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Summary the L-type C& channel alone is sufficient to alter

) _ _ ~mitochondrial function.Regulation of mitochondria by the
_ 1. Calcium is necessary for myocardial functionnannel is also dependent upon communication through
mclu_dmg_contracnon and maintenance (_)f card_lac OutpWctin filaments because disruption of actin filaments
Calcium is also necessary for myocardial geécs and nrq/ents the alteration in mitochondrial function associated
production of AP by mitochondria, but the mechanismsyitn actvation of the L-type C& channel. Thisarticle
for calcium rgulation by mitochondria are still not fully presents the vidence for regulation of mitochondrial

resolved. _ _ function by the L-type G channel and the role of actin
2. The gstosleleton plays an important role in fjjaments in the regulation.

maintaining the cel§ integrity It is now recognised that

cytoskeletal proteins can also assist in the transmitting &ole of calcium in regulation of cardiac function

signals from plasma membrane to intracellulayaocelles. o ] o ) ]
Cytosleletal proteins can gelate the function of the L-type Maintaining calcium homeostasis is essential to life.

Ca* channel and alter intracellular calcium homeostasis. N the heart, calcium plays an igtal role in may cellular
3. Recent evidence suggests that calcium influRrocesses including initiating and maintaining contraction.

through the L-type G4 channel is sticient to alter a A number of cell surface membrane and intracellular
number of mitochondrial functional parameters includin§/Cium channels and transporters areolired in this
superoxide production, ADH production and metabolic Process (Figure 1). In cardiac muscle, calcium influx during

activity assessed as formation of formazan from tetrazoliufiPolarisation of the action potential initiates the sequence
salt. This occurs in a calcium-dependent manner. of events that result in contractichinitiation of contraction

4. Activation of the L-type C& channel also alters requires an increase in _intracellular calcium from a resting
mitochondrial membrane potential in a calciumSoncentration of approximately 100 nM taul.** Under
independent manner and this is assisted byement of the  ormal function, calcium influx through the L-type *Ca
auxiliary B, subunit through F-actin filaments. channel (Cgl.2) is essential for the response weeer

5. Since the L-type G4 channel is the initiator of un(_jer certain pathologmal F)OﬂdlthI’]S vyhere sarc_oplasmlc
contraction, a functional coupling between the channels afgficulum load is high, the trigger of calcium can arise from

mitochondria may assist in meeting myocardial gyer the sarcoplasmic reticuldin Theincrease in intracellular
demand on a beat to beat basis. calcium then triggers further release of calcium from

sarcoplasmic reticulum storegia ryanodine receptors
Introduction (RyR). The release of calcium can be further enhanced by
) _ _ ) _ activation of inositol triphosphate receptors 3(IRi).7 This
It is well recognised that calcium is an importangmjification process, termed “calcium-induced calcium
regulator of myocardial function. The rapid transport Ofelease”, ensures rapid and significant increases in

calcium across the plasma membrane and within the Cellracellular calcium which are essential to contraction
assists with the compteprotein interactions required to (Figure 1).

maintain contractility and cardiac function. Mitochondria Contraction occurs as a result of a comple

are dependent on the uptaf calcium for the production jnteraction between contractile protein€ardiac muscle

