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ABSTRACT To investigate whether activity of the sarcolemmal Na pump modulates the influence of sodium current on
excitation-contraction (E-C) coupling, we measured [Ca®*]; transients (fluo-3) in single voltage-clamped mouse ventricular
myocytes ([Na*],,, = 15 or 0 mM) when the Na pump was activated (4.4 mM K) and during abrupt inhibition of the pump
by exposure to 0 K} with a rapid solution-switcher device. After induction of steady state [Ca®"]; transients by conditioning
voltage pulses (0.25 Hz), inhibition of the Na pump for 1.5 s immediately before and continuing during a voltage pulse (200
ms, —80 to 0 mV) caused a significant increase (15 + 2%; n = 16; p < 0.01) in peak systolic [Ca®*]; when [Na™],,, was 15
mM. In the absence of sodium current (/,, which was blocked by 60 uM tetrodotoxin (TTX)), inhibition of the Na pump
immediately before and during a voltage pulse did not result in an increase in peak systolic [Ca®*],. Abrupt blockade of I,
during a single test pulse with TTX caused a slight decrease in peak [Ca®"],, whether the pump was active (9%) or inhibited
(10%). With the reverse-mode Na/Ca exchange inhibited by KB-R 7943, inhibition of the Na pump failed to increase the
magnitude of the peak systolic [Ca®*]; (4 = 1%; p = NS) when [Na™],;,, was 15 mM. When [Na ], was 0 mM, the amplitude
of the peak systolic [Ca®*]; was not altered by abrupt inhibition of the Na pump immediately before and during a voltage pulse.
These findings in adult mouse ventricular myocytes indicate the Na pump can modulate the influence of I, on E-C coupling
in a single beat and provide additional evidence for the existence of Na fuzzy space, where [Na™] can significantly modulate
Ca?" influx via reverse Na/Ca exchange.

INTRODUCTION

Voltage-gated sodium channels mediate the voltage-depesee Carmeliet, 1992). Lipp and Niggli (1994) have also
dent increase in sodium ion permeability that is responsibl@bserved that during,, [Na*] increases underneath the cell
for the upstroke of the action potential. In cardiac musclemembrane and activates the’Canflux mode of the Na/Ca
C&" influx via voltage-gated sarcolemma €achannels exchange. Our recent results obtained from mouse ventric-
triggers a rapid release of €afrom sarcoplasmic reticu- ular myocytes also support the hypothesis that there is a
lum (SR), causing an increase in the concentration of intrasubsarcolemmal [Ng gradient generated by the activity of
cellular C&" ([C&”'];) that leads to contraction (Fabiato, the Na pump that also affects the [Naadjacent to the
1985; for review see Bers, 1991). Leblanc and Hume (1990Na/Ca exchanger (Su et al., 1998). The sarcolemmal Na
have found that excitation-contraction (E-C) coupling canpump, the Na-K ATPase, which utilizes energy derived
also occur in the absence of €acurrent and proposed that from the hydrolysis of ATP to extrude three Nan ex-

it is triggered by influx of C4" via reyerse-mode Na/Ca change for two K, appears to play an important role in
exchange, presumably stimulated by influx of Nérough ~ maintaining this [Nd] gradient between the cytosol and
voltage-gated N&a channels I,). Based on these experi- g hsarcolemmal space. Na/Ca exchange (including forward
ments and the fact that it is the subsarcolemmaT an-  4nd reverse modes) was shown to be dramatically influ-
centration ([Nd]) that directly controls C&" influx via enced by the functional states of the Na pump. As an
Na/Ca exchange, Lederer et al. (1990) have speculated th@%ample, outward Na/Ca exchange current measured with

the presence of a restrigted subsarcolemmal space (fu.z.me Na pump active was only 20% of that measured with the
space) for Na accumulation may be necessary fo explamNa pump inhibited (Su et al., 1998). This is consistent with

these findings. the idea that the Na/Ca exchanger can be used as a sensitive

Recent studies have provided evidence for the presence . f ch in IN in th b | |
of a subsarcolemmal Naconcentration gradient in arterial Ndicator of changes .|n.[ 4 m_t € stubsarcolemma space
and the Na pump activity (Main et al., 1997). In addition, it

