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Summary

The review summarisethe evidence that Ca release from sarcoplasmic reticulum (SR) is an
important contributor to the systolic rise in fff]a (the c&* transient) and influences the pacemaker
firing rate. We believe that mechanism whereby [Gainfluences firing rate ighrough the

4 2+ +. . . 2+
dependence of the N&a exchanger on [Ca];. Ca extrusion by the electrogenic N&a
exchanger produces an inward current which contributes to the pacemaker currents. Confocal images
of C&" indicate the distribution of [(gﬁ]i and CA" sparks add to the evidence that thé'Galease
from SR is involved in pacemaker activity. The normal pathway for increased heart rate is sympathetic
activation; we discuss the evidence that part of the chronotropic effBctadfenergic stimulation is
through the modulation of SR Earelease. These studies show tha2t+cmndling by the pacemaker
cells makes an important contribution to the regulation of pacemaker activity.

I ntroduction

The heart rate is detern@d by the firing rate of a small group of specialised pacemaker cells,
which are located in the sinoatrial node in mammals and sinus venosus in amphibians. Early
electrophysiological studies established that the spontaneous firing of pacemaker celle was
period of spontaneous diastolic depolarisation, known as pacemaker potential, which preceded the
action potential. The pacemaker action potential has a relatively slow upstroke and it has long been
recognised that tradition&l; makes relativelyittle contribution(Yamagish & Sano, 1966) Instead
the L-type cd’ current provides the positive feedback for the rise of the action potential and the
delayed rectifier potassium current is mainly responsible for repolarization. The inward currents
which contribute to the slowdiastolic depolarization are the key to understanding the pacemaker
activity and the currents involved are still the subject of del@mmpbellet al, 1992) The
hyperpolarizatioractivatedcation current(lf) has been proposed as the most important pacemaker
current(DiFrancesco, 1993) However, pacemaker cells are still able to firing after blockade of
(Zhou & Lipsius, 1992)ndicating that other mechanisms are involved. Several other inward currents

. . . . . 2+ .
with proposed or_established roles in pacemaking includd#ype Ca current(Hagiwaraet al,
1988) the Na-Ca " exchange currerfBrown et al, 1984) background NJécurrent(Hagiwaraet al,
1992) persistent Nacurrent (Juet al, 1995)and the sustained inward curré@uoet al, 1995) At
present there is no consensus on Whitthese currents makes the major contribution to pacemaking
activity (compare DiFrancesco, 1993; Irisawa et al, 1993)

Given the uncertaigtabout which membrane current is the true pacemaker current, there is
growing interest in the influence of intracellular’Caon the pacemaker activity. One important issue
is the possible role of Ghrelease from the sarcoplasmic reticulum (SR) in paser function. In
this short review we first provide the evidence_that cane toad pacemaker cells contain SR which is
capable of C4 release and contributes to the’C#ransient in pacemaker cells. We then try to
establish answers to the following gtiess. Can spontaneous action potentials be generated in the
absence of SR Carelease? What is the membrane current that underlies %ﬁejéhendence of
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pacemaker firing rat+e? Is the increase in firing rate causgd-agirenergic stimulation also mediated
by the increase in Catransients that they cause?

Evidence that intracellular Ca" influencesthefiring rate of pacemaker cells.

It has long been recognised that changes in intracellulal @mcentration ([Czé']i) affect
some of the pacemaker currents and may therefore potentially affect the firi{l@iFatancesco &
Noble, 1985; gampbeﬂat al, 1992) For instance the following potential pacemaker currents are
affected by [Ca]i; L-type Ca currenflrisawaet al, 1993) I (Hagiwara & Irisawa, 1989)elayed
rectifier potassium currerflNitta et al, 1994) sustainzgrd inward currefGuoet al, 1995) However
the discovery that ryanodine, which interferes with Qalease from the_SR, slows the firing rate of
pacemaker cells has been a major factor in the increased interes%++de©andent mechanisms
(Rubenstein & Lipsius, 1989; Rigg & Terrar, 1996; Heital, 1996; Satoh, 1997)