of ATP to meet the engy demands of the contracting heartipres are formed from a number of parallel fibriEhese
during each cardiac cycle. The mechanisms fguleion il consist of werlapping thick filaments made
of calcium by mitochondria are not well understoodgredominantly of myosin, and thin filaments composed
Calcium uptak into mitochondria can occur rapidly and thenainly of actin and tropomyosinCalcium released from
mitochondria can faithfully track changes inytasolic  garcoplasmic reticulum stores binds to troponin C present
calcium on a beat to beat baS#&Calcium may be supplied o thin filaments. This results in allosteric modulation of
to mitochondria from internal stores such as gy filament tropomyosin to unblock a series of thick
sarcoplasmic reticulum and from ion transport across thesment myosin binding sites allowing myosinyeed by
plasma membrane &en by the large electrochemical pyqrolysing ATP to move dong these binding sites and
gradient for calcium. The rela# ontribution of these .5use muscle contractiénThe remeoa of cytosolic
sources of calcium to mitochondrial function has not begiycium allows for relaxation of muscle fibres. Upstadt
examined. It is na recognised that calcium influx through -5icium into the sarcoplasmic reticulum stores occurs
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regulate L-type C& channel activity in isolated chick
ventricular myogtes!® When microtubules are dissociated
with colchicine, L-type C# channel activity is reduced,
while myocytes ®posed to the microtubule stabilising
agent taxol demonstrate increased channelvigct?
Microfilaments also appear tog@ate cardiac L-type C&a
channel actiity. Depolymerisation of filamentous actin (F-
actin) with cytocholasin D causes a reduction in L-type
C&* channel current in adult guinea-pigentricular
myocytest* The effect is attenuated when myocytes are
pre-incubated with phalloidin, an inhibitor of F-actin
depolymerisation. In addition, neonatal cardiac myes
isolated from transgenic mice lacking gelsolin (an actin-
: severing protein) ehibit increased L-type Ca channel
v currentst® The effect is attenuated when mytes are
Ca* treated with cytochalasin D or when cells are dialysed
) ) o ) intracellularly with gelsolin. It would appear that
Figure1. Calciumregulation in theheart. Calcium dian- microtuhiles and microfilaments play an important role in
nels and tansportes involved in initiating conw@action  gapilising the cardiac L-type &achannel protein in the
(solid arrows) by calcium-induced calciuralease mede- lasma membrane and may assist in conformational
nism and subsequent relaxation (dotted arrows) in myo -hanges in the channel protein during \atibn and
bres. Dashedine indicates calcium activation of myofib-;o v ation. It was recently demonstrated that ti
rils. Abbreviations: LTCC, L-type C?e’r channel; SR, sar g, nit of the channel associates with actia a 700kDa
coplasmic eticulum; IRR, inositol triphosphateeceptor; ¢ psarcolemmal stabilising protein kvioas AHNAK. 1618
RyR, ryanodine receptor; SERCA, aaplasmic eticulum  £nctional modulation of L-type @& channel actity
(_:a2+-ATRase; [C’E?Jr]i' intracellular calcium concendr .5 as a result of the ystical coupling between the,
tion; MCU, mitochondrial calcium uniporter;  NCX, gypnit of the channel and actiria the carboxy-terminal
Na*/Ca?* exchanger. region of AHNAK.
Cardiac L-type C& channel activity may also be

predominantly by the sarcoplasmic reticulun?GATPase regulated by the yiosleletal protein dystrophit.

2a (SERCA 2a) calcium pump. Remaining calcium i®ystrophin is a subsarcolemmal protein that links the

removed via the N&/Ca* exchanger (NCX) or taken up Cytoskeleton to transmembrane proteins and the plasma

into mitochondria by the mitochondrial calcium uniportefnembrane of cardiac myyes'%2 Absence of dystrophin

(MCU)>® (Figure 1). forms the molecular basis for Duchenne muscular
“Calcium induced calcium release” is considered tgystropty (DMD), an X-linked neuromuscular disordér?

be the primary trigger of contraction in the heart and influardiac dysfunction, particularly ~cardiomyopathis

of calcium is a requirement for contraction. Cytiskal frequently observed in boys with DMI3?*28 Isolated

proteins play an important role in maintaining cell gy ~ cardiac myocytes from dystrophin-deficiemtx mice do

but are also recognised as participating in the regulation 8Pt demonstrate altered channel density using patch-clamp

protein function. It has been proposed thgtoskeletal analysis, hwever, a celayed inactiation rate of the current

proteins may assist with the communication of signals frohs been recordéd.Since the auxilian, sutunit of the

the plasma membrane to intracellulargamelles. This channel regulates inaedtion of the channel and also

includes the regulation of calcium transport. associates with subsarcolemmal protéfn$,this suggests
that the function of the3, sulunit of the L-type (02§

Role of the cytoskeleton in regulation of intracellular channel may be altered as a result of the absence of

calcium dystrophin. The delayed inaadtion of the channel may

also contrilbite to altered calcium homeostasis since the
ardiac myocytes la devated intracellular calcium

Ithough calcium influx through non-seleeti ation
channels hee dso been implicated in sketal muscle from
mdxmice)19:29-31