?é?gg:gt]:Tdfg(gAlrhg;sqtba;hiogg)e?;gén fggcga% :ng?git:%as been well documented that the prolonged inhibition of
h ' ) ' ' ‘the Na pump with cardiac glycoside or by removing extra-

cellular K" significantly alters the activity of the Na/Ca

: — - exchange, increases SR®Caontent, and enhances [€3
Received for-publlcanon 30 June 2900 and in final flor.n”|-4Decemb‘er ZOOOtranSiem magnitude (Barry et al., 1985; Bers and Bridge,
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rent early after exposure to zerogK(Su et al.,, 1998). Fluo-3-loaded myocytes were illuminated by a 485-nm excitation light
Therefore, we hypothesized that during E-C coupling theg@ mercury-arc lamp system) through an epifluorescence attachment

s . . _(510-nm dichroic mirror, Omega, Brattleboro, VT) and ax4@luor oil
activity of the Na pump could be of importance In modu objective lens. The resulting fluorescence signals at 530 nm (DF30,

lating the_ influence of, on subsarcolemmal ['\Td’. and  omega) were detected with a photomultiplier (SFX-2, Solamere Technol-
the function of the Na/Ca exchanger. To examine thes@gy Group, Salt Lake City, UT). The intensity of the fluorescence at 530

possibilities, we measured [@e]l transients in single, volt- nm increases with an increase in fC§. Fluo-3 fluorescence was trans-
age-clamped mouse ventricular myocytes when the Né&rmed to [C&"]; by a pseudo-ratio method (Cheng et al., 1993)*[Ga

; : it = Kd(F/Fo)/(Kd/[Ca&"];est + 1 — (FIF0)), whereKd is the dissociation
pump was fully activated and during abrupt inhibition of the constant for fluo-3 (493 nmol/L at 25°C¥, the fluorescence intensitjzo

pump by exposure to zero SK_W'th a rap'(_j SolUtion e intensity at rest, and [E4],.o. the [C& ], at rest, assumed to be 80 nM
switcher. The rapid solution-switching technique (Yao etunder our experimental conditions.

al., 1997) makes it possible to abruptly inhibit the Na pump
for 1.5 s immediately before and during E-C coupling, to L .
examine the functional importance of the Na pump on gAPrupt inhibition of Na™ pump

beat-to-beat basis. Rapid change of the extracellular solution was accomplished with a fast
solution switcher (Yao et al., 1997). After whole-cell access was obtained,
the voltage-clamped myocyte was superfused in a switcher microstream
MATERIALS AND METHODS containing all components in the HEPES-buffered solution with additional
. L. . 0.2 mM BaC}, to inhibit K* currents. To institute the abrupt inhibition of
Dissociation of adult mouse ventricular myocytes the Na pump immediately before and during a voltage pulse, the extracel-

. . . . . lular K* was removed by perfusing the myocyte in a zer) KEPES
Single mouse ventricular myocytes were isolated as described preVIOUSI&’olution This rapid switcher device can change univalent cation concen-

I, 1 LA fusi ith ified T ’ lu-""" . )
(Su et al,, 1998). After retrograde perfusion with modified Tyrode's solu tration at the external surface of the sarcolemma with a 90% decay time

tion (C&"-free) for 5 min, the heart was digested for 7—12 min with 0.9 .
mg/ml collagenase D (Boehringer Mannheim Biochemicals, Indianapolis,value of 260 ms for a § decrease in rat myocytes (Yao et al., 1997).

