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The molecular architecture of the heart’s cnduction system in health and disease
M.R. Boyett and H. Dobrzynski, Cardiovascular Medicine, University of Manchester, 46 Grafton Street,
Manchester, M13 9NT, UK. (Introduced by Yue-kun Ju)

The cardiac conduction system (CCS) acts as the fi@aitig system and is vital for the initiation and
coordination of the heart beat (Bzt, 2009). The main tissues comprising the CCS are the sinoatrial node (the
pacemakr of the heart), atrientricular node (responsible for slaction potential conduction from the atria to
the ventricles and, therebwn delay between atrial and ventricular systole) and the His-Purkinje system
(responsible for fast action potential conduction throughout #mricles and, therebythe synchronised
contraction of the ventricles) - thavere discoered in the late 19 and early 28 centuries. The electrical
actvity of the CCS is ultimately dependent on thx@ression of ion channels and, using quant#aBCR and
immunohistochemistrywe ae mapping the expression @0 ion channel sunits in the CCSgg. Chandleret
al., 2009). Unsurprisinglythe expression pattern is very different from that in tleekiag myocardium, it
appropriate toxplain the electrical activity of the CCS. For example, pacemaking in the sinoatrial node can be
explained by the poor expression of the backgrouniciannel, K2.1, the expression of the pacemaion
channel, HCN4, and perhaps the high expression of thedhiage-actiated C&* channels, CA.3 and Cg8.1;
slow conduction through the atrentricular node can be explained by the poxpression of the major Na
channel, Ngl.5, and the major gap junction channel, Cx43; fast conduction through the His-Purkinje system
can be explained by the high expression ofIN& and expression of the large conductance gap junction
channel, Cx40. The heart rate of the mouse is abowt fa8ter than that of the human and this canXptagned
by differences in ion channekgression: analysis suggests that channels carrying outward current are generally
more highly &pressed in the mouse sinoatrial node and this is expected to result in a shorter action potential
(essential in the case of a higher heart rate) and channels carrying inward current are also generally more highl
expressed in the mouse sinoatrial node and this may be responsible for the faster heart rate of the mouse.

There is dysfunction of the CCS in the aged heart, in heart failure (HF), atrial fibrillation and possibly
diabetes (Boyett, 2009). Foxample, a substantial proportionil6%) of HF patients die of bradyaythmias
and there is dysfunction of all parts of the CCS in HF: there can be sinus bradycardia and prolongation of
atrioventricular nodal conduction and heart block, a@$% of HF patients & left bundle branch block. &
and others are showing a widespread remodelling of ion channels in the CCS iniheartffor example, in a
rat model of heart failure (following pulmonary hypertension), 14 out of 21 transcripts for ion channels and
related proteins were altered in the sinoatrial node (the CCS appears peculiarlyesertdii— for example, in
this model only 4/21 transcripts were altered in the atrial musdhe. dysfunction of the CCS in disease is
likely to be the result of the remodelling of ion channels - fample, the sinus bradycardia in HF and atrial
fibrillation has been attributed to avdaregulation of HCN4 in the sinoatrial node (Bxit, 2009). There isven
evidence of ’'dysfunction’ in trained athletes: sinus bradycardia, prat@rg of atrizventricular nodal
conduction and heart block and incomplete right bundle branch block. The effects of athletic traiaibegha
attributed to 'high vagal tone’, lut there is no evidence for this and instead it is more likely to be the result of a
remodelling of ion channels (Boyett, 2009). The CCS is mxtensie than originally thought and specialised
nodal-like tissue encircles the tricuspid and mitralves, pulmonary artery and aorta and is potentially
responsible for atrial tachycardias and ventricular outftact tachycardias (Boyett, 2009).

M.R. Boyett. (2009).And the Beat Goes On’. The cardiac conduction system: the wiring system of the heart.
Experimental Physiology 94,1035-1049.
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Distribution and functional role of IP ;R receptors in mouse sino-atrial node
Y.K. Ju, Department of Physiology (F13), University of Sydney, NSW 2006, Australia.

Inositol 1,4,5-trisphosphate receptors ;®@B) hae been implicated in the generation of cardiac
arrhythmias, although the mechanismalved is uncleadn mammalian sinoatrial node (SAN), where the heart
beat originates, the expression and functional role ftdPae ot been inestigated.

