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Dysfunctional intracellular calcium cycling in cardiac alternans

Joshua N. Edwards and Lothar A. Blatter

Department of Molecular Biophysics and Physioldgiysh University Medical CenteChicago, IL 60612, USA.

Summary depolarization of the siate membrane potential (Y by
) o _an action potential, follsed by the entry of xracellular

1. Cardiac alternans refers to a condition in whichgicium through eltage-gited sarcolemmal L-type &a
there is a periodic beat-to-beat oscillation in electricgdyannels (also referred to as ydropyridine receptors,
activity and the strength of cardiac muscle contraction atl:")‘HPRs). C&" influx triggers intracellular G4 release by
constant heart rate. Clinicallgardiac alternans occurs in activating Ca&*-sensitie Ca2* release channels (ryanodine
settings that are typical for cardiac atmias and has receptors, RyRs) in the sarcoplasmic reticulum (SR)
been causally linked to these conditions. membrane by a mechanism termed?@aduced CA&'

2. At the cellular le€l, alternans is defined as beatg|ease (CICRY.The amplified C¥ release from the SR
to-beat alternations in contraction amplitude (mechanic@lises intracellular [C4] ([Ca%]) which actiates the
alternans), action potential duration (APD; electrical Oggntractile apparatus and force is produced. Relaxation of
APD alternans), and €a transient amplitude (G4 (agiac cells is dependent upon mechanisms thaerlo
alternans). _ _ _ [Ca"]. through reupta& into the SR by the

3. The cause of alternans is multifactorial weaer sarcoplasmic/endoplasmic  reticulum 2Ca ATPase
alternans alays originate from disturbances of the bi'(SERCA) and extrusion from the cell primarilyia
directional coupling between membrangltage (V) and  garcolemmal sodium-calciunxeéhange (NCX). Reuptak

intracellular calcium ([C%T]i). Bi-directional coupling o cz+ provides the necessary filling of the SR to wilo
refers to thedct that in cardiac cells, Mdepolarization and g fficient C&* for release during the next heartbeat.

the genera_tion of_action potentia_ls cause theattm of Ventricular myogtes typically hae a vell-developed
[Ca], that is required for contraction (a process referred {ynq\erse (1) tubular system. The t-tubular system consists
as excitation-contraction coupling). The changes ofICa of jnvagination of the surface membrane thateeds as a

on the other hand control \because important membranes_gimensional network of namo transerse and
currents are Ca-dependent. longitudinal tulules throughout the entire c8ll.

4. Evidence is mounting that alternans is U“imate')&pproximately 30-50% of the sarcolemmzists as the t-
caused by disturbances of cellular’Chomeostasis. Here tubular system and forms a well-connected membrane
we review how two key factors of cardiac cellular &a netvork within the cell, bt contiguous with the

signali_n_g - the rel_ease of &drom internal stores and the extracellular space. DHPRs together with mather ion
capab|I_|ty of cleanng_the cytosol fro_m €after each beat - channels and transporters are located in the uiub
deter_mme the conditions under whlch altemans occurs. TRmbrane. Clusters of RyRs on the terminal cisternae of
contritutions from ley C_}a?" handling proteins - swate he SR membrane appose DHPRs separated only by a
membrane channels, ion pumps _and transporters, g qy (a few ranometers) cleft, forming a dyad of dw
internal C&" release channels - are discussed. adjacent membranésThe dyad is the functional unit of SR
Ca* release, termed SR €arelease unit (CB)* or
couplon® C&* sparks are considered the elementasnts
Cardiac alternans refers to a condition characteriz&fi C&* signaling in cardiac cefisarising from CICR at
by a periodic beat-to-beat oscillation in electricalaigti  individual CRUs, and according to the ‘local control’ model
and the strength of cardiac muscle contraction at a constahtcardiac &citation-contraction couplifgare recruited
heart rate. The clinical manifestations of alternans occur iindependently and spatially summate to produce & Ca
mary settings in which arrhythmias are also commontransienf:® The well deeloped t-tubular network in
however, its origin can be followed to the cellular andventricular myogtes ensures simultaneous wation of SR
subcellular lgel. Here, we will reiew the alternans field C&* release throughout the entire ventricular nyyec
from the perspecte o the cellular disturbances of during an action potential, resulting in spatially separate
electrical and calcium signaling which lead to théather homogeneous €aransients (Figure 1A).