The grtoskeleton consists of microtukes composed
of tubulin, and microfilaments composed of actin an
intermediate filament¥:!! The gtoskeleton is a modulator
of cell morphologymotility, intrag/toplasmic transport and
mitosis1® There is alsoadence to suggest a role for the
cytoskeleton in modulating cell siafe membranevents Role of calcium in mitochondrial function
such that eternal mechanical signals may be transduced to
internal sites/ia alterations in gtoskeletal oganisation0-12 Mitochondria are abundant cellulargenelles that

The L-type C&' channel is the main route for entryPlay an integral role in metabolism and oxidati
of calcium into cardiac mygms CardiacL_type cat phOSphorylation. Mitochondrial oxidag FhOSphorylation
channel activity can be regulated by various componentsigfthe main source of ® synthesis. The production oT R
the gtoskeleton. Microtubules he been demonstrated to is dependent on mitochondrial calcium ugtakalcium is
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Figure 2. Calcium and mitochondrial function. Calcium entry into the mitochondrial matniza the mitochondrial cal-
cium uniporter (MCU) trigiers activation of the tricarboxylic acid (TCA) cyg¢leesulting in increased NADH @duction.
NADH triggers the movement of electrons down complexes (I-V) of the electron transport chain (ETC) by initially donating
elections to complbel. These electrons arthen tiansfered to coenzyme Q (Q). Compléuses the carersion of succinate
to fumarate (ppduced by the TCA cycle) to also transfer electrons to coenzyme Q. Electrons at coenzytren€fered

to comple lll. These electrons arthen tansfered to comple IV via cytochromec (C). Comple IV is the terminal elec-
tron accepter whit acts to convert Qto water Complexes |, Ill and IV pump protons (§ifrom the matrix into the inter
membane spaceThis creates a proton motive force wihis used by compieV to @rvert ADP into AP. ATP is eleased
into the cytosolia the adenine nucleotide transporter (ANT) and the getdependent anionhannel (VIAC) wher it is
subsequently converted to ADP during ATP-dependeartepses (@k). ADP then e-entes the mitochondrial matrix.
Some electrons passing through the ETC leak into either the matrix or intermembrane spadhewheact with oxygn

to form superoxide (D). Comple | releases superoxide towards the matrix. Compllereleases superoxide towgboth
the matrix and the intermembrane spade Q, and Q respectively??%3 Calcium is extruded by the mituandria via the
Na*/Ca’* exchanger Dashed arrows indicate mement of C&#. Electron flow is indicated by yellow and red arrows. Dot-
ted arrows indicate movement of HSolid lines epresent movement of ADP an@iPARed arows indicate electron flow
involved in the production of R854

taken up into mitochondrizia a uthenium red-sensitt  2).23%3%During this process, some of the electrons passing
mitochondrial calcium uniporter (MCU) ub it cannot through the ETC leak out and react with molecular oxygen.
account for all calcium uptakbecause the rate at which it This initiates a series of reduction reactions and the
transports calcium is considered to be toovsimd the production of reacte axygen species @S) (Q, - O,™
affinity of the uniporter for calcium is Vo (K 10-20 - H,O, — OHe)3738

1UM).32:33 Calcium is etruded from the mitochondrisia Under homeostatic conditions, mitochondrial
the N&/Ca&* exchanger (Figure 2). Uptak d oxidative ghosphorylation generatesTR to meet the ced)’
mitochondrial calcium triggers aecttion of three ky enegy demands. In addition the production @®® occurs
delydrogenases of the tricarboxylic acid (TCAycke at a leel that maintains microdomain cell signalling
including isocitrate  degldrogenase, a-ketoglutarate because ROS are warecognised as playing an important
dehydrogenase and ypuvate delydrogenasé?3* This role in cell signalling® In cardiac tissue, increases in
accelerates the production of NADH, creating avidg mitochondrial calcium result in enhanced production of
force in the electron transport chain (ETC) to increadROS from mitochondrig®3° At sub-lethal concentrations,
proton motve force and maintain ATP production fromROS can actvate a number of hypertrophic signalling
F,F,-ATPase (also knen as CompleV as siown in Figure kinases and transcriptioradtors including NAT, serine-
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Figure 3. Theincrease in mitochondrial membrane potential associated with activation of the L-type Ca?* channel does

not require calcium. A: JC-1 fluorescence (JC-1 fles.) ecoided from a myocyte betoend after &posue to 2 uM
BayK(-) (DHPR agonist; ®—) and from a myocyte betand after &posue to 2 uM BayK(+) (inactive enantiomer; &-)

