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Summary Introduction

1. Alterations in intracellular G4 homeostasis va Changes in intracellular [€4 play a piotal role in
frequently been implicated as underlying the contractileegulation of contraction and relaxation in the heart.
dysfunction of failing hearts. Contraction in cardiac musclBepolarization during the action potential results in SL
is due to a balance between sarcolemmal (SL) a@* entry via voltage-qated Ca'-channels that
sarcoplasmic reticulum (SR) &aransport which has been subsequently triggers the release of gdammount of CA
studied in single cells and small tissue samplesveder, from the sarcoplasmic reticulum (SR), in a processvkno
mary studies hae rot used physiological temperatures anés Ca&*induced C#'-releasé. Further C&" entry may
pacing rates, and this could be problematiemidifferent occur during the peak of the action potentia the SL
temperature dependencies and kinetics for transpdi’-Ca&* exchanger (NCX) in ‘reerse’ mode? The
processes. increased cytosolic [€§ allows crossbridge ycling, and

2. The spontaneouslyypertensie rat (SHR) and force production. Relaxation occurs on remioof Ca?*
their age-matched latar Kyoto controls (WKY) provide an from the gtoplasm,via two principle routes: re-uptakinto
animal model of fipertensie failure with mag features in the SR by a Ca-ATPase (SERCA2a)or transport across
common to heart ailure in humans. Steady-statethe SL primarilyvia the ‘forward’ mode of NCX: When
measurements of &aand force showed peak stresasw the heart is in a steady-state, that is, when systolic and
reduced in trabeculae fromailing SHR hearts in diastolic pressures are constant from beat-to-beat, this
comparison to WKY dthough the C# transients were ‘Ca?* cycling’ through intracellular and xéracellular
bigger and decayed more slowly. compartments is balanced so that the amount &f Ca

3. Dynamic C&' cycling was irvestigated by released from the SR equals thatetakup by SERCA2a,
determining the recirculation fraction (RF) of aator C&* and C&* extruded across the SL is the same as the amount
through the SR between beats during vepp from that entered during systole. Wever, heart rate and
experimental protocols that potentiated twitch force. Neontractility vary depending on adty, and require
difference in RF between rat strains was found, althouglynamic changes in the relai ontributions of SR and SL
the RF was dependent on the potentiation protocol used. C&* fluxes to change the amplitude of the?Camansient.

4. Superfusion with 10 mM caffeine andntM An imbalance between influx and efflux al® a nev
[Ca”]0 was wed to measure SL &€aextrusion. The steady state to be achéel which is re-established by the
caffeine-induced [Cﬁ“]i transient decayed more slly in  changed C# transient
SHR trabeculae, suggesting SL?Caxtrusion was shwer In failing hearts, the ventricles no longer contract
in SHR. with sufficient force to produce the required cardiac output.

5. Ultrastructural immunohistochemical analysis ofAlterations in C&" cycling are often implicated in the
left ventricular (LV) free wall sections using confocal patho-plysiology of heart dilure’° Mary studies on
microscoly showed that t-tubule ganization was disrupted isolated myogtes from animal models of hearailfire
in myocytes from SHR, with reduced labelling of the SReport that the amplitude of the Tatransients is
Ca&*-ATPase (SERCA2a) and N&a* exchanger (NCX) decreased?!? and infer that a reduced contractility will
in comparison to WKYwith the latter possibly related to aensue. Hwever, this inference should be treated with
lower fraction of t-tubules per unit cell volume. caution as isolated myocytes are frequently damaged by