The reali§ation that [ 5]i may affect firing rate of pacemaker cells has led to new interest in
measuring [Ca]; in pacemakecells (Hancoxet al, 1994; Liet al, 197; Huseret al, 2000) We
began to study intracellular Eain spontaneously firing toad sinus venosus (SV) pacemaker cells in
1996. There are several reasons for using toad pacerelke Firstly, the sinus venosus is easy to
identify in amphibian heart and provides a relatively large number of homogeneous pacemaker cells.
Secondly, amphibian pacemaker cells from the ®aftd marinudike those from the bullfrog lack
(Shibata & Giles, 1985; Jet al, 1995) demonstrating thdg is not the sole pacemaker current and
providing an impetus to identify the role of other pacemaker mechanisms. Thirdly, there are
guantitative amphibian models of pacemaker activity which offer the possibility of determining the
relative contribution of varias pacemaker curren@asmussoet al, 1990)
Single cells were isolated and loaded with the acetoethyl ester form of indd. Pacemaker action
potential and [ aT]i signal were simulteeously recorded by using nystatin perforgtatch technique
as shown in Figure 1. Note the rapid transient rise of +IIC(ihe ca’ transient) following the
spontaneous action potential. The minimum[@Gaduring diastole was around 200 nM whilee th
peak of the CA transient was around 600 nMu & Allen, 198). Although the [C%\+]i rise was
associated with2+action potential, the source Sf @aas uncertain. [C,2§Q+rise could entirely due to
the influx of Ca  from extracellular space though volteggnsitive Ca channels in amphibian
preparations @ discussed below). Therefore, it is important to demonstrate whether there are
contributions from SR Ca release or other possible sources, such as the reverse mode of the

+ 2+ + . 2+

Na /Ca exchanger (Naextrusion, Ca entry).

Is SR in the amphibian pacemaker cell capable of releasing ca®*?

In pacemaker cells, morphological studies sh0\2/\i the SR is rleatively {pargert & Barets,
1979)and there is debate in tge literature a25+to whetheri@duced Ca release exists in amphibian
heart. Fabiato demonstrated Ganduced C&" release using skied cardiac cells from a variety of
species but it was notably absent from frog ventricular myo¢ifgsato, 1982)Consistent with this
finding, voltage clamp studies of frog ventricle showed that tHé @aolved in the activation of
tension arose primarily from the extracellular sp@derad & Cleemanr21,+ 1987)Subsequently studies
in frog atrial cells usingyanodine and caffeine suggested that some @as stored and capable of
release from SR (Tunstall & Chapman, 1994) Nev%[rtheless the prevalent view remains that in
amphibian heart tissue the SR is not a major source ofdiaing the normal contractiqiRasmusson
et al, 1990) -

In order to identify whether SR is capable of storing Ga cane toad pacemakerzcells, we used
rapid application of caffeine. Caffeine increases the frequency and duration of SRré@aase
chamel opening(Rousseau & Meissner, 1988hd therefore rapidly depletes the SR o?JrCa
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Figure 1. Simultaneously recorded action potential (solid line) andzfq:asignals ( dashed line) from
single spontanagsly firing toad pacemaker ceII.2+Action potential was recorded using the nystatin
perforatedpatch technique. The cell was loaded with Candicator, indel AM (from Ju & Allen1998).

(Callewaertet al, 1989) These properties have made caffeine a popular tool to measure’SR Ca
content in mammalian cardiac ties(Diaz et al, 1997) In toad pacemaker cells caffeine caused a
larger and rapid rise in [éai which then fell spontaneously ingtcontinuing presence of caffeine
(Fig. 2). The peak of caffeireduced [Ca+]i signal was about 5 times the spontaneous?tﬁ:a
transient induced by the action potenfial & Allen, 1999a) It is interesting that after application of
caffeine, spontaneous firing stopped. The time for recovery of firing wag @0s. This time might
reflect the duration of SR refilling with & (Hussain & Orchard, 1997and suggested that
spontaneous firing was at least partly dependent on Skodatent.
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Figure 2. Effect of rapid application of caffeine on [%:J“a}i and firing ratein an isolated pacemaker

cell. Caffeine caused a large increase in é]a which spontaneously declined in the continuing
presence of caffeine. After caffeine was washed off the cell did not fire spontaneously for about 20 s.
The firing rate is indicatedybthe frequency of G4 transients ( From Ju & Allen, 1999).