Introduction

proarrhythmic condition of alternans. The fundamental process okodtation-contraction
o ) o _ coupling in atrial and ventricular cells shows similarities,
Excitation-contraction coupling in cardiac muscle but also important structural and functional differences. The

. . . t-tubular system in atrial cells is significantly lesy@eped
.Each heartbeat requires a coordmatedvaqnn of or even entirely absent®!! although there are species
cardiac muscle cells to sustain the pump function of tqu

heart. Excitation-contraction coupling describes the proceggferences. Br example, rudimentary t-tubular structures
' o e : ' e found in rat? sheep® and dog'* The spatial vicinity to
that cowerts electrical actiation into mechanical acfity p ¢ P y

. . ) h r membran fin f SR, term
and muscle contraction. The sequencevents begins with the surace membrane defines atypes of SR, termed
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Figure 1. Cellular and subcellular Ca?* alternansin cardiac myocytes. A,B: Spatiotempal characteristics of C& tran-
sients during alternans in a atriahj and ventricular B) myocyte From top: whole cell C&' transients, @nsvese confo-
cal line scan imges and subcellular [Cé“]i profiles ecoded from subsarcolemmal (ss, black; corresponding to j-SR Ca
release) and central (ct, red; casponding to nj-SR CGarelease) egons of the myocytéanels A and B modifiedaim
Huseret all® with permissionC: Spatiotempaal characteristics of C& transients during alternans in an atrial myocyte
whele aubcellular discordant or ‘out-of-phase’ alternanseapresent. The global [C?a]i profile sugests no C4&" alter-
nans, however spatially restrictedgfites identify subcellularegons with no alternans coexisting witegons alternating
out-of-phase.

junctional (j-SR) and non-junctional (nj-SR) SR. Becausspontaneous pro-arrhythmic Tarelease eents (C&*

of the absence of t-tubkes in atrial myocytes j-SR is waves) and the propensity to wi#op cardiac alternans as
restricted to the cell peripheroth j-SR and nj-SRxpress will be discussed bela

RyRs, and - compared tcentricular myocytes - va a )

higher density of IPreceptors>16In atrial cells, peripheral Cardiac alternans

j—SR and the more cerltrally located nj-SR are cap_able of In 1872, for the first time a evy interesting
active and rolist SR C#' release, hoever the mechanism phenomenon, consisting of beat-to-beat oscillations in

of actwgtlor_l dlfferg. Act|orl potential-induced membr":“f]earterial pressure that occurred while the heart rate remained
depolarization actetes C&' entry through L-type Ca

: i ~ __constant, s reported by raube!® This observation, called
channels which triggers CICR from RyRs of the J'SR'puIsus alternaris would ultimately be known as

Elevation of peripheral [C%t‘]i propagtes thervia CICR in mechanical alternans. With the =i of the

" . N . S
a Ce" wavelike fashion in centripetal direction by aelectrocardiogram (ECG) similar beat-to-beat alternations

d||:f_fu5|on1—:3eac2tlon prrc])cesst or ?. fire itkbe-fire mecfhte;]r?lsm f electrical activity of the heart (electrical alternans) were
(Figure 1B). As a characteristic consequence of this mofig., jaq i laboratory animdfsand humang! and are

