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Summary

1. Calcium is necessary for myocardial function
including contraction and maintenance of cardiac output.
Calcium is also necessary for myocardial energetics and
production of ATP by mitochondria, but the mechanisms
for calcium regulation by mitochondria are still not fully
resolved.

2. The cystoskeleton plays an important role in
maintaining the cell's integrity. It is now recognised that
cytoskeletal proteins can also assist in the transmitting of
signals from plasma membrane to intracellular organelles.
Cytoskeletal proteins can regulate the function of the L-type
Ca2+ channel and alter intracellular calcium homeostasis.

3. Recent evidence suggests that calcium in•ux
through the L-type Ca2+ channel is sufŒcient to alter a
number of mitochondrial functional parameters including
superoxide production, NADH production and metabolic
activity assessed as formation of formazan from tetrazolium
salt. This occurs in a calcium-dependent manner.

4. Activation of the L-type Ca2+ channel also alters
mitochondrial membrane potential in a calcium-
independent manner and this is assisted by movement of the
auxiliaryb2 subunit through F-actin Œlaments.

5. Since the L-type Ca2+ channel is the initiator of
contraction, a functional coupling between the channels and
mitochondria may assist in meeting myocardial energy
demand on a beat to beat basis.

Introduction

It is well recognised that calcium is an important
regulator of myocardial function. The rapid transport of
calcium across the plasma membrane and within the cell
assists with the complex protein interactions required to
maintain contractility and cardiac function. Mitochondria
are dependent on the uptake of calcium for the production
of ATP to meet the energy demands of the contracting heart
during each cardiac cycle. The mechanisms for regulation
of calcium by mitochondria are not well understood.
Calcium uptake into mitochondria can occur rapidly and the
mitochondria can faithfully track changes in cytosolic
calcium on a beat to beat basis.1,2 Calcium may be supplied
to mitochondria from internal stores such as the
sarcoplasmic reticulum and from ion transport across the
plasma membrane driven by the large electrochemical
gradient for calcium. The relative contribution of these
sources of calcium to mitochondrial function has not been
examined. It is now recognised that calcium in•ux through

the L-type Ca2+ channel alone is sufŒcient to alter
mitochondrial function.Regulation of mitochondria by the
channel is also dependent upon communication through
actin Œlaments because disruption of actin Œlaments
prevents the alteration in mitochondrial function associated
with activation of the L-type Ca2+ channel. Thisarticle
presents the evidence for regulation of mitochondrial
function by the L-type Ca2+ channel and the role of actin
Œlaments in the regulation.

Role of calcium in regulation of cardiac function

Maintaining calcium homeostasis is essential to life.
In the heart, calcium plays an integral role in many cellular
processes including initiating and maintaining contraction.
A number of cell surface membrane and intracellular
calcium channels and transporters are involved in this
process (Figure 1). In cardiac muscle, calcium in•ux during
depolarisation of the action potential initiates the sequence
of events that result in contraction.3 Initiation of contraction
requires an increase in intracellular calcium from a resting
concentration of approximately 100 nM to 1mM.4,5 Under
normal function, calcium in•ux through the L-type Ca2+

channel (Cav1.2) is essential for the response (however
under certain pathological conditions where sarcoplasmic
reticulum load is high, the trigger of calcium can arise from
the sarcoplasmic reticulum6). The increase in intracellular
calcium then triggers further release of calcium from
sarcoplasmic reticulum storesvia ryanodine receptors
(RyR). The release of calcium can be further enhanced by
activation of inositol triphosphate receptors (IP3R).7 This
ampliŒcation process, termed ™calcium-induced calcium
releaseš, ensures rapid and signiŒcant increases in
intracellular calcium which are essential to contraction
(Figure 1).

Contraction occurs as a result of a complex
interaction between contractile proteins.Cardiac muscle
Œbres are formed from a number of parallel Œbrils.These
Œbrils consist of overlapping thick Œlaments made
predominantly of myosin, and thin Œlaments composed
mainly of actin and tropomyosin.Calcium released from
sarcoplasmic reticulum stores binds to troponin C present
on thin Œlaments. This results in allosteric modulation of
thin Œlament tropomyosin to unblock a series of thick
Œlament myosin binding sites allowing myosin, powered by
hydrolysing ATP, to move along these binding sites and
cause muscle contraction.8 The removal of cytosolic
calcium allows for relaxation of muscle Œbres. Uptake of
calcium into the sarcoplasmic reticulum stores occurs
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Figure 1. Calcium regulation in the heart.Calcium chan-
nels and transporters involved in initiating contraction
(solid arrows) by calcium-induced calcium release mecha-
nism and subsequent relaxation (dotted arrows) in myoŒ-
bres. Dashedline indicates calcium activation of myoŒb-
rils. Abbreviations: LTCC, L-type Ca2+ channel; SR, sar-
coplasmic reticulum; IP3R, inositol triphosphate receptor;
RyR, ryanodine receptor; SERCA, sarcoplasmic reticulum
Ca2+-ATPase; [Ca2+] i , intracellular calcium concentra-
tion; MCU, mitochondrial calcium uniporter; NCX,
Na+/Ca2+ exchanger.

