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Abstract

The regulatory mechanism of the plasma membrane NaqrCa2q-exchanger in isolated rat hepatocytes was studied using microspec-
trofluorometry and 45Ca2q uptake methods. Exposure of single hepatocytes to low-Naq solutions induced an increase in the intracellular

2q Žw 2qx . 2q w w Ž . x xCa concentration Ca which depended on the presence of extracellular Ca . 2- 2- 4- 4-nitrobenzyloxy phenyl ethyl isothioureai
Ž . q 2q w 2qxmethanesulfonate KB-R7943 , a novel selective inhibitor of Na rCa -exchangers, inhibited the initial rate of Ca increase inducedi

q Ž . 45 2q Ž .by exposure to the low-Na solution IC s2 mM . KB-R7943 also reduced the initial rate of Ca uptake IC s4 mM . The50 50
w 2qx q Ž .increase in Ca induced by exposure to the low-Na solution was inhibited by pre-incubation with 1- 5-isoquinolinesulfonyl -2-meth-i
Ž . w Ž . x Ž .ylpiperazine H-7, 50 mM , but not with N- 2- methylamino ethyl -5-isoquinolinesulfonamide H-8, 60 mM or a tyrosine kinase

Ž .inhibitor, genistein 100 mM . Furthermore, taurocholate and phorbol-12,13-dibutyrate, both of which activate protein kinase C, promoted
w 2qx w 2qx q 2qthe increase in Ca . These Ca increases were sensitive to KB-R7943. Our results indicate that the Na rCa -exchanger isi i

up-regulated via protein kinase C. The activity of NaqrCa2q-exchangers is not evident under normal physiological conditions, suggesting
that the exchanger may be activated under pathophysiological conditions. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The NaqrCa2q-exchanger is one of the major Ca2q

extrusion systems for maintenance of Ca2q homeostasis in
excitable cells such as cardiac and smooth muscle cells.
This exchanger also plays an important role in regulating

2q ŽCa re-absorption in the nephron Lederer et al., 1996;
.Philipson et al., 1996; Matsuda et al., 1997 . That is,

operation of the exchanger is bidirectional; the direction of
Naq and Ca2q fluxes is controlled by the magnitude and
polarity of transmembrane electrical potentials and ionic

Žgradients Eisner and Lederer, 1985; Kiang et al., 1992;
Studer and Borle, 1992; Kiang and Smallridge, 1994;

. Ž .Fontana et al., 1995 . In liver cells hepatocytes , differ-
ently from excitable or renal cells, the NaqrCa2q-ex-
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changer is apparently not active under normal physio-
Ž .logical conditions Lidofsky et al., 1990 . The operation of

this hepatic exchanger is promoted by hypoxia and oxida-
Ž .tive stress Carini et al., 1997 , which is also observed in

Žhuman epidermoid A-431 cells Kiang et al., 1992; Kiang
.and Smallridge, 1994 . The physiological regulator of the

exchanger in hepatocytes has so far not been reported.
A number of heavy metals and amiloride derivatives are

q 2q Žknown to inhibit the Na rCa -exchanger Siegl et al.,
1984; Kaczorowski et al., 1989; Plasman et al., 1991;
Kiang et al., 1992, 1998; Kiang and Smallridge, 1994; Dai

.et al., 1996 . They, however, also inhibit other ion trans-
q Žport systems such as voltage-gated Na channels Kley-

. 2qman and Cragoe, 1988 and T-type and L-type Ca
Žchannels Suarez-Kurtz and Kaczorowski, 1988; Garcia et
.al., 1990 . Use of these inhibitors, therefore, made it very

difficult to separate the true activity of NaqrCa2q-ex-
changer from those of other Ca2q-transporting transporters
and channels, especially in hepatocytes.

0014-2999r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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In this study, using KB-R7943, a novel selective
NaqrCa2q-exchanger inhibitor, we have found evidence
that the plasma membrane NaqrCa2q-exchanger in rat
hepatocytes is regulated by protein kinase C.

