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ABSTRACT In cardiac muscle, excitation-contraction (E-C) coupling is determined by the ability of the sarcoplasmic reticulum
(SR) to store and release Ca®*. It has been hypothesized that the Ca®* sequestration and release mechanisms might be
functionally linked to optimize the E-C coupling process. To explore the relationships between the loading status of the SR and
functional state of the Ca®* release mechanism, we examined the effects of changes in SR Ca®* content on spontaneous Ca®™*
sparks in saponin-permeabilized and patch-clamped rat ventricular myocytes. SR Ca®* content was manipulated by pharmaco-
logically altering the capacities of either Ca®* uptake or leak. Ca®* sparks were recorded using a confocal microscope and Fluo-3
and were quantified considering missed events. SR Ca®* content was assessed by application of caffeine. Exposure of perme-
abilized cells to anti-phospholamban antibodies elevated the SR Ca®* content and increased the frequency of sparks. Suppression
of the SR Ca®" pump by thapsigargin lowered [Ca®*]gs and reduced the frequency of sparks. The ryanodine receptor (RyR)
blockers tetracaine and Mg®* transiently suppressed the frequency of sparks. Upon washout of the drugs, sparking activity
transiently overshot control levels. Low doses of caffeine transiently potentiated sparking activity upon application and transiently
depressed the sparks upon removal. In patch-clamped cardiac myocytes, exposure to caffeine produced only a transient increase
in the probability of sparks induced by depolarization. We interpret these results in terms of a novel dynamic control scheme for
SR Ca®* cycling. A central element of this scheme is a luminal Ca®>* sensor that links the functional activity of RyRs to the loading
state of the SR, allowing cells to auto-regulate the size and functional state of their SR Ca®* pool. These results are important for
understanding the regulation of intracellular Ca®* release and contractility in cardiac muscle.

INTRODUCTION

In mammalian cardiac muscle, the major source of'Ca control loop linking activity of the RyRs to the loading state
required for contractile activation is the sarcoplasmic retic-of the SR, thus providing a means for tuning the gain of
ulum (SR). C&" sequestered in the SR can be rapidly calcium-induced calcium release (CICR) (Gy® and Gy-
released in response to a small entry of Caluring the  orke, 1998). The role of luminal Ga in modulating the
action potential. This mechanism is known asGinduced  release mechanism has also been implicated in the genera-
Ce" release CICR (Fabiato, 1985). Recently, it has beefion of spontaneous &4 waves under conditions of &4
shown that the global G4 release is a result of spatial and gverload in cardiac myocytes (Lukyanenko et al., 1999).
temporal summation of elementary Larelease events Fabiato (1992) presented the first evidence for lumin&l‘Ca
called C&" sparks (Cheng et al.,, 1993; Cheng et al., 1996yegulation of C&" release. He showed that, in skinned
Wier and Balke, 1999). It appears these Ioga?taalease cardiac myocytes, Carelease could occur in the presence
events are geperated by concerted openings-0-30 ¢ glevated cytosolic [(4] when CICR is inactivated. He
single SR C&" release channels (ryanodine receptors,iin e this release to a mechanism different from the
RyRs) (Bridge et a!., 1999, Lukyanenko et al., 2000). Dur'CICR mechanism, one that is determined by the SR'Ca
ing the E-C coupling process, Cathat enters thrpugh load. RyR bilayer reconstitution studies have provided di-
sarcolgmmal voltage-actlvated Cachannels results in fo rect support for this hypothesis. In particular, elevated lu-
cal activation of adjacent RyR clusters (Lopez-Lopez et al'minal C&* increased the open probability of native canine

1995; Santana et al., 1996; Shorofsky et al., 1998). "
It is becoming increasingly evident that the SR2Ca RyR channels under conditions when there was no net flow
. ; fCa* from the luminal to the cytosolic side of the channel
release process is regulated not only by cytosolig"Caut 0 B . YLOSOlI . @
also by C&" inside the lumen of the SR. RyR modulation (qurke apd Gyokg, 1998). In, ?dd't'on' luminal Ca-
by luminal C&* is important because it could provide a mediated increase in RyR activity could be prevented by
tryptic digestion of the luminal portion of the RyR channel
(Ching et al., 2000). These findings suggest that modulation
' — o _of RyR channels by luminal C& involves C&"-sensing
Received for publication 19 December 2000 and in final form 16 April sites on the luminal side of the RyR complex.
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Ca&" content, revealed in these studies, indicates that thMMATERIALS AND METHODS
effects of load may not be simply due to the increaseti Ca . .

: } . . Cell isolation
gradient across the SR membrane; rather, they likely involve
alterations of RyR channel gating. However, such measuresingle ventricular myocytes were obtained from adult male Sprague-
ments of global C& could not readily distinguish between Dawley rat hearts by enzymatic dissociation as described previously (Gy-

P ork . 1997). Th imal kill lethal injecti fN |
intra- and extra-SR effects of &2 Increased SR G4 load ~ O'ke et &l 1997). The animals were killed by lethal injection of Nembuta
(100 mg/kg intraperitoneally). The standard Tyrode solution contained (in

has also been shown to increase the frequency of parks mM) 140 NaCl, 5.4 KCI, 0.5 MgG| 1 CaCb, 10 Hepes, 0.25 NajPO,,
(Cheng et al., 1996; Lukyanenko et al., 1996; Satoh et al5.6 glucose, pH 7.3. Unless specified otherwise, all chemicals were from
1997). However, Song et al. (1997) reported no significanigma (St. Louis, MO). The experiments were performed at room temper-
change in the frequency of sparks when SR'Clmad was ~ ature (21-23°C).
reduced by thapsigargin and spark statistics were corrected for
changes in detectability of the events. Experiments in permeabilized myocytes

In cardiac muscle, Ca release by the SR occurs not only The cell bilized b . in (0.01% for 45-60

. . . e cells were permeabllize Yy exposure to saponin (V. b Tor — S,
durmg E-C COUp“ng but also at rest. Althoth the reStmgaﬂer Lukyanenko and Gyke, 1999). The permeabilization solution con-

