and Na/Ca antiporter
and a provocative, but controversial, report of
askeletal muscle RyR presentin mitochondria
that may mediate Ca fluxes (128).

Although mitochondria make most of
the myocyte ATP, glycolytic enzymes cluster
around both the SR Ca-ATPase and Na/K-
ATPase [and the ATP-sensitive K channel
(e.g., Reference 129)]. This is notable be-
cause glycolysis can keep local [ATP] high
and local [ADP] low, both of which help these
pumps develop high transmembrane [Ca] and
[Na]/[K] gradients (as these gradients depend
on AGyrp and hence on [ADP][P;]/[ATP)).

Ca AND CELL DEATH

Cell death can be by either necrosis, pro-
grammed cell death (apoptosis), or autophagy,
but I restrict discussion here to the first two
(130, 131). Myocyte and particularly mito-
chondrial Ca overload can be involved in both
necrosis and apoptosis. As indicated above,
when myocytes are overloaded with Ca (e.g.,
in reperfusion after ischemia), mitochondria
(which occupy ~35% of cell volume) can
temporarily take up large amounts of Ca,
thereby limiting hypercontracture, the acti-
vation of Ca-dependent proteases (calpains),
and arrhythmias. However, mitochondrial Ca
uptake occurs at the expense of ATP produc-
tion. That is, the same mitochondrial mem-
brane potential is used to drive uncoupled Ca
influx as is used for proton influx that is cou-
pled to ATP synthesis. In the extreme case, Ca
uptake can depolarize mitochondria entirely.
Thus, this is only a temporary solution be-
cause if most mitochondria in a myocyte have
taken up an excess of Ca, the myocyte cannot
function energetically.

High [Ca]p activates the mitochondrial
permeability transition pore (MPTP), which
is thought to be composed of the ade-
nine nucleotide translocator (ANT), voltage-
dependent anion channel (VDAC), and cy-
clophilin D (Figure 2). However, recent work
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with knockouts of ANT, VDAC, and cy-
clophilin D has failed to abolish MPTP func-
tion (132-134), indicating that we do not
understand adequately either which proteins
comprise the MPTP or how it works func-
tionally. The MPTP allows molecules of up
to ~1500 Da to flow freely across the mito-
chondrial membrane. This immediately dis-
sipates the mitochondrial membrane poten-
tial and releases Ca to the cytosol because
the electrical gradient had driven [Ca]pio >
[Ca];. This exacerbation of cytosolic Ca over-
load results in hypercontracture, ATP deple-
tion, and cell death. For Ca-overload-induced
cell death, what may distinguish necrosis from
apoptosis is simply whether the cell runs out
of ATP (leading to necrosis) or has suffi-
cient ATP to follow the apoptotic pathway.
The MPTP opening also uncouples oxidative
phosphorylation and causes swelling of the in-
ternal mitochondrial matrix, leading to rup-
ture of the outer mitochondrial membrane.
This allows mitochondrial cytochrome ¢ re-
lease, contributing to caspase activation and
apoptosis [although cytochrome ¢ release does
not require MPTP activation (130)].
Ca-dependent proteases (calpains) may
also be activated during Ca overload dur-
ing ischemia-reperfusion, cleaving key pro-
teins such as Tnl and others, and this may
be involved in long-term contractile dys-
function associated with myocardial stunning
(135, 136). In ischemia-reperfusion, calpain
also cleaves the proapoptotic BH3-only Bcl-2
family member Bid, which can trigger mito-
chondrial cytochrome ¢ release and apoptosis
(137). Thus, Ca-dependent signaling can be
critically involved in cell death pathways.

Ca IN TRANSCRIPTIONAL
REGULATION AND
HYPERTROPHY

Ca-dependent signaling is also involved in
transcriptional regulation and hypertrophic
signaling in the heart. Transgenic overexpres-
sion of CaM causes hypertrophy (138), and
CaM inhibition can block myocyte hypertro-

phy (Figure 3) (139). This implicates Ca-
CaM-dependent pathways in cardiac hyper-
trophic signaling. Two major Ca-dependent
hypertrophic signaling pathways are Ca-
CaM-CaMKII-HDAC (histone deacetylase)
and Ca-CaM-calcineurin-NFAT (nuclear fac-
tor of activated T cells) (140-143).

Ca-CaM-CaMK-HDAC Pathway

CaMK has been implicated in the regulation
of various transcription factors, e.g., activa-
tion protein-1 (AP-1), activating transcrip-
tion factor-1 (ATF-1), serum response fac-
tor (SRF), cAMP-response element binding
protein (CREB), and myocyte enhancer fac-
tor 2 (MEF2) (144). CREB can be phos-
phorylated by CaMKII and CaMKIV, but
CREB phosphorylation levels were unaltered
in transgenic mice overexpressing CaMKIIdg
or CaMKIV that develop hypertrophy and
HF (140, 145). This implied that CREB was
not critical for CaMKII-dependent cardiac
hypertrophy. In contrast, CaMK-dependent
MEF2 activation is strongly implicated in hy-
pertrophy (140), but not by phosphorylat-
ing MEF2. Rather, the CaMKII- MEF?2 link
seems to be via class Il HDAC: (as transcrip-
tional repressors) (142, 143).