IN) in modified Tyrode’s solution containing 26M CaCl,. The modified

Tyrode’s solution (pH 7.4) contained the following (mM): 126 NacCl, 4.4
KCI, 1.0 MgClL, 18 NaHCQ, 11 glucose, 4 HEPES, 30 butanedione Measurement of Na/Ca exchange current (Iya/ca)

monoxime (BDM), and 0.13 U/ml insulin, and was gassed with 5% tnq exchange current was measured by means of a whole-cell voltage
CO,/95% O,. The digested left ventricle was cut into small pieces in clamp technique (Su et al., 1999). Myocytes were voltage clamped as
modified Tyrode’s solution containing 100M Ca’*. These pieces Were  joscrined above and held at a potentiabafo mV. To measure outward
gently agitated to release single myocytes and then incubated in the sa"é'?(change current, the pipette contained (mM) 20 NaCl, 0.3 Mgt1.0
solution with 2% albumin at 30°C for 20 min. The cell suspension WaSEGTA 3.0 MgATP, 5.5 dextrose, and 10 HEPES. Calcium (3.9 mM) was
centrifuged at 300 rpm for 3 min, and the pellet of cells was resuspended jyaq as HCa-EGTA to obtain an estimated free Ceof 100 nM. The

in modified Tyrode’s solution containing 200M Ca®* and 2% albumin <. i pH was adjusted to 7.1 with CsOH, and then CsCl was added to
and allowed to settle for another 20 min at 30°C. Cells were then suspended‘ve a final C¢ concentration of 130 mM. Voltage-clamped cells were

in _culture medium composed of 5% fetalo boving_serum, 47,'5% M_EM superfused in a microstream containing (mM) 126 NaCl, 1.0 MgCD8
(Gibco Laboratories, Bethesda, MD), 47.5% modified Tyrode’s solutlon,CaCE’ 11 dextrose, and 24 HEPES. The pH was adjusted to 7.4 with

10 _mM_ pyrgvic acid, 4.0 mM HEPES, and 6'1_ mM glucose a_nd fina_IIy NaOH, which gives a final Na concentration of 140 mM. Outward

maintained in a 5% CQatmosphere at 30°C until use. All experiments in gy change current was activated when the cell was abruptly exposed to an

this study were performed at 25-27°C. adjacent microstream of solution in which*Lieplaced N&, using the
solution-switching device. Currents were measured in the presence and

absence of KB-R 7943 (pM).
Measurement of [Ca®*]; and voltage clamp (BM)

The [C&*]; was measured as previously described (Yao et al., 1998; Su et )
al., 1998). Myocytes were loaded with fluo-3 by exposure foM fluo-3 Data analysis

AM (Molecular Probes, Eugene, OR) at 30°C for 30 min. FIuo-S-IoadedA” recordings were digitized online with a DigiData 1200 Interface (Axon

myocytes were placed in a chamber mounted on an inverted mlcrOS(?Op?hstruments, Foster City, CA) and stored on disk. The digitized data were
Once myocytes had settled to the bottom, they were superfused with a

HEPES-buffered solution containing (in mM): 126 NaCl, 4.4 KCI, 1.0 gr;?tlslv:fg V’\\l”ct:thr;%l"?xlp?\A'gxgésﬂzn\j\g?;tszesg:teazlserﬁéggfcal
MgCl,, 1.08 CaC}, 11 dextrose, 0.5 probenecid, 24 HEPES (pH 7.4 ' pton, : P !

. . : ; ) d statistical diff determined b ired hitests.
adjusted with NaOH to give a final external Naoncentration of 140 and statistical ditierences were getermined by unpaired or p S
mM) Differences were considered significantpa& 0.05.