90 Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)



IsSR Ca’" releaseinvolved in pacemaker activity?

Although the exgerlments with caffeine above demonstrate that SR of toad pacemaker cells are
capable of releasing Ca they do not iderfiy whether release of &hfrom the SR occurs during the
normal action potential. To test this possibility, we used ryanodine which is an 4R reiease
channel bIocke(FZIelscher & Inui, 1989) We found that 5 min after application of i ryanodine,

the peak othe Ca transient decreased to 50% of control level (Fig. 3). Cells were still able to firing

at this stage though at a reduced frequency. After 30 min exposure to ryanodine, spontaneous firing
ceased. This effect of ryanodine on pacemaker activigomsistent with the idea that the

transients consist of a component of Ceelease from SR. Decreasing SR Caelease slows the

heart rate. The caffeine experiments show that when the SR is emptleé diri@g temporarily

ceases while the ryadine experlments show that preventing SR'Galease also slows pacemaker
firing. Thus normal SR A release seems to be needed for regular firing of the pacemaker cells.
Fugthermore the argument for involvement of the SR is strengthened by ebsentations of single

Ca release events ( a sparks) during pacemaker action poter{ttseret al, 2000; Ju & Allen,
2000a)(as described below) .
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Flg%re 3. The effects of 1@M ryanodine on [Ca ]i and the spontaneous action potential. A,
[Ca ] transient recorded under control and after 5, and 30 min exposure to ryanodimnMj1®,

the effects of ryanodine on spontaneous action potential were recorded fromirelodoaded cell to
avoid the possible effect of indoAM loading on pacemakextivity (from Ju & Allen, 1998).

Theroleof Na* -ca®* exchanger in pacemaker activity

We have established that SR “Caelease occurs in pacemaker cells and that when it is
prevented firing rate slows. However, the nature of thg link betweéh reease from SR and
diastolic depolarisation needs to be established. How doesrﬂaase from SR generate an inward
current during the pacemaker potezntlal'? It is known that@& " exchanger exist in most cardiac
cells. It is also known that the N&a exchanger generates a electrogenic current, since the coupling
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ratio for Na-C&" is 3 Na/Ca" (Reeves & Hale, 1984) The amplitude and the direction of
exchanger current depend most d2irectly on the membrane potential anozan.[Uader most normal
condition the exchanger extrudes C&om the cé and therefore generates an inward cur(@nown

et al, 1984; Zhou & Lipsius, 1993) Although the possibility forlyacato have a role in pacemaker
activity is clear the actual impor}ranc%remains controvefsSahvier & Boyett, 1996)

To establish the role of N&Ca exchanger toad pamaker cells we first demonstrated that
there is a very active Neca " exchanger by monitoring [gé]i in response to Naree extracellular
solution (Ju & Allen, 1998) To quantify the ampliztude of exchanger current that is generated By Ca
release from SR we simultaneously recorded t{;aand the inward currerinducedzkgy a rapid
application of caffeine (Fig. 4 ). The application of caffeine produced an increase” i [§Im| an
inward current. The shape and time course of the two are similar. In the presence of-@& Na
exchanger blocker I%IT, the cafféne-induced inward current was largely suppressed and the time
course of decay of [6§]i became much slower. These results are consistent with the current and the
decIiPe of [Ca+]i both being caused byaca By plotting the caffeinenduced inwarcturrentversus
[Ca ] , wez+estimated that exchanger would produce abot#72pA inwardInaca at the early
diastolic [Ca ]; level (250300 nM), 12 pA at the late diastolic [%f} level (200 NnM)(Ju & Allen,

1998) Since pacemaker cells have very high input resistance, this amount of inward current would
make asubstantial contribution to diastolic depolarisaijbiFrancesco, 1993)
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Figure 4. The inward Ngl-Ca2+ exchanger current induced by %fa release from SR. A, An indo
loaded cells was voltagelamped at60 mV. Rapid application of 10 mM caffeine induced anidwa
. . .. 2 .
current (upper panel) with thg time course similar to that of f@a( lower panel). Line drawn
through declin+ing phase of [Ca]; is an exponential fit whose time constantg shown. B, Caff+eine
and 5 mM Ni  applied simultaneously. The inward cemt was Iargelzy blocked while the [éa]i
increase was larger but declined more slowly. Exponential fit to early [[¢decline is shown by line
and time constant ) (from Ju & Allen, 1998).
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Distribution of [Ca2+]i during pacemaking

