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ABSTRACT The importance of Na-Ca exchange as a trigger for sarcoplasmic reticulum (SR) Ca release remains contro-
versial. Therefore, we measured whole-cell Ca currents (/c,), Na-Ca exchange currents (Iy.ca), cellular contractions, and
intracellular Ca transients in adult rabbit cardiac myocytes. We found that changing pipette Na concentration markedly
affected the relationship between cell shortening (or Ca transients) and voltage, but did not affect the Ca current-voltage
relationship. We then inhibited Na-Ca exchange and varied SR content (by changing the number of conditioning pulses before
each test pulse). Regardless of SR Ca content, the relationship between contraction and voltage was bell-shaped in the
absence of Na-Ca exchange. Next, we rapidly and completely blocked /-, by applying nifedipine to cells. Cellular shortening
was variably reduced in the presence of nifedipine. The component of shortening blocked by nifedipine had a bell-shaped
relationship with voltage, whereas the “nifedipine-insensitive” component of contraction increased with voltage. With the SR
disabled (ryanodine and thapsigargin pretreatment), /-, could initiate late-peaking contractions that were ~70% of control
amplitude. In contrast, nifedipine-insensitive contractions could not be elicited in the presence of ryanodine and thapsigargin.
Finally, we recorded reverse Na-Ca exchange currents that were activated by membrane depolarization. The estimated
sarcolemmal Ca flux occurring by Na-Ca exchange (during voltage clamp steps to +30 mV) was ~10-fold less than that
occurring by /.. Therefore, Na-Ca exchange alone is unlikely to raise cytosolic Ca concentration enough to directly activate
the myofilaments. We conclude that reverse Na-Ca exchange can trigger SR Ca release. Because of the sigmoidal
relationship between the open probability of the SR Ca release channel and pCa, the effects of /s, and /y,c, Mmay not sum
in a linear fashion. Rather, the two triggers may act synergistically in the modulation of SR release.

INTRODUCTION

A rapid rise in Ca concentration in the vicinity of the ever, there are several reports that under appropriate cir-
sarcoplasmic reticulum (SR) Ca release channel (ryanodineumstances, the relationship between contraction (or Ca
receptor) may activate or “trigger” the release of additionaltransients) and voltage is not bell-shaped (Berlin et al.,
Ca from the SR (Fabiato and Fabiato, 1975). This is referred 987: Nuss and Houser, 1991; Kohmoto et al., 1994: Vor-
to as calcium-induced calcium release (CICR). There isianen et al., 1994; Wasserstrom and Vites, 1996). In these
general acceptance that Ca entering the cell through vol{eports the amplitude of triggered contractions or Ca tran-
age-dependent L-type Ca channeélg)is the main stimulus  sjents does not decline as much at positive potentials as does
for CICR (London and Krueger, 1986; Beuckelmann and| __ This is particularly the case if intracellular Na is ele-
Wier, 1988; Cleeman and Morad, 1991; Bouchard et al.yated (Berlin et al., 1987; Levi et al., 1996). These results
1993). L-typelc, has a bell-shaped relationship with volt- jygicate that a process other thi, may contribute to the
age. When SR Ca release is triggered by an abrupt increaggyqer for SR Ca release under some conditions. Berlin et
in Ca near the SR release channels, this release is ngj"(19g7) first suggested that Na-Ca exchange could trigger
influenced by voltage (Nabauer and Morad, 1990; N'gg“_SR Carelease. Later, Leblanc and Hume, and subsequently

and Lederer, 1990). However, the extent of SR release 'Eipp and Niggli, provided evidence suggesting that Na

graded with the magnitude of the trigger (Fabiato, 1985)'entry during Na currents may induce Ca transients (Leblanc

Therefore, if the sole trigger is the L-type Ca current, then o A
one expects the triggered release (or ensuing contractiongiIOI Hume, 1990, Llpp and ngg_ll, 1994).' _Presumably, these
to exhibit a bell-shaped relationship with voltage. are due to accumulation of Na in the vicinity of the Na-Ca

A number of investigators have found a bell-shaped Con_exchanger, which promotes reverse Na-Ca exchange. Fur-

traction-voltage relationship (London and Krueger, 1986;ther evidence favoring a contribution of_the Na-Qa ex

Berlin et al., 1987; Beuckelmann and Wier, 1988). How_changer came from several reports showing that triggered
contractions or Ca transients that were largely resistant to
organic Ca channel blockers could be recorded (Kohmoto et
Received for publication 3 November 1997 and in final form 29 Marchal,, 1994; Levi et al., 1994; Wasserstrom and Vites, 1996).
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able to find evidence of this (Bouchard et al., 1993). Moreally held at—80 mV to prevent run-down of Ca current (Schouten and
recently, using confocal microscopy, two groups found thafViorad, 1989). Cell motion was monitored with a video-based edge detec-

when L-type Ca currents were reduced by verapamil, IocaTon system (Crescent Electronics, Salt Lake City, UT) (Bridge et al,
: . 988). Currents and cell motion were digitized on line with a 12-bit A/D
Ca transients (presumably reflecting elementary SR Ca ISonverter (TL-1; Axon Instruments) and stored on a personal computer for

lease events) exhibited a probability of occurrence that wagter analysis with pClamp software (Axon Instruments). The peak rate of
bell-shaped with voltage (Cannell et al., 1995; Lopez-Lopezellular shortening was used as an index of SR calcium release because the

et al., 1995). These results strongly suggest thavas the timing of peak shortening (or force) coincides fairly closely with the peak
signal underlving the appearance of the local Ca transient f the intracellular C&" transient, and the rate of force development is
9 ying PP jought to be an instantaneous function of intracellular calciunt(Ca

In addition, Lopez-Lopez et al. reported that the probability(Yue’ 1987).

of local Ca transients was very low during voltage clamp Ppipette solutions and extracellular bathing solutions were individualized
steps to positive potentials when Ca entry by reverse Na-Chased on the particular experiment. The standard pipette solution contained
exchange was known to be occurring (Lopez-Lopez et al.(concentration in mM) 130 CsCl, 5.5 dextrose_, S.QAKP,_ 0.02 EGTA, _
1995). It is interesting that in these latter experiments, a risg > M9Ch 10 HEPES, and 0, 10, or 15 NaCl, with pH adjusted to 7.1 with

. . . OH. This solution was chosen for a variety of reasons. Cs was used as the
n CytOSO|IC Ca occurred, deSplte the fact that no (Or few)major cation to block outward K currents. However, some K is needed as

elementary releases of Ca were observed. a counterion to prevent the establishment of a Donnan equilibrium across
Clearly, there is no general agreement on whether Na-Cte SR membrane. Such an equilibrium will inhibit SR Ca release. Finally,
exchange can either enhance or directly trigger SR Ca free Mg concentration of 0.5 mM was used because we have observed

t with higher concentrations, contractions are less vigorous and tend to
release. The results of the present study suggest that reve'?e%ay with time (unpublished observations). This is compatible with

Na-Ca exchange can participate in the events of excitationg,own effects of Mg on the SR release channel. CsCl was substituted for
contraction coupling under a variety of conditions. ThenNacl in the pipette solution in experiments in which we wanted to mini-
physiological importance of CICR triggered by reversemize intracellular Na.