6. We suggest that although €atransport is altered isolation, and are depotentiated bgrking at slack length.
in the progression to heart failure, forcvdlepment is not In addition, the remal of the extracellular matrix may
limited by the amplitude of the &atransient. Despite lead to defects in normal signalling between force arfd Ca
slover SR C&' transport, the recirculation fraction andas mediated by stretch atied C&" influx pathways and
dynamic response to a change of inotropic state minimakylhesion compies!®14 Nevertheless, morphological
altered changes in the SHR model because thae av analysis of entricular tissue from failing hearts and
similar slowing in C& extrusion across the sade isolated myocytes lva oth shown changes to the T system
membrane. that could disrupt the synchronisation of SRP‘Olease

and impair contractility>6

While observations of reduced <%atransients
provide a facile gplanation for impaired contractilityit
should be noted that for some heart failure models the

Proceedings of the Australian Physiological Society (2@01) 11



Calcium cycling in failing SHR hearts

ventricles are dilated, with thin walls, suggesting (from théfom age-matched, normotemsi WKY hearts (SHR:
Law of La Place) that contractile performance should b&.5+1.4 mN mmt, WKY: 24.85.5 mN mm!, n=6 both
increasedto achie the same systolic blood pressuregroups). Both the peak of the Latransients (SHR:
(which is eren higher in the case of systemiggertension). 0.7740.09uM, WKY: 0.44+0.08uM), and the resting
A second potential concern is that much of ourvdedge [Caz"]i were higher for SHR (SHR: 0.20.03uM, WKY:

of the cellular mechanisms associated with theldpment 0.068:0.014uM), and the time constant of decay in pr
of heart &ilure has come from animal models thatéha slover (SHR: 0.0640.002s, WKY 0.053t0.004 s).
relatively abrupt disease onset compared to hunzinre Exemplar data are stwm in Figure 1 for C# transients and
(e.g. aortic banding compared to systemigpértension- force from SHR (dashed lines) and WKY (solid lines),
induced heart failure). Furthermore, in human hesltirle, aveaged oer 16 ¢gycles. Figure 1B shwes the same data as
a long period of dilure is supported by drug theyafhat in 1A, normalized to shw the difference in the time course
may lead to morexéensive maladaptation i(e. additional of the C&* transients between rat strains.

changes may occur that could be poorly replicated in some
animal models).

These considerations suggest that we should re- 12
examine the relationship between force andzﬂ}altilizing
an animal model ofypertensie failure under eperimental
conditions that are close to physiological.e Wriefly
describe our ivestigation of C&' handling in left
ventricular (V) trabeculae from  spontaneously 0.0
hypertensie rats (SHR) in &ilure and their age-matched 00 01
Wistar-Kyoto (WKY) controlst’8 As has been pviously Time ()
described®?! the SHR model has mgnfeatures in
common with human ypertensie heart failure, including
progressie ardiac lypertroply that deelops over 118 10
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Defective C#* cycling has been reported in myoes
isolated from SHR during the period of stabigértrophy
that precedes the transition to failure at around 20 mons
of age???® However, only a fev studies hae examined * —

0.8 = 30= 0.081

C&* and force infailing SHR hearts. At v stimulation
frequeny and at room temperature, Brooksal. (199474
reported a small increase in peak?Cdmeasured in
perfused hearts using aequorin) that did not aehie
statistical significance. Although uncalibrated, ythalso
noted a decrease in the amplitude of the aequorin transient J D
with increasing rate, whichas mirrored by force. A more od = ) 0"
recent study in whole hearts using fluo-4/AM reported
changes in C4 cycling in SHR that preceded the onset of
overt heart &ilure?® This study sheed an initial increase B WKY — [1SHR
in the amplitude of the fluo-4 transient between 6 and 9
months, folleved by a decrease at 22 monthswiéeer, Figurel. [Caz"]i and force at physiological frequency. A:
these intriguing measurements cannot be simply translatedpesentative examples of [Ei”é]a1 and force (aveaged
to C&* levels due to the non-quantiteti rature of the from 16 cycles) obtainedoim WKY (solid lines) and SHR
measurement and/or lack of knowledge of changing restifgashed lines)  trabeculae of similar diametesuperim-
C&* levels and background fluorescence. Unfortunately posed for comparison 3z, 2 mM [Cé*]o, 37°C). B:
both cases the hearts were at room temperature, whiltows the data dm A normalized to the peaks to empha-
raises the question as towhthe temperature sensitivity of sise the dferences between rat sains. C:. shows
C&* cycling in the different experimental groups mightmeaS.E.M. datafrom WKY (solid ba) and SHR (open
influence their results. bars), n=6 both groups. * denotes0.05.