2. Materials and methods

2.1. Solutions

HEPES-buffered Krebs–Henseleit solution used for
dye-loading, fluorescence measurement and 45Ca2q uptake

Ž .contained mM 120 NaCl, 4.8 KCl, 1.2 MgCl , 1.22

KH PO , 1.3 CaCl , 2 mg mly1 D-glucose and 20 HEPES2 4 2
Ž . qpH 7.4 . For low-Na solutions, NaCl was replaced by
equimolar N-methyl-D-glucamine plus HCl; the pH was
adjusted to 7.4 with Tris.

2.2. Preparation of isolated hepatocytes

The procedures described below were performed in
accordance with the guidelines presented by the Animal
Care and Use Committee of Toyama Medical and Pharma-
ceutical University. Hepatocytes were prepared from male
rats of the Sprague–Dawley strain, weighing 160–250 g.

ŽThe rats were anaesthetized with pentobarbital sodium 40
.mgrkg, i.p. . At the end of the dissection procedure the

rats were killed by decapitation. After the blood was
flushed from the liver, the liver was perfused with a
digestion solution containing 0.043% collagenase for 5–7

Ž .min as described elsewhere Koike et al., 1992 . Cell
viability, judged by the Trypan Blue extrusion, was more
than 90%. Isolated hepatocytes were suspended in Krebs–

Ž .Henseleit solution Krebs and Henseleit, 1932 supple-
mented with 2 mg mly1 bovine serum albumin.

[ 2 q]2.3. Measurement of Ca by ratio microspectrofluo-i

rometry

w 2qxCa was monitored using fura-2 as a fluorescenti

Ca2q indicator. Briefly, hepatocytes were pre-incubated in
Ž .the dye loading solution under O rCO 19:1 for 10 min2 2

Ž .at 378C Takeguchi et al., 1993 . Then, 5 mM fura-2
Ž .acetoxymethyl ester and Pluronic F127 0.025%, wrv

Ž 6 .were added to the cell suspension 2.0=10 cellsrml ,
followed by incubation for 30 min at 378C. The dye-loaded
cells were washed twice in ice-cold HEPES-buffered
Krebs–Henseleit solution and stored in this solution con-
taining 2 mg mly1 bovine serum albumin on ice until use.
The cells were placed on a thin glass coverslip, which was

Žset as the bottom glass of a chamber Japan Spectroscopic,
.SC-20 with 400 ml of the HEPES-buffered Krebs–

Henseleit solution. The total fluorescence intensity from
single cells was monitored at excitation wavelengths of
340 and 380 nm with an emission wavelength of 505 nm
Ž .interference filter using a photon-counting technique

Ž .Spex Fluorolog-2 spectrofluorometer, Edison, NJ, USA .
After corrections for background fluorescence, the inten-

Ž . w 2qxsity ratio 340 nmr380 nm and Ca were calculated asi
Ž . X Xdescribed previously Koike et al., 1992 . When 3 ,4 -di-

chlorobenzamil was used, the fluorescence intensity ratio
of fura-2 was calculated at excitation wavelengths of 340
and 360 nm, because 3X,4X-dichlorobenzamil has a peak
absorbance at 380 nm.

2.4. Measurement of 45Ca2 q uptake

An isolated hepatocyte suspension was placed on 24-
well dishes coated with poly-L-lysine for 5 min. The cells
were incubated at 238C for 5 min in 0.5 ml of HEPES-
buffered Krebs–Henseleit solution supplemented with 100
mM CaCl . 45Ca2q uptake was initiated by switching the2

medium to 1 mM Naq HEPES-buffered solution contain-
45 2q Ž .ing 1.3 mM CaCl and Ca 1.2 mM, 19 kBqrwell .2

Thirty seconds after the addition of 45Ca2q, the uptake was
stopped by several washes with the cold HEPES-buffered
solution. Then the cells were solubilized with 0.1 N NaOH,
and aliquots were taken for determination of radioactivity.