Na-Ca exchange remains uncertain. To make a Na-deficient extracellular solution, we substituted LiCl for
NaCl in the normal Tyrode’s solution. For experiments requiring rapid
blockade ofl -, nifedipine stock solution (10 mM) was made by dissolving
nifedipine in ethanol and storing it in a light-protected container 30°C.
MATERIALS AND METHODS The nifedipine stock solution was added to the normal Tyrode’s solution

Male New Zealand white rabbits weighing 2.0-2.5 kg were used for a”just before each experiment to produce a final concentration pA20The

experiments. Animals were cared for according to the guidelines of théﬂfe_dipine-contai_ning Tyrode’s solut_ion was pr_otecte_zd from light exposure
American Physiological Society, and protocols were approved by theduring all e>.<per|ments. For experiments using nickel t.o block Na-Ca
institutional animal care committee. exchange, nickel Cl was added to normal Tyrode’s solution to produce a
concentration of 5 mM.

Solutions superfusing cells were rapidly changed with a previously
described solution switcher with modifications (Spitzer and Bridge, 1989).

The modified switching device directs the solutions through two square

Rabbits were deeply anesthetized with pentobarbital administered via a#@ss tubes (20qum) separated by a 7@m glass septum. The bulk
ear vein. The heart was quickly excised and then perfused via the aorta (6¥ution over the cell may be changed within 7 ms with this device.
mmHg pressure) with a Ca-free HEPES-buffered saline solution that was

bubbled with 100% @(37°C). After 5 min the solution was changed to one

containing 0.08% collagenase and 0.02% protease, and perfusion wddleasurements of intracellular Ca transients

continued for an additional 15-20 min. When the heart was soft, the right

ventricle and atria were removed and the left ventricle was minced. Théells were loaded with 1M Fluo-3 AM (Molecular Probes) for 30 min
tissue was gently shaken in a low-Ca saline solution free of digestiveat room temperature. The cells were then placed in the recording chamber
enzymes and strained, and the dissociated myocytes were allowed to set@@d washed for 20-30 min to allow deesterification of the dye. Calcium
in a storage solution containing 1.0 mM Ca (23-25°C). Only cells with transients were measured in cells voltage clamped with pipettes containing

clear striations and no evidence of spontaneous contractions were used f@r 10, or 15 mM Na. Background fluorescence was nulled after a gigaohm
voltage clamp studies. seal was formed between the cell and the suction pipette, but before patch

rupture. Cells were illuminated with 488-nm light produced with a Hg arc
lamp, and 515-nm emission was detected with a photomultiplier tube.
Because each cell served as its own control, we did not attempt to calibrate
the light signal into absolute [Ca]. The peak rate of rise of the Ca transient
All studies were performed withi8 h after cell dissociation. The cells were Wwas obtained by differentiating the digitized fluorescence signal with the
affixed with mouse laminin (Collaborative Biomedical Products, Bedford, PClamp6 software.

MA) to a glass coverslip that formed the bottom of a bath. The bath was

continuously perfused with a HEPES-buffered modified Tyrode’s solution

(concentration in mM: 138 NacCl, 1.0 Mggl4.4 KCI, 11.0 dextrose, 2.7 Qtatistics

CaCl,, 24.0 HEPES, pH adjusted to 7.4 with NaOH) maintained at 30°C.

Cells were viewed with an inverted phase-contrast microscope (DiaphotAll data are shown as mean SEM. Statistical comparisons were per-
Nikon). Individual myocytes were voltage clamped (Axopatch-200A; formed using commercially available software (Glantz, 1992). Compari-
Axon Instruments, Foster City, CA) with single borosilicate suction pi- sons of cellular contractions or whole-cell currents at different pipette Na
pettes (resistance 1.0-2.0(Nl After whole-cell recording was estab- concentrations were performed using a one-way analysis of variance fol-
lished, capacitance and series resistance compensation were performiedved by a Student-Newman-Keuls multiple comparisons test where ap-
(typically 70—75% of the series resistance was compensated). During mogropriate. When only two different conditions were being compared, a
voltage clamp episodes, cells were held at a potentia-40 mV to two-tailed unpaired Studentistest was used. A probability 6£0.05 was
inactivate Na current. Between experimental protocols, cells were generconsidered to be significant.

Myocyte isolation

General features of voltage clamp studies
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RESULTS cellular shortening continued to increase at potentials
greater thart-10 mV. The differences were highly statisti-

Effects of membrane potential and intracellular cally significant.

[Na] on cellular contractions

Previous studies have shown that the relationship between
contractile force and voltage, or Ca transients and voltag
depends on intracellular [Na] (Vornanen et al., 1994; Levi e
al., 1996). To confirm this finding in our preparation, we
determined the relationship betwelgy, cellular shortening, It is convenient to characterize excitation-contraction cou-
and membrane potential in single myocytes when patclpling by measuring the relationship between SR Ca release
pipettes contained (= 7), 10 = 10),0or 150 =5)mM  and the magnitude of the Ca current that produces that
Na. We applied conditioning pulses from40 mV to +10  release (Wier et al., 1994). This relationship is often called
mV evey 3 s toestablish steady-state SR calcium loading.the gain of the system and is defined as

lc. and cellular shortening were then measured during

400-ms voltage clamp steps from40 mV to potentials gain = rate or amplitude of SR Ca releasg/l (1)
between—30 and+60 mV. The maximum rate of cellular

shortening was determined from the contraction record. A ca|cylate gain, we measured the maximum rate of rise of
predicted, varying pipette sodium concentration, [Nalg-  he ca transient as an indication of the SR Ca release. These
nificantly affected the shape of the shortening-voltage relaValues were divided by the magnitude of the Ca current. We
tionship, but had little effect on the voltage dependence Ofeasoned that if both the Ca current and the Na-Ca ex-
I,Ca (F|g'. l,)'_W'th 0 mM Na.m the pipette, cellular contrac- changer contribute to triggering SR Ca release, then the gain
tions diminished 'at pqtenUaIs greater th&(iO mv. The should show dependence on intracellular [Na] and should
bell-shaped relationship between contractions and VOItagFeflect the voltage dependence of Na-Ca exchange currents.
suggests that under these conditions, most of the contracticm particular, if the extent of triggering by Na-Ca exchange

was triggered by.ca' In comparison, with 10 mM N‘.”l in the increased at positive voltages, we would expect the gain to
pipette, contractions reached a plateau at potentials greater . . _ :
also increase with voltage. This is becaliggis the only

than +10 mV. Finally, with [Na}, = 15 mM, the rate of current measured, but the extent of SR release will
be affected by the presence of the unmeasured Na-Ca

elationship of intracellular Ca transients and
cellular contractions

exchange.
Pipette [Na] (mM) The peak rate of rise of the Ca transient was recorded