in calcium-free HEPES uffered saline (HBS). JC-1 fluorescen@xaided from a myocyte patch-clamped with 5 mM
BAPTA and 0 mM calcium in the pipette held at —30mi—}-and fom another myocyte patch-clamped with 5 mMPBA
and 0 mM calcium in the pipetteposed to 2uM BayK(-) (-A-) in calcium-free HBS. Arrow indicates wheaatments
were added. D establish that the JC-1 signal was indicativedf 20 M oligomycin (Oligo) and 4M FCCP wee added

at the end of edcexperiment to collaps&#  whee indicated. Meart: SEM of tianges in JC-1 fluorescence (%hange in
fluores.) as indicated arshown at right. IS: internal pipette solutio®: JC-1 fluorescence (JC-1 fles.) ecoded from a
myocyte befa and after eposue to mM KCI in the absence of calcium, from a myocyte bedod after &posue o
2uM nisoldipine (Nisol) then 45mM KCI in the absence of calcium, amd inother myocyte befoend after &posue o
2uM Nisol in the absence of calcium. Aw indicates when treatments weadded. © establish that the JC-1 signal was
indicative ofW 20 M oligomycin (Oligo) and 4.M FCCP wee added at the end of eaaxperiment to collaps&’
whee indicated. Mearr SEM of banges in JC-1 fluarscence (%hange in fluores.) for myocytes exposed to 45 mM KCl
or 2 uM Nisol as indicated a shown at right. Repoduced with permission. For further detail see Viola, Arthur & Hool,
200951

threonine and tyrosine kinases, CaMK and MAPR* muscle fibres are submerged in Eduffered etracellular
Persistent increases in ROSwawer, are associated with solution containing less than 100 nM calcium suggesting
pathological remodeling and myocardial dysfuncidf?4® that calcium influx is not requiréd. Therefore it has been
) o proposed that the channel can directly communicate with
Evidence for communication between L-type Ca* the RyR. Further support for thisgament has come from
channelsand SR studies demonstrating altered RyR gating in rablstesal
It is widely accepted that in skeletal musclemuscle when peptides are directeaiagt the intracellular

i . 2
contraction is dependent on depolarisation of the plasrhj P begvzsen. domains 1l and Il of the L-type “Ca
membrane. Depolarisation of the plasma membrane cau%a%n.neﬁ ' Th|§ suggests tha-t t.he -1l I_oop of the L-type_
calcium release from the sarcoplasmic reticulum (8R) IS responS|bIe. for transm|tt|r)g the S|g_nal to the RyR in
RyR resulting in contraction of sletal muscle fibres. The §I<teleta:_ mlés?e flblr_ets an(zc; tr:ns rr:ayvo(;v; s drect
L-type C&* channel is considered to be theltage sensor n eralc 'C;Q iwetent ) ype” echanne sdatr;] t y St tion i
as it can transmit alterations in plasma membrane potent(ijal n the heart, 1 1S well recognise at contrac |9n IS
to the RyR to regulate calcium reledéeSingle muscle Ependlent dupoln.calcmlm |nflfux thLougrll%:;ZrL-t)épez ca
fibre experiments & sown this process can occur whenthannel and caicium release from the a drect
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Figure 4. Depolymerisation of actin with latrunculin A or inhibition of the alpha interacting domain of the a, . subunit
attenuate the increase in mitochondrial membrane potential associated with activation of the L-type Ca?* channel.

A: JC-1 fluorescence (JC-1 flew.) ecoded from a myocyte befoend after posue to 45 mM IKCl in the absence of
calcium, from a myocyte exposed toN8 latrunculin A (Latrunc) then 45 mM KCI and from another myocyte exposed to 5
UM Latrunc alone in the absence of calcium. Arrow indicates when treatmemtsdded. © establish that the JC-1 signal
was indicative of¥ 20 uM oligomycin (Oligo) and 4M FCCP wee added at the end of ea@periment to collaps¥ |
wheee indicated. Mearx SEM of blanges in JC-1 fluarscence (%hlange in fluores.) for myocytes exposed to 45 mM KCI
or 5 uM Latrunc as indicated & shown at right. B: JC-1 fluoescence (JC-1 flues.) ecoded from a myocyte exposed to