predominantly by the sarcoplasmic reticulum Ca2+-ATPase
2a (SERCA 2a) calcium pump. Remaining calcium is
removed via the Na+/Ca2+ exchanger (NCX) or taken up
into mitochondria by the mitochondrial calcium uniporter
(MCU)5,9 (Figure 1).

™Calcium induced calcium releaseš is considered to
be the primary trigger of contraction in the heart and in•ux
of calcium is a requirement for contraction. Cytoskeletal
proteins play an important role in maintaining cell integrity
but are also recognised as participating in the regulation of
protein function. It has been proposed that cytoskeletal
proteins may assist with the communication of signals from
the plasma membrane to intracellular organelles. This
includes the regulation of calcium transport.

Role of the cytoskeleton in regulation of intracellular
calcium

The cytoskeleton consists of microtubules composed
of tubulin, and microŒlaments composed of actin and
intermediate Œlaments.10,11 The cytoskeleton is a modulator
of cell morphology, motility, intracytoplasmic transport and
mitosis.10 There is also evidence to suggest a role for the
cytoskeleton in modulating cell surface membrane events
such that external mechanical signals may be transduced to
internal sitesvia alterations in cytoskeletal organisation.10,12

The L-type Ca2+ channel is the main route for entry
of calcium into cardiac myocytes. CardiacL-type Ca2+

channel activity can be regulated by various components of
the cytoskeleton. Microtubules have been demonstrated to

regulate L-type Ca2+ channel activity in isolated chick
ventricular myocytes.13 When microtubules are dissociated
with colchicine, L-type Ca2+ channel activity is reduced,
while myocytes exposed to the microtubule stabilising
agent taxol demonstrate increased channel activity.13

MicroŒlaments also appear to regulate cardiac L-type Ca2+

channel activity. Depolymerisation of Œlamentous actin (F-
actin) with cytocholasin D causes a reduction in L-type
Ca2+ channel current in adult guinea-pig ventricular
myocytes.14 The effect is attenuated when myocytes are
pre-incubated with phalloidin, an inhibitor of F-actin
depolymerisation. In addition, neonatal cardiac myocytes
isolated from transgenic mice lacking gelsolin (an actin-
severing protein) exhibit increased L-type Ca2+ channel
currents.15 The effect is attenuated when myocytes are
treated with cytochalasin D or when cells are dialysed
intracellularly with gelsolin. It would appear that
microtubules and microŒlaments play an important role in
stabilising the cardiac L-type Ca2+ channel protein in the
plasma membrane and may assist in conformational
changes in the channel protein during activation and
inactivation. It was recently demonstrated that theb2
subunit of the channel associates with actinvia a 700kDa
subsarcolemmal stabilising protein known as AHNAK.16-18

Functional modulation of L-type Ca2+ channel activity
occurs as a result of the physical coupling between theb2
subunit of the channel and actinvia the carboxy-terminal
region of AHNAK.

Cardiac L-type Ca2+ channel activity may also be
regulated by the cytoskeletal protein dystrophin.19

Dystrophin is a subsarcolemmal protein that links the
cytoskeleton to transmembrane proteins and the plasma
membrane of cardiac myocytes.19-22 Absence of dystrophin
forms the molecular basis for Duchenne muscular
dystrophy (DMD), an X-linked neuromuscular disorder.19,23

Cardiac dysfunction, particularly cardiomyopathy, is
frequently observed in boys with DMD.19,24-28 Isolated
cardiac myocytes from dystrophin-deŒcientmdx mice do
not demonstrate altered channel density using patch-clamp
analysis, however, a delayed inactivation rate of the current
has been recorded.19 Since the auxiliaryb2 subunit of the
channel regulates inactivation of the channel and also
associates with subsarcolemmal proteins,16-18 this suggests
that the function of theb2 subunit of the L-type Ca2+

channel may be altered as a result of the absence of
dystrophin. The delayed inactivation of the channel may
also contribute to altered calcium homeostasis since the
cardiac myocytes have elevated intracellular calcium
(although calcium in•ux through non-selective cation
channels have also been implicated in skeletal muscle from
mdxmice).19,29-31