To address these concerns, werdaxamined steady-
state force and [C"}é]i in left ventricular trabeculae loaded
with the ratiometric indicator fura-2/AM at péiological
heart rates (for rat, 5 Hz) and at 37°C8 In these
conditions, SHR trabeculaeidtoped less stress that those
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recovery from an interention that alters intracellular €a
A levels, or by the approach to steady-state from a change in
30 s steady-state rate. InFigure 2, we illustrate results from experiments to
perturbation examine non-steady-state €acycling in LV trabeculae
using non-pharmacological interventions to potentiate

n
% n+:,+2___ force: (i) an interal of 30s rest, and (i s train of
paired-pulses, and calculate the recirculation fraction (RF)
I 4 A d n for recovery to steady-state. In rat myocytes, the SR
accumulates & during a period without stimulation,
™55

leading to potentiation of both the Laransient and twitch
force on recommencing stimulatidh, whereas paired
pulsing increases €aby increasing influx of Naand C&*
per unit time (eqwidlent to increasing the duration of the
AP).
To analyze the resulting response, the amplitude of
the twitches were measured during the return to steady-state
Line of identity (see Figure 2A). Figure 2B she the change in peak stress
} 100% SR reci culation from a representat rabecula, plotted as the amplitude of
the (n+ 1)™ twitch against the amplitude of the preceding
- o n" twitch. The gradient of lines fitted to the data is then
taken as the ‘recirculation fraction’ (RF) which is a measure
y = 0.7572x of the fraction of cytosolic G4 re-sequestered by the SR
R2=0.99 between beat$2° Using this method of non-steady-state
analysis and tw different experimental protocols used to
0 T 10 T 20 potentiqtg force, no differenceas found _in the RF bgtween
A Peak Stress nth twitch aged failing SHR and.WKY control§ This Was.desplte the
(MmN mm2) fact that the C# transient decayed more gly in SHR as
might be expected from previous reports of reduced
SERCA2a activity and impaired SR Tauptakel’ To
. explain this paradox, the relaé cntribution of trans-SL
through the SR during recovery to steady-state. Trabecu- 5. 1 ision to the decay of the &aransient would hae

Iae_ wee dimulated at 1 Hz and Sl.JbJeCted tq assgain of to be also decreased in SHR. This underscores the problem
paired-pulses (8@ns between stimulus pairs), and after

steady-state had again bearathed, a 30 sast period was that, while easy to measure, the RF is rather difficult to

used as a second potentiationofmcol. A: shows the interpret without additional vidence for the relate
P T contribution of SL and SR calcium transport processes.

recovery of stress to steady-state following non-pharmaco- Two previous studies ha dso examined non-steady-
logical potentiation for aepresentative becula. Estima- state C&* hgndlin in SHR. Both Péreet al. (1993§° andy
tion of the ecirculation fraction for the ecovery of stess . 9 1 "

Lammerich et al. (1995§! found SR C#& release \as

following potentiation is shown iB. The peak of the ) :
(n+ 1)thgtv5itch (normalized to steady—statep) was plotte educed in papillary muscles from young SHR, and that the
F was decreased. This is clearly at variance with the

agalnst_the peak of theYtwitch, and the slope of t.he linear hesults described abe but we note that the latter studies
regression line fitted to the data used as an estimate of the )
were performed on young animaldB( months old,

relative amount of activatorecirculated through the SR. . L .
: X compared td22 months in our stud$) and it is possible

The dotted line has unity slopand represents the hypothet- ; ) .