© * s°_§ «t xt during voltage clamp steps from a holding potentiat-afO
o0 " +1 1 mV to potentials betweer-20 and+60 mV. Five condi-

° o tioning pulses to+10 mV were applied at 3-s intervals
> g ® before each test pulse. The rate of rise of the intracellular Ca
'g 1L .“;’,s‘__ﬂ transient was normalized to that recorded during the last
*g C_% conditioning pulse of each train. An example of these re-
s cordings is shown in Fig. 2 (including the last condition-

o 05 - ing pulse of each train). We plotted gain as a function of
= membrane potential (Fig.B). In the range of 0 ta-60 mV,
% i 8 gain was approximately constant in the nominal absence of
c OF 1~ intracellular Na. Thus, over this range of potentials, trig-

— - : : ! ! : gered release is approximately proportional to the magni-
tude of I, when Na-Ca exchange is inhibited. However,
with 10 or 15 mM Na in the pipette, we found that gain
FIGURE 1 Ca currentd {,) and shortening rates recorded in cells volt- assumed an_upsloplng curwlmear r6|atl_0n5h|p _Wlth mem-
age clamped with pipettes containingro< 7), 10 f = 10), or 15 6 = brane potential when Na was included in the pipette solu-
5) mM Na. All data are normalized to values obtained-al0 mV and are  tion. The difference in apparent gain measured in the pres-
shown as meart SEM. Normalization points are as follows: 1) [Nat  ence and absence of Na is appreciable, particularly at more
zero mM; shortening rate: 0.033um/ms;lc, = 0.96 nA; 2) [Naj, = 10 positive potentials. For example, at40 mv, gain was

mM; shortening rate= 0.028 um/ms;l-, = 0.47 nA; 3) [Na]p= 15 mM,; . . . .
shortening rate= 0.042 um/ms; |-, = 0.43 nA. Thel;voltage relation- approximately doubled with 10 mM Na in the pipette as

ship is bell-shaped at all [NgJHowever, as intracellular [Na] is increased, compared to zero Na (Fig.R). A concentration of 15 mM
there is a marked departure between the rate of cellular shortening and tida had a greater effect than 10 mM Na. The influence of
size of Ca currents (p < 0.05 versus 0 mM Ngp < 0.05 versus 10 MM jnracellular [Na] on gain is compatible with a role for the

Na). This suggests that something other thanis contributing to the . .
trigger for SR Ca release. Furthermore, this additional process is moré\Ia Ca exchanger in producing SR Ca release. Importantly,

pronounced at positive membrane potentials and is highly dependent ofiS effect is apparent in the very early portions of the Ca
intracellular Na concentration. transient.

Voltage (mV)



362 Biophysical Journal Volume 75 July 1998

A creases as SR Ca content or the size of the trigger is
5 pre-pulses at 2 Hz increased (Bassani et al., 1995). To determine if changes in
J—I_”_I'MI_ v SR Ca content could explain the voltage-dependent diver-

-0 mv gence betweell-, and shortening rate, we performed ex-

periments in which SR Ca content was varied in the absence

of a sarcolemmal Na gradient (i.¢g, should be the only
Fluo-3 trigger for SR Ca release). In these experimemis=( 6
signal cells), Na-Ca exchange was inhibited by making [Najd

extracellular [Na]J= 0 mM. The cell was held at40 mV,

lea and SR Ca content was varied by changing the number of
conditioning pulses (0—6) before each test pulse. Under
these conditions, the Ca entering Vg, during each con-
ditioning pulse can only be extruded very slowly from the

cell and should augment SR Ca stores. The increasing SR
content during sequential conditioning pulses was mani-
B fested as an increase in the extent of each subsequent
10r  Pipette [Na] (mM) * 1 contraction. A 400-ms test pulse to potentials betwe&0
and +70 mV was applied at the end of each series of
8 f_:_ ) .?0 conditioning pulses. After the test pulse, the cell was super-
—e—15 fused with normal Tyrode’'s solution (containing 145 mM
Na) and held at-80 mV to enhance forward Na-Ca ex-
change. Four voltage clamp steps-td0 mV were then
applied to the cell to allow it to discharge the Ca that had
accumulated in the SR, so that the SR Ca content was
standardized before each conditioning train. The cell was
then superfused with the zero Na solution 680 s (using
0 ‘ : 1 ' | | | the rapid solution switcher), and another series of 0-6
0 10 20 30 46 50 60 conditioning pulses followed by a test pulse was recorded.
We found that with zero, three, or six conditioning pulses,
Membrane Potential (mV) cellular contractions declined at potentials greater tha0
, _ ~ mV when reverse Na-Ca exchange was blocked by deple-
FIGURE 2 Effect of intracellular [Na] and membrane potential on in-

tracellular Ca transientsA] Example of simultaneous whole-cell currents tion of intracellular Na (Fig. 3). The symmetry of the

and intracellular Ca transients in a single cardiac myocyte. To maintaing.horte.nmg_"VOltage relatlons'hlp under each of these condi-
stable SR loading, six conditioning pulses (from a holding potentiai4d  tions implies that changes in SR Ca content alone do not
mV to +10 mV) were applied before each test pulse (voltage clampcause a significant departure between the shortening-volt-
protocol shown above). The last conditioning pulse in each train of isage andl.voltage relationships at positive potentials.

shown, followed by Ca transientsn{ddle and currentskotton) during a " : :
voltage clamp test pulses to potentials between 0 60 mV. In this Rather, the additional shortening at potentials greater than

example, the pipette contained 10 mM Na. The gain of SR Ca release was 10 MV is directly affected by the cytoplasmic [Nal].

calculated using the peak rate of rise of the Ca transE@nfsee Materials

and Methods for further details). The relationship between gain and mem-

brane potential was strongly affected by intracellular Na concentration. . .