SR C&" leak helps explain certain Wh0|e'ce|| pher_lomenatained 100 mM K aspartate, 20 mM KCI, 3 mM MgATP 0.5 mM EGTA,
such as the rest-dependent decline of®‘Cdransients 0.114 mM CaCJ (free [CZ*], ~100 nM), 0.81 mM MgC} (free [Mg?*],
(Bridge, 1986; Bassani and Bers, 1994), this leak has noafn rfllM), 10 m'\él phosdphocrea(tine, 10)mM Hepes.h 5 U/ml clreatine |oh05—|
; ; ; ; okinase, and 8% dextran (40,000), pH 7.2. The control experimenta
ik aSSIQHed a.'ny phyS|oIog|caIIy us.erI r.0|2e. Bassani ansolution contained 100 mM K aspartate, 20 mM KCI, 3 mM MgATP, 0.5
Bers (1995) estimated the rate of diastolicCdeak by mM EGTA, 0.114 mM CaGl (free [CZ'], ~100 nM), 0.81 mM MgC}
measuring unidirectional €& loss from the SR in the (free [M@*], ~1 mM), 10 mM phosphocreatine, 10 mM Hepes, 0.03 mM
presence of thapsigargin. They found the leak rate to bé&luo-3 potassium salt (TefLabs, Austin, TX), and 5 U/ml creatine phos-
. . .pe . . 1 + H + 2+
insignificant when compared with €4 fluxes mediated by ~Phokinase, pH 7.2. The free [€4 and [Mg” '] at given total C&", Mg*",
+ . . . ATP, and EGTA concentrations were calculated using WinMAXC 1.80
other C& transport mechanisms in cardiac myocytes. Sub-(Stanford University, Stanford, CA)
sequently, Ginsburg et al. (1998) suggested that dissipative ' ’
losses have only a minor role in determining the SR'Ca
content and that the SR €aload is set by the thermody- Patch-clamp measurements
s 4 .
namic limit of the SR C& pump. On the other hand, it has \ypoje-cell patch-clamp recordings of transmembrane currents were per-
been demonstrated that inhibition of Taefflux from the  formed using an Axopatch 200B amplifier (Axon Instruments, Foster City,
SR by the RyR channel blockers tetracaine and rutheniur@A). Micropipettes made from borosilicate glass (Sutter Instrument Co.,
PN ; Novato, CA, 1-3 M) resistance) were filled with a solution that contained
red leads to a dramatic increase in the SR'Ceontent of
t tricul t Gvke et al.. 1997 [az et al 120 mM cesium aspartate, 20 mM CsCl, 3 mM,N&P, 3.5 mM MgCl,
rat ventricular myocytes (Gyke et al,, e _Z e al,  5mm Hepes, 5QuM Fluo-3, pH 7.3. The external solution contained 140
1997; Lukyanenko et al., 2000). These findings indicate thag,m Nacl, 5.4 mM KCI, 1 mM CaGJ, 0.5 mM MgCh, 10 mM Hepes, 5.6
the SR C&" content is limited not by the ability of the €& mM glucose, pH 7.3. Voltage pulses were applied from a holding potential
pump to move C%"" aga|nst |tS grad|ent, but rather by the of =50 mV. Current Signals were Sampled at 5 kHz and filtered at 2 kHz.
leak of C&* through RyR channels. Therefore, at this point,;?nlgg 'gg;&igﬁg%;iﬁ?endem Necurrent the external solutions con-
there is little agreement on the rate and role of the SR'Ca '
leak in cardiac C&" cycling.
In the present study we sought to investigate 1) how SFConfocal Ca®* imaging
" . -
C_a2 content mﬂuences_the activity Qf SR Carelease Cé&* sparks and caffeine-induced atransients were recorded with a
sites and 2) how the activity of RyRs influences theCa  Bio-Rad laser scanning confocal system (MRC 1024ES, Bio-Rad Labora-
storage and release functions of the SR in cardiac muscleries, Hercules, CA) equipped with an Olympus6Q.4 N.A. objective
To this end we used confocal ?faimaging and Fluo-3 to (Lukyanenko and Gyte 1999; Lukyanenko et al., 2000). Fluo-3 was
. . excited by light at 488 nm (25-mW argon laser, intensity attenuated to
mvestlg'ate the effects upon eaSparkS and SR Ca lo_e,ld 0.3%), and fluorescence was measured at wavelengthsséb nm. An
by altering either SR C& uptake or leak in permeabilized analog recording of fluorescence intensity during each scan was digitized
and patch-clamped cardiac myocytes. Our results indicat@to 768 pixels, giving a nominal pixel dimension of 0.8n. Line scan
that openings of RyR channels, manifested as spontaneoii®ages were acquired at a rate of 166 Hz (6.0 ms per line scan) and stored
ca" sparks mediate a substantial diastolic release WhiCH tiff format. The amplitude R/F, where F is recorded fluorescence

. o . Intensity andr, is background fluorescence) and frequency of sparks were
is controlled by the level of C& within the SR. This determined from the line scan images by using a computer algorithm

luminal C&*-sensitive release appears to be an essentiaimilar to that described previously (Song et al., 1997; Cheng et al., 1999;
part of a dynamic regulatory system that allows cells toLukyanenko et al., 2000). The frequency and amplitude of events were

auto-regulate the size and functional state of their SR'Ca corrected for detectability and amplitude distortions introduced by instru-

. L . ment noise as described elsewhere (Song et al., 1997; Lukyanenko et al.,
p00|. The SUbsequent |mpI|cat|on is that the myocyte con 2000). Data were expressed as meanSE. Comparisons were performed

trols calcium cycling in a more robust manner than previ-py ysing the pairetitest, and differences were considered significant when
ously thought. p < 0.05.
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RESULTS To verify that APL indeed enhanced the SR*Caccu-

e . mulation, we assessed the SR?Ceontent with caffeine
Modlflca_tlon of SR Ca*" gfntent by selective applications. The magnitude of the caffeine-induced’Ca
modulation of the SR Ca™ ATPase transients increased by30% in the presence of APL (Fig.
We first manipulated the SR calcium content by altering thel D). Similar results were obtained in four other experi-
function of the SR C&" ATPase. To selectively enhance SR ments (31* 5.5% increasep < 0.05,n = 5). Thus,
C&" accumulation, we used a monoclonal antibody raisedncreases in spark frequency induced by APL were indeed
against phospholamban (APL; anti-phospholamban, mousaccompanied by increases in SR*Cdoad.