In order to determine whether SAN cellgeess IERs and their functional role in cardiac pacemaking,
we used a range of techniques to study rARNd protein expression and distributioneVitst examined
MRNA expression oflp,rs, Hend, Ryr2 and Stiml genes across different regions of the mouse heart, including
central SAN, peripheral SAN,\Anode, atria and ventricle. &\found that all thregp,r isoforms were xpressed
in the SAN and other regions of the heart. In conttdebd expression was highest in the central SAN and
showed progresae reduction in peripheral SAN,\Anode, atria and ventricle.

Whole mount SANs were co-labelled with Cx43 antibody and eithg®1lFor IPR2 antibody Cx43
antibody was used to distinguish central SAN from peripheral SAdNfohd very weak labelling of JR1 in
the central SAN, identified by absence of Cx43RIPlabelling appeared in the peripheral SAN, especially in
the interatrial septum, which also showed straxgression of Cx43. In contrast, the entire SAN, including the
central and peripheral SAN and the surrounding atrial tissue, was uniformly labelled yJ®&thdRtibody The
results suggested that while the SAN expressed thrges IBoforms, IER2 was the only protein isoform
detected in the central SAN and isolated single pacemaker calsistvVfound that C& sparks induced by
membrane-permeable JAP,-BM) were predominately located near the sarcolemma (withiprh)5 The IBR
agonist endothelin-1 (ET-1) induced sinoatrial gthimias as necaled by SAN electrical mapping. ET-1 and
IP,-BM increased intracellular Ca and pacemadr firing rate whereas the JR antagonist,
2-aminoethoxydipheyt borate (2-APB), decreased £and firing rate. Both of these effects were absent in
SANs from IBR2 knockout mice. Westimate that the contribution of Eaelease from IERs to normal heart
rate could be up to 14 % based on the spontaneous firing rate of isolated SANs fromPBR2vKO mice.
The results provided clear evidence that the heart rate modulated byl 2-APB \&@svia their interaction
with IP,Rs.

All animal experiments were apwel by animal ethics committees of all listed research institutefR2P
knock out mice are gift from Ddu Chen. The details of gene targeting and generation &2#leficient mice
were published previously (ke al., 2005).

Li X, Zima AV, Sheikh F Blatter LA, Chen J. 2005) Endothelin-1-induced arrhythmogenf¢ €ignaling is
abolished in atrial mygtes of inositol-1,4,5-trisphosphate(IP3)-receptor type 2-deficient mice.
Circulation Research 96(12):1274-81.

This study vas supported National Health and Medical Research Council of Australia (program grant 354400
and project grant 570926) and the Health Research CouncilwZBaand.
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Proteins in the lumen of the sarcoplasmic reticulum determine cardiac RyR channel activity,
cardiac function and the structure of Ca2* release units

A.F. Dulhunty and N.A. Beard, John Curtin School of Medical Research, Australian National University, PO
Box 334, ACT 2601, Australia.

The activity of ryanodine receptor (RyR2) Larelease channels in the intracellular sarcoplasmic
reticulum (SR) C#& store of cardiac myocytes must bevlduring diastole for efficient ¢a accumulation by
the SR for release during systole and for appropriate lowering of cytoplasitficRPR2 channels become
“leaky” in inherited and acquired disorders in which high cytosolic{during diastole leads to delayed after
depolarisations (DADs) and agtinmias (catecholaminergic polymorphic ventricular tachycardia (CPVT)). The
“leaky” RyR can also deplete the SR?Csatore, reducing systolic Earelease and cardiac output.

Low RyR2 activity during diastole in healthmyocytes is maintained by the integrated actions @
and associated proteins. Cytoplasmic proteins that depress RyR2 activity include members of the glutathione
transferase family and the chloride intracellular channel protein, CLIC-&aMsamet al., 2010). RyR2
channels arexguisitely sensitie © luminal [C&*]. However luminal proteins that influence the response of
RyR2 to luminal C&" and their binding sites on the minute luminal domain of RyR2 are only just being defined.
The luminal proteins include the €abinding proteins calsequestrin (CSQ2) and the histidine rich protein
(HRP) as well as the membrane spanning triadin and junctin, which bind to RyR2 and to CSQ2. Mutations in
CSQ2 as well as RyR2 lead to DADs and CPVa@ understand ha luminal factors regulate cardiac output,
numerous transgenic modelsvhdeen deeloped in which the luminal proteinsvyebkeen knocked out, under
expressed or @ expressed (Knollman, 2009;aR et al., 2008). The general consensus is that none of the
proteins is essential,e. animals surwie with altered expression, but are often unable to cope with stress and
develop CPVT A major change with CSQ2 knockout is proliferation of the SR to maintain tHes@ae. The
structure of the SR is also influenced by triadin and juncgimession. Hwever the transgenic studies do not
reveal the role of the targeted proteinwhd interacts with RyR2 or the mechanisms thatvalioto regulate
RyR2 and C# release, because of the compensatory changes in SR structure amessien of other
proteins.