Given that SRCa”" release contributes pacemaker function at least in part through stimulating
the Na-ca™" exchanger, it becomes of interest to know the distribution o +[Celuring the action
potential. This is because the ‘Naa’" exchanger is situated in the .0® membrane and is sensitive
only to the near membrane [%fh. This issue was examined using confocal microscopy during
spontaneous firing of isolated pacemaker cells. For these studies, pacemaker cells were loaded with
fluo-3. Surprisingly, given thahe pacemaker cells have meubules we found that the distribution
of C& " release during an action potential was unif¢don& Allen, 2000a) This is surprising because
one would expect the ‘adistribution resulting fronL-type Ca channels to be localised around the
edges of the cell. In fact ¢4 reachd a similar peak in the centre of the cell as at the edge and there
was no detectable delay in the rise of Ca in the middle of the cell compared to the edge. One
explanation for these findings is that SR is uniformly distributed across the cell andygesirtg
mechanism is so fast that no detectable decay occurs between edge and centre of thegersmall 4
diameter cells.

Confocal studies of [8§]i are also capable of localised, spontaneouzsfr Qalease from SR
relgflse channels (E:+a sparks) whichprovide further information about Earelease from the SR.

Ca  sparks were detected in cane toad cells and become smaller in magnitude and longer in duration
in the presence of 250 nM of ryanodi@de & Allen, 2000a) This finding is consistent with the ability

of low concentration of ryanodine to cause BR C4" channels to enter an intermediate conductance
state with long openingéRousseatet al, 1987) A novel finding was that the frequency of ta

sparks increased just before an action potential. A restedy in mammalian E)flcemaker cells has
corzljrirmed this finding and suggested that the mechanism involved is-thia¢ T4 current triggers

Ca sparks from SR close to the membréidaseret al, 2000) We do not bigeve this is the only
mechanism involved because in our experiments the increased frequency of sparks was also observed
in the middle of the cell.

What isatrigger for SR ca®" releasein pacemaker cells?

In order to study the mechanism underlying §&"  release in pacemaker cells, we
simultaneously voltagelamped the cells and measured Z[J@.a In the present of SR A pump
inhZiJkr)itor22+,5di(tert-butyl)-1,4hydroquinone (TBQ), which would be expected to deplete the SR of
Ca , Ca transients wer reduced to 34% while there was no significant effect on the peak inward
current. This result suggests that about 66% 02f+Ceontributing to the G4 transient is released
from SR, which is consistent with previous observation in spontaneous firlagvithl ryanodine. In
response to a series of membrane depolarisations we found that the ar2n+plitude 6t trengiant is
not simply related to the size of inward curr¢dti & Allen, 2000b) Ca  transients increased
continuously as membrane potential was increased whereas the -voltage relationshipf the
inwzilrd current was behaped. By u§ring vzilrious channel blockers we found that notLetylye
Ca current but also reversal mode N&a exchanger current could triggerzﬂ‘aSR release in
pacemaker cell§&Ju &2ﬁllen, 2000b.)ZIhe results pose the question whether reversal modeCHf3
exchanger iduces Ca induced Ca release during the spontaneous pacemaker action potentials.
However, lack a specific Neca™* exchanger blocker prevents us addressing this issue directly at
precent.

Istheincrease heart rate by adrenalinerelated to the change of SR ca’ release?

It is generally thought that the increase izrl the heart ratebafidrenergic stimulation is caused
by modulation of ionic current, such bgype Ca current(Nomaetal., 1980)andl;_ (DiFrancesco,
1981) It is also known thab-adrenergic stimulation increase the amplitude o *Qeansients in
cardiac myocyteg¢Allen & Blinks, 1978; Hussain & Otward, 1997; Hancoet al, 1994) We have
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found that in toad pacemaker cells various aspectszo+f Gandling were modified by-adrerergic