2.5. Statistical analysis

Results of multiple observations were presented as the
Ž .means"S.E.M. number of observations . The signifi-

cance of differences between mean values was evaluated
with Student’s t-test and P-0.05 was accepted to indi-
cate statistical significance. The IC values were calcu-50

lated using the KaleidaGraph programme, version 3.0.4
Ž .Synergy Software, Reading, PA, USA .

2.6. Chemicals

w w Ž . x x2- 2- 4- 4-nitrobenzyloxy phenyl ethyl isothiourea
Ž .methanesulfonate KB-R7943 was a generous gift from

Ž . X XKanebo Osaka, Japan . 3 ,4 -dichlorobenzamil was synthe-
Ž .sized as described elsewhere Cragoe et al., 1967 . Fura-2

acetoxymethyl ester was obtained from Dojindo Laborato-
Ž .ries Kumamoto, Japan , Pluronic F127 from Molecular

Ž .Probes Eugene, OR, USA and N-methyl-D-glucamine
Ž .from Tokyo Kasei Tokyo, Japan . Phenylephrine, vaso-

pressin and taurocholate were obtained from Sigma Chem-
Ž .ical St. Louis, MO, USA , dilthiazem, phorbol-12,13-di-

Ž .butyrate PDB and thapsigargin from Wako Pure Chemi-
Ž .cal Osaka, Japan . Dibutyryl cAMP was obtained from

Ž .Daiichi Pharmaceutical Tokyo, Japan , genistein and N-
Ž w x . Ž .2- methylamino ethyl -5-isoquinolinesulfonamide H-8

Ž . Žfrom Funakoshi Tokyo, Japan , 1- 5-isoquinolinyl-
. Ž .sulfonyl -2-methylpiperazine H-7 from Seikagaku Kogyo

Ž . Ž .Tokyo, Japan , ATP from Oriental Yeast Tokyo, Japan
Ž .and verapamil from Eisai Tokyo, Japan . KB-R7943,

3X,4X-dichlorobenzamil and thapsigargin were dissolved in
dimethyl sulfoxide. Genistein, PDB and verapamil were
dissolved in ethanol. Concentrations of dimethyl sulfoxide
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and ethanol in final aqueous solutions never exceeded
Ž .0.5% vrv . To test for possible effects of various signal-

w 2qxmodulating agents on Ca , hepatocytes were pre-in-i

cubated for 60 min with a protein kinase A and a protein
Ž .kinase C inhibitor, H-7 50 mM , a protein kinase A

Ž .inhibitor, H-8 60 mM , or a tyrosine kinase inhibitor,
Ž . 45genistein 100 mM . CaCl was purchased from DuPont2

Ž .NEN Boston, MA, USA . All other chemicals were of the
highest grade of purity available.

3. Results

q [ 2 q]3.1. Effect of extracellular Na on Ca i

Fig. 1 shows the effect of lowering the extracellular
q Žw qx . w 2qxNa concentration Na on Ca of single hepato-o i

w qx Ž . w 2qxcytes. When Na was decreased 1–60 mM , Cao i

showed a transient peak followed by a steady plateau
phase. After reestablishment of the 120 mM Naq solution,
w 2qx Ž .Ca returned to its basal level Fig. 1b . The increasesi

w 2qxof Ca both at peak and plateau phases were, approxi-i
w qxmately, inversely correlated with a decrease in log Na o

Ž . w 2qxFig. 1a . The increases in Ca depended on the pres-i

ence of extracellular Ca2q, because only a very small
w 2qx 2qchange of Ca was observed in the Ca -free solutioni

Ž q. Ž w 2qx1 mM Na supplemented with 0.5 mM EGTA D Ca i
.s3.8"1.6 nM, ns5 .

w 2q x w q x w 2q xFig. 1. Increases in Ca induced by lowering Na . Ca wasi o i

measured as a function of the extracellular Naq concentration in the
2q Ž .presence of 1.3 mM Ca . a Closed and open circles show the

w 2q xdifferences in Ca levels shown at peak and plateau phases, respec-i
Ž . w 2q xtively. b A typical example of change in Ca when a singlei

hepatocyte was exposed to 1 mM Naq solution. The number of experi-
ments was 5–12.