1 uM scrambled AID-RT (AID-TAT(S)) then 45 mM KCI and from another myocyte exposediitd AID-TAT then 45 mM

KCI. Arrow indicates when treatments weadded. © establish that the JC-1 signal was indicative Bf 20 M
oligomycin (Oligo) and 4M FCCP wee added at the end of ela@xperiment to collaps&’  whee indicated. Meant

SEM of danges in JC-1 fluorescence (%hange in fluores.) for myocytes exposed taNl AID-TAT(S) then KCI or 1M
AID-TAT ten KCI as indicated arhown at right. C: JC-1 fluorescence (JC-1 fles.) ecoded from a myocyte péic
clamped and held initially at -30mV then vgtestepped to +10mV as indicated with theaavrthat had been exposed to

1 uM scrambled AID-RT peptide (AID-RAT(S)) and in another myocyte patch-clamped and held initially at —30mV then
voltage-stepped to +10mV as indicated with thecavrthat had been exposed teil AID-TAT peptide (AID-RT). 4 uM
FCCP was added at the end of the experiment to collapse mitochondrial membrane potenéidhaitated. Curents
traces ecoded fom the patch-clamped cells as indicated drown inset top right. Meah SEM of banges in JC-1 fluo-
rescence (% ltange in fluores.) for myocytes exposed taMl AID-TAT(S) or 1uM AID-TAT are $iown at bottom right.
Reproduced with permission. For further detail see Viola, Arthur & Hool, 2009.
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coupling between the L-type €achannel and RyR may buffered with B\PTA in the patch pipette and cellsposed
also exist in cardiac muscle. Peptides directeminag the to calcium-free HEPESuUffered saline (HBS) for at least 3
-1l loop of the L-type C&* channel alter RyR gating in hours to deplete intracellular stores, \ation of the
ferret ventricular myoges#849In addition, the L-type Ga4 channel increased JC-1 signal (Figure 3A). It is thought that
channel agonist BayK8644 can rapidly increase restimglcium microdomains contribute to the regulation of
calcium spark frequenc independent of membranecalcium uptak into mitochondria. The increase in JC-1
depolarisation or calcium influi:4° Therefore it has been signal after application of the DHPR agonist in cells patch-
proposed that the L-type &achannel and RyR may clamped with B\PTA in calcium-free HBS (Figure 3A)
communicate directly in cardiac muscle, wewer a  would suggest that calcium is not required for the increase
coupling is likely to play only a minor role in contraction inin mitochondrial membrane potentiaConsistent with this

cardiac musclé® agument, at lo intracellular C&  (0-200nM)

) o mitochondrial membrane potential is maintained
Evidence for communication between L -type Ca?* independent of changes in intracellular?C& Therefore
channels and mitochondria we explored an alternag mechanism to an increase in

In the heart, mitochondria are responsible for meetir] tracelllular calcium Ior the response. In_addition " to
ulating L-type C& channel function, ytoskeletal

cellular energy demands required to maintaicitation and o | late th beellular - distlitn  of
contraction from beat to beat. It has been suggested that fygteins aiso reguiate the subceliuiar di 0

is made possible due to the close proximity of mitochondr@!tocﬂongr!a' Trr]\_lshoccurwa dgfkm? g?rc()jt_ems eX|skt|r|19t c:n
to the SR and the ability of mitochondria to rapidly tracktochon 32? which are capable of binding V.IOS cetal
changes in intracellular calciuh?. However, the elements: We eamined whether the increase in

mechanisms for rapid mitochondrial calcium uﬁtal(mitochondrial membrane potentiahwrmediated through F-

capable of responding to changes ytosolic calcium hee actin f|Iaments..CeIIs were exposed _to the depplymerlsmg
not been fully elucidated. agent latrunculin A and changes in JC-1 signal were

Due to the close proximity between mitochondria anE]ecorded after actition of the channel. Latrunculin A

SR it is assumed that the predominant source of calciLﬁ'ﬂenuated the increase in mitochondrial membrane

taken up into mitochondria comes from the SR. In rmr{gotential. Thisalso occurred in the absence of calcium

cardiac cells the close proximity between teceptors and (Figure 4A.)' n .
the mitochondria create calcium “microdomains” that then Ca_rd|ac L-type C channels are _heterotetrameric
shape cell signalling®? However it is unclear in cardiac polypgpﬂde compbees _oonS|st|ng of d, ;0 and B,
myog/tes whether calcium influx through the L-type?Ca sulunits. Thea, . sulunit forms the pore of the channel.

