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Summary voltage dependent L-type calcium channels (or
] ] dihydropyridine receptors - DHPRS) opening, which aio
1. It is apparent from the literature that there argn” inward meement of calcium to actate calcium-
significant  differences in xeitation-contraction (EC) jnquced calcium releadd.This influx may be augmented
coupling between species, particularly in the density @} sodium-calciumxchange (NCX) (see references 13-15)
calcium transporting proteins in the t-system and SR G the ‘trigger calcium opens ryanodine receptors (RyR)
release channels. Unfortunatelyhere is a lack of j, the sarcoplasmic reticulum (SR) which provides the
information on hw the principal structures that link majority of calcium needed to agte contraction (for

electrical excitation to the aettion of calcium-induced |eyiay see Bers 200%). TheSR release of calcium can be
calcium release (CICR) are féifent between human andgeep experimentally in the form of Casparks which

animal models (particularly rat). _ undego spatio-temporal summation to produce a cell wide
2. Comparison of wheat germ agglutin - andcg+.gransient’ The close geometric ganization between
caveolin-3 labelling reealed a non-uniform distriltion of  pyRs and t-tubles is thought to be essential fofi@ént
surface membrane glycosylation in rat, rabbit and humaficr, havever the inter-cluster spacing is smaller in rat
and that the rat t-system appeared more compie entricular myogtes [0.67 um® than in rabbittD.9 uni®
geometry than the latter species. AnaIyS|s of the USYS&SP human[0.8 pm!® Furthermore, from previous studies,
skeleton showed the t-system was highly branched in the gk fraction of clusters that are not associated withtiksb
compared to that of the human (&®&.08 and 0.2: 0.07 i, the rabbit appears lger than observed for rt1®

branch points per pfrespectiely, p < 0.001) . Comparable data for the human do not, to oumkedge,
3. We dso compared the distribution of contractilegyjs;.

ma}chinery sodium-galcium Ech_ange, sarcoplas_mic In view of the importance of the t-system for

reticulum anq ryanodine receptors in rat.and hunfattin - gyitation-contraction coupling, we V@ arried out a

and ryanodine receptor (RyR) labelling was used tmparatie aalysis of the aganization of t-system, RyR

estimate the area of contractile apparatus supplied by eaghsters and SR in rat and human. Our datavstear

RyR cluster In the rat, each RyR cluster supplied anjiferences between these species that mag haportant

avegage cross sectional area of contractile machinery pfiications for studies on cardiaxaitation-contraction
0.36+ 0.03 unt compared to 0.42 0.04 unt in human coupling.

= 0.048). SERCAZ2a labelling showed that sarcoplasmic

reticulum formed a tight netwk of loops surrounding Methods

contractile fibrils that were denser than the utatmetvork _ ) _ ) _

but otherwise appeared similar in both species. Enzymatic cell isolation and immunocytochemistry
4. In general, the results slioa higher density in

. i i Rat cardiac myocytes were enzymatically isolated as
structures imolved in CICR in the rat compared to human. yocy y y

described pndously using protocols appred by the
Introduction University of Auckland Animal Ethics Committe€.
Briefly, 250 g Wistar rats were killed by a lethal injection of
In ventricular myocytes, the t-tubular systemyides pentobarbitone (100 mg/kg). The heaasaguickly &cised,
rapid transfer of the action potential deep into the cell tmounted onto a Langendbgerfusion system and perfused
enable near-synchronous aetion.! The t-tubules form a with oxygenated Ca-free Tyrodes lution for 5 min. The
network of plasma membranevieginations in entricular heart was then perfused with same solution containing 200
myocyte$* and studies he implicated aberrant t-tube pM CaCl, 1.0 mg/ml Type Il Collagenase @thington
remodelling in animal and human heart dis€ds@his Biochemical, NJ) and 0.1 mg/ml Type | protease (Sigma-
remodelling may lead to a weakening of calcium signallingldrich, MO) for 10-15 min before the ventricles were cut
in heart &ilure>%8 In rat myocytes, the t-tubules form afree and diced into small pieces. Thentricular tissue @as
comple rete and hee average diameter of around250 further incubated in yrodes slution containing 200 uM
nm? In contrast, in rabb®? guinea pig' and human CaCl, at 37°C for another 10 min before triturating to
myocyte§ t-tubules form spo& like gructures when viged liberate single myocytes.
in transverse section and are wide4@0 nm). The resulting cell suspension was filtered and the
The action potential within the t-tukes leads to isolated ventricular myocytes were fixed in 2%
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paraformaldejde (PFA; w/v) (pH 7.4) in phosphate Confocal imaging and intgge pocessing