ot 2

.Of actmﬁatllcl)n _ar;]d U|traStrUC£§{§.| a_ltrrr]angem:ants, tt))aallia?se typically referred to as repolarization owhvealternans. It
IS SE’a lafly inhomogeneo with comple subceflular -, recognized early on that conditionsmflsus alternans
[Ce? ]; gradients (Figures 1B and 1C). These structural a re associated with we cardiac pathologies and poor
functional diferences are important for the susceptibility tcbrognosis’-z To date. it is well established that cardiac
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Figure 2. Electrical, mechanical and Ca?* alternans in cardiac myocytes. A: Simultaneousacodings of action poten-
tials and cell shortening from a single ventricular myocgealing discordant eleadmedanical alternans. @ the right,
two action potentialsecoded during successive small- (open circle) andidaamplitude (filled circle) shortenings er
superimposed to illustrate the fdifences in duration and kinetics. Modified from Hueseall® with permissionB: Simul-
taneous ecodings of cytosolic ([Cﬁ*]i; top) and intra-SR ([C#] sp bottom) C&* alternans from a single ventricular
myocyteC: Simultaneousecodings of [Cé"]i (top) and [, (bottom) in voltge-clamped atrial myocytesoThe right, an
owerlay of |, measued during a lage-amplitude C&" transient (L; blue tace) and a small-amplitude €atransient (S;
red trace) shows that (4 alternans ae rot accompanied by alternating peak.| Modified from Shr et al® with per
mission.

alternans is linked to increased risk for atrial aedtsicular cyclic, beat-to-beat alternations in contraction amplitude
arrhythmias and sudden cardiac death across a wide rarfgeechanical alternans), action potential duration (APD;
of pathoplysiological conditions, including ischemia andelectrical or APD alternans), and Laransient amplitude
myocardial infirction6-23-2° T-wave dternans in the ECG (C&* alternans) at constant stimulation frequeKEigure
and micr@olt electrical alternans testing Ve kecome a 2). Alternans is induced typically by rapid heart rates,
prognostic tool for arrhythmia risk stratification andhowever, the pacing threshold required to initiate it is
antiarrhythmic therap3-32 influenced by a wideariety of factors and conditioffs®
At the cellular Ie€l, cardiac alternans is defined byand \aries among different mammalian specée¥
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Conditions that lower the pacing threshold includeasynchronously or ‘out-of-phase’. Such gims are
hypothermia3®42 interference with cellular engy separated by nodal linBswhich mark areas of highest
metabolism through inhibiton of glycolysi8*345 [C&]. and APD gradients and become sites of origin for
hypocalcaemi&®41:4647 disturbance of mitochondrial arrhythmias. The terminology discordant/concordant is also
functions?#4849 hypercapnic acidosi®;®! ischemia?®® used at the subcellularvig and describes alternans pattern
hypertroply,57IP3 receptordependent Carelease®>®and of subcellular rgions within a single cell (Figure
heart &ilure89-62 A shift to a higher pacing threshold for 1C)#37273 Alternations of the diastolic interval is critical
alternans has been reported in conditions dbr the aailability of the L-type C&" channel current &)
hypercalcaemid®4® pharmacological sensitization of theat a gien heartbeat. A longer diastolic intevallows more
SR Ca&" release channefs, and calcium channel time for recwery of lc, - '€ading to enhanced |, larger
antagonistd§?54 Interestingly, B-adrenegic stimulation, Ca&* release and longer APD during the following beat.
while generally having posit inotropic effects, can either Now the longer APD is follewed by a shorter diastolic
enhanc# or suppres®4448 alternans df. discussion intenal, leading to less rewery of I, with less C&"
below). release and shorter APD during the next beat, thus