In contrast to the explosion in transgenic models, basic studies of the role of luminal proteins in cardiac
SR function are f@. This is also in contrast toceensve dudies of interactions between the luminal proteins in
skeletal muscle, albeit from only a handful of laboratories. A long held assumption, thatwleeleve is
incorrect, is that the luminal proteins interact with RyR2 in the heart in the sayn@swihg interact with RyR1
in fast-twitch skeletal muscle. As a consequence interactions betastetwitch skeletal proteins V& been
extrapolated to the cardiac system, despite dgloethat there are different isoforms of the RyR, CSQ and triadin
in the two tissues and the demands on thé'Gtore are astly different. This is particularly true for CSQ, where
the polymerization of the skeletal isoform dictates both" ®ading capacity and its ability to influence RyR1
actiity in response to changes in luminal f(a Cardiac CSQ2 does not polymerize whetpased to
physiological free [C&"] of (1L mM and an ionic strength df150 mM, in contrast to CSQ1 which is mostly
polymerized under these conditionsejt al., 2009). Inhindsight it was not surprising that we find that CSQ2
actvates RyR2, while CSQL1 inhibits RyR1 @iVet al., 2009). Our preliminary evidence suggests that the
interaction between junctin and RyR2 may also be isoform-specific. ypothesis is that CSQ2 acts to ensure
strong C4" release from cardiac SR with each heart beat, in contrast to its role in conserving th# Siar€a
in skeletal muscle for occasional maximedions.

Knollmann BC. (2009Journal of Physiology 587:3081-3087.

Fan GC, Yuan Q, Kranias EG. (2008)ends in Cardiovascular Medicine 18; 1-5.

Wei L, Hanna AD, Beard NA, Dulhunty AF2009)Cell Calcium45: 474-484.

Hewawssam R, Liu D, Casarotto MG, Dulhunty ABoard PG. (2010)Biochemical Pharmacology 80:
381-388.
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A new twist in cardiac muscle: dislocated and helicoid arrangements of myofibrillar z-disks in
mammalian ventricular myocytes

M.B. Cannell, 1.D. Jayasinghe, D.J. Crossman, D. Baddeley and C. Soeller, Department of Physiology
University of Auckland New Zealand. (Introduced by Yue-Kun Ju)

The general structure of cardiac muscle cells has been established by light and electron mifwoscop
some time, but detailed information on 3anization is less common as is thganization of proteins that
enable high speed signal transduction te faice. © provide information for detailed modeling of cardiac cell
function we hme been examining the ganization of myofibrils, sarcoplasmic reticulum, t-tubules and
associated proteins by confocal fluorescence micrgsdtyese studies shothat the basic 3D genization of
the myofilaments is complex, with dislocations and helicoidal structwrdsrg (see figure). Such a comple
structure may arise during normal growtht bt also has important implications for arthmogenesisvia
calcium wave propagtion. While the sarcoplasmic reticulum calcium release channel (RyR) is generally close
to z-lines and separated laterally 3.6 um, the longitudinal separation should be set by the sarcomere length
which is considerably longer 1.9-2i#m. Therefore one would expect that a Cavevwould be able to
propagte more easily in the trarexge direction than longitudinallfloweva, it is well known that calcium
waves propagate throughout the cell rather uniformigig Berlin, Cannell& L ederey 1989). Our obsemtion
(Jayasinghet al., 2010) of dislocated z-lines thatVeRyRs associated with them helps explain this paradox;
the dislocations coupled with the jitter in longitudinal RyR spacing will assist longitudinal calcawa w
propagation.

For normal excitation-contraction coupling, calcium influba I-type
calcium channels (DHPRS) triggers the release of calcium from RyRs and
2D analysis of the colocalization of DHPRs and RyR in rat suggested that
most (160%) of the DHPRs were grouped opposite the RyRsu@griDan
& Moore, 2000). Hwever, when analysis is performed in 3D, the
colocalization is significantly lower[#15%) (Fletcheret al., 2010). This
recent finding underscores the importance of studying structure in 3D
especially when the underlying resolution of the microscope is insufficient at
the spatial scale of interest. In human, we find aen dower level of
colocalization which suggests that normal EC coupling may arise from a
combination of tightly coupled release triggered by DHPRviati plus a
component due to local calcium diffusion from nearby DHPRs and Ryrs.