buffered saline (PBS) at room temperature for 12 min and ) _ )

washed in PBS.Myocytes were embedded in blocks of Cardiac myogtes were imaged in both tramsse
agarose  prior to antibody labelling as describeg@nd longitudinal sections as wevbapewou;ly shown that
previously® 0.1% Triton X100 diluted in PBS was applied®!CR  structures are better reseiv in  transerse

to the samples for 10 min to permeabilize membranes prifientation:® 3D image volumes were obtained with a z-
to blocking with 10% normal goat serum epfor SPacing of 0.2 ym and in-plane x-y samplirgsvmore than
Laboratories, Burlingme, CA). Primary antibodies weretWice the Nyquist limit using a LSM710 laser scanning
incubated in wernight at 4°C. and secondary antibodied§onfocal microscope (Zeiss, Jena, Germany) using>a 63
were applied at room temperature for 2 h, with &mes 1-4NA oil immersion objecie a an LSM410 confocal
between antibody incubation§lmm slices of the @y MICrOScope using a 631.25NA oil-immersion objectre,

blocks were cut and mounted on a No. 1.5 glaserslip Images were decwmolved using a maximum-l&ihood
and embedded in ProLong Gold (Mo|ecu|a,Richardson-Luy algorithm as described primusly and all
Probes/Invitrogen, NZ2). image analysis programs were custom written in IDL v6.4

(ITT, Bouldet CO).°
Tissue Immunohistochemistry The geometry of the rat and human tetiao
. ) networks were reconstructed by skeletonizing binary
Rat and rabbit hearts were dissected and mounted iAfhges of WGA and CAV3 labelling (human) or ¢Aand
aLangendo_rff.perfusion system. Hearts Were_perfused withycx (rat). By combining labels, we obtained a more
PBS containing 2% F¥ for 10 min. Ventricles vyereo complete picture of the t-system. Centroids of RyR clusters
dissected intéb mm Hocks ar:d incubated in PBS with 1%ere calculated using a detection algorithm described
PFA for a further hour at 4°C prior to cryoprotecting INoreviously!® Delaunay triangulation between these
30% sucrose. Human tissue was obtained according d@ntroids were calculated and a \oronoi diagram
approval of the Nev Zealand Health and Disability Ethics consiructed. The Voronoi diagram was then modified with a
committee (NTY/05/08/050) with the informed and writtennask  constructed from the half-maximal phalloidin
consent of the family of the donofissue samples were labelling pattern to prdde a measure of the area of

obtained from 4 donors that could not be matched {Q)niractile apparatus supplied by each RyR cluster.
recipients; thg had a mean age of 60 (54-68), and had

normal echo and ECG. One patientasy recaiing Results

felodipine. Small tissue pieces were processed ardl fix ) ) )

overnight at 4°C by immersion in PBS containing 1%APF Labelling cardiac myagdes with WGA and CX3
Tissue blocks were frozen in 2-mgithutane chilled with revealed clear.dfbrer_]ces in the structure of the t-system
liquid nitrogen and stored at —80°C until sectioning. 30 pfetween species (Figure 1). In rat cells, the WGA label
thick cryosections were cut on a Leica CM1900 cryostimed a compte rete which gtensiely overlapped with
and mounted on poly-L-lysine coated number 1.5 gla§AV3 labelling. In rabbit and human mydes, the t-
coverslips. Tissue sections were bleckin Image-iT FX System appeared less complevith WGA labelling
signal enhancer (Witrogen, NZ) for 1 h and subsequentre"eal'”g a more spaklike aganization. Rat t-tubles