. . o ) sustaining alternans.
M echanism of cardiac alternans: bi-directional coupling

between V _ and [Ca®'], [Ca®*], - V,, coupling

The plethora of studies on cardiac alternans clearly [Ca2+]i—>Vm coupling is determined by thadt that
document that this proarrhythmic  condition i:s[Caz"]i feeds back on V. This occurs through the
multifactorial. Nonetheless, it is generally agreed tha&la*-dependence of ion channels and transportees,
instabilities of the bi-directional coupling of Vand [Cé*]i membrane conductances that in turn also controF*IICa
are a cucial dctor for the generation of alternans. ‘Bi-cycling. With respect to cardiac alternang, | and |
directional’ coupling refers to theadt that membrane are most importarf®® [Ca?*], -V coupling can be
depolarization in form of an action potential is required tpositve a negdive dpending on which of the
initiate C&* release and to elae [Ca2+]i, howeve the Ca*-dependent ion currents or transporters dominatas. F
ensuing dynamics of [G?‘:]i affect V_ through the example, a posive [Ca2+]i—>Vm coupling occurs when the
Ca*-dependence of numerous membrane conductanceslaage C&* transient causes a prolongation of APD by
outlined belw.5> Consequentlythe question arises as topotentiating the inward nbx (1 C&* ion extruded in
whether alternans are either \or [C&*], driven 35366667 exchange to 3 Naions) to a greater extent than reducing

As such, a classic ‘chiek or egg conundrum’ exists in thel ., through C4*-dependent inaatétion.

literature relating to the att that the mechanisms Negaive [Ca2+]i—>Vm coupling occurs when
responsible  for  alternans  remain  incompletelyeduction of |, dominates wer increased ., Which
understood® 70 ultimately results in APD shortening. Other2Gaensitve

. currents (non-seleeg a@tion current, Cl current) may
V,— [Ca?*]; coupling modulate [C&7], -V, coupling, but appear to be

uantitatvely less important.
Two key parameters rel@nt to the generation of
[Ca2+]i—driven dternans at the cellular\el are i) fractional

V-driven dternans is determined by a s;ingleq
parameter - APD restitution. Theslk mncept behind the
paradigm of \/ -driven dternans is that APD restitutionis a -, 2 ”
time-dependent process resulting from the fact thaveego Caf release from the SR and SR *Céoad, and i) 5t£16e
from inactvation of ion currents underlying the actionEfficieny of beat-to-beat cytosolic Casequestratio

potential requires time (thus resulting in absolute an%ff“ti“"”ﬂ_ rbelt;:ase ,?rf éhd [je_fertsr tosﬁahaem rt10ntlme3r
relative refractoriness of »eitability). APD restitution is relationship between the end-diastolic ntent an

defined as the relationship between APD and diastol'glecgmo.?r?t of Si(ortg/o z;')tf SR |Cé cofnter:.t) rel;a%sgq by
intenval (DI). The heart rate is wersely related to yle with each heartbeatd,, a lager fraction o IS

length (CL), which is calculated as CL = APD + DI. Wher{eleased at a higher SR Caontent)’* Ca&* sequestration
heart rate ,increases the APD shortens to prest Is a phenomenological parameter and refers to the net

. ) . i .
diastolic interval for entricular filling. Therefore, electrical efficieny of cytosolic C&* remaval. It is dependent on i)

alternans is critically dependent on beat-to-beat changestrﬂ? actvity of SERCA to reload the SR, i) Nige

diastolic interval. Y. -[C&*], coupling is generally exchange and plasmalemmal 2GATPase actiity to

. . .
believed to be msitive, i.e., a long APD is paralleled by agxtrude_ Cé. from t.he cell, iii) cytogollc' bffe.rmg
strong contraction and large amplitude 2Caransient. (including mitochondrial C& uptake), and iv) diastolic SR
Positve oupling between APD and @atransient or C&* leak. Therefore, alternans can occur at modest SR

contraction amplitude is also referred to as ‘in-phase’ $gads and small fractional releases under conditions where