At the near moIecuIar scale, we find that RyRs are not packed into junctigivaisras a single cluster
but rather as smaller groups of RyRs forming super clusters. This agggests that local diffusion between
release sites plays an important role in nornxaitation-contraction coupling. It is possible that this partial
uncoupling of RyRs from DHPRs sexwto protect excitation contraction coupling during the normdictafg
of proteins and sub-cellular remodeling which would be important as the hearthas a chance to rest and
rekuild. On the other hand, this looser coupling pmlarrlythmogenesisia calcium waves more likely and
may help explain the propensity of the remodeled, diseased heavelmpdarrhythmias.

1. Berlin, J.R., Cannell, M.B. & LederanN.J. (1989) ITI in single rat cardiac ventricular cells: Relationship to
fluctuations in intracellular calciun€irculation Research 65,115-126.

2. Jayasinghe, I.D., Crossman, D.J., SoellerCannell, M.B. (2010) A metwist in cardiac muscle: dislocated
and helicoid arrangements of myofibrillar Z-Disks in mammalianticular myogtes. Journal of
Molecular and Cellular Cardiology 48(5),964-971.

3. Scrven, D.L., Dan, P., Moore, E.D.W2000) Distrilution of proteins implicated inxeitation-contraction
coupling in rat ventricular myocyteBiophysical Journal 79,2682-2691.

4. Fletcher PA., Scriven, D.L., Schulson, M.N., Moore, E.D.W2010) Multi-image colocalization and its
statistical significanceBiophysical Journal 99,1996-2005.
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Mechanisms of contractile dysfunction in lamin A/C-deficient hearts
D. Fatkin, S Bernice Research Programin Inherited Heart Diseases, Molecular Cardiology Division, Victor
Chang Cardiac Research Institute, Darlinghurst, NSW 2010, Australia.

Mutations in theLMNA gene that encodes the nuclear lamina proteins, lamin A and lamiveChden
associated with derse human disorders and are the most common cause of familial dilated cardiomyopath
(DCM). The mechanisms by which nuclear protein defects result in cardiac contractile dysfunction are
incompletely understood. Mice with agated deletion of themna gene deelop DCM and are a useful model
to study disease pathogenesitomozygoud-mna knockout (Lmna’") havesevere DCM and die by 6-8 weeks
of age, while heterozygoukrna™-) mice develop a milder phenotype in adult life with reduced suavafter
40 weeks. Previous studiesvhaestablished that lamin A/C-deficient nucleiveaincreased deformability and
reduced survial when subjected to biaxial strain. On the basis of these findings, it has been proposed that
mechanical stress-induced apoptosis couteid significantly to the gdelopment of DCM in patients with
LMNA mutations. The aim of our studyas to test this “structural hypothesis” by determining the effects of
interventions to modify mechanical stresslimna mice. Serial echocardiograptand tissue studies were
performed in wildtype (WT) andlmna*- mice before and afterxercise training, thoracic aortic constriction
(TAC), and administration of g-adrenegic receptor-blocking drug, carvedilol. Echocardiogsaplas
performed in anaesthetized miceddin 2.5%). Mice were ventilated and anaesthetized for surgical procedures
with ketamine (75 mg/kg), xylazine (20 mg/kg) and atropine (0.6 mg/ksgué& analyses were performed post-
mortem in excised hearts.eNirst evaluated the biophysical properties of isolated cardiomyocytes from mice
aged 12 weeks (prior to DCM) and found changes in nuclear size and shageif mice, as well as altered
distribution of perinuclear desmin and enhanced swelling responsgpdeoBmotic stress. Groups of 12 week-
old WT andLmna*’- mice underwent a 6-weelkecise training program. Contrary to our predictions, neither
moderate nor sere intensity gercise training induced cardiomyyte apoptosis (assessed by TUNEL assay
and caspase-3 aedtion) or DCM. Sustained left ventricular pressuxertbad generated byAC resulted in
apoptosis and contractile dysfunction in WT and.ima* mice, with no differences in gerity between the
genotype groups. ¥/found hevever, that regular moderatexercise training attenuated DCM wtopment in
male Lmna*- mice. Oral administration of carvedilol from 6 weeks to 40 weeks also had a peteiict
against DCM in malémna™ mice.

These data indicate that lamin A/C-deficient cardiorgiesc hae intrinsic structural defects but that
mechanical stress-induced apoptosis is not a major determinant of DEModse that alteredytoskeletal
stability due to loss of normal nuclear anchoring may impair force transmission and promote DENH
hearts. Exercise training and camiol administration from an early age are promising strategies for DCM
prevention and warrant further clinicavauation.
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