antibody incubation s as described for single cells (sed/ere close to the diffraction limittP50-300 nm at full
aboe). width at half maximum (FWHM) intensity) and smaller

than rabbit or human t-tukes (B850-500 nm FWHM).
Antibodies and fluorescent labels Importantly fewer t-tubules labelled with WGA in rabbit
] . and human as shown by CAV3 labelling. In addition, where
In dpublg labelling experiments, samples  wergyca labelling was absent, the CAV3 labelled t-tues
labelled with either Alexa 647 conjaged wheat germ \yeqre generally narrowef®50-300 nm) and often formed

agglutinin (WGA) or mouse monoclonal anti-NCX1 (R3F1¢onnections between adjacent t-tubules containing both
SWANT, Switzerland) in conjunction with a rabbit \yGa and CAV3 labelling (Figure 1Bii-Biii).

polyclonal anti-caeolin-3 (AB2912; Abcam, Cambridge, To quantify ttulile structure a skeleton as
MA) primary antibody (CAV3). These samples were theRonstructed, and Figure 2 illustrates typical t-system
labelled with Alea 488 goat anti-mouse IgG and e gpeletons. In transrse section, combination of NCX and
568 goat anti-rabbit IgG secondary antibodiesilagen). cav3 |abels (inset Figure 2A) showed a highly branched
A mouse monoclonal anti-RyR2 primary antibodysiycture in rat with branch points highlighted in white
(MA3916; ABR, Golden, CO), an Aka 488 goat anti- (Eigyre 2A). These data arery similar to the intactving
mouse IgG1 secondary antibody and Alexa 568lihk { system labelling described by Soeller & Canfiligher
phalloidin were used for double labelling RyR &rattin.  magnification vievs of rat and human tubules are shown in
SERCA2a was used as a markor the SR network. This (Figure 2B and 2D respeedly, together with their
was labelled with a mouse monoclonal anti-SERCA2a angg|etons (Figures 2C and 2E). The number of tieib
an Alexa 488-linked goat anti-mouse 1gG2a (Invitrogen) branching points was 0.88 0.08 per pr of cell cross
section in the rat compared to 0.47.07 per prhin the
human (respeatély, p < 0.001 Mann-Vitney U for df = 9).
The increased branching in the rat t-systeas wssociated
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i Overview ii WGA iii  CAv3

N Rabbit o Rat

Human

Figure 1. Fluorescence imaging of t-tubules in rat, raib
and human ventricular muscle. A-i1.25 pm deep maxi-
mum intensity projection of @nsvese confocal sections
from a @t ventricular myocyte labelled for CAV3. Strong t-
tubule labelling was observed in rabbiB{) and human
(C-i) ventricular tissue stained with WGA. The middle and

right-hand columns illustrate magnified wig of WGA F
labelling and CAV3 labelling in the interior ofir (A-ii,iii 40
rabbit (B-ii,iii ) and human C-ii,ii ) myocytes espectively. 30 0 Rat

Note the strong greement of the t-tubular connections m Human

labelled by WGA and G in rat. In addition to the WGA

labelling, CAV3 reported finer t-tubules in rabbit and

human myocytes (arrowheads). Scalesbareft column, 5

um; Middle and right columns, 2 um. 0 02 04 06 08
Distance (um)

% of pixels
N
o

—_
o

o

with a more gtensive keleton with 1.61+ 0.10 pm of t-
tubule per pri of cross-section compared to 048.07 um
per unt in the human{ < 0.001 Mann-Vitney U for df =

Figure 2. Skeletonization of t-tubules in rat and human
ventricular myocytes. A:The t-tubular skeleton (red con-

9). In both species, the t-tubular skeleton formed complert1§ cting lines) constructedaim trnsvese confocal z-stés