Role of calcium in mitochondrial function

Mitochondria are abundant cellular organelles that
play an integral role in metabolism and oxidative
phosphorylation. Mitochondrial oxidative phosphorylation
is the main source of ATP synthesis. The production of ATP
is dependent on mitochondrial calcium uptake. Calcium is
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Figure 2. Calcium and mitochondrial function. Calcium entry into the mitochondrial matrixvia the mitochondrial cal-
cium uniporter (MCU) triggers activation of the tricarboxylic acid (TCA) cycle, resulting in increased NADH production.
NADH triggers the movement of electrons down complexes (I-V) of the electron transport chain (ETC) by initially donating
electrons to complex I. These electrons are then transferred to coenzyme Q (Q). Complex II uses the conversion of succinate
to fumarate (produced by the TCA cycle) to also transfer electrons to coenzyme Q. Electrons at coenzyme Q are transferred
to complex III. These electrons are then transferred to complex IV via cytochromec (C). Complex IV is the terminal elec-
tron accepter which acts to convert O2 to water. Complexes I, III and IV pump protons (H+) from the matrix into the inter-
membrane space. This creates a proton motive force which is used by complex V to convert ADP into ATP. ATP is released
into the cytosolvia the adenine nucleotide transporter (ANT) and the voltage-dependent anion channel (VDAC) where it is
subsequently converted to ADP during ATP-dependent processes (Work). ADP then re-enters the mitochondrial matrix.
Some electrons passing through the ETC leak into either the matrix or intermembrane space where they react with oxygen
to form superoxide (O2

­ ƒ). Complex I releases superoxide towards the matrix. Complex III releases superoxide toward both
the matrix and the intermembrane spacevia Qi and Qo respectively.62,63 Calcium is extruded by the mitochondria via the
Na+/Ca2+ exchanger. Dashed arrows indicate movement of Ca2+. Electron •ow is indicated by yellow and red arrows. Dot-
ted arrows indicate movement of H+. Solid lines represent movement of ADP and ATP. Red arrows indicate electron •ow
involved in the production of ROS.2,62,64

taken up into mitochondriavia a ruthenium red-sensitive
mitochondrial calcium uniporter (MCU) but it cannot
account for all calcium uptake because the rate at which it
transports calcium is considered to be too slow and the
afŒnity of the uniporter for calcium is low (Km 10-20
mM).32,33 Calcium is extruded from the mitochondriavia
the Na+/Ca2+ exchanger (Figure 2). Uptake of
mitochondrial calcium triggers activation of three key
dehydrogenases of the tricarboxylic acid (TCA) cycle
including isocitrate dehydrogenase, a-ketoglutarate
dehydrogenase and pyruvate dehydrogenase.32,34 This
accelerates the production of NADH, creating a driving
force in the electron transport chain (ETC) to increase
proton motive force and maintain ATP production from
F1F0-ATPase (also known as Complex V as shown in Figure

2).2,35,36During this process, some of the electrons passing
through the ETC leak out and react with molecular oxygen.
This initiates a series of reduction reactions and the
production of reactive oxygen species (ROS) (O2 ® O2