[ 2 q]3.2. Effect of KB-R7943 on Ca increase induced byi

exposure to 1 mM Naq solution

Pretreatment of hepatocytes with 100 mM KB-R7943
Ždid not significantly affect the resting value control; 173.3

"12.1 nM, ns6: KB-R7943; 165.3"17.7 nM, ns6;
.P)0.05 .

Fig. 2a shows the inhibitory effect of KB-R7943, a
novel NaqrCa2q-exchanger inhibitor, on the initial in-

w 2qx qcrease rate of Ca induced by exposure to 1 mM Nai

solution. To minimize or exclude a possible contribution of
Ca2q mobilization from intracellular stores, we examined

w 2qxthe initial rise in Ca for 20 s. The IC of KB-R7943i 50
Ž . X Xwas 2 mM Fig. 2a . Under the identical conditions, 3 ,4 -

w 2qxdichlorobenzamil reduced the initial increase rate of Ca i
Ž .IC s33 mM , indicating that KB-R7943 was more po-50

tent than 3X,4X-dichlorobenzamil.
Thapsigargin, an endoplasmicrsarcoplasmic reticulum
2q w 2qxCa -ATPase specific inhibitor, slowly increased Ca i

from its resting value of 156"7 nM to a broad plateau
Ž .value of 349"14 nM ns8 under the standard condi-

tions. After this treatment with thapsigargin, exposure to 1
q w 2qxmM Na solution induced a further increase in Ca ,i

despite empty cytoplasmic Ca2q stores. This increase was
Ž .also inhibited by KB-R7943 Fig. 2b, IC s5 mM . These50

results indicate that the exposure to extracellular low Naq

solution induces Ca2q influx via a plasma membrane
NaqrCa2q-exchanger.

w 2qxD Ca , at both the initial peak and plateau phasesi
Ž .described above Fig. 1a decreased similarly, inversely

w qxwith the increase in Na . Fig. 2c shows that KB-R7943o

in a concentration-dependent manner also lowered this
w 2qx Ž .plateau D Ca IC s4.5 mM , indicating that most ofi 50

w 2qxthe plateau D Ca is also due to operation of the plasmai

membrane NaqrCa2q-exchanger.

3.3. Effect of KB-R7943 on Naq-dependent 45Ca2 q uptake

KB-R7943 inhibited 45Ca2q uptake in a concentration-
dependent manner after exposure to 1 mM Naq solution
Ž . 45 2qFig. 3 . Ca uptake was measured for the initial 30 s
after exposure to 1 mM Naq solution. The IC was 450

mM. This value is near the IC values of 2, 5, and 4.550

mM obtained from the experiments shown in Fig. 2.

3.4. SelectiÕity of KB-R7943

Here, we tested the effect of KB-R7943 on plasma
membrane Ca2q channels, such as messenger-operated,
receptor-operated and store-operated Ca2q channels. 1 mM
dibutyryl cAMP activates messenger-operated Ca2q chan-

Ž . w 2qxnel Ikari et al., 1997 . This increase in Ca was littlei
Ž .reduced by 100 mM KB-R7943 6.3"1.1%, ns4 . The

w 2qxaddition of extracellular vasopressin increased Ca ini

hepatocytes, with a peak followed by a plateau phase. The
initial peak phase is due to Ca2q release from intracellular
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Fig. 3. Effect of KB-R7943 on 45Ca2q uptake induced by exposure to 1
mM Naq solution. Hepatocytes were incubated for 5 min with different
concentrations of KB-R7943. 45Ca2q uptake for 30 s under exposure to 1
mM Naq solution in the presence of KB-R7943 is expressed as percent-
age of the control in the absence of KB-R7943. The number of experi-
ments was 7–16.