When [Na], = 0 mM, gain showed minimal dependence on voltage. Contractions in the absence of Ca current

However, when [Na]was increased, gain significantly increased at posi- T lectively i . h ibuti i N
tive potentials. Data are from= 5 cells and are mean SEM. *p < 0.05 o selectively investigate the contribution of reverse Na-Ca

versus [Na] = zero mM;p < 0.05 versus [Na] = 10 mM. exchange as a trigger for SR Ca reledggmust be blocked
sufficiently rapidly that SR Ca content is not significantly
depleted. Therefore, we abruptly applied 20 nifedipine

to cells using the rapid solution switchem & 10 cells).
Nifedipine exposure was continued for a total of 8 s. A 1-s
ascending and descending ramp fre0 mV to 0 mV was
imposed during the nifedipine exposure because the Ca
The [Na]-dependent asymmetry of the shortening-voltagechannel blockade is voltage-dependent. After the ramp,
relationship and the gain of SR release might be explainedurrents and cell shortening were recorded during voltage
by a component of SR Ca release that is triggered by reversgamp steps to various test potentials in the presence of
Na-Ca exchange. However, other explanations are alsoifedipine. The nifedipine was then washed off by super-
plausible. For example, changes in SR Ca content coul€using the cell with normal Tyrode’s solution. A key feature
alter the voltage dependence of the release process. It & these experiments is that SR Ca content was held con-
known that the fractional release of Ca from the SR in-stant by applying six conditioning pulses 10 mV be-

50 Arbitrary
units

1 nA

Gain

Relationship between SR calcium content and
the voltage dependence of triggered
calcium release
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FIGURE 3 Influence of SR Ca content on the shape of the shortening-voltage relationshipnGel§ (vere voltage clamped with pipettes containing

0 mM Na and superfused with a solution containing 0 mM Na (replaced with o eliminate both forward and reverse Na-Ca exchange (see Results).
Varying numbers of conditioning pulses (0, 3, or 6) frerd0 mV to +10 mV were applied before each test pulse. In the absence of a Na gradient, SR

Ca content increases with each conditioning pulse. Sequential pulses (1-6) produce progressively larger contractions. After the condisniest pul

pulses to membrane potentials betweeB0 and+70 mV were applied at three different levels of SR loading (established with zero, three, or six
conditioning pulses). After the test pulse, the cell was superfused with normal Tyrode’s solution=[MN& mM), and four pulses te-10 mV were

applied. With external Na present, some of the Ca released from the SR during each contraction could be extruded by forward Na-Ca exchange. This
allowed the cell to discharge the Ca that had accumulated in the SR during the preceding series of conditioning pulses. Within four beats, d steady leve
of SR loading (as assessed by contraction amplitude) was achieved. Thus consistent SR loading should have been present at the beginning of each series
of test pulses.A andC) Examples of Ca currents and cellular contractions in the same cell with zero conditioning pulBendiD)) three conditioning

pulses. Clamp steps t630, —10, +10, +30, +50, and+70 mV are shown.K) Using this experimental protocol, both, and cellular contractions had

a bell-shaped relationship with voltage, regardless of the number of prior conditioning pulses (i.e., with varying SR Ca content). Normalits(jorean

peak shortening rate at a potential610 mV in each group) are as follows: zero conditioning pulses, shortening-rat621 um/ms; three conditioning

pulses, shortening rate 0.033 wm/ms; six conditioning pulses, shortening rate0.091 um/ms. The three curves were not statistically different.

tween each application of nifedipine. In this protocol pi- measurablé., a slow but substantial contraction still oc-
pettes contained 10 mM Na. curred during depolarization. We studied 10 cells with this
Application of nifedipine produced complete block of protocol. As expected, we observed the usual bell-shaped
lce This is important because even a small residual Caelationship betweenm., and voltage (Fig. 4A). Currents
current might trigger SR Ca release. Despite the absence oécorded in the presence of nifedipine were subtracted from
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the nifedipine-insensitive contractions, that portion of the
contraction remaining in nifedipine, increased with voltage.
Despite a fairly wide cell-to-cell variability in the amount of
contraction remaining during exposure to nifedipine, there
were significant differences between the nifedipine-sensi-
tive and nifedipine-insensitive portions of the contraction at
the more positive potentials. We hypothesize that the nife-
dipine-insensitive contraction is due to CICR triggered by
reverse Na-Ca exchange.

Are nifedipine-insensitive contractions caused by
“triggered” SR Ca release?

To confirm that the nifedipine-insensitive contractions were
due to triggered SR Ca release, we pretreated cells for 1 h
with ryanodine (5uM) and thapsigargin (fuM) to block

SR Ca release and reuptake=t 3 cells). Cells were then
patch clamped with a pipette containing 10 mM Na. Voltage
clamp steps (400 ms) from30 to +70 mV (V, = — 40

mV) were applied after a series of four conditioning pulses
to +10 mV. With the SR disabled,, could elicit late-
peaking contractions that were70% of the amplitude seen

in control cells. However, with the SR disabled, nifedipine-
insensitive contractions could not be elicited (data not
shown). Thud., may be of sufficient magnitude to directly
activate the myofilaments in the absence of a functional SR;
however, reverse Na-Ca exchange does not seem to be

capable of directly causing contractions during 400-ms

FIGURE 4 Contractions evoked during the rapid application of nifedi- depolarizations to positive potentials less than or equal to
pine (see Results for experimental protocol). Data are me&&EM of 10 +70 mV.

cells. ) There is a bell-shaped relationship between wholedggland

voltage. Almost all of the inward current was blocked by nifedipine

(nifedipine-sensitivd ), suggesting that there was little or no Ca influx

through Ca channelsBJ The contractions at each test potential were Are reverse Na-Ca exchange currents present