monoclonal IgG, clone Al, Upstate, Lake Placid, NY).  To selectively reduce SR E4aaccumulation, we used the
This antibody has been shown to enhance th&"@mns- SR C&" ATPase inhibitor thapsigargin (Lytton et al.,
port efficiency of the SR Ca ATPase by reducing the 1991). Because the effects of luminal*Caon RyR gating
inhibition by dephosphorylated phospholamban of the pumgire more prominent at higher levels of fCsg than at
(Morris et al., 1991; Sham et al., 1991; Mayer et al., 1996)lower levels of [Cd*]sx (e.g., Lukyanenko et al., 1996), we
The cells were permeabilized with saponin in internal so-optimized the conditions for revealing the potential effects
lutions containing 0.5 mM EGTA and 30M Fluo-3 (free  of reduced load on spark frequency by elevating the initial
[Ca?"] = 100 nM). Under these conditions they exhibit SR C&" load. This was achieved by increasing the bathing
Ca* sparks with properties similar to those observed incalcium concentration from-100 nM to~150 nM (Luky-
intact myocytes (Lukyanenko and Qke, 1999). Fig. 1A  anenko and Gye, 1999). In the experiment illustrated in
shows representative line scan images of a cell under corkig. 2, application of 0.JuM thapsigargin caused a gradual
trol conditions and at various times after addition gfgml  decrease in frequency of sparks. At this dose, thapsigargin
APL. Fig. 1 B documents the changes in frequency andhas been shown to cause a partial depletion of the SR (Song
amplitude of events along with values of basal fluorescencet al., 1997) Again, the effects on frequency occurred with-
in the same experiment. The rate of occurrence of sparkgut a significant change in the average amplitude of sparks
under control conditions was-4 events/s/10Qum. After ~ (—10% 4%,p > 0.05,n = 5), although the amplitude of the
addition of the antibody, the frequency of events graduallybrightest events in each image decreased considerably
increased to-7 events/s/10@m and remained at this level (—17 = 3%, p < 0.01,n = 5). On average, thapsigargin
for the duration of the experiment (10 min). The basalcaused an~60% decrease (56 9%, p < 0.01,n = 5) in
fluorescence was relatively constant, suggesting that las¢he frequency of events but only an10% decrease (not
illumination did not cause significant dye bleaching or significant) in their amplitude (Fig. ). After correction
photo-damage to the cell in the course of the experimenffor missed events the decrease in frequency of events was
The increase in the frequency of events was accompaniegtill highly significant (51+ 11%,p < 0.01). Thapsigargin

by only a small (6%, not significant) elevation in the at 0.1 uM reduced the amplitude of the €a caffeine-
average amplitude of & sparks, although the magnitude induced C&" transients by 35% (Fig. B). Taken together

of the brightest sparks in each of the consecutive imagethese experiments indicate that the’Caontent of the SR
increased significantly (3% 7%, p < 0.01,n = 5), con- modulates spark frequency.

sistent with an increase in the SRCacontent due to APL.
This divergence is understandable considering that the a
plitude distributions of C& sparks are dominated by small
out-of-focus events, the amplitude of which is more a func-
tion of proximity of the event to the line scan than the As illustrated in Fig. 3, 0.1 mM tetracaine, a RyR channel
strengths of the source (Izu et al., 1998; Cheng et al., 1999)nhibitor, caused only a transient decrease in the frequency
Although the overall increase in spark brightness by theand amplitude of Ca sparks. On removal of tetracaine,
antibody was small, it potentially could alter our ability to their frequency and magnitude transiently increased above
detect sparks against the background noise and influence thiee control levels. Specifically, within 1 min after applica-
guantification of spark frequency. Therefore, to reveal thetion of the drug, the frequency had decreased~80%

true changes in the frequency of events we corrected oui84 = 6%, p < 0.01,n = 5); after 3—5 min, the frequency
data for alterations in detectability. Based on data pullechad returned to the control level (Fig.G red barg. On
from g experiments, Fig. C illustrates the frequencies of washout, the frequency increased 190% (90 = 17%,
sparks before correctiodd#rk red barg and after correction p < 0.01,n = 5) within the first minute and returned to the
(red barg for missed events. APL increased the frequencycontrol level within 2—-3 min. These effects on Caspark

by ~60% (62+ 11%,p < 0.001,n = 9) and tended to frequency occurred without significant changes in the mean
increase the amplitude of events by 6.186X 0.05). After  amplitude of the events (Fig. G, gray barg.

correction for missed events, the APL-induced increase in Exposure of the cells to 0.1 mM tetracaine (for 5 min)
spark frequency remained highly significant (8911%, caused an-40% (38=* 5%, p < 0.01,n = 5) increase in the

p < 0.001,n =9). peak amplitude of caffeine-induced €atransients (Fig. 3

"Modification of SR Ca2* content by
RyR inhibition
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FIGURE 1 The effects of monoclonal antibody raised against phospholamban (APL)’6rs@arks and SR Ca load. () Representative line scan
fluorescence images under control conditioasgnd at different timesh{-d) after exposure of the cell to pg/ml APL (the experimental protocol is
presented schematically at the top of the panel). Calibration bars: horizontal, 0.4 s; vertiaah, #8) Ca&2" spark frequencydark red and amplitude

(blue) andF,, (gray) from corresponding images as a function of time before and after the addition of APL into the bathing solution in the same experiment.
Stagesa-d correspond to images representedAin(C) Averaged spark frequency befordatk red and after {ed) correction for missing events, and
amplitude blue) in control solution and 10 min after application of APLp ¥ 0.01. O) Representative G4 transients induced by application of 20 mM
caffeine to the whole bath under control conditions and in the presence of APL (10 min).

D). These results are consistent with the idea that théollowing scenario. Tetracaine inhibits €aefflux through
transient changes in sparking activity are caused by altelRyRs, resulting in an enhanced accumulation of'Ga the
ations in the SR Cd content, which compensate for the SR. The elevated luminal 4 concentration increases the
primary changes in the availability of the RyR channelsprobability of RyR activation and G4 efflux through the
upon addition or removal of tetracaine. We propose theRyR channels, until the enhanced efflux at the new load
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FIGURE 2 The effects of thapsigargin onTasparks and SR G4 load. (A) Representative line scan fluorescence images under control condions (
and at different timesb{-d) after exposure of the cell to 0/M thapsigargin (the experimental protocol is presented schematically at the top of the panel).
Calibration bars: horizontal, 0.4 s; vertical, &Bn. (B) Ca&f* spark frequencydark red and amplitude iflue) andF,, (gray) from corresponding images

as a function of time before and after the addition of thapsigargin into the bathing solution in the same experimena-$tage®gspond to images
represented ii\. (C) Averaged spark frequency befor@atk red and after fed) correction for missing events, and amplituddug) in control solution

and in 5 min after application of thapsigargirp ¥ 0.01. O) Representative G4 transients induced by application of 20 mM caffeine to the whole bath
under control conditions and in the presence of thapsigargin (5 min).

balances the uptake. The transient overshoot of spark fre- To test whether other RyR channel inhibitors can cause
quency upon removal of tetracaine results from the with-similar temporary effects on €& sparks, we explored
drawal of tetracaine inhibition when the SR<Cdevel is  changes in sparking activity upon exposure of the cells to
still elevated. Mg?". Similar to the results observed with tetracaine; ele