stores and the plateau phase is due to Ca2q influx from the
Žextracellular solution Koike et al., 1992; Ikari et al.,

.1997 . We added 100 mM KB-R7943 during the plateau
w 2qxphase, which induced only a slight decrease in Ca i

Ž .12.3"4.3%, ns4 . Thapsigargin activates the store-op-
erated Ca2q influx channel. Incubation of hepatocytes with
2 mM thapsigargin induced the peak and plateau phases.
The addition of 100 mM KB-R7943 at the plateau phase

w 2qx Ž .caused a slight decrease in Ca 14.3"1.8%, ns4 .i

These results indicate that KB-R7943 only slightly closed
the messenger-, receptor- and store-operated Ca2q influx
channels.

2 q [ 2 q]3.5. Effect of Ca channel blockers on Ca responsei

to 1 mM Naq solution

To rule out any participation of plasma membrane Ca2q

channels in response to the removal of extracellular Naq,
we examined the effect of verapamil and diltiazem on
w 2qx 2qCa . These L-type Ca channel blockers do not in-i

w 2q xFig. 2. Effect of KB-R7943 on the initial increase of Ca induced byi

the exposure to 1 mM Naq solution. Hepatocytes were incubated for 7
min with different concentrations of KB-R7943 in the absence of thapsi-

Ž . Ž .gargin a, c or in the presence of 2 mM thapsigargin b . Then, the
standard solution was changed to the 1 mM Naq solution. The initial

w 2q x Ž . w 2q x Žincrease of Ca for 20 s a and b and the plateau D Ca c,i i
.shown in Fig. 1b are plotted against the KB-R7943 concentration. The

number of experiments was 4–8.
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hibit plasmalemmal electrogenic NaqrCa2q-exchange ac-
tivity, but inhibit the electroneutral NaqrCa2q-exchange
system found in mitochondria isolated from heart and

Ž .brain Kaczorowski et al., 1989 . The addition of 50 mM
verapamil or diltiazem during the plateau phase reached
after exposure to 1 mM Naq solution, slightly decreased
w 2qx w 2qx Ž w 2qx .Ca . This decrease in Ca D Ca for 30 s wasi i i

Ž .not significantly different P)0.05 from that in the
Ž w 2qxuntreated control D Ca s7.8"5.0 nM, ns6 fori

w 2qxcontrol; D Ca s12.0"3.4 nM, ns5 for verapamil;i
w 2qx .D Ca s18.0"9.4 nM, ns5 for diltiazem . Thesei

results indicate that exposure to 1 mM Naq solution did
not significantly open plasma membrane Ca2q channels in
rat hepatocytes.

It has been reported that La3q is a potent inhibitor of
the NaqrCa2q-exchanger in a number of cells: for exam-
ple, in barnacle cells, La3q inhibited the Ca2q influx mode
of the NaqrCa2q-exchanger with an IC of 0.38 mM50
Ž . 3qHector et al., 1989 . We found that La also lowered the
plateau phase reached after exposure to 1 mM Naq solu-

Ž .tion in rat hepatocytes. The IC was 0.56 mM ns4–6 .50

This value nears the IC value obtained in barnacle50

muscle cells.

3.6. Regulation of NaqrCa2 q-exchanger by protein ki-
nase C-mediated phosphorylation

Fig. 4 shows the effects of protein kinase inhibitors on
w 2qx Ž .Ca . H-7 50 mM , an inhibitor of protein kinase A andi

Ž .protein kinase C Hidaka et al., 1984 , did not affect the
w 2qxresting level of Ca , but effectively lowered the plateaui

level induced by exposure to 1 mM Naq solution. No
further significant decrease was observed on addition of 50
mM KB-R7943 during the plateau phase. Pre-incubation