The set-up for voltage clamp has been previously described in detail (Su
et al., 1998). Cells were voltage clamped with single suction pipettes tha!?ESULTS
were made from borosilicate glass tubing (Corning 7052, 1.65 mm o.d., 1.
mm i.d., A-M System, Everett, WA) and had initial resistances of 1'5_2'5Effects of abrupt pump inhibition on [Ca2+]-
MQ when filled with pipette solution containing (in mM): 15 or 0 NaCl, . !
100 CsCl, 30 tetraethylammonium chloride, 5 MgATP, 10 HEPES, 5'5tranS|ents and membrane currents

dextrose (pH 7.1 adjusted with CsOH). Myocytes were held-80 mV To induce a stable [éé] transient magnitude a pre—pulse
and clamped to 0 mV for 200 ms to trigger €3 transients. Unless ! '

mentioned otherwise, eight conditioning pulses (200 m80 to 0 mV, protocol (eight pUIseS at 0.25 Hz;80 to 0 mV, for 200 ms)

0.25 Hz) were applied before the test pulse to provide a steady-stat¥/@s applied before each test pulse. The left panel of Fig. 1
loading of SR with C&". shows the last of a series of eight conditioning voltage-
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FIGURE 1 Effects of abrupt inhibition of [K+] 4.4 mM b

the Na pump (Pl) on [CA]; transients and Ow 600
membrane currents. The left panel shows the 0 -l T [_.___./—C J

last of a series of eight voltage-clamp proto-
cols to induce a stable [€4]; transient mag-
nitude trace g in which the cell was held at
—80 mV and depolarized to 0 mV to trigger
membrane currentd(, and |, trace 9 and
[Ca?"); transients tface d. Abrupt inhibition —
(by removing extracellular K using a rapid
solution switcherfrace b of the Na pump for
1.5 s immediately before and continuing for
1.5 s during the test pulse was evidenced by
the loss of the outward pump curretiiace 9.
Pump inhibition (PI) caused a significant in-
crease in peak [Cd]; (trace d, and the sta-
tistics are shown in the bar graph on the right.
Results are presented as mearSEM of 16
cells. Pipette Na concentration was 15 mM. 200 d
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clamp pulses (a) and its corresponding membrane currenBffects of abrupt blockade of /,
(c) as well as the triggered [€4]; transient (d). The test
pulse was initiaté 4 s after the start of the last conditioning . ; . " :
pulse. To determine the effects of abrupt inhibition of the'n the mggnltud+e of [CQa_]i tran5|en_ts, we examined the
Na pump on [C&']; transients, we inhibited the Na pump €hange in [C&"); transient magnitude whefhy, was

for 1.5 s immediately before and continuing during the tes@Pruptly blocked coincident with the inhibition of the Na
pulse by removing extracellular Kusing a rapid solution pump. In this subset of experiments, we first made sure that

switcher race bin Fig. 1). It should be noted that K ' 1X &t 60uM was able to rapidly blocky, and that it did
currents were blocked by replacing intracellular (pipette)0t inhibit the L-type calcium currents (data not shown). In
K* with Cs* and tetraethylammonium (TEA) and adding F|g.. 3, the effects of zero (Karld S|multaqeous TT)§ appli-
Ba?* to extracellular solution. Abrupt inhibition of the Na cations are shown. The zergskinduced increase in peak
pump was evidenced by the loss of the outward pumgC& i disappeared, and in contrast, peak 10awas
current (race §. Pump inhibition (PI) for 1.5 s caused an decreased by 10% in the test pulse if TTX was also applied
increase in peak [G4], (trace d. Average results in 16 © block thel, while the Na pump was abruptly inhibited
cells are shown in the right panel and indicate that the 15940r 1.5 s immediately before and during the test pulse. We
increase was statistically significant. next examined the change of [C3; transient whery, was
The results shown in Fig. 1 indicate that the Na pumpbPlocked alone. Fig. 4 illustrates that abrupt blockadé,qf
activity can acutely modulate the [€F; transients in With TTX before a single voltage pulse also resulted in a
mouse ventricular myocytes wheg, is present. However, Slight decrease in peak systolic [C4. It is important to
it should be noted that in our experimental protocol there ighote that the magnitude of the decrease ir[Qatransient
a 1.5-s inhibition of the Na pump before the test pulse. Thignduced by TTX was similar with the pump active (Fig. 4,
prior inhibition of the Na pump might lead to an increase in9%) and the pump inhibited (Fig. 3, 10%). These results
SR C&" load, resulting in more C4 release and then a indicate that the presence kyf, is required for Pl-induced
greater [C&"]; transient during the following test pulse. To increase in the magnitude of [€4; transients and thaf,,
examine this possibility, we have performed experiments iris an important determinant for the generation of a normal
which after the 1.5-s inhibition of the Na pump, reactivation[Ca”"]; transient, which is consistent with the results ob-
of the pump was instituted 150 ms before the test pulse. Atained from guinea pig ventricular myocytes (Lipp and
shown in Fig. 2, the peak [€4], was not enhanced under Niggli, 1994; Levesque et al., 1994).
these conditions. The absence of an increase in the magni-In a separate series of experiments, myocytes were
tude of [C&'], transients in this protocol suggests thatclamped to the Nareversal potential60 mV) for 200 ms
altered pump activity rather than SR Cacontent is caus- with [Na*]; = 15 mM. This caused a small, slow rising
ing the changes in the [€4]; transients. [C&a?™]; transient that was not altered by abrupt exposure to