. . i . that changes in the first stages of heailufe may not

ical case if all of the activator C& was ecirculated L . .
reflect the situation after a long period of adaption to

through the SR between beats. ; .
hypertension (as auld be the case for humapgertension,
and see also Kapuet al, 2010°%. This consideration

Non-steady-state Caycling. suggests that changes in SR Qaansport may occur at an

) ) earlier stage of disease in SHR than mechanisms thvat slo
As described ahe, in seady-state, the amount of g transport.

C&* that leaes each myocyte during diastole must be
quantitatvely identical to the amount that entered durindMeasuring trans-sarcolemmal €afluxes
systole. Hwever, to change the Ca cycling and

contractility Ca2* influx (or efflux) must change to increase __Sarcolemmal CQ"’T fluxes can be measured by
(or decrease) the SR Cacontent® that is the major addition of 10mM caffeine to the superfusate. In quiescent

determinant of contractilityThe change in SR content esk Myo/tes, this causes the release of Geom the SR and a

several beats to deslop, and limit the speed of adaption oftransient increase in [é“é}i. In the continued presence of
. 5 :

the working ventricle to changes in load. Experimentallfaﬁe'n% the [C&T, decays slowly tci resting vels as the

the non steady-state behaviour can be examined either%’yc"’g transport proteinsxérude C&". By aso remaing

Force

o

20 -

th twitch

)

)

(mN mm
S

A Peak Stress (n+

Figure 2. Beat-to-beat recirculation of activator Ca?*
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external C&', any entry of C&" is abolished so that from SHR and WKY was carried out to compare the
unidirectional efflux can be determined and hence SI* Cdocalization of NCX and SERCA2a and the subcellular
transport. Figure 3A shes fluorescence from a distribution of t-tubules between SHR and control hearts.
representatie trabecula at 37°C before, during, and afteFigure 4A shows the analysis of t-tué structure (top
caffeine superfusion. 3B stwe mean data for the time panels) using a skeletonization algorithmw@o panels).
constant of decay of the caffeine transients, suggesting tiigure 4B shws images of typical antibody-labelling
SL C&* extrusion was slower in SHR (SHR: 13B8 s, patterns for SERCA2a (red) and NCX (green) in WKY and
WKY: 8.6£1.5s, n=3 both groups). With this result in SHR ventricular cells. Quantification (Figure 4C) whd
mind, we can n@ reconcile the slwed C&" transients in SERCA2a (SHR: 79#47.6 % WKY, p<0.05) and NCX
SHR in the absence ofynhange in RF. (SHR: 63.86.2% WHKY, p<0.05) were both decreased
when expressed as a percentage of WKY label (3

A 0 mM [Ca?] cells/heart, n=3 hearts per group). Figure 4C (insbt-
T — tubule area was reduced in SHR, with some areasisfo
15 10 mM caffeine marked disruption (WKY 4.3£0.2 % area, SHR: 32.3 %
o area p<0.05).
O]
g ‘ i ‘ } } H H Conclusion
g As reported previouslye(g. Ward et al, 2003'%)
«© 0 trabeculae from failing SHR heartsvaéoped reduced force
100 (s) (stress) in comparison to age-matched WKY controls at
stimulation frequencies that encompassed thsiplogical
B range. Although there are numerous reports of changes in
20 * the amplitude of the Catransient in isolated mygtes
|_ _'II' which hae been implicated in the reduced force response
of failing heart$® we found this did not appear to be the