. it rat myocyte labelled for @8 and NCX (shown in
loops as well as elements that appeared to terminate within : . ) U .
: I Inset). Banding points in the sketon ae indicated in
the plane of sectionHowever, these terminations usually cyan. Note that nucleargons (N) laged CAV3 or NCX
connected with tuldles from adjacent Z disk through an yan. 9

axial connection. The density of t-systerasaquantified by labelling, hence reported no t-tulies in the sileton.B: A

measuring the Euclidean minimum distance of interiorpagnlfled viev of a egon stained for NCX and theekton

pixels from the cell susfce or t-tubule. As shown in Figurecorre_spondlng to thlse_lgon (© in a rat myopyteD:_ T_he
2F, 64% of the cell interior was within 250 nm of the magnified tansvese viev of NCX labelling in a similar

surface/t-system membrane (a distance at which uM %'O;S%f a:eg'grr?:g ngzgxtnegaggi::: I(::(')rr'?'zgor;\(ijgt@gzraﬁm“
levels are reached in the sub-millisecond timescale and al o) L

the limit of optical resolution) in human compared 94% iy OWS the_ peentge d gytoplasmlc _plxels Qe:lu_dlng
the rat §2 = 26.25, df = 30,p < 0.001). In addition, the nuclear egons) as a function of the distance t_o elth_er the
human a earéd ,to e éater .\ariabilit in t-tut,ule cell surface or the nearest t-tubule skeleton an (white

bp g y bars) and human (black) ventricular myocytécale bas:

g¢n5|ty as shen by the increased width of the dlstance;-A: 5 um B&D: 2 um.
Istogram.
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Contractile machinery and RyRs of myofilaments supplied by each couplon.

RyR clusters in the form of ‘couplons’ areeyk
elements that supply calcium to &ete the contractile
machinery! To analyze the relationship between RyRs al
myofilaments, RyR and f-actin double labelling
experiments were carried out. As shoin Figure 3, RyRs
formed punctate labelling as described vimesly18:22:23
These puncta were arranged around areas of st
phalloidin labelling in both rat and human (Figure 3A ai
3B). From the Voronoi diagram based on RyR centro
(see Methods) we calculated the area of contrac
apparatus supplied by each couplon release site
examplar data are sk in Figure 3C and 3D. Figure 3E
shavs the distribution of RyR supplied areas, whic
appeared broadly similar in rat and human.weer
analysis sheed that the mean cross-sectional area supp
by each couplon as slightly smaller in rat than in huma
(0.36+ 0.03 un? compared to 0.4% 0.04 um, p = 0.048
unpaired t-test df = 8). This differencesvnot related to a
differences in the amount of contractile machinery

measured by the phalloidin label (Figure 3F); in rat 56%
4% of cell cross sectionag labelled compared to 58%
4% in human§ = 0.46 df = 9). £30 et % 40
Triple labelling was used to clarify the relationship 250 @ Human §30
among the SR, RyR clusters and t-system in rat and hu = 520
cells (Figure 4A). In rat, most RyR clusters were clost 210 g10
aligned to the t-tules (Figure 4B) as describer %0 04 08 10 17 18 = ° Rat Human
previously!® although isolated RyRs could be set Cross-section area (im?)

occasionally (arnw in Figure 4B). The aganization was

similar in human (Figure 4C) with some isolated RyFrigure 3. Analysis of the RyR clusters and local contrac-
labelling more than 250 nm from t-tubules. The SR nétw tile regions served in rat and human myocyteBunctate
was labelled with an antibody agmst SERCA2a (Figure RYR labelling (red) and the @ss-sectional vie of the con-
4C) and werlapped strongly with the t-system labelled bytractile madinery (labelled with Phalloidin; coloured in
CAV3 and RyR labelling. Hoever, there were areas wheregreen) in at (A) and human B) ventricular myocytes ar
SERCA?2a labelling that did notverlap with that of the shown in overlays. Maps of the local cautile regons
surface membrane, implying that the t-system does neerved by edtRyR clustercolour-coded for the @ss-sec-
surround each myofibril (arrowhead in Figure 4C). Aional area ae shown for it (C) and human ) datasets.
similar oganization was seen in human (Figure 4D). Thidote that most polygonsesmaller than 1 urh E: His-
point can be seen more clearly in Figures 4F and 4G, whéegram shows the peentaye d RyR clustes in rat
t-system labelling tends to follothe outline of areas of myocytes as a function of the cross-sectional area of the
phalloidin labelling while the SR clearly crosses thendocal contractile makinery Inset illustrates the equivalent
These data are most simplyxptained by the t-system histogam for human dataThe mean cross-sectionalear
following lamge spaces between groups of closely spac@di contractile makinery served by an RyR clustenas
myofibrils, while the SR surrounds each myofibril a$.36+ 0.03 um (n = 5 cells, mean: SEM) for rat and