To determine the importance &, in Pl-induced increase
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FIGURE 2 Effects of 1.5-s pump inhibition -1 600+
followed by pump reactivation 150 ms before — )
the test pulse on [G4]; transient and mem- ?:: E
brane currents. The peak [€3; was not al- ~ 5
tered in the test pulsdr@ce dandbar graph -
on the right) when the Napump was reacti- —_ N 400t
vated immediately before the voltage-clamp 2 — 8
pulse. Results are meah SEM of six cells. c e E —
Pipette N& concentration was 15 mM. ~ 'E' N
& O O 200t
©
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200 q
0
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TTX (n =5, data not shown). This finding indicates that the Na pump inhibition, we examined the effects of the Na
effects of TTX are likely mediated by an alteration in Na pump inhibition on the amplitudes of [€%]; transients in

influx via the fast Na channel. the presence of KB-R 7943, which has been described as a
selective antagonist of the reverse Na/Ca exchange
. (lwamoto et al., 1996; Watano et al., 1996; Satoh et al.,
Effects of abrupt pump inhibition on [Ca®*]; . : : .
transients in the presence of KB-R 7943 2000). In this subset of experiments, we first examined the

effects of KB-R 7943 on the reverse Na/Ca exchange cur-
To understand the role of the reverse-mode Na/Ca exchangent and [C&"]; transients in mouse ventricular myocytes.
in the changes of [C4d]; transient amplitudes induced by KB-R 7943 at 5uM was found to inhibit the reverse Na/Ca

0
(mV) [I -80 | a { by 10%
* 4.4 mM

Kl omm b
EIGURE 3 Effects_ of_abrupt pump inhibi- 0 N ] o
tion and TTX application on [Cd]; tran-
sients and membrane currents. In the left -1
panel, trace a shows the same voltage protocol —_— | T
as in Fig. 1. While the Na pump was abruptly < JIX d — 600
inhibited (removing extracellular K using a = 60 uM s
rapid solution switchertrace b for 1.5 s c
immediately prior to and during the test pulse, ~
TTX (60 uM) was also appliedtface g to £ 400t
block thely, The loss of the outward pump g § o Nm
current and the blockade of, are shown in = = + O
trace c. Peak [Gd]; was slightly decreased in ~ o > —
the test pulse (see examplace eand aver- +.—'T O | I|: _c!u
age values ibar graphon the right). Results o~ ' | O 200t
are mean= SEM of five cells. Pipette Na 8 ’ (al
concentration was 15 mM. —_

200

: ; e 0
0" 2 sec Control TTX + PI
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t by 9%
(mV) 1 -80 1 a P=ch.003