case in the intactentricular trabeculae. On the other hand,
there were differences in the time course of thé*Ca
transient between rat strains with the SHR having &eslo
WKY SHR decline in C&', in agreement with other studié$3®and we
Caffeine transients found similar subcellular remodelid§.Since the rate of
decline of the C# transient is dominated by the activity of
Figure 3. Sarcolemmal Ca?* transport. Measuement of SERCA2a326 one might gpect a reduced SR &acontent
SL C&* transport was made in quiescent trabeculae biyn SHR (and recirculation fraction), an explanation that has
prolonged application of 10 mM caffeine in the absence dfeen ivoked previously to explain a reduced &dransient
external [Ca2+]0. These experimental conditions depleteamplitude in HF In support of the idea that reduced SR
the SR of CH, causing a fransient’ incease in [Cé*]i uptale is pesent in the SHR, we also note that diastolic
that then slowly decays as €ais extruded from the C&*is elevated in SHR (see Figure 1AJ.
myocytes, primarily by the SL NCKX: shows an xample An explanation for this apparent paradox is\pded
of fluorescence data from aabvecula superfused with by our caffeine experiments which sted a parallel
10 mM cafeine in 0 mM [Cé*]o. An exponential fitted to decrease in SL Gaextrusion. Since NCX is the major SL
the decay phase of the fiihe transient (from 90%-10% of extrusion mechanism, our obsation of reduced NCX
the peak [C&']) was used as a measuof SL G?* trans-  labeling seems a simple explanation forywhcirculation
port. B: shows meatS.E.M. time constant of decayprr fraction is unchanged and withe SR store is not depleted
WKY (filled, n=3) and SHR (open, n=3). * denqgpe®.05.  despite reduced SERCA2a expression (Figuré® his
change was accompanied by a reduction in SLasarf
o membrane area in t-tubules. In addition, the reduced stress
L ocalization of Ca’" transporters was rot associated with reduced Ldransients, although
Immunohistochemistry of SERCA2a, NCX and WGA differenceg in [C%T]i were evident bgtween rat strain;: the
C&* transients decayed more wly in SHR and resting
Songet al. (2006)!° using isolated myocytes from [C&]; was increased. The delayed return to restinglte
failing SHR hearts, slwed decreased &atransients which apparent in SHR provides amptanation for the diastolic
they attributed to t-tubular remodelling (for view see dysfunction observed in hearilure>*3":3 Although we
Louch, Sejersted & Swift, 20%). T-tubular remodelling have povided an explanation for whthe C&" transient
has also been observed in humpig,3® and other models amplitude can be unaltered in the presence of reduced SR
of heart &ilure 33 Since we did not obsez\a cecrease in the uptale rate, the cause of the loss of force remains unclear
C&* transient it was therefore of interest to see the extent\¢e have previously shevn that there is an increase in
which sub-cellular changes mimic those of Seng|. collagen which may impede external force productfdumt
Immunohistological examination oewtricular tissue changes in cross bridgg/aing and changes in troponin

Tau Ca* Decay (s)
3

o
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Figure 4. Confocal imaging of t-tubules, SERCA2a and NCX in LV freewall. Tissue sections oM.free wall were fluo-
rescently labeled for t-tubules (WGA), SERCA2a and NCX angethheith confocal micoscope at 0.m x 0.1 um x 1

um pxel resolution. A: The top panels shovepresentative myocytes from WKY and SHR labeled with WGA. The lower
panel shows the result of processing with an automated skeletonization algorithga nia representative imges taken

of LV myocytes from free wall sections labelled with antibodies raised against SER@#2atid NCX (gren).C: his-
tograms of (i) pixels after skeletonization of the WGAgengeft panel), (i) SERCA2a (middle panel) and (iii) NCX (right
panel), apressed as a peentaye d the WKY labellingData from 3 cells/heart, n = 3 hearts per group. Analysis showed t-
tubule area was educed in SHR, with some areas showing marked disruption:(%WEK¥ 0.2% area, SHR: 3£0.3%
area). * indicate9<0.05.

sensitvity may also occut®*! Nevertheless, it is important 3605484 to M.B.C.).

to note that in the intact working heart, such a reduction in

force is unlikely to be present (a conclusion due to tHReferences
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