Biophysical Journal 81(2) 785-798
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FIGURE 3 The effects of tetracaine onasparks and SR G4 load. () Representative line scan fluorescence images 8t @alease events under
control conditions &), and at different timesh{-e) after exposure of the cell to 0.1 mM tetracaine (the experimental protocol is presented schematically at
the top of the panel). Calibration bars: horizontal, 0.4 s; verticalu20 (B) C&* spark frequencydark red and amplitudelflue) as a function of time
before and after the addition of tetracaine into the bathing solution in the same experimentaSteamsespond to images representedirfC) Averaged

spark frequencylue) and amplitudedray) for different stages before) and after b—€) application of 0.1 mM tetracainep*< 0.01. O) Representative

C&* transients induced by application of 20 mM caffeine to the whole bath under control conditions and in the presence of tetracaine (5 min).

vation of [Mg?"] in the bathing solution (from 1 to 5 mM) applying elevated [Mg']) and a decrease (on washout of
resulted in a transient inhibition in sparking activity; revert- elevated [M3*]) of the SR C&" content (Fig. 4D). Thus,

ing to normal [Md "] resulted in a transient overshoot in the ability of different RyR inhibitors to exert similar effects
frequency of events (Fig. 4). Again, these effects on dynamturther supports the hypothesis that these effects are caused
ics of C&" sparks were paralleled by an increase (wherby reductions of the Ga leak through RyRs and subse

Biophysical Journal 81(2) 785-798
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FIGURE 4 The effects of magnesium on®asparks and SR G4 load. () Representative line scan fluorescence images under control condijons (
and at different timesbie) after exposure of the cell to 5 mM Mg (the experimental protocol is presented schematically at the top of the panel).
Calibration bars: horizontal, 0.4 s; vertical, gn. (B) C&" spark frequencydark red and amplitudelflue) as a function of time before and after the
addition of Mg" into the bathing solution in the same experiment. Stagescorrespond to images representedirfC) Averaged spark frequencil(ie)

and amplitudedray) for different stages before) and after b—e) application of 5 mM M@"; *p < 0.01. O) Representative G4 transients induced by
application of 20 mM caffeine to the whole bath under control conditions and in the presence df(Mmin).

quent compensatory enhancement of RyR activity inducedparking activity in the presence of tetracaine is due to
by increased luminal G4. increased [C& ]sg, inhibition of C&" uptake by the C&

To test directly whether a real cause-and-effect relationATPase should prevent such potentiation of Caparks.
ship exists between changes in the SR'Caontent and  This hypothesis is supported by the data in Fig. 5. When the
increased probability of release site activation, we usedells were pretreated with 0AM thapsigargin, tetracaine
thapsigargin to prevent the accumulation of extra&®’Ca caused a steady inhibition of €asparks with very little
upon exposure of the cell to tetracaine. If the recovery ofsign of recovery within the time frame of the experiments.
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FIGURE 5 Effect of tetracaine in the presence of QM thapsigargin on C& sparks and SR G4 load. (A) Representative line scan fluorescence
images under control conditiong)( in the presence of 0.M thapsigargin if), and at different timesc(and d) after exposure of the cell to 0.1 mM
tetracaine (the experimental protocol is presented schematically at the top of the panel). Calibration bars: horizontal, 0.4 s; yemio@) €3¢ " spark
frequency @ark red and amplitudelflue) as a function of time before and after the addition of thapsigargin and tetracaine into the bathing solution in the
same experiment. Stagas d correspond to images representedir(C) Representative G4 transients induced by application of 20 mM caffeine to the
whole bath under control conditions and in the presence of tetracaine (5 min).

Similar results were obtained in 15 different myocytes.quency of events had decreased bg0% (61 + 12%,
Importantly, in these experiments the combined applicatiorp < 0.01,n = 9) during the first 10-15 s; after 1.5-2 min
of tetracaine and thapsigargin caused no significant changé was not different from the controldark red bars.

in the SR C&" load (Fig. 5C). These changes were not accompanied by significant al-
terations in the mean amplitude of eventgdy barg.

The decay of sparking activity in the presence of caffeine
was associated with ar-45% reduction of SR Ca
content (46+ 11%, p < 0.05, n = 5), whereas the
Application of 0.2 mM caffeine resulted in a transient recovery of spark frequency after washout of caffeine
increase in the frequency of sparks (Fig. 6). Within 5 swas accompanied by a return of the SR load to the control
after addition of caffeine, the frequency had increased byevel (Fig. 6 D). Therefore, caffeine induced a behavior
~65% (65*+ 9%, p < 0.01,n = 10). When measured that was exactly opposite to that seen with tetracaine and
1.5-2 min after addition of the drug, the frequency hadMg?*. These results support the hypothesis that enhance
returned to the control level. Upon washout, the fre-ment of C&" release through RyRs leads to a net loss of

Modification of SR Ca?* content by
RyR activation

Biophysical Journal 81(2) 785-798



Modulation of Ca®* Sparks by Luminal Ca®* 793

0.2 mM Caffeine

Control Washout
A

O_ '-4
B b FIF,
12 .

o]
1

Frequency,
sparks/s/100 um

0 50 100 _, 150 200 250
Time, s

Amplitude, AF/F0

0 50 100 _ 150 200 250
Time, s

—

o

| |
1
—_
(]

Control Washout

0.1 mM
: Caffeine
. mL
N
. 026s J\
a b ¢ d e

Caffeine
(20 mMj

Frequency of sparks,
sparks/s/100 pm (red)
(4]
1
T
o
(3]
Amplitude of sparks,
AF/F, (gray)

(=)
|
I
o
o

FIGURE 6 Theeffects of caffeine on CGd sparks and SR ¢a load. (A) Representative line scan fluorescence images under control conditions
(a) and at different timeshie) after exposure of the cell to 0.2 mM caffeine (the experimental protocol is presented schematically at the top of the
panel). Calibration bars: horizontal, 0.4 s; vertical, 2@. (B) Ca&" spark frequencydark red and amplitude iflue) as a function of time before

and after the addition of caffeine into the bathing solution in the same experiment. &tagesrrespond to images representedhinC) Averaged

spark frequency Hlue) and amplitude dray) for different stages beforea) and after b—€) application of 0.2 mM caffeine; g < 0.01. D)
Representative G4 transients induced by application of 20 mM caffeine to the whole bath under control conditions and in the presence of 0.2 mM
caffeine (5 min).