described for EM data. 0.49+ 0.04 um (n = 6 cells) for human cell$s: Bar plot
. _ illustrates that thex is no dfference between the pentae
Discussion of the coss-sectional cytoplasmic area occupied by phal-

loidion labelling in rat (56.1+ 3.8 %) and human myocytes
(57.8+ 3.9 %) analysed. Scale bars: A- 2 um and B- 2 um.

The uniformity of Ca release will depend on the

spacing between couplons, which are, in turn, dependent on  The widths of may rat tulules are at the limit of
the presence of anxiensie ttubular system. The rat t- resolution that is achieble through confocal microscpf
system follows a highly branched nemk forming a \whjle the radial disposition of t-tubules in rabbit and
complex reté”® whereas the human myocytes appear fuman appears similawe dd not detect the pronounced
have a oarser arrangement of wider t-uies. Our data gicosities described for rabBit, although the tuble
shaw this difference clearlyand the reduction in t-tubar  §iameter seemed similar (i.e. 250 to 500 nm)wel@r, we
compleity is reflected in a slightly larger distance bet‘NeeBoint out that WGA does not report all t-tubs but seems
RyR clusters. This in turn, causes an small increase the ajgapreferentially label the larger t-tubules in rabbit and

T-tubule structure
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gives rise to the more radial ganization of the t-tublar
system in rabbit and human compared to rat.

The whole cell calcium current density in human has
been reported to be twice that of rat which mayeha
implications for the actation of CICR2” However our data
suggest that the t-tutar membrane area of rat may be half
that of human (from a mean tubule diameter of 250 nm (rat)
compared to 350 nm (human) and 0.82 uni/tubule
(rat) compared to 0.23 pm/fdrthuman)). This dference in
membrane area suggests that the local calcium current
density @ailable to trigger CICR may not be sofdifent in
these species. On the other hand, if the calcium curnt w
restricted almostxelusively to the couplon as suggested by
recent calcium channel antibody labellt¥ghe rat vould
have amly half the trigger for CICR compared to humah.
solution to this discrepapomay reside in our recent data
shaving that only(b1% of DHPRs are within the area of
the dyad junction in humai.

Organization of RyR clusters

We estimated the area of contractile apparatus (as
measured by-actin labelling) semd by each RyR cluster
This is an extension of a previous analysis which only
measured the cell area served by each RyR chistére
Figure 4. Relationship between t-tubules, SR netky spaces betwedractin bundles are likely to be occupied by
RyR clusters and myofibrils.A: A tri-colour overlay of mitochondria and t-tubdes (e.g. references 30,31) and
RyR (red), CAV3 (gen) and SERCAZ2a (blue) labelling in awould not contribute to the difsible space for intracellular
rat ventricular myocyte shown inansvese viev. B: Mag- Ca&* and were therefore excluded from this analysis. Not
nified viev of the overlay between CAV3 and RyR imaa r surprisingly the analysis resulted in smaller area estimates,
myocyte shows some RyR clustiaicking overlap with t- however a dmilar difference between human and reasw
tubules (example shown with awhead).C: The werlay obsered with the wlume of cytoplasm served by each
between SERCA2a and CAV3 gean the same agon cluster[36% larger on&rage in human mygtes!® This
shows additional SR tubules present in the indicatgdms difference vas entirely due to the difference in RyR cluster
lacking CAV3 labelling D: The overlay between WGAdensity between the species, as we detected no significant
(green) and RyR labelling €d) in a similar egon in a difference in the volume occupied Bwctin labelling. The
human myocyte also showed RyR clssfer from any t- amount of RyR labelling per cluster is alsomoby [130%
tubular staining (arowhead).E: The WGA (green) and in human myogtes® which, together with the reduced RyR
SERCA2a (blue) overlay in the samegjon illustrates a cluster density is in reasonable agreement with reduced
finer network of the SR in comparison to the tteb.F:  ryanodine binding to human heart homogenates compared
The overlay between Phalloidinef) and CAV3 staining to of rat (1L00 compared to 200 fmol/mg protein
(green) in a rat ventricular myocyte illustes the poor respectiely).3? Taken togethey these data could explain a
owverlap between the two label&: The SERCA2a (cyan) slower rate of rise of the human €dransient compared to
and Phalloidin staining @d) in a similar egon shows how rat3334
the elements of the SR network ¢avhead) appear to , )
bisect the ireqular shapes reported by the phalloidin. Scaldtelationship between SR, RyR clusted t-tubules
bars: A- 2 ym; B,D, F & G: 1 um.