. . . . . . 2+ + .
stimulation, including increases in thetype Ca current, the SR Ca content, and the magnitude
of Na -Ca" exchanger currerffu & Allen, 1999a) We also found that increased Na& exchange
current could be explained by the increasedzJ[ﬁarather than changes in the intrinsic properties of
exchanger(Ju & Allen, 1999b) Since adrenaline changed segootential pacemaker currents in
addition to having multiple effects on the f(f]a handling, it is difficult to identify the exact basis of
the chronotropic effect. However, one intriguing observation suggests that’SRr@ease has a
critical role in b-adrenergic stimulation. We found that isoprenaline was able to restore spontaneous
firing in the cells treated with a high concentration of ryanodine but not in the cells treated with a low
concentration of ryanodingu & Allen, 1999a) It is known that different concentiats of ryanodine
have different effect on the SR Taelease channéFleischer & Inui, 1989) Low concentration of
ryanodine lead to channels open in the subconductance state whereas high concentration of ryanodine
close the channels. Thus, we expect the SR to be emptyZBfaCth ryanodie concentrations but
loaded with C&" at high ryanodine concentration and this prediction was confirmed by caffeine
exposures. It appears that isoprenaline was able to overcome the inhibitidh ae@ase caused by
high ryanodine concentration and ttis@ontaneous firing could resume provide SR'Gelease could
occur. In contrast, when intracellular Castore were emptied by low concentration of ryanodine,
spontaneous firing was unable to occur.

A. Control B. ISO C.ISO + TBQ
+10 mV ﬂ ’T M
-60 mVv
200 pA
1s

Pt L
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Figure 5. Membranecurrent and [C621+]i in a voltageclamped pacemaker cells showing effects of
isoprenaline and TBQ. Cell was loaded with ifldAM. Perforated patch technique was used to
voltage clamp cells. Depolarisation to 0 mV from holding poter®@lmV evoked anward current

associated with an [C,Zé']i transient in the control condition (A). BoM isoprenaline caused a lager
increase of inward current and [é:’;ﬂi transient. C, after 5min application of XM TBQ in the

continuing presence of isoprenaline. The hinge of [CfaZ+]i transient was greatly decreased while
the amplitude of inward current remained the same (from Ju & Allen, 1999).
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The above experiments suggest that SR’ Galease plags a specific role in respons?-to
stimulation. In order to separate the effectedtimulation on Ca influx from that due to SR Ca
release we simultaneously recorded® Cacurrent and [ J]i . We found that in the present of
isoprenaline both a curent and [Ca+]i transients were increased (Fig. 5). TBQ was used to
reveal the SR contribution. We found that apzolication of TBQ had no significant effect on Ca
current enhanced by isoprenaline. However, fﬁaransient was greatly decreasethe similar

. . . . . 2+
result was obtained by using low concentrations of ryanodine. Such experiments suggest that SR Ca
release contributes about 50% of thé Geansient both in the absence and presende @fdrenergic
stimulaton (Ju & Allen, 1999a) Therefore the increase of fﬁ}atransient byB-stimulation is partly
caused by increased SR’ arelease. In order to maintain the homeostasis o+IC,athe N&-ca’
exchanger would produce more inward current by extruding mdre Taus increased inwaicurrent
during the diastolic potential would accelerated the diastolic depolarisation, therefore increasing the
heart rate.

Conclusion

The evidence is clear that [ﬁx and SR CA release are in some way related to the firing rate
of cane toagacemaker cells. It is very likely thejaca is at least part of the intermediary process
which links the C& to the pacemaker current. However many other details are less clear; does
[Ca2+]i affect other pacemaker currents which have significanttsf?e Are ca sparks important in
the pacemaker process and _is the mechanism proposed byeHak€2000) correct and applicable in
other cell types? Does SR Caelease have some special role over and above its contribution to the
cd ' transients? The ryanodine experiments suggest that it may and studies by Cousins & Bramich
(1998) also suggest there may be a class gfr@tore which is modulated only by neuronakyeased
adrenaline.

Cellular studies of pacemaker cells have been impeded by the small numbers of these cells and
the difficulties in isolating them. There is increasing evidence that pacemaker function declines in the
elderly and those with ischaemicadnediseaséBendittet al, 1995)and understanding and treatment
of these problems is dependent on increasing understanding of pacemaker function at a cellular and
molecular level.
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