the SR C&" content, which, in turn, decreases RyR shoot of spark frequency on removal of caffeine could be
activation until the reduced €4 efflux at the new steady attributed to the combination of decreased SF'Ceon
SR load balances the €auptake. The transient under tent and lower RyR activity.
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FIGURE 7 Effects of caffeine on inward €acurrents and Ca sparks in patch-clamped cardiac myocytég.Representative traces pf, and images

of Ca&®* sparks elicited by depolarizing steps froab0 to —30 mM before {op) and 10 and 300 s after application of 0.5 mM caffeine to the bathing
solution fniddleandbottom panelsrespectively). The external solution contained 0.5 mM?[Ga(B) Relative changes in frequency of depolarization-
induced @, acquired during the depolarizing steps) and spontaneous eu@rfdlowing application of caffeine (at 0 time)C) Relative changes in peak
calcium current upon exposure to caffeine. Data are presented as me®BM of three experiments in different cells.
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Role of luminal Ca?* in intact cardiac myocytes and intact cells, and changes in the SR Clmad modulate

To investigate whether luminal &4 modulates C&  the ability oflc,to trigger C&" sparks. The initial enhanee

sparks in intact cardiac myocytes, we carried ouf'Ca Mment of spark activity is balanced by a loss of SR*Ca

imaging along with -, recordings in patch-clamped cardiac content, with a subsequent reduction of the sensitivity of the

myocytes. CA" sparks were induced by depolarizing pulsesrelease sites to the €atrigger.

to —30 mV from a holding potential of-50 mV (Fig. 7A).

Under control conditions, the depolarizing step induked

and occasional sparks. Application of 0.5 mM caffeineDISCUSSION

dramatically increased the number of release events durinR novel d . . .
- ) . . ynamic control mechanism regulating

the depolarizing pulse; however, the increased probablllt)éR Ca?*content and release

of spark activation was only transient. One minute after

caffeine application, the number of events elicited by depoin the present study we have shown that spontaneotis Ca

larization returned to levels close to the control. Thesesparks in resting myocytes represent a substantigl” Ca

dynamic changes in G4 release were not accompanied by efflux, which plays an important role in determining the SR

changes in the magnitude or time coursd of As can be C&" content. The frequency of sparks (and the amount of

seen in Fig. 7A andB, the frequencies of both spontaneousleak) increased at elevated SR?Cdoads and decreased at

and evoked C& sparks increased only transiently upon reduced loads, thereby stabilizing SR*Cacontent in the

addition of caffeine. These results indicate that transienface of alterations of uptake. Because of a rapid and con-

potentiation of sparks by caffeine occurs in both skinnedinuous cycling of C&" between the SR and cytosolic
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FIGURE 8 Simplified schematic of dynamic control of Cain the SR luminal and cytosolic compartments of the cell during pharmacological
interventions either enhancing the activity of the SERCAII puiyof reducing the activity of the RyRBj. In A, stimulation of the SERCA pump increases
[Calsk (1) which, in turn, stimulates more Eaefflux through RyR channels (2). This enhanced Cafflux reduces [Cals (3). In B, inhibition of RyRs

(1) decreases G4 efflux through RyR channels. This reduced®Cafflux increases [Cal (2) which, in turn, stimulates the opening of more RyRs (3).

compartments, all modulatory influences selectively affecting state of the SR are coupled to stabilize the SR'Ca
ing the activity of RyRs were promptly compensated bycontent and its release. The relationship of these findings to
alterations in load and resultant luminal®Cadependent previous work in the literature, as well as their implications
changes in release site activity. We interpret these results iregarding certain aspects of SR’Caelease regulation, are
terms of a new dynamic control mechanism that regulatesliscussed below.
the size and functional state of the SR*Caool. A key
element of this mechanism is a luminal Casensor that
modulates the functional activity of the RyR by tuning its
responsiveness to cytosolic €a

Fig. 8 schematically illustrates the hypothesized controlOur results extend those of previous studies that focused on
actions of a SR luminal Ga sensor to the pharmacological the effects of SR Cd load on activity of SR C&'" release
treatments described in the Results. When the SERCAites (Cheng et al., 1996; Lukyanenko et al., 1996; Satoh et
pump is potentiated by a phospholamban antibody, thal., 1997). Previously, the SR €aload was altered by
Ca" level within the SR increases (Fig./&. A luminal  exposing the cells to elevated extracellularitjgCheng et
Ca* sensor detects this elevation of [Galand increases al., 1996; Lukyanenko et al., 1996) or reducing the rate of
the open probability of the RyR. This, in turn, increaseselectrical stimulation (Satoh et al., 1997). Sparks were
ca" release, which reduces [Ggland counterbalances counted manually in those experiments. Altering {Cja
pump potentiation by the antibody. Inhibition of the changed [C&'] in both cytosolic and SR compartments,
SERCA pump by thapsigargin leads to the opposite semaking it difficult to directly relate the changes in spark
quence of events and reduction of the open probability ofrequency to changes in [8]. In addition, those results
the RyR. When the RyR channel blocker tetracaine is apeould have been influenced by altered detectability of
plied, C&" release through the RyR channels is decreasedsparks with different amplitudes against the background
which increases [Cak (Fig. 8 B). A luminal C&* sensor  noise (Song et al., 1997). In the present study, we manipu-
detects this increase and increases the sensitivity of RyRs tated the SR C& content by selectively stimulating or
cytosolic C&*, thereby enhancing the probability of their inhibiting the efficiency of the C& pump (by an anti-
activation. This, in turn, increases release, which counterphospholamban antibody or thapsigargin) at constant (buff-
balances the inhibition by tetracaine. The sequence oéred) cytosolic [CA"]. We used a computer algorithm for
events is the opposite when the RyR agonist caffeine wasbjective detection and measurement of sparks and cor-
applied. Thus, our results support the hypothesis that themected the counts for missed events. Our results provide
is an intrinsic auto-regulation at the level of RyRs in which compelling evidence that the probability of release site
the functional activity of the release channels and the loadactivation is controlled by the SR €a content.

Modulation of RyR activity by luminal Ca®*
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The observations of this study are also consistent with thevords, the leak predominates over the thermodynamic limit
results of lipid bilayer experiments, which showed thatfor the C&"-ATPase. This conclusion is consistent with the
elevation of luminal C&" leads to an increase in open results of a recent theoretical analysis of the role of the leak
probability of the RyR (Sitsapesan and Williams, 1994;in determining the SR Ga content (Snyder et al., 2000).
Lukyanenko et al., 1996; Gyke and Gyoke, 1998; Ching
et al., 2000). A growing body of evidence suggests that th
regulation of RyRs by luminal G4 involves luminal C&"-
sensing sites (Gyke and Gyoke, 1998; Ching et al.,
2000); however, Cd passing through the channel pore We demonstrated that maintained potentiation of RyRs by
might also affect RyR activity by interacting with the cy- RyR agonists such as caffeine results in only brief increases
tosolic C&" regulatory sites (Xu and Meissner, 1998). Thein frequencies of both spontaneous and depolarization-in-
precise location of the luminal €& sensor is not known; duced C&" sparks. This is the first time the transient nature
nevertheless, it must be situated on either the RyR or af RyR-agonist-induced effects has been shown at the local
closely associated regulatory protein such as calsequestrirglease level. Consistent with our previous observations in
triadin, or junctin. intact resting myocytes (Gyke et al., 1997), the RyR
inhibitors tetracaine and Mg transiently suppressed the
frequency of C&" sparks. In the present study, all these
effects could be attributed to alterations of SRPCéoad
At basal conditions, we observed a sparking frequency of gompensating the primary changes in availability of the
= 2—6 events/s/10@m. These values are within the range RyR channels. In general, our results suggest that, because
of frequencies of spontaneous®aparks reported in intact of load-sensitive C& efflux and the limited nature of the
rat ventricular myocytes in the presence of 1-2 mM extra-SR C&" stores, any maintained and selective modulation of
cellular [C&*] (1.5-5 events/s/10Qm; Song et al.1997; RyRs would have only temporary effects on SR?Ca
Satoh et al.,, 1997; Wier et al., 1997; Lukyanenko andrelease.