Most RyR clusters sheed strong alignment with t-
tubules as reported by CAV3 in rat ventricular mytes.
human. WGA binds to siag residues such as sialic acidHowever, a snall fraction of clusters did not coincide with
and provides a maek for glycosylated proteins present orCAV3 labelling, as reported in a previous sté¥jduman
the cell surhce?>2% This difference in labelling pattern ventricular tissue samples that were labelled with WGA
between rat and human suggests somferdiice in the shaved similarly ‘orphaned’ RyR clusters although we
distribution and extent of glycosylated proteinutbwe cannot be certain that WGA and €3 have aptured all t-
cannot ascribe such changes tg particular protein at this tubule elements. On the other hand, our estimate ofut¢ub
time. In both rat and human, t-wibs are preferentially density in human with a mean t-tlbe diameter of 350 nm
located in larger gaps between myofibrils and in the humand 1.9 um sarcomere spacing would correspond to a t-
the myofibril hundles tend to form more platedik tubule area of 0.29 pffum?® which is very similar to that of
structures (in cross section) than the raé aggest that it rabbit (0.25 urffun?).®® In addition we can estimate the
is this fundamental diérence in contractile machinery thatvolume fraction with the assumption of circular t-tubules in
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human as(B3% which is similar to that of guinea pig
(2.5-3.298% and is slightly lower than the direcoume
measurement of 3.6% in ratn connection with the latter
figure, assuming a mean tue diameter of 250 nm, the
data presented here suggesblume fraction of 4% for the
rat (with the assumption of circular tubules).

In both species, the SERCA2a labellinggssvmore
extensie than that of the t-tubdar system and the SR lieé
RyR clusters in regions lacking t-tubules. The loops present
in the SR labelling appeared to encircle discretgores
labelled by phalloidin, suggesting that myofibrils are not

completely enclosed by the t-ulbr system. Such grouping 11.

of myofibrillar bundles to sandwich the SR would enhance
the SERCA2a-mediated rerab of Ca&* from the
contractile machinerydthough we note that there is less
SERCA2a protein in human myocardium compared to that
of the rat®”

12.

Acknowledgements

This work was supported by the Health Research
Council of Nev Zealand, the Marsden Fund (NZ), the
Wellcome Trust (UK), the Lotteries Grant Board (NZ), and
the Auckland Medical Researclotdation. Ve thank Dr
Carolyn Barrett for supplying rabbit tissue.

References

1. ChengH, Cannell MB, Lederer WJ. Propagation of
excitation-contraction coupling into ewtricular
myocytes. Pflligers Arch. Eur. J. Physiol.1994;428:
415-7.

2. Forssmann WG, Girardier L. A study of the T system iA5.

rat heartJ. Cell Biol. 1970;44: 1-19.

3. Forbes MS, Hakey LA, Sperelakis N. The tranexse-
axial tubular system @TS) of mouse myocardium:
its morphology in the deloping and adult animal.
Am. J Anat.1984;170: 143-162.

4. Fawcett DV, McNutt NS. The ultrastructure of the cat
myocardium I: Ventricular papillary muscld. Cell
Biol. 1969;42: 1-45.