0 — - b
FIGURE 4 Influence of TTX alone on 8001
[Ca?*]; transients and membrane currents.
Trace a on the left shows the same voltage
protocol as in Fig. 1. Rapid application of TTX
(60 uM) was accomplished by a double-bar-
reled solution switcher, which resulted in a
complete blockade off, (trace B and a con-
comitant decrease in peak [€3; (trace d.
Average values of the peak [EF; are pre-
sented as meart SEM of seven cells and
shown in the bar graph on the right. Pipette
Na* concentration was 15 mM. Note that the
magnitude of the decrease in [€3 transient
induced by TTX was similar with the pump
active (Fig. 4) and the pump inhibited (Fig. 3).

i

(nA)

TTX
60 uM

Control
TTX

o 8 [Ca®] (nM)

2 sec Control TTX

exchange by 64% (1.5¢ 0.23 vs. 0.55¢ 0.27 pA/pF;n = presence of a functionally intact Na/Ca exchanger is re-
6, p < 0.01) and to reduce the amplitudes of {Ch  quired for Pl-induced increase in the magnitude of{Qa
transients by 26% (45%Z 78 to 310+ 43 nM;n = 8;p < transients.

0.05) in field-stimulated (0.5 Hz) myocytes and by 30%
(864 = 66 (n = 32) vs. 606+ 98 nM (n = 13),p < 0.05)

in myocytes stimulated by 200-ms voltage pulses fre80

to 0 mV at 0.25 Hz. Fig. 5 shows that in the presence o
KB-R 7943 (5 M) abrupt pump inhibition enhances the
peak amplitudes of the [€&], transients only by 4%, which Al results described in the foregoing experiments were
is not statistically significant. These results suggest that thebtained with a patch pipette Naoncentration of 15 mM,

Effects of abrupt pump inhibition on [Ca®*];
Fransients and membrane currents when pipette
Na concentration is zero

3
S

FIGURE 5 Effects of abrupt inhibition of ( -80 ﬂ P=NS
the Na pump on [CH ], transients and mem- 4.4 mM
brane currents in the presence of KB-R 7943. [
Myocytes were pretreated with KB-R 7943 (5

uM) for 5 min to inhibit the reverse Na-Ca
exchange. KB-R 7943 remained present during
the conditioning pulses and the test pulse. The
same experimental protocol as in Fig. 1 was
employed to trigger membrane currentg(
andl., trace ¢ and [C&"], transients tface

d). Abrupt inhibition (by removing extracellu-

lar K* using a rapid solution switcherace b

of the Na pump for 1.5 s immediately before

and during the test pulse was evidenced by the
loss of the outward pump currertgce 9. In

the presence of KB-R 7943, pump inhibition

(PI) did not significantly increase the ampli-
tude of the peak [Ca]; (trace dand thebar

graph on the right). Results are presented as

mean+ SEM of five cells. Pipette Na con- 200 d
centration was 15 mM.

Control

[Ca*] (M) (nAyS-© T

|
0
2 sec Control Pl
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which is very close to the resting cytoplasmic [NgYao et  to activate CICR from SR (Yao et al. 1998; Litwin et al.,
al., 1998). To examine whether resting cytoplasmic {Na 1998).
influences the effects of Na pump activity plug, on The [Na'];, particularly the subsarcolemmal [N has a
[C&*]; transients in mouse ventricular myocytes, we ob-profound impact on the function of the sarcolemmal Na/Ca
served the effects of abrupt Pl on €4 transients when exchanger because the transmembrane electrochemical gra-
pipette Na concentration was zero. As shown in Fig. 6, thelient of Na  is an important driving force for the ex-
voltage-clamp pulsestrace g and the solution change changer. Recently, results from several groups have indi-
protocol frace b are identical to those in Fig. 1. With O cated that activation offy, appears to promote €4 entry
mM Na" in the patch pipette, outward pump current couldinto cardiac cells by stimulation of reverse-mode Na/Ca
no longer be observed (no downward shift of the baselinexchange, enhancing €arelease from the SR (Leblanc
current, seérace g during abrupt inhibition of the Na pump and Hume, 1990; Levesque et al. 1994; Lipp and Niggli,
and pump inhibition did not result in any increase in the1994: Vites and Wasserstrom, 1996). A growing body of
peak [C&"]; transients. These results indicate the functionakyidence supports the existence of a subsarcolemmal Na
interaction between the Na pump and the Na channelg,zzy space in which the Na diffusion is limited (Lederer et
during E-C coupling is influenced by cytosolic [N al., 1990; Bielen et al., 1991; Semb and Sejersted, 1996; Su
etal., 1998). Accordingly, it is possible that [Nincreases
transiently underneath the sarcolemma durigg In re-
DISCUSSION sponse to a transient rise of subsarcolemmal [Nahe