Gydrke, 1999). Assuming a line scan acquisition volume It is interesting to consider why certain substances such
(V) of 100 um® (Lukyanenko et al., 2000), a single spark as cADPR, nitric oxide, and ruthenium red, which are
current (spn) Of 1020 pA (Izu et al., 2001), and a spark thought to specifically interact with RyRs, can have main-
current durationt(,,) of 5 ms (Lukyanenko et al., 1998), tained modulatory effects on €asparks (Lukyanenko and
we can estimate the diastolic leak flux@s,, = 5-30uM/s  Gyodrke, 1999; Cui et al., 1999; Meszaros and Lukyanenko,
(Geak = lispark X tspark X fV[Z2 X F X V], wherez = valence  1998; Ziolo et al., 1999; Lukyanenko et al., 2000). One
of calcium ion andF = Faraday). These flux rates are possible explanation is that some of these agents may affect
consistent with the SR leak flux derived by Balke et al. C&* transport mechanisms other than RyRs. For example,
(1994) from [C&"] transients in rat ventricular myocytes preliminary data obtained in our laboratory suggest that
(18 uM/s). At the same time they are significantly higher cADPR effects on Ca sparks are mediated by potentiation
than the unidirectional SR €4 leak estimated from mea- of the SR CA" pump with subsequent luminal €ade-
suring the time-dependent loss of SR?Can rabbit and rat  pendent increase in sparking activity (Lukyanenko et al.,
ventricular myocytes exposed to Ndree solutions and 2001). In some instances, the impact of the primary effects
thapsigargin 0.5 uM/s; Bassani and Bers, 1995). We on RyRs may exceed the capacity of the compensatory
ascribe this apparent discrepancy to the luminai'Cde-  mechanisms to restore sparking activity. For example, high
pendency of the leak. Whereas our measurements wetdocking concentrations of ruthenium red induce a steady
performed at constant SR €aload, where the leak is inhibition of C&" sparks. The number of RyRs that remains
relatively high, the measurements of Bassani and Bers weravailable for activation is simply not sufficient to recover
performed as the SR was being gradually depleted and thée initial sparking rate (Lukyanenko et al., 2000). Finally,
C& " -dependent leak reduced. with certain agents, the ability of the release mechanism to

Our leak values, estimated from steady-stat&'Ggarks, respond transiently to pharmacological disturbances may be
should be sufficiently large to effectively counterbalancecompromised if the agent affects the sensitivity of the RyR
C&" uptake by the SR CGa pump at resting cytosolic to luminal C&*. Indeed, disabling the luminal €& sensor
[Ca?*] (Ginsburg et al., 1998). Furthermore, consistent withshould interrupt the feedback interactions between {gal]
previous findings (Gyrke et al., 1997; [az et al.,, 1997; and RyR activity that are responsible for recovering the
Lukyanenko et al., 2000), the SR €acontent could be basal sparking rate. This might explain why withdrawal of
increased dramatically by employing tetracaine oMgp  the RyR potentiator ATP from the cytosol leads to sustained
reduce the number of available release sites. These resultshibition of C&* sparks (Smith and O’Neill, 2001). In this
suggest that, during diastole, the SR?Cdoad is set not regard, we have reported that in reconstitution studies the
only by the ability of the C&" pump to move C&" butalso  presence of ATP is required for luminal €ato affect
by the dissipative loss of & through RyRs. In other RyRs (Lukyanenko et al., 1996).

?RyR modulation has only transient effects on
Ca?* sparks

The role of leak in setting SR Ca®* content
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Implications for understanding how alterations of release gain by adjusting the activity of the RyRs to the SR
Ca?* transport affect E-C coupling Cca" load (Stern, 1992). We have shown that the functional
state of RyRs is under continuous control of luminal{ta

: - . . “At the same time, the activity of RyRs determines the SR
colleagues in periodically stimulated ventricular myocytes- o+ content, thereby forming a closed control loop (Fig.

(Eisner et al., 1998, 2000). They demonstrated that maing)_ Any change in RyR activation is compensated by a

tained modulation of RyRs produces only transient effectsChange in SR C4 load. On the other hand. all alterations
on global systolic C&" and attributed these results to a form in SR C&" content are countered by alleak pathway

. - - . 2
?If auto-regula}[tlgnblnt\r/lvhlch 'the balanc?. o;zé);:tollc C? Therefore, this dynamic control mechanism would be ad-
uxehs ggnera:je y the vharlglégompe n d almsporl vantageous for stabilizing CICR in the face of perturbations
mechanisms determines the aontentand release. In ., 2+ uptake and release. This dynamic control mecha-

essence,.they ascribed the transient natu.re of .the effects Fﬁ’sm comes with a price. Indeed, high leak fluxes clearly are
changes in the amount of releasablé Ceetained in the SR costly and inefficient from an energy consumption stand-

upon dl'sturblng the ratio of Ca fluxes in and out of the oint. Further, this mechanism can operate effectively only
CeII.durlng intOIe' Our results reveal tV\./O new f?‘c.tors- 1) ithin a certain range of alterations of load. When the
luminal C&" sensor that tunes the functional activity of the increases in SR Ca content fall outside the normal, “cor-

RyR ("e('j’ its respﬁnsr:veness'to Lheéégcgglitalgger) rectable” range (i.e. Ca overload), enhanced channel activity
In accordance with changes in the ad and pro- e giated by elevated luminal Ca would tend to exacerbate

vides an ultimate set point for [€4] in the SR lumen (via : . o )
th bl f instabilit It tive C
the [C&*]-dependent leak) and 2) high rates of diastolic SRngFe):rso (L?Jrl?y(z)inlez]r?k?) Iel );Iresllég;g;; i more regenerative L.a