channel alone is sufficient to alter mitochondrial functionTheO(lC sutunit regulates ion conductancelitage sensing

We fested whether direct agtion of the channel could and contains binding sites for second messengers such as

; 56-58 ;
alter a number of mitochondrial parameters includinngA ::;nd Cll_atMKII,C%mrr:s an<|j d_rudsf’. Thep, subbur)tltth t
mitochondrial ROS formation, mitochondrial membran cardiac L-type channels IS an accessory subunit tha

potential i ), production of MDH and metabolic actity IS entirely i_ntracellular It is ti.ghtly bound to the
in intact quiescent cardiac myocytes. The channa$ chtgjpl.?sm'lf (;lr:ﬁer p?tweetn mé)nfs ! arAcliDllvsg) f”:hElC
activated with application of the DHPR agonist Bay K864£F‘umn!t C? € eal-m_erac m? t.om?;gﬁ((. 5'f th eB,
(Bay K(-)), with membrane depolarisation aft&pesure of suunit plays a role in regulating ing of hed,¢

myog/tes to 45mM KCl or weltage-step of the plasrnasubmit to the cell membrane, open probability of the
membrane using patch-clamp technique. vibn of the channel, and astition and inactiation kinetics>°:6061The
channel resulted in a small but significant increase ﬁfsutumt of the channel is tethered to theaskeletorvia

intracellular calcium from a restingvie of 81.3 to 92.8 NM subsarcolemmal stabilising proteins such as the 700kDa

i 16 . . )
after application of Bay K8644 and to 130.5 nM afteﬁjm.em AHNAK. tWe@g(t(_amln?jthwhlt_at[\er thce%rm(;]reasel n
application of 45 mM KCI. This resulted in a significant’ m n ret?]ponsg 0 a |otn Of the —ypem i ¢ fant?]e
increase in mitochondrial superoxide productiorAD¥ occurs  through mement 0 e B, sunit o €

1 . )
and metabolic activity assessed as formation of formazﬁnanneﬁ Cardiac myocytes werexposed (o a peptide

from tetrazolium salt in a calcium-dependent masher synthesised teard the AID of the L-type C& channel

Direct actvation of the channel with application of the(AlD'TAT)' that preents the conformational mvement of

DHPR agonist Bay K8644 (Figure 3A) or depolarisation o.tpe [.32 .submit of the channel d.urin.g auition and
g y (Fig ) ’ activation of the channel. Application of AIDAT

the plasma membrane potential with 45 mM KCI (Figurw_ ificantly att tod the | in JC-1 sianal aft
3B) increased mitochondrial membrane potential assessségt.n;'t?an )]f tﬁ enhuae | '?h |Zgrea§|ng -B s:gn;\G 42 er
with the fluorescent indicator JC-10 Tensure that the actvélion ofin€ channelwi m (or Bay )

fluorescent probe & measuring mitochondrial membran@omﬁar?d.to cells exposed to a scrambled peptide (Figure
potential we applied 2AM oligomycin and 4iM FCCP at 4B) .5 Similar results were obtained when the L-typ&Ca

the end of eachxperiment to collaps&’  (Figures 3 and chanrt;el Wan acgafted with \xf)ltage_—ggetp fioth(\e/ F;'?‘S““a
4). Addition of 2uM nisoldipine (L-type calcium channel membrane of cardiac myges from 0 mV (Figure

51 iti +
antagonist) attenuated the increase in JC-1 signal a q)' We haveproposed that astition of the L-type CH

application of 45 mM KCI (Figure 3B)When calcium s channel results in a co_nformatlonal .change/olmn(__:]
movement of thef, sukunit and that this mement is
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transmitted to the mitochondria through the actidisruption of the actinytoskeleton may contrilite to poor
cytoskeleton resulting in an increase in mitochondriabxygen consumption and energy supply obsérin these
membrane potential. Since the L-type?Cahannel is the conditions.

initiator of contraction, a functional coupling between the

channel and the mitochondria may assist in meetiftknowledgements

myocardial engyy demand on a beat to beat basis (Figure
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