Ž .for 60 min with H-8 60 mM , a protein kinase A inhibitor
Ž . Ž .Hidaka et al., 1984 , and genistein 100 mM , a tyrosine

w 2q xFig. 4. Effects of various protein kinase inhibitors on Ca increasei

induced by exposure to 1 mM Naq solution. Hepatocytes were pre-in-
cubated with 50 mM H-7, 60 mM H-8 or 100 mM genistein for 60 min

w 2q xbefore measurements. Open bar show resting Ca values in thei

standard solution, shaded bar show the plateau values induced by 1 mM
Naq solution and hatched bar show secondary plateau values in the
presence of 50 mM KB-R7943 which was added to the plateau phase.
The number of experiments was 4–14. )) P -0.01, significantly differ-
ent from control.

w 2q xFig. 5. Effects of PDB and taurocholate on the increase of Ca i

induced by exposure to low Naq solution. Hepatocytes were incubated in
Ž . Ž .the presence of 1 mM PDB ^,' or 10 mM taurocholate I,B or in

Ž .the absence of these protein kinase C activators `,v for 5 min,
followed by exposure to various low Naq solutions, which increased
w 2q xCa with a peak and a plateau phase. Hepatocytes were furtheri

Ž . Ž .incubated in the presence open symbols and absence closed symbols
of 50 mM KB-R7943 for 5 min in the same low-Naq solutions. The

w 2q xchange in Ca from the initial resting value to the final plateau valuei

was plotted against the Naq concentration. The number of experiments
was 3–6. )) P -0.01, significantly different from the value in the
absence of protein kinase C activators.

Ž .kinase inhibitor Linassier et al., 1990 , did not affect the
w 2qxresting and the plateau Ca levels. The subsequenti

addition of KB-R7943 to the plateau phase significantly
decreased the plateau levels.

Taurocholate, a bile acid, was reported to induce activa-
Žtion of protein kinase C in rat hepatocytes Stravitz et al.,

.1996 . We examined whether taurocholate and PDB, a
w 2qx Žpotent protein kinase C activator, increased Ca Fig.i

. Ž . Ž .5 . Incubation with PDB 1 mM or taurocholate 10 mM
w 2qxfor 5 min did not significantly affect the resting Ca i

Žcontrol; 165.5"5.2 nM, ns36: PDB; 185.1"8.2, ns
.19: taurocholate; 194.0"4.4, ns21; P)0.05 . After

incubation of the hepatocytes with PDB or taurocholate,
the extracellular solution was changed to low-Naq solu-
tions. Fig. 5 shows that the plateau levels were increased
by treatments with PDB and taurocholate, and the these
increases were almost completely prevented by 50 mM
KB-R7943.

3.7. Effects of KB-R7943 on Ca2 q efflux induced by
exposure to the Ca2 q-free, normal Naq solution

When the extracellular solution was changed from the
normal solution to the Ca2q-free, normal Naq solution

w 2qxcontaining 0.5 mM EGTA, Ca in single hepatocytesi

decreased. Fig. 6 shows that KB-R7943 prevented this
w 2qxdecrease of Ca in a concentration-dependent manner.i

w 2qxThe rate of decrease in Ca was plotted against thei
Ž .KB-R7943 concentration Fig. 6b . The IC was 18 mM.50

This value was higher than that found for the Ca2q influx
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2q Ž .Fig. 6. Effect of KB-R7943 on Ca efflux. a Hepatocytes were
incubated with different concentrations of KB-R7943 for 5 min. At the
arrow, the standard solution was changed to the Ca2q-free, normal Naq

solution supplemented with 0.5 mM EGTA. Representative traces of
w 2q xCa of single hepatocytes are shown as a function of the KB-R7943i

Ž . w 2q xconcentration. b The rate of decrease in Ca is plotted against thei

KB-R7943 concentration. The number of experiments was 4–18.

Ž .IC s2–5 mM , indicating that KB-R7943 inhibits the50
Ž 2q . q 2qreverse mode operation Ca influx of Na rCa -ex-

Ž 2qchanger more potently than that of the normal mode Ca
.efflux .