Cca* recycling that allow for more rapid compensatory
changes in the SR €& content than provided by changes in
systolic fluxes only. These factors endow the SR with aCONCLUSIONS

capacity to control calcium cycling in a more robust manner h tound th . ¢ ifested
than previously thought. We have found that openings of RyRs manifested as spon-

n . I .
The importance of these new Eacontrol mechanisms taneous C& sparks mediate a substantial diastolic release

also becomes evident when comparing the consequences B2t iS con;rflled by the levels of [C4] inside the SR. This
changes in RyRs with those of alterations in their couplingUMinal C& " -sensitive release appears to be an essential
to dihydropyridine receptor (DHPR) channels. |mpairedpart of a dynamic regulatory system that allows cells to

DHPR-RYR coupling has been suggested to underlie reduto-regulate the size and functional state of their SR'Ca

duced C&" release in certain models of heart failure (Go- pool. These results have a general relevance to understand-

mez et al., 1997). Analyses based on consideration of only_‘g the regulation of intracellular €& release and contrac-
systolic C&* fluxes predict that reduced recruitment of il

ity in cardiac muscle.
release sites associated with impaired DHPR-RyYR coupling
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diastolic SR C&" cycling can explain how the conse- Texas Affiliate (V.L.).
quences of reduced systolic €arelease (due to impaired
DHPR-RyR coupling) could be different from those of REFERENCES

influences reducing the activity of RyRs during both systole
and diastole (i.e., tetracaine). Balke, C. W., T. M. Egan, and W. G. Weir. 1994. Processes that remove

. P : calcium from the cytoplasm during excitation-contraction coupling in
Overall, it appears the intrinsic auto-regulation at the level of 7 ¢ heart cells. Physiol 474:447—462.

RyRs shown in thIS StUdy apd the aUto'rEQUIatlon based OBassani, R. A., and D. M. Bers. 1994. Na-Ca exchange is required for
balance of systolic fluxes (Eisner et al., 1998) should work rest-decay but not for rest-potentiation of twitches in rabbit and rat
synergistically to account for the dynamics ofCdn both ventricular myocytesJ. Mol. Cell. Cardiol. 26:1335-1347.

cytosolic and luminal compartments of beating cardiac cells.Bassani, R. A, and'D. M. Bers. 1995. Rate of diastolic Ca release from the
sarcoplasmic reticulum of intact rabbit and rat ventricular myocytes.

Biophys. J.68:2015-2022.
Bassani, J. W., W. Yuan, and D. M. Bers. 1995. Fractional SR Ca release

Implications for understanding the stability is regulated by trigger Ca and SR Ca content in cardiac myocytes.
of CICR Am. J. Physiol268:C1313-C1319.

Bridge, J. H. 1986. Relationships between the sarcoplasmic reticulum and
In the CICR process, where €ais both the trigger signal sarcolemmal calcium transport revealed by rapidly cooling rabbit ven-
: P . tricul leJd. . Physiol88:437-473.
and output signal, the danger of spontaneous oscillations s cv/ar muscleJ. Gen. Physiols8:437-473 _
| Th ical di h . Bridge, J. H., P. R. Ershler, and M. B. Cannell. 1999. Rapid report:
always present. eoretical studies suggest that to mamtamproperties of C&" sparks evoked by action potentials in mouse ventric-

a stable CICR, the cells may have to self-regulate their ular myocytesJ. Physiol.518:469-478.

Our study extends the previous work of Eisner and hi

Biophysical Journal 81(2) 785-798



798 Lukyanenko et al.

Cheng, H., W. Lederer, and M. B. Cannell. 1993. Calcium sparks: elemenktukyanenko, V., . Gydke, S. Subramanian, A. Smirnov, T. Wiesner, and
tary events underlying excitation-contraction coupling in heart muscle. S. Gyake. 2000. Inhibition of C&" sparks by ruthenium red in perme-
Science262:740-744. abilized rat ventricular myocyte®iophys. J.79:1273-1284.

Cheng, H., M. R. Lederer, R. P. Xiao, A. M. Gomez, Y. Y. Zhou, B. Lukyanenko, V., S. Subramanian, I. Gke, T. Wiesner, and S. Gyke.
Ziman, H. Spurgeon, E. G. Lakatta, and W. J. Lederer. 1996. Excitation- 1999. The role of luminal C& in generation of C& waves in rat
contraction coupling in heart: new insights from “Casparks. Cell ventricular myocytesJ. Physiol.518:173-186.

Calcium.20:129-140. Lukyanenko, V., T. F. Wiesner, and S. Gke. 1998. Termination of Ca

Cheng, H., L. S. Song, N. Shirokova, A. Gonzalez, E. G. Lakatta, E. Rios, release during Ca sparks in rat ventricular myocytes. Physiol.
and M. D. Stern. 1999. Amplitude distribution of calcium sparks in ~ 507:667—-677.
confocal images: theory and studies with an automatic detection method.ytton, J., M. Westlin, and M. R. Hanley. 1991. Thapsigargin inhibits the
Biophys. J.76:606—-617. sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium

Ching, L. L., A. J. Williams, and R. Sitsapesan. 2000. Evidence fé¢Ca  PUMPS.J. Biol. Chem266:17067-17071.
activation and inactivation sites on the luminal side of the cardiacMayer, E. J., E. McKenna, V. M. Garsky, C. J. Burke, H. Mach, C. R.
ryanodine receptor complegirc. Res.87:201-206. Middaugh, M. Sardana, J. S. Smith, and R. G. Johnson, Jr. 1996.

Cui, Y., A. Galione, and D. A. Terrar. 1999. Effects of photoreleased Biochemical and biophysical comparison of native and chemically syn-
thesized phospholamban and a monomeric phospholamban analog.

cADP-ribose on calcium transients and calcium sparks in myocytes . ’
isolated from guinea-pig and rat ventricBiochem. J342:269-273. J. Biol. Chem271:1669-1677. L )
Meszaros, L. G., and V. Lukyanenko. 1998. Nitric oxide reduces sponta-

Dlﬁ/lzéa'\s/treEr.rY]eﬁt c\),;l.s;’rc?)ﬁclj;iﬁisc. r(e:ficaynildlfai)nnc:elr?t. a?].d E:Pc%rl.enlﬁ?;- neous calcium release activity in isolated rat ventricular myocytes: a
p confocal calcium imaging studyiophys. J.74:A247.