5. SongLS, Sobie EA, McCulle S, Lederer WJ, Balkw,

Cheng H. Orphaned ryanodine receptors in th&8.

failing heart.Proc. Natl. Acad. Sci. USR006;103:
4305-10.
6. CannellMB, Crossman DJ, Soeller C.fEft of changes

in action potential spé configuration, junctional 19.

sarcoplasmic reticulum micro-architecture and
altered t-tuble structure in human headilire. J.
Muscle Res. Cell MotiR006;27: 297-306.

7. LouchWE, Mgrk HK, Saton J, Stramme TA, LaakR
Sjaastad |, Sejersted OM:-tlibule disoganization
and reduced synchrgnof Ca* release in murine
cardiomyogtes following myocardial irgrction. J.
Physiol.2006;574: 519-33.

8. Lyon AR, MacLeod KTZhang Y Garcia E, Kanda GK, 21.

Lab MJ, Korchey YE, Harding SE, Gorelik J. Loss
of T-tubules and other changes to surface topograph
in ventricular myocytes from failing human and rat
heart. Proc. Natl. Acad. Sci. USA2009; 106:

62

10.

13.

14.

16.

17.

20.

22.

6854-9.

9. SoellerC, Cannell MB. Examination of the tramsse-

tubular system in living cardiac rat myges by
2-photon microscop and digital image-processing
techniquesCirc. Res.1999;84: 266-75.

Sachsd-B, Savio-Galimberti E, Goldhaber JI, Bridge
JH. Towards computational modeling okatation-
contraction coupling in cardiac myges:
reconstruction of structures and proteins from
confocal imaging.Pac. Symp. Biocomput. 2009;
328-39.

Amsellem J, Delorme R, Souchier C, Ojeda C.

Trans\erse-axial tubular system in guinea pig
ventricular cardiomyogte: 3D  reconstruction,
guantification and its possible role in *K

accumulation-depletion phenomenon in single cells.
Biol. Cell 1995;85: 43-54.

Fabiato A. Simulated calcium current can both cause
calcium loading in and trigger calcium release from
the sarcoplasmic reticulum of a skinned canine
cardiac Purkinje cellJ. Gen. Physiol.1985; 85:
291-320.

GranthamCJ, Cannell MB. C# influx during the
cardiac action potential in guinea pigntricular
myocytesCirc. Res1996;79: 194-200.

SipidoKR, Maes M, \an de Werf FLow dficieng/ of
C&* entry through the NaC&* exchanger as
trigger for C&* release from the sarcoplasmic
reticulum. A comparison between L-type €a
current and neerse-mode N&Ca&* exchange.Circ.
Res.1997;81: 1034-44.

Sobie EA, Cannell MB, Bridge JH. Allosteric
activation of Na'-C&* exchange by L-type CGa
current augments the trigger flux for SRROaelease
in ventricular myogtes. Biophys. J 2008; 94:
L54-6.

Bers DM. Cardiac ®&citation-contraction coupling.
Nature2002;415: 198-205.

ChengH, Lederer WJ, Cannell MB. Calcium sparks:
elementary wents underlying xcitation-contraction
coupling in heart muscl&ciencel993;262: 740-4.

Soeller C, Crossman D, Gilbert R, Cannell MB.
Analysis of ryanodine receptor clusters in rat and
human cardiac mygtes. Proc. Natl. Acad. Sci.
USA. 2007;104: 14958-63.

Jayasinghd¢D, Cannell MB, Soeller C.Organization
of ryanodine receptors, trarege tubules and
sodium-calcium xchanger in rat myagdes.Biophys.
J.2009;97: 2664-73.

Evans AM, Cannell MB. The role of L-type Ca
current and Nacurrent-stimulated Na/Caxehange
in triggering SR calcium release in guinea-pig
cardiac ventricular mygtes. Cardiovasc. Res.
1997;35: 294-302.

Franzini-ArmstrongC, Protasi FRamesh V Shape,
size, and distribution of G& release units and
couplons in skeletal and cardiac mus@&aphys. J
1999.77: 1528-39.

Scrven DR, Dan PMoore ED. Distrilation of proteins

Proceedings of the Australian Physiological Society (2@d21)



Jayasinghe Crossman, Soeller & Cannell

implicated in ecitation-contraction coupling in rat contacts between plasma membrane and terminal

ventricular myocytesBiophys. J2000;79: 2682-91. cisterns in mammalianewntricle. Circ. Res.1979;
23. Chen-lzuY, McCulle SL, Ward CWSoeller C, Allen 45: 260-7.