4. Discussion

q 2q ŽA cardiac form of Na rCa -exchanger abbreviated as
.NCX1 , which was identified as the first gene, was re-

ported to be present at only detectable levels in liver
Ž .Kofuji et al., 1992; Lee et al., 1994 : for example, the
relative levels in various tissues, as determined from
Northern blot analysis, were 0.03, 0.5, 1.0 and 1.0 for
liver, large intestine, kidney cortex and heart. Another

Ž .isoform NCX2 , expressed in brain and skeletal muscle,
Ž .was not detected in liver Li et al., 1994 . However,

molecular cloning has shown that two alternative splicing
forms from the NCX1 gene are predominantly expressed

Ž .in liver, aorta, stomach, and kidney Nakasaki et al., 1993 .
In this study, we have shown that the exposure of

q w 2qxhepatocytes to low Na solution increases both Ca i

and 45Ca2q uptake, which is due to operation of the
plasma membrane NaqrCa2q-exchanger. Although a de-

w qx 2qcrease in Na has been shown to evoke Ca mobiliza-o

tion from intracellular stores in some mammalian cells
Ž . 2qSmith et al., 1989; Dwyer et al., 1991 , this type of Ca
mobilization was negligibly small in our present systems

Ž . 2qbecause 1 in the absence of extracellular Ca , the same
w 2qx Ž .manipulation did not induce changes in Ca , and 2i

pretreatment with thapsigargin, which depleted the intra-
w 2qxcellular stores, induced a similar increase in Ca byi

exposure to 1 mM Naq solution. Furthermore, the 45Ca2q

uptake induced by exposure to 1 mM Naq solution was
almost completely inhibited by KB-R7943: that is, only the
NaqrCa2q-exchanger operated under these conditions, ex-
cluding possibilities of significant involvement of other

2q Ž .Ca influx pathways. Iwamoto et al. 1996 have shown
that 10 mM KB-R7943 did not significantly influence
NaqrHq exchange and the passive 22 Naq uptake in car-
diomyocytes, the dihydropyridine-sensitive 45Ca2q uptake
in smooth muscle cells, sarcolemmal and sarcoplasmic
reticulum Ca2q-ATPase, or sarcolemmal Naq,Kq-ATPase.
We also showed that 50 mM KB-R7943 did not alter the

w 2qxincrease in Ca induced by vasopressin or thapsigargin.i

These results indicate that KB-R7943 selectively in-
hibits the NaqrCa2q-exchanger operating in the Ca2q

influx mode when exposed to low-Naq solutions in hepa-
tocytes. The IC was 2–5 mM.50

We also examined the effects of KB-R7943 on the
NaqrCa2q-exchanger operating in the Ca2q efflux mode.
When the extracellular solution was changed to Ca2q-free

w 2qxsolution, Ca decreased. KB-R7943 almost completelyi
2q Ž .inhibited this Ca efflux, but the effect IC s18 mM50

2q Ž .was weaker than that on Ca influx IC s2–5 mM .50

This Ca2q influx and efflux mode-dependent effects of
KB-R7943 are in agreement with previous results obtained
for the cardiac NaqrCa2q-exchanger: that is, IC values50

of KB-R7943 for Ca2q influx and efflux were 1.2–2.4
Ž .mM and )30 mM, respectively Iwamoto et al., 1996 .

The reason for this mode-dependent effect of KB-R7943
must await further studies.