C&* fluxes in isolated rat ventricular myocytes during spontaneous
C&* releaseJ. Physiol.501:3-16 vocy g sp Morris, G. L., H. C. Cheng, J. Colyer, and J. H. Wang. 1991. Phospho-
' B ' lamban regulation of cardiac sarcoplasmic reticulum 2(Gilg?")-

Eisner, D. A, H. S. Choi, M. E. D, S. C. O'Neill, and A. W. Trafford. ATPase: mechanism of regulation and site of monoclonal antibody
2000. Integrative analysis of calcium cycling in cardiac musCliec. interaction.J. Biol. Chem266:11270-11275
Res.87:1087-1094. = ’ ' '
. . Santana, L. F., H. Cheng, A. M. Gomez, M. B. Cannell, and W. J. Lederer.
Eisner, D. A, A. W. Trafford, M. E. Baz, C. L. Overend, and S. C. O'Neill. 1996 Relation between the sarcolemmaf Caurrent and C& sparks
1998. The control of Cd release from the cardiac sarcoplasmic reticulum:  and local control theories for cardiac excitation-contraction coupling.
regulation versus autoregulaticdBardiovasc. Res38:589—-604. Circ. Res.78:166—171.

Fabiato, A. 1985. Time and calcium dependence of activation and inactiSatoh, H., L. A. Blatter, and D. M. Bers. 1997. Effects of {CR, SR C&"
vation of calcium-induced calcium release of calcium from the sarco- |oad, and rest on G4 spark frequency in ventricular myocytes.

plasmic reticulum of a skinned canine cardiac Purkinje ckliGen. Am. J. Physiol272:H657—-H668.

Physiol. 85:291-320. Sham, J. S., L. R. Jones, and M. Morad. 1991. Phospholamban mediates
Fabiato, A. 1992. Two kinds of calcium-induced release of calcium from the beta-adrenergic-enhanced*Cauptake in mammalian ventricular

the sarcoplasmic reticulum of skinned cardiac celts. Excitation- myocytes.Am. J. Physiol261:H1344-H1349.

Contraction Coupling in Skeletal, Cardiac and Smooth Muscle. G. B.Shannon, T. R., K. S. Ginshurg, and D. M. Bers. 2000. Reverse mode of

Frank, editor. Plenum Press, New York. 245-262. the sarcoplasmic reticulum calcium pump and load-dependent cytosolic
Ginsburg, K. S., C. R. Weber, and D. M. Bers. 1998. Control of maximum calcium decline in voltage-clamped cardiac ventricular myocyBés-

sarcoplasmic Ca load in intact ferret ventricular myocyt&sGen. phys. J.78:322-333.

Physiol.111:491-504. Shorofsky, S. R., L. Izu, W. G. Wier, and C. W. Balke. 19982 Caparks

Gomez, A. M., H. H. Valdivia, H. Cheng, M. R. Lederer, L. F. Santana, triggered by patch depolarization in rat heart callsc. Res.82:424—-429.
M. B. Cannell, S. A. McCune, R. A. Altschuld, and W. J. Lederer. 1997. Sitsapesan, R., and A. J. Williams. 1994. Regulation of the gating of the
Defective excitation-contraction coupling in experimental cardiac hy- sheep cardiac sarcoplasmic reticulun?Geelease channel by luminal

pertrophy and heart failur&cience276:800—806. Ca*. J. Membr. Biol.137:215-226.

Gyorke, ., and S. Gyrke. 1998. Regulation of the cardiac ryanodine Smith, G. L., and S. C. O’'Neill. A comparison of the effects of ATP and
receptor channel by luminal €ainvolves luminal C&" sensing sites. tetracaine on spontaneous®Caelease from permeabilised rat cardiac
Biophys. J.75:2801-2810. myocytes.J. Physiol.In press.

Gybrke, S., V. Lukyanenko, and |. Gyke. 1997. Dual effects of tetracaine Shyder, S. M., B. M. Palmer, and R. L. Moore. 2000. A mathematical
on spontaneous calcium release in rat ventricular myocyteRhysiol. model of cardiocyte Cd dynamics with a novel representation of
500:297—309. sarcoplasmic reticular a control. Biophys. J.79:94-115.

Song, L. S., M. D. Stern, E. G. Lakatta, and H. Cheng. 1997. Partial
depletion of sarcoplasmic reticulum calcium does not prevent calcium
sparks in rat ventricular myocyted. Physiol.505:665—675.

Spencer, C. 1., and J. R. Berlin. 1995. Control of sarcoplasmic reticulum
calcium release during calcium loading in isolated rat ventricular myo-

Isenberg, G., and S. Han. 1994. Gradation of Gimduced C&" release
by voltage-clamp pulse duration in potentiated guinea-pig ventricular
myocytes.J. Physiol.480:423-438.

Izu, L. T., J. R. H. Mauban, C. W. Balke, and W. G. Wier. 2001. Large

! cu[r?tsvgege:/?/t'e Cardcliaé@vis F;arlll(jBIl%F;lysT.rf .80:8t'8_|102.| is of the ¢ 1% PRysiol 488:267-279.
zu, L. 1., W. G Wvier, and ©. W. Balke. - 1 heoretical analysis o1 the gioy M. D. 1992. Theory of excitation-contraction coupling in cardiac
C&" spark amplitude distributiorBiophys. J.75:1144-1162. muscle.Biophys. J63:497-517.

Lopez-Lope;, J.R., P._S. Shapklock, C. W.' Balke, and W. G_. Wier. 1995Wier, W. G., and C. W. Balke. 1999. &a release mechanisms, Ta
Local calcium transients triggered by single L-type calcium channel gnarks and local control of excitation-contraction coupling in normal

currents in cardiac cellSScience268:1042—-1045. heart muscleCirc. Res.85:770—776.
Lukyanenko, V., and S. Gyke. 1999. C&'" sparks and Cd waves in  \wier, W. G., H. E. ter Keurs, E. Marban, W. D. Gao, and C. W. Balke.
saponin-permeabilized cardiac myocytésPhysiol.521:575-585. 1997. C&* ‘sparks’ and waves in intact ventricular muscle resolved by

Lukyanenko, V., I. Gydke, and S. Gyrke. 1996. Regulation of calcium confocal imagingCirc. Res.81:462—-469.
release by calcium inside the sarcoplasmic reticulum in ventricularXu, L., and G. Meissner. 1998. Regulation of cardiac musclé’ Galease
myocytes.Pflug. Arch.432:1047-1054. channel by sarcoplasmic reticulum luminal Ca Biophys. J.75:
Lukyanenko, V., I. Gytke, and S. Gyrke. 2001. Mobilization of SR Ca 2302-2312.
by cADPR in heart is mediated by luminal Ca-dependent Ca releaseZiolo, M. T., H. Katoh, and D. M. Bers. 1999. Effects of exogenous nitric
Biophys. J.80:608a. oxide on resting spark frequency in cardiac myocyBésphys. J76:A463.

Biophysical Journal 81(2) 785-798