The importance of the Na/Ca exchange system (three NaNa/Ca exchanger is able to promote’Cantry into cardiac
exchanged for one G&) is well established in cardiac Ccells.

muscle (Barry and Bridge, 1993; Hryshko and Philipson, This idea is further supported by the results presented in
1997; Yao et al. 1998). The Na-Ca exchanger mainly opthis study. We have observed an increase in the magnitude
erates in the forward mode extrudingCaout of the cell  of [Ca*"]; transient in mouse ventricular myocytes during
during relaxation. It can also operate in a reverse mod@brupt inhibition of the Na pump immediately before and
bringing C&" into the cell during the initial upstroke of the during a voltage pulse by removing Kusing a rapid
action potential of cardiac myocytes. This?Canflux via ~ solution switcher. This increase in the magnitude of the
the reverse-mode Na/Ca exchange has been proposed [(&°*]; transients during abrupt inhibition of the Na pump
increase the content of &ain SR (Barry et al., 1985; Bers, (Fig. 1) appears to be dependent on the presentg,@nd
1987; Nuss and Houser, 1992), directly trigger?Gin-  the presence of cytosolic Naas it was not increased when
duced C4&" release (CICR) (Nuss and Houser, 1992; Levi etl,, was blocked, or when [Ng, was zero. Presumably
al., 1993; Kohmoto et al., 1994), or to act in concert With ~ when the [Nd] is close to zero in both the cytosol and the