Most class I HDACs (HDACA4, -5, -7,
and -9) are expressed in the heart and have
a unique MEF2-binding domain in the N-
terminal extension thatis notin other HDACs
(143). This N-terminal extension also con-
tains two conserved serines that, when phos-
phorylated, bind to the chaperone 14-3-3
(masking a nuclear localization signal), and
the complex is exported from the nucleus
via CRM1 (chromosomal region maintenance
protein 1) (thereby relieving MEF2 repres-
sion). HDAC activity is opposed by his-
tone acetyltransferases (HATS), which com-
pete with HDAC:s for the same binding site
on MEF2. HATs acetylate core histones and
relax chromatin structure, allowing transcrip-
tional activation. Although Ca-CaM can bind
to the MEF2-binding domain of HDACs
and dissociate the MEF2-HDAC complex,
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Figure 3

Ca-dependent transcriptional activation in cardiac myocytes. In addition to the Ca regulation in
excitation-contraction coupling (rop left, as in Figure 1), and potential role of InsP3R (IP3R) in triggered
arrhythmias (top right), Ca-dependent signaling to the nucleus can modulate transcription. G
protein—coupled receptors (GPCR) such as those for endothelin-1 (E'T-1) or a-adrenergic agonists
[phenylephrine (Phe)] and tyrosine kinase receptors (TKR) such as those activated by insulin-like growth
factor (IGF) and fibroblast growth factor (FGF) can activate phospholipase C (PLC) to produce
diacylglycerol (DAG) (which can activate PKC) and InsP3 (IP3). IP3R in the nuclear envelope associate
with calcium-calmodulin-dependent kinase 115 (CaMKII5), which can be activated by local
IP;R-mediated Ca release, resulting in histone deacetylase (HDAC) phosphorylation (which also occurs
by PKD) and nuclear export. This relieves HDAC-dependent suppression of myocyte enhancer factor 2
(MEF2)-driven transcription. Calcineurin (CaN) is activated by Ca-CaM and can dephosphorylate
NFAT (nuclear factor of activated T cells). NFAT is then translocated to the nucleus, where, along with
the transcription factor GATA, it can stimulate the transcription of genes contributing to hypertrophy.
The orange clouds indicate where local [Ca] elevation is critical for signaling near RyR and InsP3;R. P
indicates phosphorylation, MF denotes myofilaments, and G and B are subunits of the G protein Gq.
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phosphorylation of the two conserved HDAC
serines is probably the more important phys-
iological mechanism to derepress MEF2, al-
lowing transcriptional activation. CaMK is a
class IT HDAC kinase (143, 144).

Olson’s group has characterized how G
protein—coupled receptors (e.g., endothelin-
1 and phenylephrine) regulate HDAC4 and
HDACS phosphorylation in Cos cells and
cultured neonatal rat ventricular myocytes
(143, 145-147). HDAC4 has a CaMKII dock-
ing site near the key phosphorylation sites,
making CaMKII a privileged activator of
HDAC4 nuclear export and HDAC4 a key
CaMKII-dependent regulator of hypertrophy
(148). Indeed, CaMKII-dependent HDAC4
phosphorylation causes hypertrophy, whereas
overexpression of HDAC4 limits agonist-
induced hypertrophy. However, there is no
information about what specific Ca signals
are involved in CaMKII-dependent HDAC4
phosphorylation. In their cellular expression
systems, HDACS (which lacks the CaMKII
docking site and a third phosphorylation site)
does not seem to be activated by CaMKII.
Rather, protein kinase D (PKD) mediates
HDACS phosphorylation and export for both
endothelin-1 and phenylephrine. Moreover,
for phenylephrine, PKC is responsible for
PKD-dependent HDACS phosphorylation,
whereas for endothelin-1 PKD activation ap-
pears to be PKC independent (although how
PKD is activated in this case is unclear) (147).

We studied HDACS translocation in adult
rabbit and mouse ventricular myocytes and
found that endothelin-1-induced HDACS
nuclear export depends equally on CaMKII
and PKD (149). Part of the difference may
be that myocyte PKD expression dramati-
cally decreases as neonatal myocytes mature to
adult myocytes (150), and CaMKII may have
greater access to HDACS in adult myocytes.
We also examined the detailed Ca signaling in
endothelin-1-induced HDACS phosphoryla-
tion in adult ventricular myocytes. Nuclear
export required InsP; (and type 2 InsP;Rs),
Ca release from stores, CaM, and HDACS
phosphorylation but was completely insensi-

tive to the Ca transients associated with E-
C coupling (cytosolic or nuclear) or PKC
inhibition (149). Adult ventricular myocytes
express almost only type 2 InsP;Rs (which
form a strong complex with CaMKII?), and
these receptors are localized mainly on the
nuclear envelope (151). Moreover, CaMKII-
dependent InsP;R phosphorylation inhibits
InsP;R channel activity (a type of negative
feedback). We concluded that endothelin-1
induces InsP; production and diffusion to the
nuclear InsP; R, causing locally very high [Ca];
at the mouth of the channel to activate lo-
cal CaMKII. CaMKII can then phosphory-
late HDACS. In this way myocytes can distin-
guish simultaneous local and global Ca signals
involved in contractile activation from those
targeting gene expression.