divided into nifedipine-sensitive (the portion of the contraction blocked by under conditions in which nifedipine-insensitive
nifedipine) and nifedipine-insensitive (the portion remaining in nifedipine) contractions can be elicited?
components. The nifedipine-sensitive contractions have a bell-shaped re-
lationship with voltage and are probably triggered by the Ca current. Inlf contractions are triggered by Na-Ca exchange, then the
contrast, the nifedipine-insensitive contractions increase with voltage. *re|ationship between these contractions and voltage should
p.< 005 yersus_qifedipiqe-sensitive contrac_tions. We_speculate that thf)e similar to the relationship between sodium-calcium ex-
nifedipine-insensitive portions of the contractions are triggered by reverse
Na-Ca exchange. change currentl,gacg and vqltage. Because exchange cur-
rents responsible for triggering SR Ca release are likely to
be small and obscured by larger currents that are activated
those in normal Tyrode’s solution. This difference wasat the same time, we used a series of inhibitors and sub-
referred to as the “nifedipine-sensitive current.” The nife-traction methods to detect these currents. First, we voltage
dipine-sensitive Ca current is almost identical to the un-clamped cells with suction pipettes containingi0« 4), 10
blockedl-V relationship, indicating that the whole-cell cur- (n = 8), or 15 6 = 4) mM Na. Pipettes contained 130 mM
rents are relatively uncontaminated (Fig.A}. Cellular  CsCI to block outward K currents (Meier and Katzung,
contractions were analyzed in a similar fashion. The differ-1981). In addition, 4-aminopyridine (2 mM) was present in
ence between contractions in the presence and absencetbé bath throughout this series of experiments to specifically
nifedipine is designated as “nifedipine-sensitive contracblock the transient outward K currentj (Kenyon and
tions,” and the contractions remaining in nifedipine areGibbons, 1979). Ca currents were activated by clamping
called “nifedipine-insensitive contractions.” We plotted the from a holding potential of~40 mV to potentials between
nifedipine-sensitive and -insensitive components of contrac—10 and +70 mV (Fig. 5A). Next, we blockedl -, by
tion at each membrane potential (FigBX The nifedipine-  exposing the cell to nifedipine (2@M) before the voltage
sensitive components of the contractions have a bell-shapedfamp steps. Removal of, revealed a family of outward
relationship with voltage, and presumably represent theurrents that was dependent on voltage (Fi§).5Removal
portion of the contraction attributable kg, In comparison, of |-, probably also removed any Ca-dependent Clr-
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Ica Nickel-Sensitive Current

FIGURE 5 Measurement of putative Na-Ca exchange
currents. In this representative example, the cell was
voltage clamped with a pipette containing 15 mM Na.
The cell was held at-40 mV. (A) The upper left panel
shows Ca currents produced by voltage clamp steps
between—30 and+70 mV (in 10-mV increments) B)

The cell was then exposed to 20/ nifedipine, and the - 100 ms

voltage clamp protocol was repeated. An outward cur-

rent emerged wheh., was blocked. €) Next, the cell

was superfused with nifedipine and nickel (5 mM) Nifedipine Nifedipine + Nickel
(lower right). The outward current was reduced under
these circumstanceD) Finally, the currents in nickel
plus nifedipine were subtracted from those in nifedipine
alone. The nickel-sensitive difference current is proba-
bly due to reverse Na-Ca exchange.

]

nA
0.6 nA

rents that might have been present (Zygmunt, 1994). We Finally, to determine if 4-aminopyridine-resistant chlo-
assumed that this family of outward currents was eitheride currents were contaminating the Na-Ca exchange cur-
dominated by or contained outward Na-Ca exchange curents, we repeated the above protocols using nominally
rent. Therefore, we superfused the cells with a solutiorchloride free pipette and superfusing solutioms=(5 cells).
containing both nifedipine (2QwM) and nickel (5 mM). The pipette solution included (in mM) 130 CsOH; 10
Because this concentration of nickel inhibits Na-Ca ex-HEPES; 5 disodium adenosinéiphosphate; 5.9 MgS{)
change, previous investigators have used nickel to identif).02 EGTA (adjusted to pH 7.1 with J30,). The super-
and isolate Na-Ca exchange currents (Kimura et al., 1987using solution was composed of (in mM) 137 glutamic acid
Beuckelmann and Wier, 1988; Wier, 1991). The series ofmonosodium salt); 10 HEPES; 1 Mgg@Q®.7 CaSQ; 5.4
voltage clamp steps was repeated in this solution. Althouglaspartic acid (monopotassium salt); 20 CsOH; 2 4-amino-
nickel is a nonspecific inhibitor, all major ionic currents pyridine; pH was adjusted to 7.4 with NaOH. Nifedipine (20
other than Na-Ca exchange should already have beenM) or nickel (5uM) was added to the superfusing solution
blocked before administration of nickel. It is clear thatand applied to the cell with the rapid solution switching
nickel reduced the amplitude of the outward currents at altlevice. Under these conditions, we found that the nickel-
potentials (Fig. 5C). To detect the putative outward ex- sensitive difference currents were of a magnitude similar to
change current, we digitally subtracted the family of cur-those of currents described above. In addition, the shapes of
rents measured in the presence of both nickel and nifedipinghe currents were similar (data not shown).

from those in nifedipine alone:

|:)Uta-tivelNaCaz Iout, nifedipine lout, nifedipinetnickel (2)

. . . Properties of the putative reverse Na-Ca
This produced a family of outward currents (FigD% that exchange current

increased with depolarization. We believe that these nickel-
sensitive difference currents are attributable to reversdhere are several properties that the nickel-sensitive cur-
Na-Ca exchange. The nickel-sensitive currents peaklii  rents should exhibit if they are attributable to reverse Na-Ca
ms and then remain relatively constant for the remainder oéxchange. Sensitivity to nickel is implicit in the method of
the 150-ms voltage clamp step. The subtraction procedumneasuring these currents. Firgt,c, Should have a rela-
also revealed a family of inward currents upon repolarizationship with voltage that is roughly exponential (Kimura et
tion of the cell (Fig. 5D). These tail currents are generally al., 1987; Ehara et al., 1989). In fact, the current-voltage
accepted to represent forward Na-Ca exchange (Eagan elationships we measured were very well fitted by a mono-
al., 1989). exponential relationship (mean= 0.994+ 0.002; Fig. 6).

If the outward currents are due to reverse Na-Ca exSecond, the amplitude of outward Na-Ca exchange currents
change, then their magnitude should depend on extracellulahould be highly dependent on intracellular [Na] (Miura and
[Ca] as well as intracellular [Na]. Therefore, we repeatedKimura, 1989). We found very little outward current with O
the protocol described above in cells superfused with TysmM Na in the pipette. The small outward currents measured
rode’s solution containing 1 mM Ca instead of the usualunder these circumstances probably represent residual
Tyrode’s solution containing 2.7 mM Ca. We found that theNa-Ca exchange due to incomplete removal of intracellular
outward currents were significantly smaller when extracel-Na with the whole-cell patch-clamp technique. There was a
lular Ca was decreased (Fig.Bj. marked upward shift in the current-voltage relationship with



366 Biophysical Journal Volume 75 July 1998

>

Pipette [Na] Calcium fluxes through I, and Iy.c,

To compare Ca entry vig-, and l,c, We integrated the
first 150 ms of the currents recorded during the protocols
designed to isolate these two currents. The current integrals
were then converted to absolute quantities of Ca influx
according to the following formula:

0.3 |

0.1 L Ca entry= integral of currenZ X F 3)

where Ca entry is in moles, current integrals are in cou-
lombs,Z is the charge movement per ion of Ca entry, &nd

is Faraday’s constant (9.648 10* moles/coulomb)Z = 2

for Ic,and 1 forly,c, assuming a stoichiometry of 3 N
Ca&" (Reeves and Hale, 1984). The absolute amount of Ca
entry by each mechanism is dependent on membrane po-
tential (Fig. 7). For purposes of comparison, we can calcu-
Pipette [Na] = 15 mM late net Ca entry at a membrane potential close to the
2.7 mM plateau of the normal action potentiat 80 mV) with 10

mM [Na],. Under the conditions of our experiments, Ca
influx is ~10-fold greater when it occurs via L-type Ca
current than by reverse Na-Ca exchange (withgptat this
potential (Fig. 7). Thus it is unlikely that Ca entry occurring
solely by the Na-Ca exchanger would produce enough
change in cytosolic [Ca] to produce contractions, unless
there is also a component of triggered SR Ca release.