­ ƒ
® H2O2 ® OHƒ).37,38

Under homeostatic conditions, mitochondrial
oxidative phosphorylation generates ATP to meet the cell's
energy demands. In addition the production of ROS occurs
at a level that maintains microdomain cell signalling
because ROS are now recognised as playing an important
role in cell signalling.38 In cardiac tissue, increases in
mitochondrial calcium result in enhanced production of
ROS from mitochondria.38,39 At sub-lethal concentrations,
ROS can activate a number of hypertrophic signalling
kinases and transcription factors including NFAT , serine-
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Figure 3. The increase in mitochondrial membrane potential associated with activation of the L-type Ca2+ channel does
not require calcium. A: JC-1 •uorescence (JC-1 •uores.) recorded from a myocyte before and after exposure to 2 mM
BayK(-) (DHPR agonist; ‰n ‰) and from a myocyte before and after exposure to 2 mM BayK(+) (inactive enantiomer; ‰s ‰)
in calcium-free HEPES buffered saline (HBS). JC-1 •uorescence recorded from a myocyte patch-clamped with 5 mM
BAPTA and 0 mM calcium in the pipette held at ‰30mV (‰‰) and from another myocyte patch-clamped with 5 mM BAPTA
and 0 mM calcium in the pipette exposed to 2mM BayK(-) (‰D‰) in calcium-free HBS. Arrow indicates when treatments
were added. To establish that the JC-1 signal was indicative ofY m 20 mM oligomycin (Oligo) and 4mM FCCP were added
at the end of each experiment to collapseY m where indicated. Mean± SEM of changes in JC-1 •uorescence (% change in
•uores.) as indicated are shown at right. IS: internal pipette solution.B: JC-1 •uorescence (JC-1 •uores.) recorded from a
myocyte before and after exposure to 45mM KCl in the absence of calcium, from a myocyte before and after exposure to
2mM nisoldipine (Nisol) then 45mM KCl in the absence of calcium, and from another myocyte before and after exposure to
2mM Nisol in the absence of calcium. Arrow indicates when treatments were added. To establish that the JC-1 signal was
indicative ofY m 20 mM oligomycin (Oligo) and 4mM FCCP were added at the end of each experiment to collapseY m
where indicated. Mean± SEM of changes in JC-1 •uorescence (% change in •uores.) for myocytes exposed to 45 mM KCl
or 2 mM Nisol as indicated are shown at right. Reproduced with permission. For further detail see Viola, Arthur & Hool,
2009.51

threonine and tyrosine kinases, CaMK and MAPK.8,40,41

Persistent increases in ROS, however, are associated with
pathological remodeling and myocardial dysfunction.40,42,43

Evidence for communication between L-type Ca2+

channels and SR

It is widely accepted that in skeletal muscle,
contraction is dependent on depolarisation of the plasma
membrane. Depolarisation of the plasma membrane causes
calcium release from the sarcoplasmic reticulum (SR)via
RyR resulting in contraction of skeletal muscle Œbres. The
L-type Ca2+ channel is considered to be the voltage sensor
as it can transmit alterations in plasma membrane potential
to the RyR to regulate calcium release.44 Single muscle
Œbre experiments have shown this process can occur when

muscle Œbres are submerged in EGTA buffered extracellular
solution containing less than 100 nM calcium suggesting
that calcium in•ux is not required.45 Therefore it has been
proposed that the channel can directly communicate with
the RyR. Further support for this argument has come from
studies demonstrating altered RyR gating in rabbit skeletal
muscle when peptides are directed against the intracellular
loop between domains II and III of the L-type Ca2+

channel.46,47 This suggests that the II-III loop of the L-type
Ca2+ is responsible for transmitting the signal to the RyR in
skeletal muscle Œbres and this may involve a direct
interaction between L-type Ca2+ channels and RyRs.

In the heart, it is well recognised that contraction is
dependent upon calcium in•ux through the L-type Ca2+

channel and calcium release from the SR. However a direct
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Figure 4. Depolymerisation of actin with latrunculin A or inhibition of the alpha interacting domain of thea1C subunit
attenuate the increase in mitochondrial membrane potential associated with activation of the L-type Ca2+ channel.
A: JC-1 •uorescence (JC-1 •uores.) recorded from a myocyte before and after exposure to 45 mM KCl in the absence of
calcium, from a myocyte exposed to 5mM latrunculin A (Latrunc) then 45 mM KCl and from another myocyte exposed to 5
mM Latrunc alone in the absence of calcium. Arrow indicates when treatments were added. To establish that the JC-1 signal
was indicative ofY m 20 mM oligomycin (Oligo) and 4mM FCCP were added at the end of each experiment to collapseY m
where indicated. Mean± SEM of changes in JC-1 •uorescence (% change in •uores.) for myocytes exposed to 45 mM KCl
or 5 mM Latrunc as indicated are shown at right. B: JC-1 •uorescence (JC-1 •uores.) recorded from a myocyte exposed to
1 mM scrambled AID-TAT (AID-TAT(S)) then 45 mM KCl and from another myocyte exposed to 1mM AID-TAT then 45 mM
KCl. Arrow indicates when treatments were added. To establish that the JC-1 signal was indicative ofY m 20 mM
oligomycin (Oligo) and 4mM FCCP were added at the end of each experiment to collapseY m where indicated. Mean±
SEM of changes in JC-1 •uorescence (% change in •uores.) for myocytes exposed to 1mM AID-TAT(S) then KCl or 1mM
AID-TAT then KCl as indicated are shown at right. C: JC-1 •uorescence (JC-1 •uores.) recorded from a myocyte patch-
clamped and held initially at ­30mV then voltage-stepped to +10mV as indicated with the arrow that had been exposed to
1 mM scrambled AID-TAT peptide (AID-TAT(S)) and in another myocyte patch-clamped and held initially at ­30mV then
voltage-stepped to +10mV as indicated with the arrow that had been exposed to 1mM AID-TAT peptide (AID-TAT). 4 mM
FCCP was added at the end of the experiment to collapse mitochondrial membrane potential where indicated. Currents
traces recorded from the patch-clamped cells as indicated are shown inset top right. Mean± SEM of changes in JC-1 •uo-
rescence (% change in •uores.) for myocytes exposed to 1mM AID-TAT(S) or 1mM AID-TAT are shown at bottom right.
Reproduced with permission. For further detail see Viola, Arthur & Hool, 2009.51
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coupling between the L-type Ca2+ channel and RyR may
also exist in cardiac muscle. Peptides directed against the
II-III loop of the L-type Ca2+ channel alter RyR gating in
ferret ventricular myocytes.48,49 In addition, the L-type Ca2+