N . . . )
‘concordant’ at the cellular vel. ‘Negative' V.. [Ca?"], & seqyestratlon is @ Alternatively ' at high
coupling results in ‘discordant’ or ‘out-of-phase’ alternan§eauestration rates, higher“Cloads and fractional release
at the single cell k&l (Figure 2A). The term ‘discordant’ is are requwed FO induce  alternans.  In ger)eraictofrs
increasing fractional release promote, amttdrs increasing

also used at the multicellular tissugdiewhere it refers to Ca* tration & tect inst alt T
different rgions of the myocardium alternating sequestration Btiengy protect aganst alternanso
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illustrate, in heart failure where SERCAxpeession is inhomogeneities consist of subcellular trarse and
reduced and Ca release from the SR is increased, olongitudinal gradients of the deee of C&" alternans, and
during acute cardiac ischemia (where SR2*Claad is subcellular regions alternating out-of-pha%&s43.45.59
initially unaffected, but SERCA agfty is diminished due These [Cé*]i gradients and inhomogeneities result from the
to reduced ATP lels), the heart is pushed into instabilityunique structural and functional features of atnalitation-
due to diminished G4 sequestration. On the other handgontraction coupling and are consistent with simulation
under [B-adrenegic stimulation SERCA activity and studies on the relationship between the lack of tHegand
consequently SR G4 uptale and load are increased, generation of alternaf§. We demonstrated that the
leading to enhanced fractional release that tends to promotenplex subcellular [Cé*]i inhomogeneities of atrial
alternans. Increased SERCA witfi, howeve, dso alternans generates a substrate for spontanésusnpt
increases the fiengy of Ca2* sequestration, resulting in electrically triggered) proamthmic C&* release and
protection against alternans. WhetheB-adrenergic represents a mechanistic link to atrial gthmia at the
stimulation fivars® or protect§®44*8against alternans and cellular level.*® Of particular interest is the observation of
alternans-related  aiythmias depends on  which subcellular ‘discordant’ G4 alternans where subcellular
B-adrenergic effects predominate. regions alternate out-of-phase (Figure 1C)These
Recently an overarching conceptual model for subcellular areas are typically separated lgjores where
cardiac alternans has been forwarded, termed ‘3pontaneous CGa waves aiginate with high probability
theory’ 347576 The 3R theory links Ga spark properties, reminiscent of the nodal lines observed at tissua.1é
i.e. the properties of Carelease from individual CRUS, to Thus, it appears that spatially discordant alternans
whole-cell C&* alternans. CH alternans occurs due tophenomena at tissuevi can be recapitulated at the
instabilities of the relationship of 3 critical spark propertiesellular level.
(the ‘3 Rs’): 1)Randomness of CGasparks, 2Recruitment o ) ) _ )
of sparks by neighboring @R, and 3)Refractoriness of a €& handling proteinsand organellesand their rolein
CRU. An individual CRJ can be in 3 different states: c diac alternans
recovered (.e. ready to fire), firing or refractoryrhe theory
predicts (by numqr_ical computations) that allternans OCCUS census is emgng that electromechanical and 2Ca
yvhen thg propab|llty qf a spontaneous primary spark HSternans are ultimately liekl to impaired [C%]i
|nterme.d|ate (|nterm_ed|ate randgmness), cquplmg amo?&gulation, and [CH] -V_ coupling dominates the
CRUs is strong (high probability of a primary spar bam

i : q ki iahboring CRU- hi echanisms that are responsible for the occurrence of
riggering a secondary spark irom a neighboring ' Wiernan$®8486 |n the follaving paragraphs we will

degree of recruitment), and a high degree of refractorinegadress the contributions of L-type %ahannels, SR and

is prevalent (.e. the probability of a CR not being Ca&* load, the SR C4 release machinery (RyRs) and
recovered from previous release is high). This unifyingmitochonciriato alternans