Nickel-Sensitive Current (nA)

-20 0 20 40 60 80

@

Extracellular [Ca2™]

*
0.3 |
0.2

o1l 1.0 mM

Nickel Sensitive Current (nA)

-0.1 1 1 L 1 1
-20 0 20 40 60 80

Membrane Potential (mV) DISCUSSION

FIGURE 6 Dependence of nickel-sensitive currents on [Najd W€ have obtained five main results: 1) Dialyzing [Na]
[Ca®*],. Currents were measured as shown in Fig. &. Cells were  Strongly influenced the shape of the cellular shortening
voltage clamped with pipettes containingrd< 4), 10 f = 8), or 15 6 = versus voltage relationship and the apparent gain of SR Ca
4) m'M Na..AII data are meart SEM. The currents increase+monoexpo- release. 2) The divergence between the shortening-voltage
?f]m'a'.'y with voltage at each pipette [Na] (meBn= 0.994 = 0.002). 5,4 _yoltage relationships at higher dialyzing [Na] was
ere is very little current with zero mM Na in the pipette, and a prominent .
upward shift in the-V relationships with 10 and 15 mM pipette Nap*< not caused by increased SR Ca content. 3) Cellular contrac-
0.05 versus 0 mM Nap < 0.05 versus 10 mM Na.B) The outward
currents were reduced in amplitude when extracellulaf [Qa&as reduced
from 2.7 to 1.0 mM. These characteristics are compatible with our hypoth-

. 5
esis that these are Na-Ca exchange currents. —# ~INaCa (10 Na)
—e—INaCa (15 Na)
4t —a—iCa

increased pipette [Na] (Fig. 8). Third, reduction of extra-
cellular Ca from 2.7 to 1.0 mM resulted in a reduction in the
amplitude of the outward currents (Fig.B). Finally, the
presence of inward tail currents upon repolarization sup-
ports the view that the outward currents are due to reverse -1 ; ; L ; [ y
exchange (Eagan et al., 1989). This is because in the ab- .40  -20 o 20 40
sence ofl., Ca extrusion by forward Na-Ca exchange
should be comparable in magnitude to that entering by

reverse exchange. The tail currents (forward Na-Ca eXI':IGURE 7 Calculated cellular Ca entry occurring via Ca current or

change) were also smaller when pipette [Na] or extracellulafeyerse Na-Ca exchange alone. Calcium entry was calculated by integrat-
[Ca] was lower. In summary, the currents demonstrate théng the first 150 ms of the whole-cell Ca currents recorded with no blockers

appropriate dependence on voltage, [NEJa],, and sensi-  present ([Ng] = 10 mM), or the nickel-sensitive currents recorded using

tivity to nickel that are anticipated if these were reVersethe method shown in Fig. 5. Current integrals were converted to absolute
Ca*]'s, using Faraday’s constant and the known charge movements

Na-Ca exchange currents. The fact that these currents ahﬁring each type of current (see Results). Calcium entry by the two

n_Ot initially transient introduces a difficulty that we shall pathways is voltage dependent, and Na-Ca exchange is strongly influenced
discuss later. by [Nal,.

Calcium Entry (1 0-16 moles)
[ )M

60 80
Membrane Potential (mV)
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tions could still be elicited wherlo, was completely had nearly normal contraction amplitude and rates (even
blocked by rapid application of nifedipine. The nifedipine- thoughl., appeared to be completely eliminated in all of
sensitive component had a bell-shaped relationship witlthese cells). The reasons for this variation are not clear. It is
voltage, whereas the nifedipine-insensitive component inpossible that relatively small differences in diastolic Ca
creased with voltage. 4) Nifedipine-insensitive contractiondevels in the cytoplasm might change the amount of trigger
could not be elicited when the SR was disabled with ryan-Ca required to produce opening of the release channel.
odine and thapsigargin. 5) Nickel-sensitive outward cur-Because there is a sigmoidal relationship between the prob-
rents (naca had anl-V relationship that was qualitatively ability of SR Ca release channel openify)(and cytosolic
similar to that of the nifedipine-insensitive contractions.[Ca?*], small changes in local [G4] could cause a shift
Together, these data support the contention that reverdeom a relatively flat to a relatively steep portion of the
Na-Ca exchange can contribute to contractions with dialyzversus [C&']; curve (Copello et al., 1997). Alternatively,
ing [Na] in the physiological range and without SR Ca the extent to which the Ca regulatory site of the exchanger
overload. was saturated could significantly effect the extent of trig-
gering by reverse exchange (Kimura et al., 1986; Hilge-
mann, 1990; Noble et al., 1991). This would depend upon
Asymmetry of the shortening-voltage relationship  diastolic Ca levels, which might vary significantly from cell

Our findings from unloaded cell shortening are similar tot© Cell- If [Ca]; is less than 50 nM, Na-Ca exchange will

previous reports in which Ca transients or contractile forcd?® inhibited and Ca entry by this mechanism might not
was measured (Vornanen et al., 1994; Levi et al., 1996). Oufig99er SR Ca release (Kimura et al., 1987). Last, it is
data expand on previous work (Levi et al., 1996), which alsd?0Ssible that despite intracellular dialysis with micropi-
suggests that changes in SR Ca cannot explain the N&_ettes, there was S|g'n|flcantvar|at|on in the concentrgtlorj of
dependent enhancement of contractility at positive potenl_ntracellular Na. If this were the case, then the contribution
tials. We used a different protocol for varying SR content.0f reverse Na-Ca exchange to the trigger for SR Ca release
Fig. 3 clearly demonstrates that in the absence of a sai¥ould be expected to be rather variable, because intracel-
colemmal Na gradient, contractions were much larger aftel!lar [Na] seems to be a major determinant of this process
conditioning pulses were applied, even tholighremained ~ (S€€ Fig- 1). , L
constant. Although the fractional SR Ca release and the rate 1€ €limination of contractions by the combination of
of SR Ca release both appear to increase as SR content/¥anodine, thapsigargin, and nifedipine suggests that the
increased, this should cause an upward shift in the absolutdifédipiné-insensitive contractions are indeed triggered

value of shortening at any given voltage, but no change irfVents- It is interesting that Na-Ca exchange can produce
the shape or symmetry of the relationship (Bassani et allriggered contractions but not direct activation of the myo-
1995; Terraciano et al., 1995). filaments. This is most likely explained by 1) differences in

the length of the diffusion pathways from the Ca influx sites
on the sarcolemma to the contractile elements and the