BM, Rabang C, Cannell MB, BakCW, lzu LT. 36. Forbes MS, van Neil EEMembrane systems of guinea

Three-dimensional distriltion of ryanodine receptor pig myocardium: ultrastructure and morphometric

clusters in cardiac mygtes. Biophys. J2006;91: studies.Anat. Rec1988;222: 362-79.

1-13. 37. Suz, Li F, Spitzer KW, Yao A, Ritter M, Barry WH.
24. Saio-Galimberti E, Frank J, Inoue M, Goldhaber JI, Comparison of sarcoplasmic reticulum?GATPase

Cannell MB, Bridge JH, Sachse FBlovel features function in human, dog, rabbit, and mouse

of the rabbit transverse tular system necaled by ventricular myogtes. J. Mol. Cell. Cadiol. 2003;

guantitatvre  analysis  of  three-dimensional 35: 761-67.

reconstructions from confocal imageBiophys. J

2008;95: 2053-62. Receved 25 February 2011, in revised form 24 May 2011.

25. Bhaanandan VP Umemoto J, Banks JR, Bidson Accepted 30 May 2011.
EA. Isolation and partial characterization of © M.B. Cannell 2011
sialoglycopeptides produced by a murine melanoma.

Biochemistryl977;16: 4426-37. Author for correspondence:

26. Peters BP, Ebisu S, Goldstein 1J, Flashner M.

Interaction of wheat germ agglutinin with sialic acidProf. M.B. Cannell
Biochemistry1979.18: 5505-11. School of Physiology and Pharmacology,

27. Horiuchi-Hirose M, Kashihara T Nakada T Medical Sciences Building,
Kurebayashi N, Shimojo H, Shibazakj $heng X, University of Bristol,
Yano S, Hirose M, Hongo M, Sakuraj Moriizumi  Bristol BS8 1TD,

T, Ueda H, Yamada M. Decrease in the density of tJK

tubular L-type C&" channel currents inafling

ventricular myogtes. Am. J Physiol. Heart Cic. Tel: +44 117 928 9000

Physiol.2010;300: H978-88. E-mail: mark.cannell@bristol.ac.uk
28. Scrven DR, Asghari P Schulson MN, Moore ED.

Analysis of Cavl.2 and ryanodine receptor clusters

in rat ventricular myogtes. Biophys J 2010; 99:

3923-9.
29. CrossmarDJ, Ruygrok PR, Soeller C, Cannell MB.

Changes in the genization of ecitation-

contraction coupling structures imailing human

heart. PLoS One011;6: e17901.

30. Sommer JR, Johnson EA. Cardiac muscle. A
comparatre gudy of Purkinje fibers andewntricular
fibers. J. Cell Biol. 1968;36:(3) 497-526.

31. SoellerC, Jayasinghe ID, Li,PHolden A/, Cannell
MB. Three-dimensionahigh-resolution imaging of
cardiac proteins to construct models of intracellular
C&* signalling in rat ventricular mygtes. Exp.

Physiol.2009;94: 496-508.

32. SchumacheiC, Konigs B, Sigmund M, &hne B,
Schondube FVob M, Stein B, Wil J, Hanrath P
The ryanodine binding sarcoplasmic reticulum
calcium release channel in nailing and in &iling
human myocardiumNaunyn-SchmiedebegyArch.
Pharmacol.1995;353: 80-5.

33. Cannell MB, Berlin JR, Lederer WJ. Effect of
membrane potential changes on the calcium
transient in single rat cardiac muscle cel&cience
1987;238: 1419-23.

34. Beucklmann DJ, Nabauer M, Erdmann E.

Intracellular calcium handling in isolate@mntricular
myogytes from patients with terminal hea#tiltire.
Circulation 1992;85: 1046-55.

35. Rge E, Surdyk-Drosk M. Distribution, surfce

density and membrane area of diadic junctional

Proceedings of the Australian Physiological Society (2@21) 63