vV 0
(mV) 80 I g w T
+ 4.4 mM 500;
KL —"" "1_omm b
FIGURE 6 Effects of abrupt inhibition of 0 [~ C
the Na pump on [CH], transients when r 400
[Na‘],, is 0 mM. The same voltage protocol
(trace g and solution change protocdrgce -2 —
b) as in Fig. 1 were used. Pipette Naoncen- — >
tration was 0 mM. Outward pump current < [on 300
could not be observed (no downward shift of 5 ~
the baseline current, sé@ce g during abrupt (4\-1'—
inhibition of the Na pump for 1.5 s immedi- _ 4y}
ately before and continuing during the test -~ 9 E QO 200
pulse. Pump inhibition (PI) did not result in = - -
any increase in peak [E4]; (trace d. The 5 S A(‘U
average values are shown in the bar graph on  —5 O ()}
the right. Results are presented as mean & o 100/
SEM of five cells. ©
O
e
100 d 0
0! 2 sec Control Pl
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subsarcolemmal space, local accumulation of Nuring  very brief voltage escape. In our study, howeugg,and|
brief pump inhibition is not sufficient to cause enough .., were activated simultaneously by a step membrane
enhancement of Na/Ca exchange to influence thé{a potential depolarization to 0 mV. Third, a brief membrane
transient. potential escape durinig,, might directly activate reverse-
Modulation of reverse Na/Ca exchange appears to acmode Na/Ca exchange to trigger SR release (Hancox and
count for the effect of pump inhibition because the magni-Levi, 1995). Even though voltage escape durlpg will
tude of the [C&"]; transient was not increased when the always be an issue in these types of experiments, it does not
reverse-mode Na/Ca exchange was largely inhibited bwlter the interpretation of our results. If voltage escape
KB-R 7943 (Fig. 5). At the beginning of a step membraneoccurs in some of our experiments (Figs. 1, 2, 5, and 6), it
depolarization to 0 mV, when membrane potential becomesccurs in both control pulses and test pulses in the same cell.
more positive than the reversal potential of the Na/Ca exit should be noted that abrupt removal of Kshould not
change, the voltage-dependent sarcolemmal Na/Ca exslter transmembraneKcurrents, and thus affect the degree
change functions in a reverse mode to generate a transieat voltage escape, becausé ihannels were blocked with
C&" entry. This reverse-mode Na/Ca exchange is expecte@s’, TEA*, and B&".
to be enhanced by the increased [§lin the subsarcolem- Results presented in this study are also consistent with
mal space, which is produced by inhibiting the sarcolemmabur previous observation that activation kf, increased
Na pump durind,. Our results also suggest that exposurereverse-mode Na/Ca exchange early after exposure of
to zero K! is not altering SR C& loading by influencing mouse ventricular myocytes to zerg KSu et al. 1998) and
Ca" extrusion via Na/Ca exchange just before the testhe idea that Na/Ca exchange can be used as a sensitive
pulse (Fig. 2). If this were the case, an enhanced"Ca indicator of changes in [Ng in the subsarcolemmal space
release induced bl alone (i.e., in the presence of TTX) and the Na pump activity in guinea pig ventricular myocytes
would be expected but was not observed. Also, as shown ifMain et al., 1997). Functional interactions among Na/Ca
Fig. 2, abrupt reactivation of the pump only 150 ms beforeexchange, Na pump, and Na channel are also supported by
a clamp pulse eliminated the increase in{Catransient.  the work of James et al. (1999) who found different func-
Satoh et al. (2000) have recently reported that KB-R 7943ional effects of genetically reduced levels @1 and a2
does not alter contractility of rat ventricular myocytes andNa/K-ATPase isoforms in mice, and proposed that the
have suggested that €ainflux via reverse Na/Ca ex- pump units containing the2 isoform are associated with
change plays no role in E-C coupling. However, our resultdNa/Ca exchangers involved in €asignaling during E-C
in mouse myocytes show that both KB-R 7943 and TTXcoupling. Such a co-localization may result from the asso-
cause a significant reduction of the % transient in ciation of these ion transporters or channels with the cy-
mouse ventricular myocytes. Because mouse ventriculdoskeletal protein ankyrin (Lee et al., 1996; Li et al., 1993;
myocytes have a relatively high [N (Yao et al., 1998) Srinivasan et al., 1992). Given that the Na/Ca exchange
and a relatively high density of the sarcolemmal Na/Casystem plays prominent roles in cardiac calcium homeosta-
exchanger (Su et al., 1999), the importance of reverse Na/Czis and/or E-C coupling, the Na pump seems to be an
exchange in E-C coupling and effects of abrupt Na pumpgmportant indirect modulator of cardiac calcium homeosta-
inhibition may be more marked in this species. sis and E-C coupling by influencing €ainflux via reverse
Although the above evidence supports the idea that actiNa/Ca exchange.
vation of I, appears to promote &4 entry into cardiac
cells by stimulation of reverse-mode Na/Ca exchange, en-
hancing C3" release from the SR, mechanisms by whichThe KB-R7943 was a generous gift from Nippon Organon K.K., Osaka,

. . Japan. We are indebted to Pam Larson for assistance in preparing the
Ina €ventually lead to an increase in SR’Caelease are m:nuscript preparing

still controversial. As discussed by Hancox and Levi (1995), ) ) .
there are thr ible mechanisms by which activation "This work was supported in part by National Institutes of Health grants HL
€e possible mechanisms Dy ch activatio Cg3773 and 52338, and awards from the Nora Eccles Treadwell foundation

Ina Might influence CICR. Firstly, might lead to an accu-  ang the Richard A. and Nora Eccles Harrison Fund for Cardiovascular

mulation of subsarcolemmal Na and indirectly activate re-Research.

verse Na/Ca exchange (Leblanc and Hume, 1990; Lipp and

Niggli, 1994; Levesque et al. 1994; Vites and Wasserstrom,

1996). Results in the present study also support this ideREFERENCES
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