Measurements of gain of SR Ca release ryanodine receptors; and 2) differing sensitivities of the
contractile elements and the ryanodine receptors 6" Ca

Our measurements of ggin rgflect early events during thesp+ entry by Na-Ca exchange may simply be too slow to
up;troke of the Ca transient (i.e., they are referrable to th?each the myofilaments during a 400-ms clamp step. Indeed,
rapid release of Ca from SR stores). When Na is present ig cajculations suggest that it is unlikely that the exchanger
the pipette solution, it should be possible for both Ca current, 14 cause a large enough Ca flux across the sarcolemma
and reverse Na-Ca exchange to participate in E-C coupling,, 400 ms to produce a phasic contraction or Ca transient

However, on!yICa was measured directly. If Na',Ca €X- without having a triggered component (Fig. 7). Nontrig-
change contributed to the upstroke of the Ca transient, thegered contractions could probably be elicited by longer

we expected the gain of SR Ca release to increase Withjam, steps to very positive potentials. It is also possible
internal Na and voltage. This is precisely what we observegy 5t the Cca entering via the exchanger serves more to

(Fig. 2). These rgsul_t§ strengthen our conclusion that Na—Cgmp”fy the triggering effects of the L-type Ca current than
exchange may significantly enhance SR Ca release at pog; directly produce CICR (see below).

itive membrane potentials. The very marked increase in gain
under conditions designed to enhance reverse Na-Ca ex-

change could imply that there is synergy between the two
triggering mechanisms. Demonstration of Na-Ca exchange currents

The demonstration of putative Na-Ca exchange currents that
have a relationship with voltage that is similar to the nife-
dipine-insensitive contractions supports the idea that Na-Ca
There was significant cell-to-cell variability in the magni- exchange may underlie the Nand voltage-dependent por-
tude of nifedipine-insensitive contractions. Some cells hadion of the contractions. Several issues relating to the nickel-
little contraction with nifedipine present, whereas otherssensitive currents should be discussed. The first question is,

Contractions in the absence of I,
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why don't these currents clearly decay (i.e., show an initialcurrents we measured show the appropriate voltage and ion
transient)? Although there was a small transient componeritependence for Na-Ca exchange current.
in our current records (Fig. B), we expected the reverse  We arbitrarily chose to integrate the first 150 mslgf
Na-Ca exchange currents elicited by voltage clamp steps tand ly,c, This duration encompasses the period when SR
rapidly increase to a maximum, and then to decline as thertglease is expected to occur and coincides temporally with
was collapse of the sarcolemmal Ca gradient (due to C¢he development of contraction and the peak cellular short-
influx via Na-Ca exchange or to SR Ca release). Transiengning rate. Although it could be argued that CICR probably
behavior of reverse exchange currents has been predicted @gcurs over a shorter time span (10-20 ms), a slower rate of
models of cellular currents during action potentials (LuoC& " entry as might occur durinig,,c,alone might produce
and Rudy, 1994). However, the Na-Ca exchange currentd slower more sustained Ca release. This is compatible with
we measured during square voltage clamp steps under cof€e slower rate of force development and more prolonged
ditions where most other ionic currents were blocked aréontractions we observed after exposure to nifedipine. Our
likely to be quite different from exchange currents occurringestimates of calcium influx by the L-type Ca current are
during a normal action potential. very comparable to other values in the literature (Isenberg
We propose several explanations for our observation thand Klockner, 1982; Bers, 1991). Fabiato suggested that Ca
the outward currents we measured do not show a clear peglyxes of this magnitude would not cause direct activation of

and subsequent decline. First, the transient component &€ myofilaments (Fabiato, 1983). The estimations of Ca
the current may occur extremely early and thus may p&Ntry by the two mechanisms are compatible with our data

hidden within the capacitive transient. This transient com-Snowing thatlc, can produce relatively large contractions

ponent could be lost during the subtraction procedure ifVh€n the SR has been poisoned; howeVgfe, does not
there were even small changes in access resistance to tnéoduce contractions in the absence of SR function. If either

cell between recordings. Such changes occur commonl)}FaorINaCaWere, delivered into a restricted su.bsarcolem.mal
particularly when the composition of the superfusing soly->Pace, the rise in local [C&] would be much higher than if

n : . . .
tion is changed. Second, it is possible that the Ca releaset!:‘i‘eI ca _T_ﬁd d'.];fUSEd freely into g}e fl_? t[[reba;:hcessmrI]e gell
from the SR does not diffuse freely into the “restricted volume. Thus It seems reasonable that both mechanisms

space” adjacent to the exchanger (Stern, 1992). This seerﬁgmd produce CICR.

reasonable because positive feedback of the CICR process

is not seen under most circumstances. Third, the increased

[Ca] in the vicinity of the exchanger may cause increasedComparison with previous studies

occupancy of both the kinetic and regulatory Ca bmdlngA number of studies have suggested that reverse Na-Ca

sites of the exchanger. Because the first will tenq to de'exchange could directly or indirectly trigger SR Ca release
crease the rate of exchange whereas the latter will have

timulat fect th b t effect. Fourth. it i Ghder some conditions (Berlin et al., 1987; Leblanc and
stimutatory €fiect, there may be no net etfect. Fourth, 1Sy, e *1990; Kohmoto et al., 1994; Lipp and Niggli, 1994;

possible that there are contaminating currents that obscur,gUSS and Houser, 1992: Levi et al., 1994: Vornanen et al.,