theoretical frameork predicts ha Ca* cycling proteins

and oganelles (L-type C& channels, RyR, SERCA, NCX, L-type C&* channels

C&* buffers and mitochondria) affect the 3 Rs and SR Ca

load, and thus the praence of C&" alternans. Considering thatclayl_ is the critical trigger for CICR
Interestingly in the 3R framwork SR C&* load is not an during excitation-contraction coupling and SR*O=lease
explicit parameter which is consistent with our obstinn  is graded with the magnitude of the cur@t beat-to-
that C&* alternans are not dependent on alternating enBeat alternation Och,L has been considered a candidate to
diastolic [C§+]SR-10’63’77 Nonetheless, SR @aload is a cause alternans. A potential mechanism entails incomplete
critical factor for C&* alternans since load determines théime-dependent revery from inactvation of I, which
efficieng of the L-type C&" current to trigger release; it could lead to C# alternang’®** This hypothesis, heever
controls RyR function through its luminal €asensitivity Wwould have © reconcile the observation in both atrial
and influences refractoriness of release. In the next sectifiigure 2C) and ventricular myocytes that alternans can

we will summarize the specific contributions of the majo@ccur while peaka%Lremains unchanged from one beat to
C&* signaling proteins and ganelles to alternans. the net.1063.77.929% Fyrthermore, mechanical and a

As mentioned earlierdternans is a recognized risk alternans can occur in the absence of APD alternans
factor for \entricular and atrial argtthmias’?7879 (confirmed in patch-clampxperiments) and with constant
[Ca"], - V,_ coupling can be posite a negdive, i.e, result I, *%%9*%9Ca" alternans is observeden in myocytes
in both concordant and discordant alternans. At thet &  stimulated at a high frequencduring action potential
the heart, spatially discordant alternarevaf re-entry, Vvoltage clamp in the absence of APD altern&rikogether
triggering ectopic beats anddilitating the onset of lethal these data suggest that, | is unlikely paramount in the
arrhythmic  events8981 whereas concordant alternans ignset of alternans.
considered less aythmogenic®? At the cellular lgel atrial
myogytes are particularly susceptible to 2Caalternans SERCA and SR Caload

myogtes  alternans  is  typically  subcellularly|imitations of SR C& uptale kinetics preclude adequate
inhomogeneous (Figures 1B and 1C). Subcellular

Although clearly a multdctorial phenomenon,
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refiling of C&* stores, particularly after a large €a actvity of Ca&* handling proteins, for example through
transient. Consequentlithe reduced filling only permits a phosphorylation or acting as a direct modulaterg(
small C&* transient during the next beat thus resulting imodulation of RyR actity by MgATP). Mitochondria
C&* alternans. This led to the suggestion that beat-to-besitape cytosolic (Ga signals directly through Ca
alternations in end-diastolic SR €doad is a prerequisite sequestration. Furthermore, mitochondria can be a major
for alternan$® possibly due to an instability in the feedbacksource of reaote axygen species (ROS), thus determine
control of SR C& content’” However, direct and dynamic the cellular redox environment which profoundiyfeats
measurements of intra-SR [€hhave shavn (Figure 2B) cardiac excitability and the aeiy of Ca&* handling
that alternans do not require beat-to-beat alternations in $Rteins, including the RyR and SERCA (foviesv, e
Ca&* contentl®6377The role of C4 reuptale into the SR Zima & Blatter 2006'19. Thepivotal role of mitochondria
and reestablishing €aload has been furtherviestigated for C&* signaling and excitation-contraction coupling is
by enhancing SERCA autty.%-1% Indeed, using genetic further underscored by thadt that these genelles occup
approaches to upgelate SERCA2a (cardiac isoform)approximately 35% of the cell olume. Despite the

resulted in suppression of altern&ag00-102 undisputed importance of mitochondria for cardiac*Ca
o signaling and excitation-contraction coupling, it is rather
RyR and restitution of SR Eaelease surprising that mitochondria ha been rarely the topic of

The magnitude of a Gatransient is determined by thestudies on alternans mechani&rln two recent studies we

recovery of the trigger of CICR (I, restitution), SR CH demonstrated that impairment of mitochondrial functions