channel agonist BayK8644 can rapidly increase resting
calcium spark frequency independent of membrane
depolarisation or calcium in•ux.48,49 Therefore it has been
proposed that the L-type Ca2+ channel and RyR may
communicate directly in cardiac muscle, however a
coupling is likely to play only a minor role in contraction in
cardiac muscle.48

Evidence for communication between L-type Ca2+

channels and mitochondria

In the heart, mitochondria are responsible for meeting
cellular energy demands required to maintain excitation and
contraction from beat to beat. It has been suggested that this
is made possible due to the close proximity of mitochondria
to the SR and the ability of mitochondria to rapidly track
changes in intracellular calcium.1,2 However, the
mechanisms for rapid mitochondrial calcium uptake
capable of responding to changes in cytosolic calcium have
not been fully elucidated.

Due to the close proximity between mitochondria and
SR it is assumed that the predominant source of calcium
taken up into mitochondria comes from the SR. In non-
cardiac cells the close proximity between IP3 receptors and
the mitochondria create calcium ™microdomainsš that then
shape cell signalling.50 However it is unclear in cardiac
myocytes whether calcium in•ux through the L-type Ca2+

channel alone is sufŒcient to alter mitochondrial function.
We tested whether direct activation of the channel could
alter a number of mitochondrial parameters including
mitochondrial ROS formation, mitochondrial membrane
potential (Y m), production of NADH and metabolic activity
in intact quiescent cardiac myocytes. The channel was
activated with application of the DHPR agonist Bay K8644
(Bay K(-)), with membrane depolarisation after exposure of
myocytes to 45mM KCl or voltage-step of the plasma
membrane using patch-clamp technique. Activation of the
channel resulted in a small but signiŒcant increase in
intracellular calcium from a resting level of 81.3 to 92.8 nM
after application of Bay K8644 and to 130.5 nM after
application of 45 mM KCl. This resulted in a signiŒcant
increase in mitochondrial superoxide production, NADH
and metabolic activity assessed as formation of formazan
from tetrazolium salt in a calcium-dependent manner.51

Direct activation of the channel with application of the
DHPR agonist Bay K8644 (Figure 3A) or depolarisation of
the plasma membrane potential with 45 mM KCl (Figure
3B) increased mitochondrial membrane potential assessed
with the •uorescent indicator JC-1. To ensure that the
•uorescent probe was measuring mitochondrial membrane
potential we applied 20mM oligomycin and 4mM FCCP at
the end of each experiment to collapseY m (Figures 3 and
4). Addition of 2mM nisoldipine (L-type calcium channel
antagonist) attenuated the increase in JC-1 signal after
application of 45 mM KCl (Figure 3B).When calcium was

buffered with BAPTA in the patch pipette and cells exposed
to calcium-free HEPES buffered saline (HBS) for at least 3
hours to deplete intracellular stores, activation of the
channel increased JC-1 signal (Figure 3A). It is thought that
calcium microdomains contribute to the regulation of
calcium uptake into mitochondria. The increase in JC-1
signal after application of the DHPR agonist in cells patch-
clamped with BAPTA in calcium-free HBS (Figure 3A)
would suggest that calcium is not required for the increase
in mitochondrial membrane potential.Consistent with this
argument, at low intracellular Ca2+ (0‰200nM)
mitochondrial membrane potential is maintained
independent of changes in intracellular Ca2+.52 Therefore
we explored an alternative mechanism to an increase in
intracellular calcium for the response. In addition to
regulating L-type Ca2+ channel function, cytoskeletal
proteins also regulate the subcellular distribution of
mitochondria. This occursvia docking proteins existing on
mitochondria which are capable of binding to cytoskeletal
elements.53-55 We examined whether the increase in
mitochondrial membrane potential was mediated through F-
actin Œlaments. Cells were exposed to the depolymerising
agent latrunculin A and changes in JC-1 signal were
recorded after activation of the channel. Latrunculin A
attenuated the increase in mitochondrial membrane
potential. Thisalso occurred in the absence of calcium
(Figure 4A).