either the peak or the decaying phase. We did not find thajgg. vjites and Wasserstrom, 1996; Wasserstrom and
changing to CI-free solutions revealed a prominent ran- a5 1996). Other investigators have questioned whether
sient component. Finally, it is possible that the exchangqa_ca exchange can trigger SR release (Bouchard et al.,
current was saturated under our experimental conditionslggg; Cannell et al., 1995; Lopez-Lopez et al., 1995). Re-
thus making it appear to be a sustained current.  cently, two groups reported that elementary SR Ca release
Despite the uncertainties raised in the preceding disCUssyents visualized with confocal microscopy closely fol-
sion, we have strong evidence that the currents we measurgglyed the behavior of sarcolemmal Ca channel openings
are in fact attributable to Na-Ca exchange. We made corycannell et al., 1995; Lopez-Lopez et al., 1995). According
siderable efforts to eliminate all possible contaminatingt one report, Ca sparks were not seen at membrane poten-
currents. Outward K currents should have been blocked by{als more positive than the reversal potential of the Ca
the replacement of internal K with Cs (by micropipette cyrrent unless cells showed evidence of Ca overload
dialysis). In addition, 4-aminopyridine was present in the(Lopez-Lopez et al., 1995). However, depolarization to po-
superfusing solutions for these experiments. Finally, oukentials greater thar-50 mV did produce an increase in
currents are unlikely to be Ca activated outward Clr-  peak spatially averaged Ca concentration. Those findings
rents for the following reasons: 1) the shape of the nickelimply that reverse Na-Ca exchange does not trigger SR Ca
sensitive current-voltage relationship is exponentialrelease.
whereas CI currents have a bell-shaped relationship with  How do we reconcile the results of the confocal micros-
voltage (Zygmunt, 1994); 2) the use of nifedipine shouldcopy studies with our own data and those of other authors
markedly attenuate chloride currents because they are activho have seen evidence of triggering by reverse exchange?
vated by a rise in intracellular Ca; 3) outward currents wereSeveral factors may be involved. First, most studies done in
still evident when nominally chloride-free internal and ex- rat myocytes suggest that Na-Ca exchange has a minimal
ternal solutions were used. As previously mentioned, thdunction in triggering SR release, whereas its role seems to
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be substantially greater in other species (Bers et al., 199@ause a large subsarcolemmal accumulation of Na. If this
Cleeman and Morad, 1991; Sham et al., 1992; Bouchard eiccurs near the Na-Ca exchanger, reverse exchange may be
al., 1993). Thus species differences in Na-Ca exchangdavored much more than would occur with depolarization
density, SR function, or subcellular geometry may be im-alone. Furthermore, increased heart rate (or stimulation fre-
portant. Second, exchanger function is temperature-depeiguency), as would occur during exertion, may increase
dent, such that lower temperature (i.e., room temperatureéhptracellular Na activity (Harrison et al., 1992). This will
tends to minimize the apparent contribution of reverse exalso tend to favor reverse exchange. If reverse exchange is
change, whereas the participation of the exchanger in trigeapable of triggering SR Ca release under some circum-
gering SR release is much more obvious at higher tempeistances, it is not difficult to envision a case in which that
atures (Vornanen et al.,, 1994). Third, experiments usindgunction may be fairly prominent, even if this role is rela-
relatively low pipette Na concentrations (e.g., 0.5-5 mM)tively small under normal resting conditions. If bdtk, and

will diminish the possible portion of the trigger due to ly,c, are involved in CICR, then any circumstances that
reverse exchange. Fourth, experimental protocols in whiclaccentuate one may diminish the other. Conversely, condi-
organic calcium channel blockers are applied continuouslyions that inhibit one or the other of the triggers (e.g., low
to cells may result in depletion of SR Ca stores and/or gipette Na concentrations) may cause the appearance of a
decrease in cytosolic [Ca], leading to the erroneous conclusingle trigger for SR Ca release.

sion that contractions cannot be triggered in the absence of
|co Other less clearly defined variables that may affect SR
Carelease (e.g., pipette [Mg]) could certainly be significantN
as well. Finally, in experiments in which cadmium was used
to block L-type Ca currents, the contribution of the Na-CaSome investigators have suggested that Na-Ca exchange by
exchanger may be underestimated, because it is now knowtself triggers SR release that is too delayed to contribute to
that cadmium inhibits Na-Ca exchange as well as Ca currerthe rapidly rising Ca transients observed during normal
(Hobai et al., 1997). action potentials (Sipido et al., 1997). Initially this obser-

Our present data add to the case for involvement of theation seems to be at odds with our data. One potential
Na-Ca exchanger in triggering SR Ca release. A major issuexplanation for this apparent paradox is that when bgih
is whether the exchange currents we recorded are of suffand ly,c, are functioning simultaneously, there may be
cient magnitude to induce CICR. When considering thissynergy between the two triggers (i.e., they do not sum in a
guestion, it is important to recall that the magnitude ofsimple linear fashion). The open probabilify.f of the SR
Na-Ca exchange currents will be half the size of an L-typeCa release channels has a sigmoid relationship with pCa
Ca current that produces an equivalent absolute Ca fluXCopello et al., 1997). The ascending portion of tRis
This follows from the stoichiometry of the Na-Ca exchangeversus pCa curve is rather steep. Depending on resting [Ca]
mechanism, in which three Ndons are exchanged for each in the region of the ryanodine receptor, a local increase in
Cé&*. Another very important consideration is that Ca entry[Ca] caused by Na-Ca exchange might simply produce a
by the exchanger or L-type Ca channels may be through ahift along the flat foot of the curve toward the steeper
restricted space (Lederer et al., 1990). Hence a small Ca fluregion. Additional Ca entry vid., would, in effect, be
may cause a large local increase in [Ca]. It is difficult with amplified because it is delivered on the steep portion of the
our current limited knowledge of the diffusion barriers andrelationship. Thus the net Ca entry By,c, and I, is
the geometric relationship between dihydropyridine recepunlikely to add in a simple linear fashion. Importantly,
tors, Na-Ca exchangers, and the foot processes of the ryarecent work by Grantham and Cannell suggests that signif-
odine receptor to predict the concentrations of each ion incant reverse Na-Ca exchange is likely to occur during the
the dyadic cleft. early portion of an action potential (Grantham and Cannell,
1996). It is therefore entirely possible that a major effect of
reverse exchange is to amplify the effect of direct triggering
by ICa'

In summary, our findings suggest that both L-type Ca
current and reverse Na-Ca exchange can contribute to SR
It is relatively difficult to establish whether the Na-Ca Ca release and cellular contractions. The interaction be-
exchanger is involved in “physiological” excitation-contrac- tween these two triggers may be quite complex. A major
tion, because physiological conditions can change abruptlyissue for future research will be to clarify how this interac-
Even relatively simple parameters such as heart rate antibn occurs under circumstances that recapitulate as closely
body temperature may be substantially altered during noras possible the conditions in an intact, contracting heart.
mal activities and can vary widely during vigorous exercise.

If SR Ca release is regulated by bdth, andly,c, then it
is reasonable to assume that the portion of the trigger due tIgresented in part at the Biophysical Society meeting, San Francisco, CA,

the _eXChanger may be ?UbStantial!y greater at certain timegepruary 1995, and the American Heart Association Meeting, Anaheim,
During the cardiac action potential, the Na current maycA, November 1995.

onlinear summation of triggers

What is the role of Na-Ca exchange under
physiological conditions?
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