, 48 i i i
load and the release mechanism itself (RyRs and associa?ﬁg‘:‘:];iglsltiig;aﬁi'loéﬁetgesiasrtueige ds trlg aaﬁgg?itgg of
regulatory proteins) from the preceding heartbeat, ﬁaitochondrigl functions all enhagnced thegokee of C&'
recovery of aéry of these parameters is incomplete, théglternans induced by pacing. This coulggbe ahichy
subsequent Catransient is expected to be reduced, thus ~ . < ) . ' g

facilitating the onset of alternans. Tarelease is issipation of mitochondrial membrane potential, as well as

unavailable immediately after release due to Ry Y in_hibition of  mitochondrial F.FO'ATP synthase,
inactivation. Recwery of elementary CA sparks and Inhibition of electron transport chain and Ca-dependent
. . T
whole-cell C&* transients after a preceding release requiréjserydrogenaseg, and by blockage Of. mitochondriaf .Ca
several hundred milliseconds to reach fulladability, 103-108 uptale or etrusion. Theseesults are in agreement with

Incomplete RyR reary from inactization may contribite other studies that confirmed that mitochondrial uncoupling

to instabilities of C#&' release and vulnerability to aIternansfaCIlltates .alternanér? and demonstrated . Fhat an altered
edox ewmironment can generate conditions thavd

and arrlythmias, particularly when pacing fre uencied . o ) . .
overlap '\gvith the Eme scal()a/ of Rpr andgzt:arglease alternan®* Thus, with all likelihood mitochondria will

restitutioni% Thus, refractoriness of release and its time= ¢ 9¢ 85 @ critical factor for thevélepment of alternans.

dependent resery can become the criticahdtor for the Concluding remarks

occurrence of C4 alternans, as has been

experimentally® and in computational studiés In a Cardiac alternans is an intriguing phenomenon with
comprehensie investigation we recently demonstratedclinical implications to a range of cardiac pathologies,
refractoriness of SR Carelease as theek cusatve factor  while also preiding insights into the intricacies of cellular
for alternans in atrial tissue. Restitution properties an@a* cycling in heart muscle. Although clearly a
refractoriness of G4 release during alternans weremultifactorial process, the experimental, theoretical and
evduated by four different approaches: 1) latenof computational data exploring electrical, 2Ca and
spontaneous global €areleases (G4 waves) and 2) C&  mechanical alternans indicate that dysfunctional’*Ca
spark frequenc during rest after a lge and a small cycling appears to be the crucial mechanistic link between
alternans C# transient, 3) premature action potentialthe contractile dysfunction and electrical instabilities seen
induced C#" transients after a lge and a small beat, andat the cellular leel, as well as clinically in patients. Despite
4) the eficagy of a photolytically induced C# signal to the complexity of cardiac Gasignaling, recent years v
trigger additional C# release during alternans. The resultseen remarkable progressvends the understanding of the
shaved that restitution of SR €arelease was significantly phenomenon of cardiac alternans. Growing theoretical and
delayed after the large €atransient, leading to the experimental evidence emphasizes that cellular®*Ca
conclusion that beat-to-beat alternation of the timesignaling - and particularly theei proteins responsible for
dependent restitution properties and refractory kinetics beat-to-beat G4 release - are at the ‘heart’ of the problem
SR Ca&" release represents &yk mechanism underlying of cardiac alternans. The recognition of the central role of

alternan$3 the cardiac CH release machinery for alternans willvea
) ) the way, by pharmacologically or genetically targeting these
Mitochondria Ca&* handling proteins, to delop novel therapeutic

Mitochondria contribute to cardiac &acycling and strategies for the suppression of cardiac arrhythmias.

excitation-contraction coupling at differentvils: as a
major source of ATP (energetics) that provides the fuel for
the contractile apparatus, sustains ion pumps and alters the
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