Cardiac L-type Ca2+ channels are heterotetrameric
polypeptide complexes consisting of a1C, a2d and b2
subunits. Thea1C subunit forms the pore of the channel.
Thea1C subunit regulates ion conductance, voltage sensing
and contains binding sites for second messengers such as
PKA and CaMKII, toxins and drugs.4,5,56-58The b2 subunit
of cardiac L-type Ca2+ channels is an accessory subunit that
is entirely intracellular. It is tightly bound to the
cytoplasmic linker between motifs I and II of thea1C
subunit called thea-interacting domain (AID).5,59 The b2
subunit plays a role in regulating trafŒcking of thea1C
subunit to the cell membrane, open probability of the
channel, and activation and inactivation kinetics.5,9,60,61The
b2 subunit of the channel is tethered to the cytoskeletonvia
subsarcolemmal stabilising proteins such as the 700kDa
protein AHNAK.16 We examined whether the increase in
Y m in response to activation of the L-type Ca2+ channel
occurs through movement of the b2 subunit of the
channel.51 Cardiac myocytes were exposed to a peptide
synthesised toward the AID of the L-type Ca2+ channel
(AID-TAT), that prevents the conformational movement of
the b2 subunit of the channel during activation and
inactivation of the channel. Application of AID-TAT
signiŒcantly attenuated the increase in JC-1 signal after
activation of the channel with 45 mM KCl (or BayK 8644)
compared to cells exposed to a scrambled peptide (Figure
4B).51 Similar results were obtained when the L-type Ca2+

channel was activated with voltage-step of the plasma
membrane of cardiac myocytes from ­30 to +10mV (Figure
4C).51 We hav eproposed that activation of the L-type Ca2+

channel results in a conformational change involving
movement of theb2 subunit and that this movement is
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transmitted to the mitochondria through the actin
cytoskeleton resulting in an increase in mitochondrial
membrane potential. Since the L-type Ca2+ channel is the
initiator of contraction, a functional coupling between the
channel and the mitochondria may assist in meeting
myocardial energy demand on a beat to beat basis (Figure
5).
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Figure 5. Proposed model explaining transmission of
movement of theb2 auxiliary subunit of the L-type Ca2+

channel through the actin cytoskeleton to mitochondria in
response to activation of the channel. The alpha1C (a1C)
subunit is shown as four transmembrane repeats I, II, III
and IV. Auxiliary subunits a2-d and b2 subunits shown as
indicated. EM, extracellular matrix; Mito, mitochondria;
AHNAK, 700kDa subsarcolemmal stabilising protein (for
further detail see text).

Conclusions

The cardiac myocyte is a dynamic cell, and
movement during contraction in•uences many processes
within it. The cytoskeleton participates by assisting in
transmitting movement from the plasma membrane to
intracellular organelles. Mitochondria are complex
organelles responsible for maintaining production of ATP to
meet the energy demands of the cell. This includes the rapid
uptake of calcium during the cardiac cycle. It is well
recognised that the L-type Ca2+ channel is central to
myocardial physiology and calcium in•ux through the
channel is a requirement for contraction. However it also
appears that calcium in•ux through the channel is sufŒcient
to alter mitochondrial function and this is assisted by
movement through the cytoskeleton. The failing
myocardium is associated with myoŒbre disarray,
disorganisation of the cytoskeleton and poor energy
metabolism. The mechanisms by which cytoskeletal
disruption leads to abnormal mitochondrial function and
compromised cardiac function are unknown. Consistent
with this, pathology involving a disruption of the
cytoskeleton such as Duchenne muscular dystrophy, and
familial cardiomyopathies due to mutations in actin or
myosin are associated with poor oxygen consumption and
energy supply by mitochondria. Loss of regulation of
mitochondrial function by the L-type Ca2+ channel due to

disruption of the actin cytoskeleton may contribute to poor
oxygen consumption and energy supply observed in these
conditions.
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