Under normal physiological conditions, the
NaqrCa2q-exchanger in excitable cells and chromaffin
cells operates in the Ca2q efflux mode, while it operates in

2q Žthe Ca -influx mode in renal cells Lederer et al., 1996;
.Philipson et al., 1996; Matsuda et al., 1997 . The direction

of Ca2q movement is determined by several factors, in-
cluding cell membrane potential and intracellular and ex-

q 2q Žtracellular concentrations of Na and Ca Eisner and
. q 2qLederer, 1985 . In hepatocytes, the Na rCa -exchanger

Žwas not active under normal conditions Lidofsky et al.,
.1990 , suggesting that the combination of related factors

generated balanced conditions for the movement of Naq

and Ca2q through the exchanger. Consistent with this
w 2qxresult, KB-R7943 did not affect the resting Ca in ouri

system, as described in Section 3.2. It has been reported
that the NaqrCa2q-exchanger operates under hypoxic con-

Žditions or during oxidative stress in hepatocytes Carini et
.al., 1995, 1997 and also in human epidermoid A-431 cells

Ž .Kiang and Smallridge, 1994 . Therefore, the hepatic ex-
changer may be active under pathophysiological conditions
such that Naq andror Ca2q homeostasis is disturbed. For
example, if the activity of the Naq,Kq-ATPase decreases,
w qx q 2qNa would increase and the Na rCa exchangeri

should then extrude intracellular Naq. The role of the
hepatic NaqrCa2q exchanger in preventing Naq overload

Ž .can be very significant Carini et al., 1997 .
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It has been reported that protein kinases modulate the
activity of the NaqrCa2q-exchanger in several systems.
Protein kinase C up-regulates the NaqrCa2q-exchanger in

Ž .rat neonatal cardiomyocytes Iwamoto et al., 1996 and rat
Ž .aortic smooth muscle cells Iwamoto et al., 1995 , but

Ždown-regulates it in bovine chromaffin cells Lin et al.,
.1994; Tokumura et al., 1998 . Furthermore, protein kinase

A up-regulates the exchanger in bovine chromaffin cells
Ž .Houchi et al., 1995 , but down-regulates it in arterial

Ž .myocytes Smith and Smith, 1995 and human mesangial
Ž .cells Mene et al., 1991 . Tyrosine kinase up-regulates it in

Žcultured bovine adrenal chromaffin cells Tokumura et al.,
.1998 .

So far, there has been no report about protein kinase-
mediated regulation of the NaqrCa2q-exchanger in hepa-

Ž .tocytes. In the present study, we have shown that 1 PDB
and taurocholate, which activate protein kinase C, en-
hanced the activity of the NaqrCa2q-exchanger in hepato-

q Ž .cytes exposed to a low-Na extracellular solution, 2 an
inhibitor of protein kinase A and protein kinase C, H-7,

Ž .abolished the activity and 3 a protein kinase A inhibitor,
H-8, and a tyrosine kinase inhibitor, genistein, did not
affect the activity. Therefore, the NaqrCa2q-exchanger in
hepatocytes is up-regulated by protein kinase C, but not by
protein kinase A or tyrosine kinase.

Protein kinases A and C have been reported to up- or
down-regulate NaqrCa2q-exchangers depending on the
different cell types, as described above. These findings
suggest that distinct isoforms of the NaqrCa2q-exchanger
are involved in their activation or inactivation by various

Ž .protein kinases. In fact, Kofuji et al. 1994 proposed that
an unusual arrangement of exons in the NaqrCa2q-ex-

Ž .changer NCX1 gene could allow for generating 32 differ-
ent NaqrCa2q-exchanger mRNAs. Further studies are
necessary to clarify the role of phosphorylation in the
modulation of NaqrCa2q-exchange activity in hepato-
cytes.

Recently, it was reported that taurocholate down-regu-
lated cholesterol 7a-hydroxylase transcription in rat hepa-

Ž .tocytes Stravitz et al., 1996 . It will be interesting to find
if the NaqrCa2q-exchanger activated by protein kinase
C-mediated phosphorylation is involved in bile acid-in-
duced hepatotoxicity and cholestasis.

In conclusion, we could detect the activity of the
NaqrCa2q-exchanger in the plasma membrane of isolated
rat hepatocytes, using KB-R7943. KB-R7943 will provide
a new tool to study the role of the NaqrCa2q-exchanger in
many other types of cells.
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