Ca-CaM-Calcineurin-NFAT
Pathway

Calcineurin (phosphatase 2B) has two sub-
units, CnA and CnB. CnA includes the
CaM-binding and phosphatase domains but
requires CnB for activity. Calcineurin has
much higher Ca-CaM affinity than does
CaMKII (K, ~ 0.1 vs 50 nM). Thus, whereas
CaMKII may respond to high-amplitude
(or frequent) Ca oscillations and require au-
tophosphorylation for true signal integration,
calcineurin may be better at sensing smaller
sustained [Ca]; elevations, and the low off-
rate allows intrinsic signal integration (152).
Upon activation by Ca-CaM, calcineurin
dephosphorylates NFAT, causing NFAT im-
port into the nucleus, where NFAT can work
cooperatively with the cardiac-restricted zinc
finger transcription factor GATA4 to activate
hypertrophic gene transcription (153). Car-
diac overexpression of activated calcineurin
or NFAT causes massive cardiac hypertrophy
and HF. In contrast, calcineurin inhibition
(with numerous inhibitors and approaches)
can prevent hypertrophy induced by a wide
variety of stimuli in vivo and in vitro, and
cardiac expression of dominant negative
calcineurin  or CnAf knockout impairs
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hypertrophic responses to pressure overload,
angiotensin II, and isoproterenol infusion
(141, 153-155). Whereas knockout of
NFATc4 does not block hypertrophy, knock-
out of NFATc3 inhibits the hypertrophic
response to aortic banding, angiotensin II
infusion, or active calcineurin overexpression
(156). Several kinases that are also implicated
in hypertrophic signaling (p38, JNK, and
glycogen synthase kinase-3f) can phospho-
rylate NFAT (153). Thus, the calcineurin-
NFATe3 pathway is also a Ca-dependent
nodal point in cardiac hypertrophic
signaling.

Although calcineurin-NFAT is a Ca-CaM-
driven pathway, there is remarkably little
information in adult cardiac myocytes regard-
ing the specific types of Ca signals that acti-
vate this system. In some lymphocyte studies,
sustained global [Cal; elevation seems key in
activating NFAT signals (152, 157), whereas
in others [Cal; oscillations are more efficient
NFAT activators (158, 159). In hippocampal
neurons, L-type I, induces NFAT transloca-
tion (160). In skeletal muscle, electrical stimu-
lation with patterns typical of slow-twitch (but
not fast-twitch) muscle caused calcineurin-
dependent NFATc1 translocation to the nu-
cleus (161). It will be valuable to get a better
understanding of what specific subcellular Ca
signals activate cardiac myocyte calcineurin
and drive nuclear translocation of the differ-
ent NFAT isoforms.

Finally, a novel Ca-related transcriptional
regulatory pathway in neurons has been de-
scribed. This pathway involves a cleaved C-
terminal fragment of the L-type Ca channel
(162). Maneuvers that lower [Ca]; cause nu-
clear translocation of this fragment, whereas
I¢, activity and elevated [Ca]; diminish nu-
clear localization. In the nucleus this frag-
ment appears to bind to proteins known to
regulate transcription, and many genes are
differentially regulated when this fragment
is expressed. It will be interesting to see
if this pathway is exhibited in cardiac my-

Bers

ocytes [where L-type Ca channels are simi-
larly cleaved (163)] and how it is regulated by
Ca.

These Ca-CaM-dependent excitation-
transcription coupling pathways outlined
above may alter the transcription of key Ca
transport and regulatory proteins such as
SERCA, phospholamban, NCX, RyR2, CaM,
and CaMKII. This Ca-dependent regulation
of Ca handling protein expression may be part
of a long-term feedback loop. This may work
by altered Ca signaling that triggers the al-
tered expression of genes that may feedback
to normalize cardiac myocyte function or con-
tribute to the exacerbation of hypertrophic or
HF phenotypes.

CONCLUSIONS

In summary, Ca participates as a critical sig-
naling molecule in many different myocyte
systems and on various timescales (millisec-
onds to hours or days) and in different spatial
environments that allow a myocyte to distin-
guish between Ca signals that activate SR Ca
release in E-C coupling, DADs, contraction,
and gene transcription. I raise here a number
of specific issues for which our understand-
ing of Ca-dependentregulation is incomplete,
and these individual questions merit further
investigation. With the complex pleiotropic
effects of Ca in cardiac myocytes, it also be-
comes more important to consider the inte-
grative influences at the cellular and tissue lev-
els of these individual molecular regulatory
mechanisms. For example, how do the mul-
tiple effects of altered Ca handling and sig-
naling impact the AP shape (and functional
expression of key proteins) of different cells
in the heart, and how do these predispose one
to whole-heart arrhythmias in HF? This re-
quires additional experimental work at multi-
ple levels. Our understanding of these issues
may also be assisted by improved mechanistic
computational models to guide experiments
and test our understanding.
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